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1 | INTRODUCTION

The entorhinal cortex (EC) in the rodent has been the sub-
ject of increased investigations for over a decade, boosted by
the first description of spatially modulated neurons in 2004
in its medial subdivision (Fyhn, Molden, Witter, Moser, &
Moser, 2004). This increased attention resulted in the de-
scriptions of several additional functional cell types, includ-
ing cells coding for directionality, borders and combinations
of these features, most of which have been allocated to the
population of principal neurons (Rowland, Roudi, Moser, &
Moser, 2016). Speed cells are a likely exception to this rule,
since a substantial portion apparently belongs to the class
of fast-spiking interneurons (Kropff, Carmichael, Moser, &
Moser, 2015). More recently, specific functional phenotypes
have been described in the lateral subdivision of EC as well.
These include principal neurons coding for the position of
objects or presenting a kind of memory for such object—posi-
tion associations (Deshmukh & Knierim, 2011; Tsao, Moser,
& Moser, 2013), and neurons whose overall population firing
rates encode temporal information (Tsao et al., 2018). While
the exact identity of these latter neurons remains to be deter-
mined, many of them show firing characteristics of principal
neurons.

A parallel increased attention emerged, aiming to identify
neurons by way of basic electrophysiological properties, often
in in vitro slice studies, and in some of these studies correlated
chemical and/or gene expression data have been provided.
For example, using immunohistochemistry, the population of
layer II/III principal neurons has been subdivided into reelin
expressing neurons that project to the hippocampal dentate
gyrus along with CA3 and CA2, calbindin-expressing pyra-
midal neurons, which apparently only sparsely project to the
hippocampus, and a population that does not belong to either
of these categories (Ohara et al., 2016; Varga, Lee, & Soltesz,
2010). Likewise, in a recent study, neuron types in layer V
were divided based on the selective expression of two tran-
scription factors named the chicken ovalbumin upstream pro-
moter transcription factor-interacting protein 2 (Ctip2) and
the transcription factor E twenty-six (ETS) variant 1 (Etvl;
Ohara et al., 2018; Surmeli et al., 2015).

In the cortex, interneurons have been mainly identified
on the basis of a combination of the expression profiles
of proteins including calcium binding proteins, or cer-
tain receptors, combined with morphology. In a number
of instances, electrophysiological properties are available
(DeFelipe et al., 2013; Markram et al., 2004). In the hippo-
campus, details have been substantially worked out (Harris
et al., 2018; Klausberger & Somogyi, 2008), but data on
EC are still limited (for reviews, see Canto, 2011; Cappaert,
Van Strien, & Witter, 2015). It is important to point out
that some of the chemical markers, such as the calcium
binding proteins are not selectively expressed in either

interneurons or principal neurons, but generally the main
distribution patterns are well characterized regarding neu-
ron types. When relevant, details are provided, and in some
instances, co-localization with other markers such as ve-
sicular glutamate receptors have been used to differentiate
between interneurons and principal neurons (Wouterlood
etal., 2007). Our current knowledge suggests that in EC, all
main classes of interneurons described in the neocortex are
present, and correlated connectional, electrophysiological
and molecular/gene expression details are beginning to be
added (Couey et al., 2013; Fuchs et al., 2016; Leitner et al.,
2016; Nilssen et al., 2018; Pastoll, Solanka, van Rossum,
& Nolan, 2013).

In order to understand the functional contributions of
neurons in networks, one needs to achieve selective manip-
ulation of the activity of identified neuron types. During the
last decade, a technological explosion provided the neuro-
science community with an immense potential to achieve
this (Lerner, Ye, & Deisseroth, 2016; Luo, Callaway, &
Svoboda, 2008; Lykken & Kentros, 2014). To take advan-
tage of this experimental potential in EC, regarding its func-
tions both in the healthy brain and in the diseased brain,
a thorough overview of the current knowledge database is
mandatory.

The latter focus, the diseased brain, brings in another im-
portant aspect, that is, how detailed is our knowledge on neu-
ron types in the primate brain, including both the non-human
and human brain. It is well accepted that the fundamental
connectional diagram of EC appears phylogenetically con-
served across mammalian brains (Insausti & Amaral, 2012).
Thus, EC receives information from unimodal olfactory and
several multimodal sensory cortical domains, as well as mul-
tiple higher order cortical areas and subcortical structures.
Dense connections between EC and the hippocampal forma-
tion have been described in all species in which they have
been explored, including rats (Cappaert et al., 2015; Insausti,
1993), mice (van Groen, Miettinen, & Kadish, 2003; Witter,
2012), cats (Van Groen, Van Haren, Witter, & Groenewegen,
1986; Witter & Groenewegen, 1984), bats (Kleven, Gatome,
Las, Ulanovsky, & Witter, 2014), monkeys (Insausti, 1993;
Insausti & Amaral, 2008; Witter & Amaral, 1991) and re-
cently also in humans (Zeineh et al., 2017). This highly con-
served connectional scaffold not only allows for interaction
between these structures, but also provides the main gateway
through which information can be exchanged between the
hippocampal formation and the rest of the cortex. This abil-
ity of multiple cortical regions to interact both with EC, and
through it, the hippocampal formation, undoubtedly enables
crucial aspects of conscious memory. This is exemplified by
the impairments of conscious memory associated with dam-
age to EC, such as in temporal lobe epilepsy (Schwarcz &
Witter, 2002) and Alzheimer's disease (Dubois et al., 2014).
However, to our knowledge, a concise comparative overview
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of chemoarchitectonically identified neurons (i.e., neuronal
markers) in EC is currently not available.

In the present review, we therefore aim to provide a co-
herent and up-to-date description of the presence of neuronal
markers along with the types of neurons they reveal within
EC. Note that this review does not cover markers of inputs
to EC and that we do not include activity dependent markers,
such as cytochrome oxidase and NADPH diaphorase (infor-
mation on these aspects in the case of primates and rats can be
found in Kobayashi and Amaral, 1999, and Swanson, Kohler,
& Bjorklund, 1987, respectively). Here, we consider different
mammalian species from which data are available (Table 1),
aiming to highlight both similarities and differences. Further,
we discuss how unique populations of principal neurons, and
interneurons targeting these, associate with specific neuronal
markers and how this may relate to functional characteristics.

2 | DEFINITIONS AND
NOMENCLATURE

The literature published on the rodent EC stretches across
more than a century and includes a variety of definitions
(Canto, Wouterlood, & Witter, 2008). Here, we follow the
now generally accepted view of defining EC based on pro-
jections to the dentate gyrus that align to a set of cytoarchi-
tectonic features. As detailed descriptions of both rodent
and primate EC anchored to this definition are available
elsewhere (for rodents, see, for example, Insausti, Herrero,
and Witter (1997) and Kjonigsen, Leergaard, Witter, and
Bjaalie (2011); for monkeys and humans, see, for exam-
ple, Amaral, Insausti, and Cowan (1987), Insausti, Munoz-
Lopez, Insausti, and Artacho-Perula (2017) and Insausti,
Tufién, Sobreviela, Insausti, and Gonzalo (1995), respec-
tively), we limit the current text to a brief summary. In ro-
dents, EC is situated in a ventroposterior part of the cortical
mantle. It borders several cortical areas, such as the piriform
cortex anterolaterally, periamygdaloid cortex ventromedi-
ally, and the parasubiculum medially. The lateral aspect of
EC borders the perirhinal cortex and subsequently the pos-
trhinal cortex, when moving along its anterior to posterior
extent. In primates, EC is located on the ventromedial sur-
face of the rostral part of the temporal lobe. Here, the ros-
tromedial portion borders the periamygdaloid cortex, and
much of its medial part borders the pre- and parasubiculum.
The parasubiculum further borders the caudomedial part of
EC. Along its rostrolateral and lateral portion, EC borders
the perirhinal cortex, whereas the parahippocampal cortex
borders the posterior aspects of EC.

Although EC contains six cytoarchitectonically identifi-
able layers, it is not considered part of the iso- or neocortex
as its overall layering appears less developed than that of the
neocortex (cf. Stephan, 1975). This review will deal with each
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layer in detail. To facilitate reading of these detailed lami-
nar descriptions that follow in the main text below, a brief
summary of some distinguishing cytoarchitectonic features
is presented here. Note that throughout this text, our use of
the term horizontally oriented refers to elements whose main
axis/extent is oriented parallel to the overlying pial surface.

In all mammals, layer I contains a very low number of
neurons, but it generally contains dense horizontally oriented
neuropil. Layer II contains many large neurons referred to
as stellate-neurons (“star-like neurons”), modified pyramidal
neurons, and fan neurons, in addition to a relatively sparser
presence of smaller bi- and multipolar neurons. In layer III,
the most prominent type of neuron has a more archetypical
pyramidal morphology that ranges from medium to large in
size. Bi-and multipolar neurons are present also in layer III.
Unlike the neocortex, EC does not have an internal granule
layer. Instead, its layer IV, alternatively called the lamina dis-
secans (“the cut lamina,” as it separates EC into two parts
including a superficial part [layers [-II1] and a deep part [lay-
ers V=VI]), is characterized by dense neuropil and very few
neurons. In layer V, the superficial part contains pyramidal
neurons of medium to large size that stain darkly with basic
dye preparations. Meanwhile, the deep half is characterized
by a presence of smaller pyramidal neurons that generally
stain lighter. Layer VI contains a mixture of neurons that give
this layer a more heterogeneous cytoarchitectonic appear-
ance. The principal types of neurons include pyramidal and
multipolar neurons.

For both rodents and primates, alternative division
schemes and related nomenclatures for EC have been pro-
posed, see, for example, Insausti et al. (1995), Krimer,
Hyde, Herman, and Saunders (1997), Stephan (1975) and
von Economo (2009) for humans; Amaral et al. (1987) and
Rosene and Van Hoesen (1987) for monkeys; and Blackstad
(1956), Insausti et al. (1997) and Wyss (1981) for rats. An
extensive description and detailed comparison of all these
divisional and nomenclatural schemes is beyond the scope
of the present paper. In cases where original studies used
different nomenclatures, we have tried to describe the data
according to our selected nomenclature, briefly described
below. Overall, we aim to describe data in a topographi-
cal framework, avoiding complex subdivisional schemes.
The use of such a topographical framework, described
in more detail in the next section, enables us to compare
distributions of identified cell types across species more
efficiently.

Traditionally, EC has been considered to comprise two
subdivisions, often referred to as Brodman's Area 28 a
and b, or lateral and medial entorhinal cortex (LEC and
MEC, respectively). The use of area 28 for EC has been
largely discontinued, and LEC and MEC has become the
more common designation. Data in rodents in particular
have provided strong arguments for this bipartition, since
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the two parts can be easily differentiated cytoarchitectoni-
cally, and their projections to the dentate gyrus have differ-
ent zones of termination in the molecular layer (Cappaert
et al., 2015; Kjonigsen et al., 2011; Witter, 2007). In pri-
mates, several authors have argued that EC clearly shows
more than two cytoarchitectonically definable areas, and
since the projections to the dentate gyrus predominantly
show a more diffuse terminal distribution, this might indi-
cate that further subdivisions are more appropriate. Indeed,
seven (monkeys) or eight (humans) subfields have been de-
scribed within EC on the basis of cytoarchitectonic criteria.
Briefly, the olfactory subfield (EO) makes up the rostral-
to-rostromedial part of EC, and most of the lateral extent is
covered by the lateral rostral (ELR) and the lateral caudal
(ELC) subfields. Moving from subfield EO in the caudal
direction leads to the rostral subfield (ER) followed by the
intermediate subfield (EI); these latter two subfields are
situated medially to ELR and ELC, respectively. In mon-
keys, field EI extends medially until reaching the entorhi-
nal—parasubicular border. However, in humans, a separate
entorhinal subfield is recognized medial to EI, referred to
as the medial intermediate field (EMI). Finally, the caudal
portion of EC includes the caudal (EC) and caudal limiting
subfields (ECL). A general awareness of these subfields is
of benefit when interpreting results from the literature on
EC, and, importantly, it helps to remind us that EC is not a
homogeneous structure (Insausti & Amaral, 2012). To par-
allel this primate scheme in rodents, further subdivisions
have been introduced, both for LEC and MEC. Thus, LEC
includes a dorsal lateral part (DLE), a dorsal intermediate
part (DIE) and a ventral intermediate part (VIE). In turn,
MEC includes a medial part (ME) and a caudal part (CE;
Insausti et al., 1997). In this review, we do not make use
of these schemes but instead, as will be explained in the
following section, we place emphasis on domains of EC as
they relate to the distance from the collateral sulcus (hu-
mans) or rhinal sulcus (monkeys and rodents).

3 | TOPOGRAPHICAL SCHEME
RELATED TO THE DISTANCE
FROM THE RHINAL/COLLATERAL
SULCUS

In rodents, the rhinal sulcus runs along the full dorsolat-
eral limit of EC, thereby constituting a distinct anatomical
landmark (Cappaert et al., 2015). A comparable situation is
evident in monkeys, where the rhinal sulcus makes up the
border of the lateral extent of EC, except at the caudal and
dorsal extremes (Amaral et al., 1987). In humans, the col-
lateral sulcus runs along the full lateral and caudolateral ex-
tent of EC, approximating the entorhinal—perirhinal border,
whereas the rhinal sulcus only borders a small rostrolateral

portion of EC (Figure 1; note that the perirhinal cortex ex-
tends slightly medially to the fundus of the collateral sulcus;
Insausti & Amaral, 2012). In this review, we place strong
emphasis on how, irrespective of subfield, the expression
of several neuronal markers changes along a gradient that
runs from close to, to increasingly further away from the
rhinal sulcus (monkeys and rodents)/collateral sulcus (hu-
mans). In our view, this choice not only facilitates species
comparisons, but also apparently aligns with the level of
cytoarchitectonic differentiation in EC. The latter, likely
resulting from developmental processes, results in a gradi-
ent such that portions showing the most developed layering
are located close to the rhinal/collateral sulcus (Insausti,
1993). In Figure 1, we illustrate this topological framework
by indicating the location of the left EC in rats vs humans,
along with unfolded map representations of these areas,
oriented relative to the rhinal/collateral sulcus and colour-
coded to underscore how basic anatomical features are ho-
mologous between these species. In this figure, we further
attempt to account for recent findings based on fMRI of the
human EC, where a separation has been made between the
rostrolateral vs caudomedial EC based on preferential con-
nectivity to other brain areas. In particular, the rostrolateral
vs caudomedial human EC has a preferential connectivity
that is homologous to that of rodent LEC vs MEC, respec-
tively (Maass, Berron, Libby, Ranganath, & Duzel, 2015;
Navarro Schroder, Haak, Zaragoza Jimenez, Beckmann, &
Doeller, 2015). Interestingly, the areas covered by these
entorhinal subfields, that is, LEC and its human homologue
and MEC and its human homologue, are comparable be-
tween rats and humans, when aligned in relation to the rhi-
nal/collateral sulcus (Figure 1). Furthermore, in Figure 2,
we show the distribution of several major neuroanatomical
markers as they align to the rhinal/collateral sulcus. In ad-
dition, Table 1 provides an overview of the markers cov-
ered by this review along with the species from which data
on those markers are available.

4 | LAYERI
4.1 | Reelin (RE+)
4.1.1 | Neurons

Layer I contains a sparse population of superficially located
RE+ neurons whose morphology appear similar across
species (Figure 2a; Martinez-Cerdefio, Galazo, Cavada, &
Clasca, 2002; Miettinen et al., 2005; Perez-Garcia et al.,
2001; Ramos-Moreno, Galazo, Porrero, Martinez-Cerdeno,
& Clasca, 2006; Riedel et al., 2003). In humans, though sub-
stantial variation between individuals with respect to the num-
ber of RE+ layer I neurons has been reported (Perez-Garcia
et al., 2001), vertically oriented mono- and bipolar RE+
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FIGURE 1 Unfolded map representations of the entorhinal cortex (EC). (a) (Top) Illustration of the human (left) and rat (right) brain

with the EC delineated, along with indications of the position of the collateral sulcus (CS) and rhinal sulcus (RS). For the human brain, the right
hemisphere has been resected to expose the uncus of the medial temporal lobe. (Middle) EC removed from brains and then flattened according

to (Cappaert et al., 2015; Insausti & Amaral, 2012; for human vs. rat, respectively). Note that for the rat brain, EC is subsequently rotated about
180° in order to achieve the same orientation as EC in the human brain. (Bottom) higher magnification representation of flattened EC with its

two subdivisions lateral entorhinal cortex (LEC) and medial entorhinal cortex (MEC), in relation to the position and extent of CS/RS. The purple
shading gradient schematically indicates the postulated gradient in EC of a more developed layering close to the CS/RS (dark) compared to further
away from CS/RS (light). This gradient is used to correlate distributional observations of neuroanatomical markers in humans and rodents. (b) The
flatmap from (Insausti & Amaral, 2012), whose basic form is used and adapted in this review. (c) An alternative, similar flatmap of EC according
to (Krimer et al., 1997). (d) Flatmap rendering of EC from (Maass et al., 2015) indicating the preferred connectivity of caudomedial vs. rostrolateral
domains of human EC with parahippocampal vs. perirhinal cortex, respectively. This rendering was superimposed on the flatmap of human EC in
(a) in order to derive an approximate border between the human equivalent of MEC vs. LEC (indicated as “MEC and “LEC”). (e) Flatmap of rat
EC indicating MEC vs. LEC from (Cappaert et al., 2015) forms the template for rat EC in (a). Also shown is an alternative divisional scheme of rat
EC from (Insausti et al., 1997). [Colour figure can be viewed at wileyonlinelibrary.com]
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neurons with fusiform somata are generally found (Riedel
et al., 2003).

In rats, we find a similarly sparse population of RE+ neu-
rons as well (Figure S1a), apparently with higher numbers in
MEC than in LEC (Figure S1b).

4.1.2 | Neuropil

In rats and ferrets, RE+ neuropil are present in layer I of LEC,
showing strongest staining in the superficial 1/3, whereas
in MEC, such labelling is largely absent except at the por-
tion located furthest away from the rhinal sulcus (Figure 2a;
Martinez-Cerdeno, Galazo, & Clasca, 2003; Ramos-Moreno
et al., 2006). Neuropil labelling is also present in superficial
layer I in monkeys, where potential subfield differences re-
main to be mapped (Martinez-Cerdefio et al., 2002). In rats,
RE+ neuropil appears to coincide with terminations origi-
nating in telencephalic olfactory structures, including the ol-
factory bulb, the anterior olfactory nucleus and the piriform
cortex (Cappaert et al., 2015). Since substantial numbers of
mitral neurons in the olfactory bulb and pyramidal neurons in
the piriform cortex express reelin (Alcantara et al., 1998), it
is likely that RE+ fibres in layer I originate, at least in part,
from these olfactory domains.

4.2 | Calbindin (CB+)

42.1 |

In humans and monkeys, scattered bipolar and multipo-
lar small or medium sized CB+ neurons reside in layer I
(Figure 2b; Mikkonen, Soininen, & Pitkédnen, 1997; Suzuki
& Porteros, 2002; Riedel et al., 2003). The dendrites of CB+
neurons appear mostly confined within the layer, although
dendrites from large neurons occasionally extend into layers
IT and III, and rarely also into deep layers (Mikkonen et al.,
1997; Suzuki & Porteros, 2002; Tundn, Insausti, Ferrer,
Sobreviela, & Soriano, 1992). In contrast, layer I in rodents
appears devoid of CB+ neurons (Figure 2b; Fujimaru and
Kosaka (1996) and own observations).

Neurons

4.2.2 | Neuropil

CB+ neuropil in the mouse run deep in layer I in parallel
to the pial surface (Fujimaru & Kosaka, 1996). Although a

low level of CB+ neuropil is present in humans, monkeys
and rats, this organizational feature is not apparent in these
latter species (Mikkonen, Alafuzoff, Tapiola, Soininen, &
Miettinen, 1999; Mikkonen et al., 1997; Seress, Leranth,
& Frotscher, 1994; Suzuki & Porteros, 2002; Tufién et al.,
1992; and own observations)

In both the mouse (Fujimaru & Kosaka, 1996) and the rat,
patches of dendritic labelling oriented tangential to the pia
are present in layer I, stemming from CB+ pyramidal neurons
located in layers IT and III (see below). Such patches are most
prominent in MEC, but they are also present in domains of
LEC located towards the rhinal sulcus (Figures 2b and S2a).
Similar dendritic labelling was reported in intermediate and
caudal parts of EC in humans and monkeys (Beall & Lewis,
1992; Naumann et al., 2016).

4.3 | Calretinin (CR+)

4.3.1 | Neurons

Layer I in humans and monkeys contains a sizable popula-
tion of medium-to large-sized CR+ bipolar and multipolar
neurons, frequently with horizontally oriented thin aspiny
dendrites (Mikkonen et al., 1997; Pothuizen, Feldon, &
Jongen-Relo, 2004; Seress, Nitsch, & Leranth, 1993). In the
rat, morphologically comparable CR+ multipolar neurons,
albeit with smaller somata exist. The aspiny dendrites of
these neurons extend horizontally for a short distance, even-
tually turning towards the pia or extending into layer II, oc-
casionally also reaching layer III (Figure 2c; Chaudhuri et al.,
2005; Miettinen, Pitkdnen, & Miettinen, 1997; Wouterlood,
van Denderen, van Haeften, & Witter, 2000).

432 |

A dense band of horizontally oriented CR+ neuropil is pre-
sent superficially in layer I in both humans (Mikkonen et al.,
1997) and monkeys (Pothuizen et al., 2004). The more de-
tailed descriptions available for humans show that such CR+
neuropil are particularly dense in domains located furthest
away from the collateral sulcus, with gradually decreasing
density when moving successively closer to the collateral
sulcus (Figure 2c; Mikkonen et al., 1997). In the rat, CR+
neuropil are present in the superficial half of layer I in LEC,
and labelling decreases when entering MEC such that only

Neuropil

FIGURE 2

Summary panels for neuroanatomical markers in the entorhinal cortex (EC) of primates and rodents. The distribution of the

neuroanatomical markers reelin (a), calbindin (b), calretinin (c), parvalbumin (d), cholecystokinin (e), somatostatin (f) and neuropeptide Y (g)

are indicated on schematics of the human (top rows) vs. rodent EC (bottom rows; see Figure 1 for indication of how the schematics map onto the

human vs. rodent brain). Details about the neuronal morphologies are indicated where this is known (right columns). Differing colour intensities for

both neurons and neuropil indicate expression levels of the respective markers. Key references for each marker are listed in the bottom right of each

panel. [Colour figure can be viewed at wileyonlinelibrary.com]
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(a) Reelin (RE+)

Layer I: No known gradients Layer II: Gradient, neurons Layer III: No known gradients
-~/ 4 Small-medium

mono/bipolar

Soma: 5—15 um in both axes

Dendritic extent: confined to parent layer

Spines: No

-o- Co-express calretinin

(5-15

um in both axes)

» Small multipolar
Soma: 5-15 pm in both axes
Primary dendrites: data missing
Dendritic extent: data missing
Spines: no

Layer IV Layer V Layer V

* Large stellate or fan
Soma: 20-25 pm x 10-18 pm
Primary dendrites: 4-11

\
Data missing /}
7 Dendritic orientation: mixed
Dendritic extent: cross adjoining layers; note that
superficially oriented dendrites a
Spines: yes

extensive

ﬁ Co-express enkephalin (fan)

Layer I: Gradient, v Layer II: Gradient, p Layer III: No known
neuropil neurons gradient

Pyramidal (weak labeling)

See description for CB+ pyramidal neurons

References for RE+ neurons
Klink and Alonso (1997); Pesold et al. (1998);
antara et al. (1998); Drakew et al. (1998); Perez-
Layer 1V: No known Layer V: No known Layer VI: No known Garcia et al. (2001); Martinez-Cerdeno et al. (2003);
gradients gradients oradients Miettinen et al. (2005); Ramos-Moreno et al. (2006);
- Stranahan et al. (2010); Canto and Witter (2012a);
“anto and Witter (2012b); Varga et al. (2010);
Kitamura et al. (2014)

(b) Calbindin (CB+)

Layer I: No known gradients Layer II: Gradients, neurons & neuropil Layer IIT: Gradients, neurons & neuropil +/ ¢ Smgll-mcdlum.blpolar,
= - horizontal/vertical
\ Soma: 10-14 um in either axis
Dendritic extent: confined to parent layer
Spines: no
®/® Large bipolar
Soma: Up to 30 pum in long axis
Dendritic extent: reach adjoining layers
Spines: no
> Small multipolar

Soma: up to 10 pm in both axes
Primary dendrites: 3-5

. . . . . Dendritic extent: confined to parent layer
Layer IV: No known gradients Layer V: Gradient, neuropil Layer VI: Gradient, neuropil

Dendritic orientation: mixed
N Spines: no

» Medium multipolar
Soma: 11-19 um x 816 pm
Primary dendrites: 3-5
Dendritic extent: mainly confined to parent layer
Dendritic orientation: mixed
Spines: few or none

x Large multipolar
Soma: 20-30 pm x 11-20 um
Primary dendrites: 3-5

Dendri -hes adjoining layers
Layer I: Gradient, Layer II: Gradients, Layer IIT: Gradients, Dendritic orientation: mixed
dendrites neurons & neuropil " neurons & neuropil Spines: few or none

A\ Pyramidal

Soma: 20-25 pm x 12-16 pm

Dendritic extent: apical dendrite r
above,
Spine

(s)
al dendrites often remain in parent layer

es
A\ Co-express COX2; A Wolfram
syndrome 1-protein; A enkephalin

Layer IV: No known Layer V: No known Layer VI: Neurons &

gradients gradients neuropil LEC>ME =[.Cb-IR ascending dendrites
(from layer II)

References for CB+ neurons

Beall and Lewis (1992); Tunon et al. (1992); Seress
ctal. (1994); Fujimaru and Kosaka (1996); Mikkonen
ctal. (1997); Mikkonen et al. (1999); Suzuki and
Porteros (2002); Kjonigsen et al. (2011); Kitamura
ctal. (2014); Gianatti (2015)
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(c) Calretinin (CR+)

Layer I: Gradient, neuropil

Layer IV: Gradient, neuropil

Layer II: Gradient, neuropil

Layer V: Gradients, neurons &neuropil
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Layer I1I: Gradient, neuropil

v

Layer VI: Gradients, neurons & neuropil

540

~

=

Layer I: Gradient,

neuropil

Layer IV: No known

gradients

Layer 11: No known
gradients

Layer V: Gradients,
neurons & neuropil

Layer I11: Gradients,
neurons & neuropil,

Layer VI: Gradients,
neurons & neuropil

Small bipolar

Soma: <10 pum in both axes

Dendritic extent: confined to parent layer
Spines: no

Medium bipolar

Soma: 10-19 um in long axis

Dendritic extent: (II/I11) confined to parent layer
unless soma sits close to bordering layer. (V) a
subset extend dendrites into layers VI and II1.
Spines: no

Large bipolar

Soma: 20-30 pm in long axis

Dendritic extent:

Spines:

Small multipolar

Soma: <10 um in both axes

Primary dendrites: 3—-6

Dendritic extent: confined to parent layer
Dendritic orientation: mixed

Spines: few or none

Co-expressing VIP

Medium multipolar
Soma: 10-15 um in both axes
Primary dendrites: 3-6

Dendritic extent: mainly confined to parent layer;
(LIII) a subset of neurons emit dendrites that cross
adjacent layers.

Dendritic orientation: mixed

Spines: few or none

Large multipolar
Soma: up to 25 pm in long axis
Primary dendrites: 3—-6
Dendritic extent: (LII/III) one/two thick
ascending dendrites reach reach the pia, thinner
descending dendrites reach deep layers
Spines: sparsely present
Pyramidal/pyramidal-like
Soma: approximately 30 pm x 17 um
Large unidentified
References for CR+
Miettinen et al. (1997); Mikkonen et al. (1997);
Mikkonen et al. (1999); Wouterlood et al. (2000);
Abraham et al. (2004); Pothuizen ct al, (2004);
Chaudhuri et al. (2005)

—

(d) Parvalbumin (PV+)

Layer I: Gradient, neuropil

Layer II: Gradient, neurons & neuropil

Layer VI: Gradients, neurons & neuropil

Layer I: No known

gradients

Layer IV: Gradient,

neuropil

FIGURE 2

(Continued)

Layer II: Gradients,

neurons & neuropil

Layer V: Gradients,

neurons & neuropil

Layer III: Gradients,

neurons & neuropil

Layer VI: Gradients,
neurons & neuropil

Small bipolar

Soma: up to 10 um in both axes

Dendritic extent: confined to parent layer
Dendritic orientation: horizontal

Spines: no

Medium-large bipolar

Soma: 11-30 um in either axis

Dendritic extent: those oriented vertically often
reach adjoining layers; (LV/VI) a subset of such
neurons emit dendrites entering the white matter
Dendritic orientation: mixed

Spines: no

Small multipolar

Soma: up to 11 pm in both axes

Primary dendrites: 3

Dendritic extent: confined to parent layer
Dendritic orientation: mixed

Spines: no

Medium multipolar

Soma: 12-19 pm x 10-15 wm; (LII/III) most are
located in deep half in each layer

Primary dendrites: 3-4

Dendritic extent: mainly confined to parent layer;
(LVI) a subset emit dendrites descening into the
white matter and/or ascending into layer V
Dendritic orientation: mixed

Spines: no

8 Large multipolar

Soma: 20-25 um x 10-20 pm. (LII & V) located
deep, (LIID) located superficial

Primary dendrite:
Dendritic extent: reaches adjoinin, rs; (LII) in
rats dendrites of such layer II-neurons can be
followed all the way down to layer VI*

Dendritic orientation: mixed; note that some
target above stellate-cell clusters

Spines: no

References for PV+

Tunon et al. (1992); Pitkanen et al. (1993);
Schmidt et al. (1993); Wouterlood et al. (1995)*;
Fujimaru et al. (1996); Solodkin et al. (1996);
Mikkonen et al. (1997); Gatome et al. (2010)
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(e) Cholecystokinin (CCK+)

¢ Small round/oval with

Layer I: Layer II: No known gradients Layer I11: No known gradients %
undefined processes
N Soma: up to 10 um in both axes
* Small unipolar
o Soma: up to 10 pm in both axes
Data missing I . )
-e= Small bipolar
Soma: approximately 10 um in both axes
Dendritic extent: known to extend for long
distances’
-»-/% Medium bipolar
Soma: approximately 20 um in both axes
. Dendritic extent: (LIII) vertically oriented
Layer IV: No known gradients Layer V: Layer VI: ones reach layer I and likely also layer V

> Small multipolar
Soma: approximat
Primary dendrit
Dendritic exte
Spines: data m:

10 um in both axes
>

: data missing

ng

» Medium multipolar
Soma: approximately 20 um in both axes
Primary dendrites: 3-?
Dendritic extent: data missing
Dendritic orientation: data missing
Spines: data mis:

Data missing

@ o
Lnyc.'r I: No known Layer II: Grudien}s, ~ Layer I1I: Grudiefnls, x Large multipolar
gradients neurons & neuropil neurons & neuropil
Soma: up to 30 um in either axis
Primary dendrites: 3-?
Dendritic extent: reaches adjoining layers;
certain dendrites observed to extend across all
layers may emanate from this neuron type*
Dendritic orientation: mixed
Spines: data missing
‘ Pyramidal/pyramidal-like

Layer IV: | CCK: ascending dendrites

<7

Layer V: Gradients, Layer VI: No known
neurons & neuropil gradients
Note: The majority of CCK-IR neurons
also express CB1 and SHT3A4, plus
VGLUT3 on their axon terminals
References for CCK+
Kohler and Chan-Palay (1982)*; Lotstra and

Vanderhaeghen (1987a); Lotstra and
Vanderhaeghen (1987b)

(f) Somatostatin (SOM+) « Small round/oval with

Layer II: Gradient, neuropil Layer I11: Gradient, neuropil undefined processes

Layer I: No known gradients
Soma: approximately 10 pm in both axes

| <

Layer IV: No known gradients Layer V: Gradient, neuropil Layer VI: No known gradients

Dendritic extent: data missing
Dendritic orientation: mixed
Spines: no
2 Medium multipolar
ot Soma: 15-25 um in long axis
Primary dendrites: 3-4
Dendritic extent: data missing
Dendritic orientation: mixed
Spines: no
: _ 8 Large multipolar
Layer I: No known Layer II: Gradient, Layer III: Gradicent,
gradients neurons neurons E
Layer IV: Layer V: Gradient, Layer VI: Gradient,
neurons neurons
References for SOM+
Kohler and Chan-Palay (1983)*; Bakst et al. (1985):
Chan-Palay (1987)**; Friederich-Ecsy et al. (1988);
Carboni et al. (1990); Wouterlood and Pothuizen
(2000)

FIGURE 2 (Continued)

Small-medium bipolar
Soma: 10-20 um in long axis
Dendritic extent: data missing
Spines: no

» Small multipolar
Soma: less than 15 pm in either axis
Primary dendrites: 3-4

Soma: up to 30 um in long axis
Primary dendrites: 3-4

Dendri I
Dendritic orientation: mixed
Spines: no

A Pyramidal/pyramidal-like
Soma: located in superficial parts of layer V¥,
morphological details m
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(g) Neuropeptide Y (NPY+)

Layer I: No known gradients Layer IT: No known gradients

Layer IV: No known gradients Layer V: No known gradients

3.9
Spines:
Soma: 15-25 i g axi
Primary dendrites: 3-6
Dendritic extent: many appear to cross

Layer ITI: No known gradients

O

Medium bipolar

Soma: approximately 18 um in long axis
Dendritic extent: data missing

Dendritic orientation: mixed

Spines: no

Large bipolar

Soma:up to 40 um in long axis
Dendritic extent: data missing

Dendritic orientation: mixed

Spines: no

Layer VI: No known gradients

Small multipolar

Soma: below 15 um in long axis

Primary dendrite:
Dendritic extent: data missing
Dendritic orientation: mixed
Spines: no

Medium multipolar

Soma: 15-25 um in long axis

adjacent layers

Layer I: No known
gradients

Layer II: Gradients,
neurons & neuropil

Layer IV: Gradient,
neurons

Layer V: Gradient,
neurons

Layer III: Gradients,
neurons & neuropil

Layer VI: Gradient,
neurons

Dendritic orientation: mixed
Spines: no

Large multipolar

Soma: up to 30 um in long axis
Primary dendrites: 3-6

Dendritic extent: cross adjacent layers
Dendritic orientation: mixed

Spines: no

Note: In rats, the majority
of NPY-IR neurons also
express somatostatin

Chan-Palay et al. (1986); Kohler et al. (1986):
Kohler et al. (1987); Lotstra, Schiffman and
Vanderhaeghen (1989)

FIGURE 2 (Continued)

sparse labelling is present in the domains located close to the
rhinal sulcus (Miettinen et al., 1997; Wouterlood et al., 2000).
In this species, part of the CR+ neuropil is known to com-

prise fibres originating from the olfactory bulb (Wouterlood
& Hartig, 1995).

44 | Parvalbumin (PV+)

44.1 | Neurons

Studies in mice, rats, bats, guinea pigs, monkey and hu-
mans report that layer I is devoid of PV+ somata (Beall &
Lewis, 1992; Berger, De Grissac, & Alvarez, 1999; Gatome,
Slomianka, Mwangi, Lipp, & Amrein, 2010; Miettinen,
Koivisto, Riekkinen, & Miettinen, 1996; Miettinen et al.,
1993; Mikkonen et al., 1997, 1999; Saiz-Sanchez, Ubeda-
Banon, De la Rosa-Prieto, & Martinez-Marcos, 2012;
Smaluhn, Plaschke, Leranth, & Nitsch, 2000; Solodkin,
Veldhuizen, & Van Hoesen, 1996; Tuiion et al., 1992; Uva,
Gruschke, Biella, De Curtis, & Witter, 2004; Wouterlood,
Hirtig, Briickner, & Witter, 1995). However, in some studies
in humans and monkeys, a class of small, bipolar or multipo-
lar PV+ neurons were reported (Pitkdnen & Amaral, 1993;
Schmidt, Braak, & Braak, 1993). The discrepancy between

studies might represent a potential preferred position of
these neurons across the surface of EC since in the monkey
(Pitkdnen & Amaral, 1993), these small multipolar neurons
are rare in rostral portions, with an increasing presence at
more caudal levels (Figure 2d).

44.2 | Neuropil

PV+ neuropil labelling in EC-layer I of humans is moder-
ate at rostrolateral, caudolateral and intermediate subfields
(Mikkonen et al., 1997; Tufién et al., 1992). Different studies
have reported different results with respect to the intralayer
location of such fibres, ranging from superficial (Tufién et al.,
1992), to middle (Schmidt et al., 1993), to deep (Mikkonen
et al., 1997). This likely reflects differences between dif-
ferent EC subfields. In both monkeys (Pitkdnen & Amaral,
1993) and rodents (Fujimaru & Kosaka, 1996; Miettinen
et al., 1996; Wouterlood et al., 1995), neuropil labelling in
layer I appears weak (Figure 2d).

4.5 | Cholecystokinin (CCK+)

In rats and guinea pigs, a low number of small multipolar and
horizontally oriented bipolar CCK+ somata and dendrites are
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present in layer I (Kohler & Chan-Palay, 1982; Phan, 2015). In
mice, a cluster of CCK+ neurons appears to reside in the portion
of LEC located close to the rhinal sulcus, abutting the border
with the perirhinal cortex (Phan, 2015). Whether this feature is
present in other species remains to be explored. CCK+ neuropil
have been identified as dendrites originating from neurons in
deep layers (Figure 2e; Kohler & Chan-Palay, 1982).

4.6 | Somatostatin (SOM+) and
Neuropeptide Y (NPY+)

Irrespective of species, layer I is essentially devoid of SOM+
as well as NPY+ neurons. However, antibodies against
both molecules each densely label neuropil within this layer
(Figure 2f,g), which appears to originate from neurons sit-
uated in deeper layers (Bakst, Morrison, & Amaral, 1985;
Carboni, Lavelle, Barnes, & Cipolloni, 1990; Chan-Palay,
1987; Friederich-Ecsy, Braak, Braak, & Probst, 1988; Kohler
& Chan-Palay, 1983; Wouterlood & Pothuizen, 2000). In the
case of SOM+ neuropil in layer I, many are axons arising
from Martinotti cells situated in deeper layers, in particu-
lar layer III (Tahvildari, Wolfel, Duque, & McCormick,
2012), but possibly also layer V as is seen in the neocortex
(Silberberg & Markram, 2007; Wang et al., 2004).

47 |

The horizontally oriented bipolar type of RE+ layer I neurons
co-localize with CR+, at least in humans (Figure 2a; Riedel
et al., 2003). In both rats (Miettinen et al., 1997) and monkeys
(Pothuizen et al., 2004), virtually all CR+ layer I-neurons
reportedly stain positive for y-aminobutyric acid (GABA+)
or glutamic acid decarboxylase (GAD+). However, another
report in the rat found less than one-third of the CR+ layer
I-neurons to be GABA+ (Wouterlood et al., 2000). This dis-
crepancy is likely the result of methodological differences.
Layer I in rats also contains VIP+ neurons (Kohler & Chan-
Palay, 1983). Appearing small and with horizontally oriented
thin aspiny dendrites, these neurons bear a striking resem-
blance to the CR+ neurons found in this layer (compare figure
5g in Kohler & Chan-Palay, 1983, with figure 5a in Miettinen
etal., 1997, figure 4b in Wouterlood et al., 2000, and figure 9a
in Mikkonen et al., 1997). This is in line with the more general
observation that the majority of CR+ neurons in EC stain pos-
itive for VIP (Rogers, 1992). Also, muscarinic acetylcholine
receptor type 2 (m2AChR) is expressed by at least two-thirds
of the CR+ layer I-neurons (Chaudhuri et al., 2005).

Work on mice shows that the superficial portion of layer
I labels positive for Wisteria floribunda agglutinin (WFA),
indicating the presence of perineuronal nets. However, im-
munolabelling against aggrecan, considered the main chon-
droitin sulphate proteoglycan of most if not all perineuronal
nets, appears to be present at only low amounts (Ueno et al.,

Co-localization
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2018). This is in line with previous reports on perineuronal
nets in rodent EC showing that they are present at low lev-
els in EC compared with most other cortical areas (Seeger,
Brauer, Hirtig, & Briickner, 1994).

4.8 | Conclusions, layer I

Data on the chemical nature of neurons in layer I across spe-
cies are sparse, but it is apparent that overall similarities are
strong.

S | LAYERII

Currently, two schemes for delineating EC-layer II/III in
rodents are in frequent use. The first of these two schemes
follow the original definition by Cajal and Lorente de N,
who emphasized that layer II is rather narrow and dominated
by neurons with a stellate morphology. These authors further
noted that layer II also contains pyramidal-like neurons with
apical dendrites oriented obliquely towards the pia, plus oc-
casional classical pyramidal neurons, with both groups being
interspersed among the stellate neurons. Layer III, as origi-
nally defined by these authors, is broad and dominated by
several strata of pyramidal neurons, with relatively small to
medium sized pyramidal neurons located towards the border
with layer II, although slightly larger pyramidal neurons are
present towards the border with layer IV (Figure 3a; Cajal,
1901; Lorente de N6, 1933).

The second scheme for delineating EC-layer II/III that is
currently in use, suggests that layer II is much wider than
that of the original definition. According to the alternative
scheme, layer II includes the small to medium sized pyra-
midal neurons originally defined as belonging to superficial
layer III. This alternative scheme further posits that in the
dorsal part of LEC, layer II splits into two sublayers. Here, the
outer sublayer, including the fan cells characteristic of LEC,
is referred to as layer Ila, and the inner sublayer, consisting of
pyramidal cells, is referred to as layer IIb (Figure 3b).

In this review, we adhere to the original definition of EC-
layer II/III by Cajal and Lorente de N6, but for the sake of
clarity, we will point out instances when superficial layer
III-neurons are located at positions alternatively referred to
as layer IIb.

5.1 | Reelin (RE+)

5.1.1 | Neurons

Work in several species, including the mouse, rat, gerbil,
hedgehog, ferret, cat, dolphin, whale and humans, has es-
tablished that layer II of EC contains a large population
of RE+ neurons. Of these, a few are small multipolar
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FIGURE 3 Designating calbindin-positive (CB+) pyramidal neurons in rat lateral entorhinal cortex (LEC) as layer II vs. layer ITI-neurons

depends on whether the original or an alternative laminar scheme is used. (a) As originally defined by Cajal and Lorente dé No, layer II of the entorhinal

cortex (EC) is more narrow than layer III. Moreover, layer II is dominated by stellate cells and layer III is dominated by relatively small pyramidal

cells. This definition delineates LEC-layer II as exemplified in the domain close to the rhinal sulcus (RS) vs. away from RS after NeuN staining (top

panels). Adjacent CB+ immunoperoxidase-labelled sections show that layer IT of LEC is essentially devoid of CB+ neurons when following the original
definition (bottom panels). (b) An alternative scheme of delineation suggests that layer II of LEC is wider than in the original definition and that it
consists of two sublayers, Ila and IIb (top panels). This implies that layer II of LEC contains a large population of CB+ neurons (bottom panels). (c) In
medial entorhinal cortex (MEC), many CB+ neurons situate in layer II whether one follows the current (and only) definition or places the layer II/III
border at a deeper position. NeuN-labelled examples of the domain of MEC located furthest away from RS and thus bordering LEC vs. domains of MEC
located closer to RS (top panels) are contrasted with adjacent immunoperoxidase-labelled CB+ neurons (bottom panels). Note the gradual appearance of
superficial CB+ neurons when moving from the domain located furthest away from RS in LEC vs. the domain located furthest away from RS in MEC
(i.e., the border region). For each panel, the layers are indicated with dashed lines. Panels are based on sections adapted from the Rat Hippocampus Atlas
(Kjonigsen et al., 2011), taken from the following Bregma levels: (a,b) close to RS 6.76, away from RS 7.48; (c) MEC/LEC border 7.66, MEC close to

RS 8.02. (d) Flatmap of rat EC showing the location represented by each image in (a—c). [Colour figure can be viewed at wileyonlinelibrary.com]

or fusiform neurons likely constituting interneurons
(Martinez-Cerdeno et al., 2003; Perez-Garcia et al., 2001;
Ramos-Moreno et al., 2006). The majority of layer Il RE+
neurons coincide with the morphologically described stel-
late and fan cells (Alcantara et al., 1998; Drakew, Frotscher,
Deller, Ogawa, & Heimrich, 1998; Kitamura et al., 2014;
Martinez-Cerdeno et al., 2003; Perez-Garcia et al., 2001;
Pesold et al., 1998; Varga et al., 2010), although a better
description likely is that reelin is selectively expressed

in neurons that give rise to projections to DG and CA3
(Kitamura et al., 2014; Leitner et al., 2016; Varga et al.,
2010; Witter, Doan, Jacobsen, Nilssen, & Ohara, 2017).
The same is likely the case for layer II neurons target-
ing CA2. This is in line with work showing that recon-
structed single stellate neurons in MEC project to DG, and
also to CA3 and CA2 (Tamamaki & Nojyo, 1993), and
is reinforced by the non-GABAergic chemoarchitecture
of the RE+ somata (Alcantara et al., 1998) and the RE+
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terminal distributions in the hippocampus (Herring et al.,
2012; Miettinen et al., 2005; Ramos-Moreno et al., 2006).
Neurons located close to the rhinal sulcus (monkeys and
rodents) or collateral sulcus (humans) express higher levels
of reelin than those located successively further away from
the rhinal/collateral sulcus (Figure 2a; Perez-Garcia et al.,
2001; Kobro-Flatmoen, Nagelhus, & Witter, 2016).

512 |

RE+ neuropil is present at moderate density in EC-layer II.
Notably, the axons of RE+ layer II-neurons are immunoreac-
tive for reelin (Martinez-Cerdeno et al., 2003, own unpub-
lished observations).

Neuropil

5.2 | Calbindin (CB+)

5.2.1 | Neurons

A description of the distribution of CB+ pyramidal neurons
in layer II in rodents requires particular precision due to the
present use of two different schemes for delineating layer II
from layer III. This issue mainly concerns LEC, where adher-
ence to one over the other scheme positions CB+ pyramidal
neurons to either layer IIb or superficial layer III. The original
definition by Cajal and Lorente de N6 implies that unlike for
MEC, layer II of LEC is devoid of CB+ pyramidal neurons
(Figures 2b and 3a,c). The alternative delineation places a siz-
able population of superficial LEC CB+ pyramidal neurons
in layer II, in what is then referred to as layer IIb (Figure 3b).
Note that in the case of mouse LEC, CB+ pyramidal neu-
rons in ventral and intermediate parts situate more superfi-
cially and fall within layer II for either scheme of delineation
(Figure 4a). In contrast, in dorsolateral LEC in mice, CB+
pyramidal neurons are located at a depth comparable to that
in LEC of rats, that is, deep to the RE+ neurons (Figure 4b).
In MEC of both rats and mice, CB+ pyramidal neurons
are present in layer II irrespective of whether one adheres to
the original definition or choses to place the border with layer
IIT at a deeper position, although for MEC in rats, placing the
border at a deeper position will include more such neurons
to layer II (Figure 3c). Also note that in MEC of mice, CB+
neurons are located superficial to RE+ neurons; thus, the
relative position of these neuronal types is inverted in mice
compared to rats (Figure 4c). Moreover, in mice, the major-
ity of CB+ neurons in layer II of MEC reside in clusters,
thus giving a patch-like appearance (Fujimaru & Kosaka,
1996), and a similar feature is present in rats (Figures 3c
and S2a). Likely, the majority of neurons in these clusters
constitute pyramidal neurons, and many have strongly CB+
apical dendrites reaching into layer I (Kitamura et al., 2014;
Ray et al., 2014). Similar findings have been reported for hu-
mans (Mikkonen et al., 1997; Naumann et al., 2016; Thorns,
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Licastro, & Masliah, 2001) and monkeys (Beall & Lewis,
1992), where such patches have been observed throughout
EC. Reports on humans and monkeys indicate a numerical
decrease of CB+ pyramidal neurons in layer II from areas
close to the rhinal/collateral sulcus towards more distal loca-
tions, without a clear parallel change in the total number of
CB+ neurons (Figure 2b; Mikkonen et al., 1997; Suzuki &
Porteros, 2002). Thus, a higher proportion of non-pyramidal
CB+ neurons reside in these more distal locations, likely rep-
resented by multipolar and bipolar neurons. As summarized
in Figure 2b, the overall size, shape and distribution of the lat-
ter types are highly similar across species, although note that
in humans, large multipolar neurons reside mainly in the deep
part of the layer (Beall & Lewis, 1992; Tufién et al., 1992),
whereas in monkeys, such neurons appear homogenously dis-
tributed throughout the depth of the layer (Suzuki & Porteros,
2002). Meanwhile, medium-sized multipolar CB+ neurons
mainly reside within the classic stellate cell islands, at least in
humans (Beall & Lewis, 1992; Mikkonen et al., 1997; Seress
et al., 1994; Suzuki & Porteros, 2002; Tufién et al., 1992).

In EC of rodents, CB+ multipolar neurons were recently
described in superficial layer III (layer 1Ib) of LEC (Leitner
et al., 2016), but CB+ bipolar neurons have not previously
been described. Using the Rat Hippocampus Atlas avail-
able through the Rodent Brain Workbench (RBWB.org; see
Kjonigsen et al., 2011), we confirmed the presence of CB+
multipolar neurons in layer II (Figure S2c) and observed
CB+ bipolar neurons in this layer (Figure S2d) as well as in
layers III-VI (see below). CB+ multipolar neurons appear to
make up a very sparse population, and only the proximal part
of their dendrites contains labelling (Figure S2¢). CB+ mul-
tipolar neurons have also been reported in EC of the hedge-
hog (Ferrer, Zujar, Admella, & Alcantara, 1992). The density
of CB+ bipolar neurons in EC layer II (and III) in the rat
appears lower than in humans and non-human primates (see
above paragraph), as well as compared with superficial layers
of the neocortex in rats (Figure 2b; Celio, 1990).

522 |

CB+ neuropil in EC-layer II of humans and monkeys are
slightly more prominent rostrally than caudally (Mikkonen
et al., 1997; Suzuki & Porteros, 2002). In rats and mice, such
labelling appears most pronounced ventrally, that is, away
from the rhinal sulcus (Figure 2b; Fujimaru & Kosaka, 1996,
and own unpublished observations).

Neuropil

5.3 | Calretinin (CR+)

53.1 |

In EC-layer II of humans (Mikkonen et al., 1997), monkeys
(Pothuizen et al., 2004; Seress et al., 1993), rats (Miettinen

Neurons
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FIGURE 4 Distribution of calbindin-positive pyramidal neurons, compared to that of reelin positive neurons in entorhinal cortex (EC)-layer

II and III of the mouse. (a) In domains intermediate and furthest away from the rhinal sulcus (RS) of the lateral entorhinal cortex (LEC), CB+

pyramidal neurons (magenta) are located in layer II at a similar depth as reelin positive (RE+) neurons (cyan). (b) Moving increasingly towards RS

in LEC, CB+ pyramidal neurons are situated increasingly deeper, such that according to the original definition by Cajal and Lorente de N6, such

neurons in the domain bordering RS likely belong to layer III. Note that the border between layers II and III according to the original definition is

shown as a yellow dashed line, and the alternative definition is indicated by the white dashed lines. (c) In mouse medial entorhinal cortex (MEC),

layer IIT is virtually devoid of CB+ pyramidal neurons. Conversely, superficial layer II contains multiple clusters of such neurons (arrow). Cell

types are coloured the same way for all figures and labelling is based on immunofluorescence. Adapted from Witter et al. (2017) with permission

from the author. (d) Flatmap of rat EC (from Figure 1 which is based on the rat, but is essentially the same for mice) showing the location

represented by each image in (a—c). [Colour figure can be viewed at wileyonlinelibrary.com]

etal., 1997; Wouterlood et al., 2000, 2007) and pigs (Abraham,
Toth, & Seress, 2004), a sizable population of CR+ neurons
is present, including small- and medium-sized multipolar neu-
rons and small bipolar neurons. In rats, large CR+ multipolar
neurons have also been described (Figure 2c¢).

5.3.2 | Neuropil

In human EC, labelling in layer Il is dense in the domains that
are located furthest away from the collateral sulcus and tapers
off when moving successively closer to the collateral sulcus
(Mikkonen et al., 1997). In the rat, layer II appears nearly
devoid of CR+ neuropil (Figure 2c; Miettinen et al., 1997;
Wouterlood et al., 2000).

54 |

A strong gradient of immunoreactivity to PV+ is present
between and even across subfields in all species studied.
Labelling intensity is much higher closer to the rhinal/col-
lateral sulcus than in parts of EC further away from the sul-
cus. Labelling density is comprised of two elements, somata
and neuropil. With respect to somata, this gradient is well
established in humans and non-human primates, such that

Parvalbumin (PV+)

very few PV+ neurons are detectable in the domains located
furthest away from the rhinal/collateral sulcus, in contrast
to areas located increasingly closer to the sulcus (Figure 2d;
Beall & Lewis, 1992; Mikkonen et al., 1997, 1999; Pitkinen
& Amaral, 1993; Schmidt et al., 1993; Tuiién et al., 1992).
In the case of rodents, such a gradient in cell numbers is
more debated, particularly in the case of MEC-layer II (as
well as in layer III). A recent paper reported that in MEC of
rats, the density of PV+ somata is nearly constant irrespec-
tive of the position along this axis, though the PV+ axon
density is higher in the dorsal portion (close to the sulcus)
than in the ventral portion (Beed et al., 2013). This con-
trasts with a previous study in mice (Fujimaru & Kosaka,
1996) that reported a gradient for PV+ somata similar to
that reported in other species, that is, outside of the rat.
However, our own observations in rats are in line with re-
ports in humans, monkeys and mice. We used rat tissue
containing MEC-layer II immunolabelled against PV+,
including coronal (16 sections from two animals) and sag-
ittal sections (seven sections from one animal). On each
section, we delineated the full extent of MEC-layer II by
overlaying adjacent NeuN-stained sections. Subsequently,
we divided layer II into three equally sized portions, that
is, the dorsal 1/3, the intermediate 1/3 and the ventral 1/3.
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Using ImageJ (NIH, Version 1.43 m), photomicrographs of
every section were converted to 8-bit greyscale images be-
fore a threshold was set to filter out neuropil, leaving only
the contours of somata (i.e., cell profiles). After calibrating
the particle analyser tool in ImagelJ to recognize PV+ so-
mata, based on visual inspection of control sections before
and after thresholding, we used this tool on every portion
from every section to count somata (dorsal 1/3, N = 808,
mean 35,1, standard deviation (SD) 15,1; intermediate 1/3,
N = 554, mean 24,1, SD 15,1; ventral 1/3, N = 308, mean
13,4, SD 12,3). The counts were found to be normally dis-
tributed and of homogenous variance. A two-way analysis
of variance showed that there was no significant difference
in the number of neurons between the animals (p = .12) or
animal X level (0.68). The same analysis showed that there
was a significant difference in the number of neurons de-
pending on the distance from the rhinal sulcus. Specifically,
a post hoc multiple comparisons test (Tukey's test) revealed
a significant drop in the number of PV+ cell profiles in the
most distant 1/3 compared with the intermediate 1/3 (44%,
p = .036) and the closest 1/3 (62%, p < .001), and the inter-
mediate 1/3 also had significantly fewer such neurons than
the closest 1/3 (31%, p = .029; Figure Sa—c). A similar gra-
dient has also been observed in LEC of rats (Wouterlood
et al., 1995), and our own observations are in agreement
with this (Figure 5d). Based on this, we conclude that the
density of PV+ somata in both MEC and LEC of the rat
follows the same topological gradient as that reported for
humans, monkeys and mice (Figure 2d).

5.4.1 | Neurons

Morphological data on PV+ neurons are available from
humans, monkeys, rats, mice and bats. Such neurons in
EC-layer II are bipolar and multipolar, range from very
small to large and have dendrites with moderate arboriza-
tion. Overall, the PV+ neuron types and their distribution
are highly similar across species (Figure 2d), although a
few differences are notable. For example, in the case of
humans and monkeys, dendrites from large PV+ multipo-
lar neurons moderately arborize into secondary dendrites
of which some ascend to layer I and others descend into
layer III (Beall & Lewis, 1992; Fujimaru & Kosaka, 1996;
Gatome et al., 2010; Mikkonen et al., 1997; Pitkdnen &
Amaral, 1993; Schmidt et al., 1993; Solodkin et al., 1996;
Wouterlood et al., 1995). Meanwhile, in rats, dendrites of
large PV+ multipolar layer II-neurons have been shown to
reach all the way into layer VI (Wouterlood et al., 1995).
Also, small multipolar PV+ neurons have been reported in
EC-layer II in humans and non-human primates (Mikkonen
et al., 1997; Pitkdnen & Amaral, 1993; Schmidt et al.,
1993; Tuiidén et al., 1992), while they are absent from layer
II of rats (Wouterlood et al., 1995).
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Note that in addition to providing local innervation, work
on rats showed that occasional PV+ neurons provide long-
range hippocampal projections, terminating on neurons in
stratum lacunosum moleculare of the CA fields and in the
molecular layer of the dentate gyrus (Melzer et al., 2012).
This finding was recently corroborated with PV+ neurons
being shown to provide a speed modulating signal onto hip-
pocampal networks (Ye, Witter, Moser, & Moser, 2018)

542 |

In EC-layer II of humans and monkeys, labelled neuropil,
putatively constituting axons, is present within the clusters
of stellate cells characteristic of this layer. Such labelling
increases until it becomes very dense close to the rhinal/col-
lateral sulcus (Beall & Lewis, 1992; Mikkonen et al., 1997,
Schmidt et al., 1993; Tuiién et al., 1992). Topologically,
similar labelling is apparent in rodents (Beed et al., 2013;
Fujimaru & Kosaka, 1996; Wouterlood et al., 1995).

The terminal distribution of PV+ axons around the so-
mata of principal cells (Hendry et al., 1989), reminiscent of
a woven basket, is what gave rise to the name “parvalbumin
basket cells.” In human, monkey and rat EC, PV+ chandelier-
like terminals are also found in layer II (Arellano, DeFelipe,
& Munoz, 2002; Pitkdnen & Amaral, 1993; Wouterlood et al.,
1995). In the case of humans and monkeys, these latter termi-
nals confine to the easily recognizable stellate cell clusters, and
in contrast to the preferred termination pattern of basket cells,
the terminations of PV+ chandelier cells form radially oriented
clusters of terminals, mimicking a chandelier like orientation,
specifically targeting the axon initial segment of principal neu-
rons (DeFelipe, Hendry, & Jones, 1989; for further details, see
Howard, Tamas, & Soltesz, 2005; Freund & Katona, 2007).

Neuropil

5.5 | Cholecystokinin (CCK+)

5.5.1 | Neurons

Available morphological data on CCK+ neurons are mainly
from work in rats and guinea pigs, although sparse data are avail-
able in humans. The majority of CCK+ neurons in EC-layer
IT are of the multipolar type, while vertically oriented CCK+
neurons of the bipolar type are also present (Figure 2e; Kohler
& Chan-Palay, 1982; Lotstra & Vanderhaeghen, 1987a,1987b).
In human EC-layer II, CCK+ neuropil resembling axon termi-
nals are seen associated with stellate cell clusters, along with
what appears to be large beaded fibres with a vertical orienta-
tion (Lotstra & Vanderhaeghen, 1987a). In infants, vertically
oriented bipolar CCK+ neurons can clearly be seen emitting
long beaded processes (Lotstra & Vanderhaeghen, 1987b). In
rats and the guinea pig, the overall labelling of CCK + -neuro-
pil increases at levels successively further away from the rhinal
sulcus (Figure 2e; Kohler & Chan-Palay, 1982).
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FIGURE 5 Densities of parvalbumin positive (PV+) neurons along the medial entorhinal cortex (MEC)-layer II dorsoventral axis. (a,b)

Left to right: delineation of MEC-layer II on a NeuN-stained coronal (a) and sagittal (b) section; the same delineation overlaid on a PV+ labelled

adjacent section; 8-bit greyscale converted image of layer II of the PV+ labelled section, on which the domain corresponding to the 1/3 closest

to the rhinal sulcus (RS), the domain corresponding to the intermediate 1/3 and the domain corresponding to the 1/3 furthest away from the RS

is delimited. For each of the immunolabelled sections used (sections taken from three animals), we applied the same procedure. The delineated
MEC-layer II was divided into three, equal-surface domains. The particle analyser tool in ImageJ] was calibrated to count cell profiles in the
grayscale images, and the mean number of PV+ cell profiles pr. domain pr. section was calculated. (c) The cell profile counts of the sagittal and
coronal sections combined revealed a significant 44% drop in the domain corresponding to the 1/3 furthest away from RS compared with the
intermediate 1/3, a significant 62% drop in the domain corresponding to the 1/3 furthest away from RS compared with the domain corresponding
to the 1/3 closest to RS, and a significant 31% drop in the intermediate 1/3 compared with the domain corresponding to the 1/3 closest to RS. (d)
Lateral entorhinal cortex (LEC): Examples of NeuN-stained coronal sections (left for each panel) where layer II has been delineated, followed

by adjacent PV+ labelled sections (right for each panel). A substantially higher density of somata appears in the domain close to RS than in the
domain located away from RS. Of the coronal sections, those from one of the animals were provided courtesy of Grethe Mari Olsen. Note that data
involving the parietal cortex from these sections have previously been published (Olsen & Witter, 2016). Additional coronal as well as the sagittal
sections used here have previously been used to show cyto- and chemoarchitectural features of the hippocampal formation and parahippocampal
region, published in Kjonigsen et al. (2011) for the coronal sections and in Boccara et al. (2015) for the sagittal sections. All sections are based on

immunoperoxidase-labelling. [Colour figure can be viewed at wileyonlinelibrary.com]

5.6 | Somatostatin (SOM+)

5.6.1 | Neurons

Work on humans, monkeys and rats shows that EC-layer II
contains SOM+ multipolar and bipolar neurons (Figure 2f;
Kohler & Chan-Palay, 1983; Bakst et al., 1985; Chan-Palay,
1987; Carboni et al., 1990). No consistent gradient involv-
ing SOM+ appears to be present, although a few apparently
species-specific features are notable. For example, in the
case of rats, a substantial population of small oval or round
SOM+ neurons are present in the portion located furthest
away from the rhinal sulcus, and this is more notable for
LEC than MEC (Kohler & Chan-Palay, 1983). In monkeys,
the density of SOM+ neurons appears highest in the do-
mains located furthest away from the rhinal sulcus (Bakst
et al., 1985), but this has not been described in humans
(Chan-Palay, 1987).

5.6.2 | Neuropil

SOM-+ varicose processes are present in layer IT of rats, showing
an even distribution throughout the subfields (Kohler & Chan-
Palay, 1983). Data from monkeys indicate that such labelling
is present at a higher density in the domains located away from
the rhinal sulcus (Bakst et al., 1985). In humans, a moderate and
non-graded amount of neuropil labelling was described (Chan-
Palay, 1987). However, another study indicated that the pattern
of such neuropil labelling in humans is similar to that reported
for monkeys (Friederich-Ecsy et al., 1988; Figure 2f).

5.7 | Neuropeptide Y (NPY+)

571 |

In layer IT of humans and monkeys, NPY+ neurons are present
in low-to-moderate numbers and consist of small bipolar and to

Neurons
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a lesser extent multipolar types (Chan-Palay, Kohler, Haesler,
Lang, & Yasargil, 1986; Kohler, Eriksson, Davies, & Chan-
Palay, 1986; Lotstra, Schiffmann, & Vanderhaeghen, 1989). In
rats, very few NPY+ neurons reside in layer II; those present
are mainly situated in the domain of LEC located furthest away
from the rhinal sulcus and consist of large multipolar or bipo-
lar neurons (Figure 2g; Kohler et al., 1986; Kohler, Eriksson,
Davies, & Chan-Palay, 1987).

572 |

In all three species, a dense network of NPY+ neuropil is
present in layer II. In humans and monkeys, such neuropil
surrounds stellate-cell clusters and likely constitutes axons
(Chan-Palay et al., 1986; Kohler et al., 1986). In rats, a higher
density of such neuropil appears at levels located successively
further away from the rhinal sulcus (Kohler et al., 1986).

Aside from the markers discussed above, recent work
on mice (Surmeli et al., 2015) and rats (Ohara et al., 2018)
shows a subset of neurons in layer II of both MEC and LEC
expressing the transcription factor Ctip2.

Neuropil

5.8 | Co-localization

Non-phosphorylated neurofilament proteins containing the
high and medium molecular weight-type subunits being rec-
ognized by the monoclonal antibody SMI-32 (SMI-32+) are
present in the somatas of a population of neurons in layer
II of human and monkey EC (Beall & Lewis, 1991, 1992;
Lavenex, Lavenex, Bennett, & Amaral, 2009). The morphol-
ogy and distribution of SMI-32+ neurons resemble that of
RE+ neurons. Specifically, increasing numbers of SMI-32+
neurons are present in domains located successively closer to
the rhinal/collateral sulcus (Beall & Lewis, 1992; Lavenex
et al., 2009), which is reminiscent of the situation for RE+
neurons. SMI-32+4+ neurons are also present in EC of rats
(Kirkcaldie et al., 2002), and in Wahlberg's epauletted fruit
bat, but not in the straw coloured fruit bat (Gatome et al.,
2010). Likewise, the Australian echidna (Hassiotis, Paxinos,
& Ashwell, 2004, 2005) and Tamar wallaby (Ashwell,
Zhang, & Marotte, 2005) show no SMI-32 + labelling in
EC. Meanwhile, work in mice shows that the low molecu-
lar weight-type subunit of neurofilament proteins is present
in putative perforant path-axons from superficial layers
(Paulussen, Jacobs, Van der Gucht, Hof, & Arckens, 2011).
Whether these axons have their origin in neurons of both
layer II and layer III remains to be established.

Recent work on rat MEC shows that a subpopulation
of RE+ neurons are enwrapped by perineuronal nets as re-
vealed by labelling with WFA. Moreover, in the portion of
MEC located close to the rhinal sulcus, 28% of WFA-la-
belled neurons are RE+. Moving successively further away
from the rhinal sulcus this overlap decreases, until few if any
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WFA-lIabelled neurons are RE+ at the point furthest away
from the rhinal sulcus (Lensjg, Christensen, Tennoe, Fyhn,
& Hafting, 2017). Perineuronal nets are also present around
neurons in superficial layers of human EC (Lendvai et al.,
2013; Pantazopoulos, Woo, Lim, Lange, & Berretta, 2010),
while the neurochemical identity of these cells remains to be
explored.

In rats, a population of neurons in superficial layers of
LEC stain positive for enkephalin (Gall, Brecha, Karten, &
Chang, 1981). Judging by their distance from the pia, and the
fact that enkephalin+ fibres were lost from the outer molecu-
lar layer of the dentate gyrus following lesions of LEC (Gall
et al., 1981), many of the enkephalin+ neurons are part of
the population of RE+ layer II-neurons (Figure 2a). Note that
superficial LEC-layer III (possibly including parts of what is
alternatively called layer IIb) also contains enkephalin+ neu-
rons (see section on layer III for details). Enkephalin appears
absent from principal neurons in MEC (Gall et al., 1981).

In humans, multiple nicotinic acetylcholine receptor sub-
units, including the a3, a4, a7, p2 and B4 subunits, have a
particularly strong expression in neurons residing in the so-
called cell islands, also referred to as the pre-alpha neurons.
These thus likely represent mainly the RE+ layer II-neurons
(Graham et al., 2003). A subset of neurons in these cell-is-
lands are also positive for neuronal NOS (Egberongbe et al.,
1994).

Work on EC-layer II in rodents (Kitamura et al., 2014)
shows that CB+ neurons to a large extent co-stain with wol-
fram syndrome 1 protein (Wfsl; Figure 2b). However, it re-
mains to be established whether the co-localization of CB+
and Wfs1 in layer II (or the rest of the layers) is consistent
throughout EC. Also, it is conceivable that at least a subset
of the SOM+ neurons in EC-layer II are part of the CB+
population (Rogers, 1992). In broad terms, descriptions of
the distribution of SOM+ neurons vs CB+ neurons are in
line with this notion. We consider the possibility of this latter
co-expression further in the case of layer III, where more in-
formation is available on such neurons.

Regarding CR+ layer II-neurons, there are notable dis-
crepancies in the literature regarding their neurotransmitter
content, as we also point for such neurons in layer I. Work
on both rats (Miettinen et al., 1997) and monkeys (Pothuizen
et al., 2004) indicates that a large majority of CR+ layer
I neurons are GABA+. However, another study reported
that only 1/3 of the CR+ neurons are GABA+ in this layer
(Wouterlood et al., 2000). As suggested for the comparable
discrepancy in layer I, the different findings are likely the
result of methodological differences. On the whole, we con-
sider it likely that a majority of CR+ layer II neurons are
GABA+.

The majority of CR+ neurons in EC of the rat stain
positive for VIP (Rogers, 1992). It is therefore possible if
not likely that neurons co-expressing, these markers are
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present in layer II. In line with this, the overall morphology
and distribution of VIP+ neurons in EC-layer II (and III)
of rats (Kohler & Chan-Palay, 1983; Loren et al., 1979)
is reminiscent of that described for the CR+ bipolar neu-
rons in this layer (Miettinen et al., 1997; Wouterlood et al.,
2000). However, VIP+ neurons in EC-layer II tend to form
small clusters (Kohler & Chan-Palay, 1983), which is less
notable in the case of CR+ neurons (Miettinen et al., 1997),
suggesting that a potential overlap between VIP+ neurons
and CR+ neurons is less than complete. A subset of CR+
neurons are weakly positive for the substance P receptor
NK,R (Wolansky, Pagliardini, Greer, & Dickson, 2007).
The latter author further reported that approximately 1/3 of
SST+ and NPY+ neurons in layer II express NK;R+ and
that NK R+ is present in a subset of CB+ neurons in layer
II of LEC.

The majority of PV+ neurons in layer II (and III) of MEC
label positive for WFA, at least in the case of rats and mice
(Lensjg et al., 2017). Whether a similar situation holds true
for LEC remains to be explored. Most, if not all PV+ neu-
rons in layer II (as well as in layers III-VI) express m2AChR
(Chaudhuri et al., 2005). Furthermore, work on humans
and monkeys shows that PV+ terminals selectively stain
positive for polysialylated neural cell adhesion molecule
(PSA-NCAM) as well as the GABA transporter 1 (GAT1+;
DeFelipe et al., 1989; DeFelipe & Gonzalez-Albo, 1998;
Arellano et al., 2002).

PSA-NCAM is also expressed by a minor population of
neurons in layer II in LEC of rats. These neurons typically
have an immature morphology, although some display pyra-
midal-like morphologies (Foley et al., 2008; Fox et al., 2000;
Gomez-Climent et al., 2008). Similar findings were reported
for cats (Varea et al., 2011). PSA-NCAM is also present in
layer II-neurons of human EC (Murray et al., 2016, 2018;
Varea et al., 2007), where its presence is limited to GAD+
neurons co-labelling with either CB+, CR+ or PV+, typi-
cally of a small bi-or multipolar morphology (Murray et al.,
2016, 2018).

In rat MEC, axons of CCK+ neurons form basket-like
pericellular innervations of subgroups of layer II neurons,
separated by non-innervated neurons (Kohler, 1986). More
recent work revealed that CB+ neurons in MEC are selec-
tively innervated by terminals that stain positive for vesicular
glutamate transporter type 3 (VGLUT3; Varga et al., 2010),
a transporter present in a subset of CCK+ somata along with
CCK+ terminals, at least in rat hippocampus (Somogyi et al.,
2004). In addition, high expression of cannabinoid receptor
type 1 (CB1) was found selectively present in CCK+ neurons
in mouse cortex (Marsicano & Lutz, 1999). Labelling with
VGLUTS3 is therefore thought to selectively provide visual-
ization of the axon terminals of interneurons positive for both
CCK and CB1 also in the case of EC, and these neurons are
hence referred to as “cholecystokinin and cannabinoid type

1 basket cells” (CCKBCs; Freund & Katona, 2007; Varga
et al., 2010). Although high expression of CB1 is selectively
present in CCK+ neurons, we do not currently know how
many CCK+ neurons actually express CB1 in the case of EC.
Of further relevance to CCKBCs is their association with
the 5-hydroxytryptamine 3A (SHT3A) receptor. Specifically,
in MEC layer-II, SHT3A receptor-expressing neurons and
CCKBCs both preferentially target CB+ pyramidal neu-
rons while avoiding RE+ stellate cells (Fuchs et al., 2016).
Furthermore, it has been known for some time that in the
neocortex, a large majority of CCK+ neurons expresses the
SHT3A receptor, while this receptor is not expressed by ei-
ther PV+ or SOM+ neurons (Lee, Hjerling-Leffler, Zagha,
Fishell, & Rudy, 2010; Morales & Bloom, 1997). Recently, a
dissociation between PV+, SOM+ and SHT3A receptor-ex-
pressing neurons was also shown in EC (Fuchs et al., 2016).
Thus, in EC, as in the neocortex, immunolabelling against
CCK likely targets the SHT3A receptor-expressing popula-
tion of neurons with a high degree of selectivity.

Of the large multipolar or bipolar NPY+ neurons in ven-
tral LEC, a large proportion (up to 89%) co-stain for soma-
tostatin (Figure 2g; Kohler et al., 1986, 1987).

Layer II-neurons in rats express high levels of SHT1a re-
ceptor-mRNA (Chalmers & Watson, 1991; Hammer, Hori,
Blanchard, & Blanchard, 1992). Meanwhile, labelling with
antibodies against the SHT1a receptor indicates its presence
throughout the layers (Chalmers & Watson, 1991; Hammer
et al,, 1992). Based on autoradiographic analysis of se-
lective ligand binding, this is also the case in guinea pigs
(Sijbesma, Schipper, Cornelissen, & Dekloet, 1991) and hu-
mans (Barone, Jordan, Atger, Kopp, & Fillion, 1994; Pazos,
Probst, & Palacios, 1987), and for the latter, it is evident that
the highest levels of receptor binding are present rostrally and
laterally, that is, towards the collateral sulcus (Pazos et al.,
1987). Interestingly, work on rats shows that while all layers
in EC are innervated by 5-HT-positive fibres originating in
the raphe nuclei, particularly dense patches of such fibres are
located in layer II towards the rhinal sulcus (Kohler, Chan-
Palay, Haglund, & Steinbusch, 1980; Kohler, Chan-Palay, &
Steinbusch, 1981). These patches likely arise from neurons
in the ipsilateral dorsal raphe nucleus (Kohler & Steinbusch,
1982).

5.9 | Conclusions, layer II

In layer II across species, several neuroanatomical markers
selectively label unique subsets of neuronal populations, such
that a large majority of layer II neurons can be accounted for
by the selective markers currently available. Furthermore, we
emphasize that certain markers remain to be tested outside
of rodents, with one notable example being enkephalin, of
which the expression in LEC-layer II of rats likely labels a
subpopulation of RE+ fan neurons.
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6 | LAYER III

6.1 | Reelin (RE+)

Many pyramidal neurons in layer III exhibit weak immu-
noreactivity to reelin across different species (Martinez-
Cerdeno et al., 2003; Miettinen et al., 2005; Perez-Garcia
etal., 2001; Ramos-Moreno et al., 2006). In addition, small,
scattered RE+ interneurons with a multipolar or fusiform
morphology are present, along with a low-to-moderate
level of RE+ neuropil (Figure 2a; Martinez-Cerdeno et al.,
2003; Perez-Garcia et al., 2001; Ramos-Moreno et al.,
2006).

62 |

EC-layer III of humans and monkeys contains similar types
of CB+ neurons including multipolar, bipolar and pyramidal
neurons (Beall & Lewis, 1992; Mikkonen et al., 1997; Suzuki
& Porteros, 2002; Tuiién et al., 1992). CB+ multipolar as well
as bipolar neurons in layer III have not been reported in rodent
EC. However, upon inspection, we do find a sparse population
of such neurons in layer III of rats (Figure S2c,d; summarized
in Figure 2b). A gradient in CB+ neurons exists in layer III
such that the density increases when moving away from the
collateral/rhinal sulcus. In humans and monkeys, it has been
established that this gradient is most striking for pyramidal
neurons, followed by multipolar neurons and bipolar neurons,
respectively (Mikkonen et al., 1997; Suzuki & Porteros, 2002),
and this is likely also the case for rodents (see below).

Although CB+ expression in layer III in humans and
monkeys is highly similar, a few differences exist. As with
layer II, the layer III-density of CB+ multipolar neurons is
lower in monkeys than in humans (Seress et al., 1994; Suzuki
& Porteros, 2002). Although CB+ pyramidal-shaped neurons
in both humans and monkeys tend to cluster (Beall & Lewis,
1992), they mainly reside in the superficial half of the layer
in humans (Beall & Lewis, 1992; Mikkonen et al., 1997),
whereas in monkeys, they appear more evenly distributed
throughout the depth of layer III (Seress et al., 1994; Suzuki
& Porteros, 2002).

In the rat, it follows from the considerations on layer II
(see section on calbindin for layer II) that the question of
CB+ pyramidal neurons in layer III will also depend on the
scheme for delineation. As described above, according to the
original definition of layer III (Cajal, 1901; Lorente de No,
1933), CB+ pyramidal neurons are present in the superfi-
cial half of layer III in rats (Figures 2b and 3a,c), thus cor-
responding to that reported for humans. In mice, however,
the situation regarding CB+ pyramidal neurons in layer III is
more complicated. Essentially, layer III of MEC in mice con-
tain none, or at least very few CB+ pyramidal neurons, irre-
spective of whether the original or the alternative scheme for

Calbindin (CB+)
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delineation is used (Figure 4c). Meanwhile, in LEC of mice,
CB+ pyramidal neurons take up an increasingly deeper posi-
tion when moving in the direction towards the rhinal sulcus
(i.e., dorsolaterally). Thus, following the original definition
of layers II/I1I, the majority of CB+ pyramidal neurons in the
portions furthers away from the rhinal sulcus belong to layer
II (Figure 4b), whereas those located intermedially and close
to the rhinal sulcus belong to layer III (alternatively called
layer IIb; Figure 4a). For both rats and mice, CB+ pyramidal
neurons tend to cluster and appear to be more numerous in
the domains located away from the rhinal sulcus, thus corre-
sponding to that described for monkeys and humans.

62.1 |

In monkeys, and to a lesser extent in humans, domains lo-
cated away from the rhinal/collateral sulcus contain dense
CB+ labelling throughout layer III. When moving towards
the rhinal/collateral sulcus, a label-free zone in the deep
part of layer III becomes increasingly apparent, while label-
ling in the upper two-thirds of the layer becomes less dense
(Figure 2b; Mikkonen et al., 1997; Suzuki & Porteros, 2002).
Regarding the mouse, a study reported dense neuropil la-
belling in layer III in LEC, compared with relatively light
staining in MEC (Fujimaru & Kosaka, 1996). We observed a
similar feature in the rat, where dense CB+ labelling is pre-
sent both in the superficial and deep half of layer III in LEC,
being particularly prominent in the portion located furthest
away from the rhinal sulcus, while in layer III of MEC, such
labelling is virtually absent in the deep half (Figure S2b).

Neuropil

6.3 | Calretinin (CR+)

63.1 |

Across EC of humans (Brion & Resibois, 1994; Mikkonen
et al., 1997), monkeys (Pothuizen et al., 2004; Seress et al.,
1993) and rats (Miettinen et al., 1997; Wouterlood et al.,
2000) layer IIT contains the same types of CR+ neurons,
which, as with layer II, includes multipolar neurons and bi-
polar neurons (Figure 2c).

Aside from the small- to medium-sized CR+ neurons re-
ported across species, additional large CR+ multipolar neu-
rons have been observed in layer I1I of rats. This latter type has
obliquely ascending thick dendrites extending up to the pia,
in addition to thinner dendrites extending horizontally within
the layer or descending into deep layers. Each of these den-
dritic types give rise to occasional spines on their distal parts.
In rat LEC, such large neurons reside superficially within
layer III, having somata with a distinct lateral separation of
about 500 pm. In contrast, in rat MEC, large CR+ multipolar
neurons are less common and reside at various depths with
no apparent regularity (Wouterlood et al., 2000). Also in rats,

Neurons
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CR+ bipolar neurons in layer III are particularly numerous
in the portion of LEC located furthest away from the rhinal
sulcus; available data do not indicate a topologically similar
feature in the case of humans or monkeys (Figure 2c).

6.3.2 | Neuropil

Overall, layer III has the strongest CR+ neuropil labelling
among the layers. In humans, such labelling follows a clear
gradient, with dense labelling in the domains located furthest
away from the collateral sulcus and decreasing labelling in
domains located successively closer to the collateral sulcus
(Mikkonen et al., 1997). A topologically similar feature is
present in layer III of rats (Figure 2c¢; Miettinen et al., 1997,
Wouterlood et al., 2000).

6.4 | Parvalbumin (PV+)

Across species, EC-layer III has a similar strong gradient of
immunoreactivity to parvalbumin as that described for layer
II (see above).

6.4.1 | Neurons

PV+ neurons in layer III are of multipolar and to a lesser
extent bipolar morphologies (Figure 2d). Superficial parts of
layer III in humans and monkeys contain somata of large and
vertically oriented multipolar PV+ neurons. Among these,
some align with the classical clusters of stellate cells present
in layer II, whereas others situate in alignment with the gaps
between the stellate cells and emit processes both into layer
I and into deeper layers (Beall & Lewis, 1992; Mikkonen
et al., 1997; Solodkin et al., 1996). Regarding the former
type, morphologically similar PV+ neurons reside in deep
parts of layer II in conjunction with stellate cell clusters,
giving the impression that a distinct population of vertically
oriented multipolar PV+ neurons traverses layers II and III
(Beall & Lewis, 1992). In humans, monkeys and rats, deep
parts of layer III also contain large multipolar PV+ neurons.
These typically extend dendrites in all directions within their
parent layer, along with dendrites of which some ascend
into layer I and others descend into layers V and VI (Beall
& Lewis, 1992; Mikkonen et al., 1997; Pitkidnen & Amaral,
1993; Schmidt et al., 1993; Wouterlood et al., 1995). Yet an-
other type of large multipolar PV+ neuron in deep layer III,
exclusively described in humans, has dendrites that extend
horizontally within the layer (Schmidt et al., 1993).

PV+ bipolar neurons in layer III of humans appear like
those present in layer II. The largest are vertically oriented
and have ascending dendrites reaching deep layer II, whereas
their descending dendrites rarely pierce layer IV (Schmidt
et al., 1993). Although PV+ bipolar neurons have not previ-
ously been described in layer III of rodents, we find a sparse

presence of such neurons with vertical orientations in rats
(Figure S2e).

642 |

In line with the density of somata, the domains located fur-
thest away from the rhinal/collateral sulcus in all species
studied contain little PV+ neuropil labelling. Labelling den-
sity increases progressively towards intermediate portions
and this continues until very dense labelling is present in
the domains located closest to the sulcus (Figure 2d; human:
Mikkonen et al., 1997; Schmidt et al., 1993; Tufién et al.,
1992; monkey: Pitkdnen & Amaral, 1993; rodent: Fujimaru
& Kosaka, 1996; Wouterlood et al., 1995). As with layer II,
layer III in human, monkey and rat EC also contains short
PV+ chandelier-like terminals that are most numerous in su-
perficial parts of the layer (Arellano et al., 2002; Pitkdnen &
Amaral, 1993; Wouterlood et al., 1995).

Neuropil

6.5 | Cholecystokinin (CCK+)

6.5.1 | Neurons

As summarized in Figure 2e, data from rats and guinea
pigs show that EC-layer III contains the same morphologi-
cal types of CCK+ neurons as those present in layer II, in-
cluding multipolar and vertically oriented bipolar neurons
along with numerous small round or ovoid neurons in the
portion of LEC located furthest away from the rhinal sulcus.
Additionally, bipolar neurons with distinct, obliquely orien-
tated dendrites have been described in this layer (Kohler &
Chan-Palay, 1982)

652 |

In rats and guinea pigs, layer III contains the lowest amount
of CCK+ neuropil among the cell layers. Similar to layer
I1, the overall neuropil labelling in layer III of these species
tend to increase at positions successively further away from
the rhinal sulcus (Kohler & Chan-Palay, 1982). In humans,
vertically oriented CCK+ neuropil that resemble axon ter-
minals are present but we lack data on whether there is a
gradient in density (Figure 2e; Lotstra & Vanderhaeghen,
1987a).

Neuropil

6.6 | Somatostatin (SOM+)

6.6.1 | Neurons

SOM+ somata in monkeys and rats are more numerous in
the domains located away from the rhinal sulcus (Bakst et al.,
1985; Kohler & Chan-Palay, 1983). Meanwhile, the sparse de-
scriptions available for humans do not indicate such a feature
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relative to the collateral sulcus (Chan-Palay, 1987). As in layer
II, SOM+ neurons in layer IIT have multipolar and bipolar mor-
phologies (Figure 2f; Bakst et al., 1985; Carboni et al., 1990;
Chan-Palay, 1987; Friederich-Ecsy et al., 1988; Kohler &
Chan-Palay, 1983). Many of the CCK+ layer III-neurons give
rise to very long axons traversing the cortical layers, making
up part of the axon terminals seen in layer I (Bakst et al., 1985;
Chan-Palay, 1987; Friederich-Ecsy et al., 1988; Tahvildari
et al., 2012). This latter type of neuron constitutes Martinotti
cells (Tahvildari et al., 2012).

6.6.2 | Neuropil

Overall, SOM+ neuropil labelling within layer III seems
to parallel that of the somata in rats, monkeys and humans
(Figure 2f; Bakst et al., 1985; Friederich-Ecsy et al., 1988;
Kohler & Chan-Palay, 1983), but see Chan-Palay (1987).

6.7 | Neuropeptide Y (NPY+)

6.7.1 |

NPY+ neurons in EC-layer III of humans, monkeys and rats
include bipolar and to a lesser extent multipolar neurons
(Chan-Palay et al., 1986; Kohler et al., 1986; Lotstra et al.,
1989). In the case of rats, NPY+ neurons appear most nu-
merous in LEC, in particular in the portion of LEC located
furthest away from the rhinal sulcus (Figure 2g; Kohler et al.,
1986).

Neurons

6.7.2 | Neuropil

Relatively dense NPY+ neuropil labelling is present in layer
IIT of humans, monkeys and rats. In humans, the somata of
layer-III pyramidal neurons appear invested with NPY + fibre
terminals (Chan-Palay et al., 1986). Such a feature is not ob-
served in rats (Kohler et al., 1986), where the overall NPY +
neuropil labelling appears to increase at levels located suc-
cessively further away from the rhinal sulcus (Kohler et al.,
1986), a feature not noted in primates (Figure 2g).

6.8 | Co-localization

In rats, a population of neurons located superficially in EC-
layer III (alternatively called layer IIb) in the domain close
to the rhinal sulcus labels positive for cyclooxygenase type
2 (COX2+), which is a rate-limiting enzyme in the synthe-
sis of prostanoids and intimately involved in the process of
inflammation (Breder, Dewitt, & Kraig, 1995). Considering
their morphology and position within the layer, it seems
likely that at least part of these COX2+ neurons constitute
CB+ pyramidal neurons (Figure 2b). Conversely, moving
away from the rhinal sulcus, COX2 appears confined to a
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subset of mainly small interneurons. A complete lack of
COX2+ dendritic labelling in these latter neurons impairs
morphological comparison against known subgroups of
interneurons.

In rats, SOM+ neurons follow the same gradient as CB+
bipolar neurons (see above), which is in line with a possi-
ble co-localization between these molecules in this particular
population of neurons (Rogers, 1992).

As mentioned for layer II (see above), superficial parts
of LEC contain a population of neurons that stain positive
for enkephalin. While the majority of these belong to layer
IT and are likely part of the RE+ population, a minority ap-
pears situated in superficial layer III (alternatively called IIb;
Figure 2b). Indeed, aside from the loss of enkephalin+ neu-
ropil in the outer molecular layer of the dentate gyrus, lesion-
ing LEC also resulted in a loss of such labelling in stratum
lacunosum moleculare of CAl, suggesting this constituted
labelled axons from EC (Gall et al., 1981). Whether or not
these CA1 projecting enkephalin+ neurons co-localize with
the sparse population of CB+ neurons that project to CAl
(Kitamura et al., 2014) remains to be established, but this
seems likely judging from present data.

The low molecular weight-type subunit of neurofilament
proteins (Paulussen et al., 2011) present in putative perforant
path axons (see layer II) may take their origin at least in part
from layer IlI-neurons, although we underline that this re-
mains to be established.

Overall, a lower percentage of CR+ neurons in layer III
are positive for GABA or GAD than what is the case for lay-
ers I and II. In both monkeys and rats, 60% of CR+ neurons
in EC-layer III reportedly stain positive for GABA or GAD
(Miettinen et al., 1997; Pothuizen et al., 2004). However,
another study on rats reported that only 20% of CR+ layer
[II-neurons are GABA+ (Wouterlood et al., 2000). Notably,
the portion of CR+ neurons co-expressing GABA or GAD in
layer III of rats appears confined to the superficial half of the
layer (Miettinen et al., 1997).

A consideration of potential overlap between CR+ and
VIP+ neurons in layer III is relevant, because, as mentioned
for both layers I and II, the majority of CR+ neurons in EC
stain positive for VIP (Rogers, 1992). In rats, VIP+ neurons
in EC-layer III include vertically oriented aspiny bipolar neu-
rons in both LEC and MEC. Furthermore, layer III in LEC
also contains multipolar VIP4+ neurons that appear aspiny
(Kohler & Chan-Palay, 1983). The presence of multipolar
VIP+ neurons in layer III of LEC and their absence in MEC
are in line with a possible co-localization between VIP+ and
CR+ in this layer, as also CR+ neurons of the multipolar type
are more common in LEC than in MEC. In addition, as with
layer II, VIP+ neurons in LEC-layer III are more numerous
in the domains located away from the rhinal sulcus, a feature
resembling that reported for CR+ neurons (Kohler & Chan-
Palay, 1983).
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The majority of PV+ neurons in layer III (as in layer II) of
MEC label positive for WFA, at least in the case of rats and
mice (Lensjg et al., 2017). Meanwhile, for LEC, this remains
to be explored. Regarding the short PV+ chandelier-like ter-
minals present in layer III across species, these selectively
label positive for PSA-NCAM and GAT1, at least in humans
(Arellano et al., 2002; DeFelipe & Gonzalez-Albo, 1998).
Moreover, PSA-NCAM is expressed on the somata of a minor
population of layer III-neurons in rats (Foley et al., 2008; Fox
et al., 2000; Gomez-Climent et al., 2008), cats (Varea et al.,
2011) and humans (Murray et al., 2016, 2018; Varea et al.,
2007). As for layer II (see above), work on human EC shows
that PSA-NCAM in layer III is selectively present in GAD+
neurons, co-labels with either CB+, CR+ or PV+, and typi-
cally associate with neurons having a small bi-or multipolar
morphology (Murray et al., 2016, 2018). Also, most, if not all
PV+ neurons in layer III (as in the other cell layers) express
m2AChR (Chaudhuri et al., 2005).

As in layer II, it is possible that most NPY+ neurons in
layer III are also SOM+, judging by data obtained in rats
(Kohler et al., 1987).

In rats, neurons in all layers in EC express the SHT 1a-re-
ceptor and are innervated by 5-HT-positive fibres originating
in the raphe nuclei. However, a particularly dense network of
such fibres distribute in layer III of LEC (Kohler et al., 1980,
1981) and likely arise from neurons in the ipsilateral dorsal
raphe nucleus (Kohler & Steinbusch, 1982). As suggested by
these authors, this indicates that the raphe nuclei can selec-
tively modulate LEC circuits.

6.9 |

Taken together, the currently available selective neuroana-
tomical markers cover most if not all neuronal populations
in EC-layer III, as is the case with layer II (see above).
Importantly, the various markers to a very high degree label
the same morphological types of neurons across species.

Conclusions, layer I11

7 | LAYER IV (LAMINA
DISSECANS)

Although layer IV is often referred to as an acellular layer,
neurons are present albeit in low numbers. Current knowl-
edge of neuroanatomical markers present in layer IV is sum-
marized in Figure 2a-g.

8 | LAYERYV

8.1 |

Sparse data from studies on ferrets and rats suggest that small,
scattered RE+ bi- and multipolar neurons along with sparse

Reelin (RE+)

neuropil-labelling are present in layer V (Martinez-Cerdeno
et al., 2003; Ramos-Moreno et al., 2006; own unpublished
data).

8.2 | Calbindin (CB+)

8.2.1 | Neurons

In humans, monkeys and rats, relatively few CB+ neurons
are present in layer V as compared with layers II and III
(Figure 2b). Those present in layer V include multipolar and
bipolar neurons that are mostly of small to medium size, al-
though a low number of large multipolar CB+ neurons also
reside here. In contrast to layers II and III, there is no clear
gradient related to position with respect to the rhinal/collat-
eral sulcus (Mikkonen et al., 1997; Seress et al., 1994; Suzuki
& Porteros, 2002). However, the olfactory field of EC in the
monkey appears to constitute an exception to the otherwise
homogenous layer V labelling, as relatively high numbers of
CB+ neurons reside here, even including a sparse population
of pyramidal neurons (Suzuki & Porteros, 2002).

8.2.2 | Neuropil

In monkeys, CB+ neuropil labelling in layer V is relatively
light in rostral portions. Meanwhile, contrasting the CB+ la-
belling present in somata and dendrites in this layer, putative
axon labelling increases at increasingly more caudal posi-
tions, such that the caudal and caudal limiting subfields of
the monkey EC contain a fairly strong band of such putative
CB+ axons (Suzuki & Porteros, 2002). This feature appears
less obvious in humans (Figure 2b; Mikkonen et al., 1997).
As for rats, the moderately dense band of labelled neuropil
present in layer IV (see section on calbindin for layer IV
above) seems to extend into superficial parts of layer V.

8.3 | Calretinin (CR+)

8.3.1 |

In humans, monkeys, rats and the domestic pig, layer V
contains multipolar, bipolar and putative pyramidal CR+
neurons (Figure 2¢; Chaudhuri et al., 2005; Miettinen et al.,
1997; Mikkonen et al., 1997, 1999; Pothuizen et al., 2004).
In humans, the latter type is darkly labelled and mainly re-
sides in rostral and medial portions, that is, away from the
collateral sulcus. The pyramidal-like morphology of these
neurons is obvious in that it includes two primary basal den-
drites descending obliquely towards layer VI while giving
off thinner secondary branches, and one thick primary apical
dendrite ascending into layer III with little apparent branch-
ing (Mikkonen et al., 1997, 1999). Similar findings were
reported for both monkeys (Pothuizen et al., 2004) and rats

Neurons
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(Chaudhuri et al., 2005; Miettinen et al., 1997), although here
such neurons appear less intensely labelled.

832 |

CR+ neuropil labelling in human EC-layer V parallels the
density of CR+ somata in this layer, such that dense label-
ling is present in the domains located away from the collat-
eral sulcus, while labelling gradually decreases when moving
successively closer to the collateral sulcus (Mikkonen et al.,
1997, 1999). A topologically comparable pattern is present in
rats (Figure 2¢; Miettinen et al., 1997).

Neuropil

84 |

As with the other cell layers, EC-layer V of humans, mon-
keys and rodents contains PV+ neurons that are most numer-
ous towards the rhinal/collateral sulcus (Figure 2d; Fujimaru
& Kosaka, 1996; Mikkonen et al., 1997; Pitkdnen & Amaral,
1993; Wouterlood et al., 1995).

Parvalbumin (PV+)

8.4.1 | Neurons

As in the superficial layers, PV+ neurons in layer V are
comparable across species and consist of multipolar and bi-
polar types (Figure 2d), although again, a few differences
are notable. For example, while large-sized multipolar PV+
neurons are common in layer V of humans and monkeys
(Mikkonen et al., 1997; Pitkdnen & Amaral, 1993; Schmidt
et al., 1993; Solodkin et al., 1996; Tufién et al., 1992), such
neurons are sparse in layer V of rats (Wouterlood et al.,
1995); own unpublished observations). PV+ bipolar neu-
rons are also common in layer V in humans and monkeys
(Mikkonen et al., 1997; Pitkdnen & Amaral, 1993; Schmidt
et al., 1993), contrasting with the relative paucity of such
neurons in layer V of rats (Wouterlood et al., 1995; own un-
published observations). Among the medium to large bipo-
lar neurons described in layer V in humans is a unique type
emitting conspicuously bent and varicose dendrites. This
type of bipolar neuron has been shown to emit axons giving
rise to cartridges that correspond to those of chandelier cells
(Schmidt et al., 1993).

842 |

In humans and monkeys, PV+ neuropil labelling in layer
V appears to align with the overall neuronal PV+ labelling
(Figure 2d). Thus, such labelling is weak in the domains
located furthest away from the rhinal/collateral sulcus,
while gradually increasing until dense labelling is present
in the domains located close to the rhinal/collateral sulcus
(Mikkonen et al., 1997; Pitkdnen & Amaral, 1993; Schmidt
et al., 1993; Tuifién et al., 1992). A topologically comparable

Neuropil
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situation appears evident in rodents (Fujimaru & Kosaka,
1996; Wouterlood et al., 1995).

8.5 | Cholecystokinin (CCK+)

8.5.1 | Neurons

Several different morphological types of CCK+ neurons are
present in EC-layer V of rodents (Figure 2e). Such neurons
include small horizontally oriented (presumably bipolar) neu-
rons that are particularly numerous medially in MEC, occa-
sional pyramidal-like neurons, small multipolar neurons and
unipolar neurons. While no information is currently avail-
able on the dendritic extent of these neurons, their axons can
occasionally be followed down to the white matter (Kohler
& Chan-Palay, 1982; Phan, 2015), likely targeting various
cortical areas including auditory cortex (Li et al., 2014).
Regarding humans, the sparse data available suggest that
occasional CCK+ neurons are present in layer V, while no
morphological detail is available (Lotstra & Vanderhaeghen,
1987b; Savasta, Palacios, & Mengod, 1990).

8.5.2 | Neuropil

Overall, CCK+ neuropil-labelling in the rat is relatively dense
in the portions located away from the rhinal sulcus (Kohler
& Chan-Palay, 1982). Labelled neuropil is also present in hu-
mans in this layer, showing a beaded appearance and vertical
orientations (Lotstra & Vanderhaeghen, 1987a,1987b).

8.6 | Somatostatin (SOM+)

8.6.1 | Neurons

Data on SOM+ neurons are available from humans, monkeys
and rats. Overall, SOM+ neurons are more numerous in deep
layers than in superficial layers of EC. In layer V, such neurons
have bipolar and multipolar morphologies (Figure 2f; Bakst
etal., 1985; Carboni et al., 1990; Chan-Palay, 1987; Friederich-
Ecsy et al., 1988; Wouterlood & Pothuizen, 2000), and, in the
case of rats, pyramidal morphologies (Kohler & Chan-Palay,
1983). Of the SOM+ neurons in humans and monkeys, some
emit very long axons that traverse the cortical layers, likely
making up part of the axon terminals seen in layer I (Bakst et al.,
1985; Carboni et al., 1990; Chan-Palay, 1987; Friederich-Ecsy
et al., 1988); such neurons likely constitute Martinotti cells.

8.6.2 | Neuropil

In rats, SOM+ neuropil labelling is very dense in the su-
perficial half of layer V (Kohler & Chan-Palay, 1983). In
monkeys, labelled neuropil appear strongest in the domains
located away from the rhinal sulcus, most notably in deep



KOBRO-FLATMOEN anp WITTER

3652
—I—WILEY EJN European ournallofNeuroscience. FENS.

parts of the layer, where labelled neuropil with both hori-
zontal and radial orientations are present. In middle and su-
perficial parts of layer V, such neuropil are mainly radially
oriented (Bakst et al., 1985). A similar pattern has been sug-
gested to be present in humans (Figure 2f; Friederich-Ecsy
et al., 1988), although note that another study on humans did
not find such a gradient (Chan-Palay, 1987).

8.7 | Neuropeptide Y (NPY+)

8.7.1 | Neurons

In EC of humans, monkeys and rats, NPY+ neurons are more
numerous in layer V than in superficial layers (Figure 2g).
In EC-layer V of rats, NPY+ neurons appear to mainly con-
stitute medium sized horizontally oriented bipolar neurons
(Kohler et al., 1986), whereas for humans and monkeys,
NPY+ neurons more commonly include multipolar neurons
(Chan-Palay et al., 1986; Kohler et al., 1986; Lotstra et al.,
1989). In the case of rats, similar to that described for superfi-
cial layers, NPY+ neurons are most numerous in the portion
of LEC located furthest away from the rhinal sulcus (Kohler
et al., 1987).

8.7.2 | Neuropil

A dense NPY+ plexus of neuropil is present in layer V in
humans (Chan-Palay et al., 1986; Lotstra et al., 1989). This is
less notable in monkeys and rats (Kohler et al., 1986).

Recently, two novel neuroanatomical markers were found
to label separate populations of neurons restricted to the clas-
sically (based on cytoarchitecture) defined superficial (layer
Va) vs deep (layer Vb) part of layer V. Specifically, work in
mice demonstrated that the transcription factor Etvl is ex-
pressed in layer Va, while the transcription factor-interacting
protein Ctip2 is expressed in layer Vb (Ramsden, Surmeli,
McDonagh, & Nolan, 2015; Surmeli et al., 2015). This mo-
lecular split between layers Va vs Vb also holds true in rats
(Ohara et al., 2018) and potentially opens new avenues into
selective manipulations of the circuits to which neurons in
these sublayers belong.

8.8 |

In monkeys and rats, about 15% of CR+ neurons label posi-
tive for GABA. In both species, the large CR+ neurons that
are likely to constitute pyramidal neurons (see above) be-
long to the majority of EC layer V-neurons that are nega-
tive for GABA (Miettinen et al., 1997; Pothuizen et al., 2004,
Wouterlood et al., 2000). Meanwhile, the reported high over-
lap between CR+ neurons and VIP+ neurons in EC of rats
(Rogers, 1992) may also include neurons in layer V. From
the sparse data available, VIP+ neurons in layer V appear to

Co-localization

include bipolar neurons and horizontally oriented multipolar
neurons with short aspiny dendrites (Kohler & Chan-Palay,
1983), which is in line with such a potential co-expression, at
least for a subset of these neurons.

In rats, a subset of CR+ neurons in layer V are weakly
positive for NK;R (Wolansky et al., 2007). Also among the
NPY+ neurons in layer V, a subset express NK;R (Wolansky
et al., 2007), and it is likely that some NPY+ neurons also
express somatostatin (Kohler et al., 1987).

Most, if not all PV+ neurons in layer V (as in the other cell
layers) express m2AChR (Chaudhuri et al., 2005). In monkeys,
occasional neurons in this layer express mRNA for preprogal-
anin (Evans, Huntley, Morrison, Shine, & Paxinos, 1992). In
humans, neuronal NOS appears to be present in a substantial
proportion of pyramidal and multipolar neurons (Egberongbe
et al., 1994; Katsuse, Iseki, & Kosaka, 2003; Sobreviela &
Mufson, 1995; Yew, Wong, Li, Lai, & Yu, 1999).

8.9 |

With respect to neuroanatomical markers, like that of the
cytoarchitecture, what emerges for layer V across species
is homology. While dense PV+ labelling characterizes the
domains close to the rhinal/collateral sulcus, a loss of PV+
labelling and an increasing presence of CR+ neurons with
pyramidal morphologies indicates the domains further away
from the rhinal/collateral sulcus. Meanwhile, recent work
additionally enables the molecular separation of superficial
(Etvl) vs deep (ctip2) layer V-neurons in rodents, while such
a potential separation in humans and non-human primates
awaits further study.

Conclusions, layer V

9 | LAYER VI

9.1 | Reelin (RE+)

No detailed description of RE+ neurons is available for layer
VI. Based on the sparse information available for rats and fer-
rets, this layer appears to contain a small population of RE+
bipolar and multipolar neurons (Martinez-Cerdeno et al.,
2003; Ramos-Moreno et al., 2006). Like in layer V, a low
level of neuropil-labelling is present in layer VI (Martinez-
Cerdeno et al., 2003; own unpublished observations).

9.2 | Calbindin (CB+)

9.2.1 | Neurons

In humans, monkeys and rats, EC-layer VI contains the same
morphological types of CB+ neurons as those reported for
layer V (Figure 2b), including small- to medium-sized bipo-
lar neurons and multipolar neurons of varying sizes (Figure
S2c,d; Mikkonen et al., 1997, 1999; Seress et al., 1994,
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Suzuki & Porteros, 2002). In humans, large CB+ multipo-
lar layer VI-neurons have labelled dendrites descending into
layer V (Mikkonen et al., 1997). In the rat, we observed a
clear difference with respect to the number of CB+ neurons
in LEC vs MEC. Whereas LEC contains a relatively high
number of CB+ neurons, such neurons are very sparse in
MEC (Figure S2f).

922 |

In humans and monkeys, the overall CB+ neuropil label-
ling in EC-layer VI is very low, with slightly higher levels
rostrally than caudally (Mikkonen et al., 1997; Suzuki &
Porteros, 2002). EC-layer VI in mice also contains a low
level of labelled neuropil (Fujimaru & Kosaka, 1996), while
in the rat, we observe slightly higher levels in LEC than in
MEC (Figure S2f).

Neuropil

9.3 | Calretinin (CR+)

9.3.1 |

Work on humans, monkeys and rats show that similar to layer
V, layer VI contains large CR+ neurons. In humans, such
neurons frequently have a pyramidal-like morphology with
apical dendrites descending into layer III (Mikkonen et al.,
1997). Meanwhile, the morphology of such large CR+ neu-
rons remains to be established for monkeys and rats, but is
seems a likely inference that at least part of them are of the
pyramidal type. In humans and monkeys, such large CR+
neurons are numerous in the domains located furthest away
from the rhinal/collateral sulcus (Figure 2c¢), where they are
located throughout the depth of the layer. Moving gradually
towards the CS, such neurons take up a superficial position
within layer VI, at which point they appear as a single band
stretching across the layer when viewed under low power
magnification. Meanwhile, the domains located closest to the
rhinal/collateral sulcus contain few such neurons (Mikkonen
et al., 1997, 1999; Pothuizen et al., 2004). In addition, EC-
layer VI of all three species contains bipolar neurons and
small- to medium-sized spherical multipolar neurons positive
for calretinin (Miettinen et al., 1997; Mikkonen et al., 1997,
Pothuizen et al., 2004; Seress et al., 1993; Wouterlood et al.,
2000).

Neurons

932 |

CR+ neuropil labelling in layer VI of humans is similar to
that described for layer V, thus following a gradient where the
domains furthest away from the collateral sulcus are heavily
labelled, while the domains located closer to the collateral
sulcus contain progressively less labelling (Mikkonen et al.,
1997, 1999). A topologically similar, though less obvious

Neuropil
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gradient of CR+ neuropil labelling appears to be present also
in rats (Figure 2c; Miettinen et al., 1997).

94 | Parvalbumin (PV+)

94.1 | Neurons

In layer VI of humans, monkeys and rats, PV+ neurons are
predominantly present in the domains located towards the
collateral/rhinal sulcus (Figure 2d; Mikkonen et al., 1997;
Pitkdnen & Amaral, 1993; Wouterlood et al., 1995). PV+
multipolar neurons ranging from small to medium in size
have been described in this layer in humans (Mikkonen
et al., 1997; Schmidt et al., 1993; Tufién et al., 1992) and
rats (Wouterlood et al., 1995). PV+ bipolar neurons are also
present (Mikkonen et al., 1997; Pitkdnen & Amaral, 1993;
Schmidt et al., 1993; own unpublished observation), and
work on humans shows that of the ones with a small or me-
dium size soma, some emit conspicuously varicose dendrites
together with axons that form chandelier-like cartridges
(Schmidt et al., 1993).

94.2 | Neuropil

Layer VI in humans and monkeys contain sparse PV+ neuro-
pil labelling, except at the portions closest to the rhinal/col-
lateral sulcus where moderate labelling is visible (Mikkonen
et al., 1997; Pitkdnen & Amaral, 1993). In rodents, topo-
logically similar labelling appears to be present (Fujimaru &
Kosaka, 1996; Wouterlood et al., 1995).

9.5 |

Work on rats shows that EC-layer VI contain neurons with
fusiform as well as ovoid CCK+ somata. Such neurons are
of both bipolar and multipolar types (Figure 2e), often emit-
ting relatively long and oblique or horizontally oriented pri-
mary dendrites from which secondary dendrites descend into
layer V. A low density of CCK+ neuropil is present, with
no apparent gradient (Kohler & Chan-Palay, 1982). As with
layer V, information on layer VI CCK+ neurons in humans
is largely missing, though a low density of such neurons ap-
pears present. Furthermore, beaded neuropil of mostly verti-
cal orientation is present in layer VI of humans (Lotstra &
Vanderhaeghen, 1987a,1987b).

Cholecystokinin (CCK+)

9.6 |

SOM-+ neurons in EC-layer VI of humans, monkeys and rats
have small to medium sized round or oval somata, including
both multipolar and bipolar neurons (Carboni et al., 1990;
Friederich-Ecsy et al., 1988; Kohler & Chan-Palay, 1983;
Wouterlood & Pothuizen, 2000). In monkeys, bipolar SOM+

Somatostatin (SOM+)
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neurons are typically vertically oriented (Carboni et al.,
1990). In layer VI of rat LEC, numerous labelled neurons are
present in the domain located furthest away from the rhinal
sulcus; this is similar to that of layers II, IIT and V (Figure 2f).
Regarding neuropil, a moderate amount of labelling is pre-
sent in rats (Kohler & Chan-Palay, 1983), while this seems
low in the case of monkeys (Bakst et al., 1985) and humans
(Friederich-Ecsy et al., 1988).

9.7 | Neuropeptide Y (NPY+)

9.7.1 | Neurons

In EC-layer VI of humans, monkeys and rats, NPY+ neu-
rons are abundant as compared with either of the superficial
layers, and NPY-labelling reveals the same morphological
types of neurons as those present in layer V (Figure 2g). In
rat MEC, NPY+ neurons in layer VI are predominantly of the
horizontally oriented bipolar type, whereas for LEC, which
contains a higher density of somata, multipolar neurons are
also common (Kohler et al., 1986). Similar to layers II, III
and V, layer VI in rats contains the highest density of NPY+
neurons in the domains of LEC located furthest away from
the rhinal sulcus (Kohler et al., 1986). In layer VI of humans
(Chan-Palay et al., 1986; Lotstra et al., 1989) and monkeys
(Kohler et al., 1986), medium-sized multipolar neurons ap-
pear to predominate. Deep in layer VI in humans, at and
across the border to the white matter, large bipolar as well as
multipolar NPY+ neurons reside (Chan-Palay et al., 1986).

9.7.2 | Neuropil

In humans, monkeys and rats, immunolabelling against NPY
reveals a moderate to high density of neuropil in EC-layer VL.
The superficial one-third of layer VI appears to contain more
labelling than middle and deep parts, at least in humans (Chan-
Palay et al., 1986; Kohler et al., 1986, 1987; Lotstraet al., 1989).

9.8 |

Only a low percentage of the CR+ neurons in EC-layer VI are
likely GABAergic. In rats, the percentage of CR+ neurons in
EC-layer VI that label positive for GABA or GAD was esti-
mated to be 13% by one study (Wouterlood et al., 2000), and
24% by another study (Miettinen et al., 1997). Meanwhile, in
layer VI of monkeys, about 9% of such neurons label positive
for GABA (Pothuizen et al., 2004).

As pointed out for layers I-V, most CR+ neurons in EC of
rats label positive for VIP, although the study in question did
not provide details concerning individual layers (Rogers, 1992).
As with layer V, VIP+ neurons in layer VI are sparsely pres-
ent and include neurons with diverse morphologies (Kohler
& Chan-Palay, 1983). However, detailed information on the

Co-localization

morphological characteristics of VIP+ neurons in EC-layer VI
is currently not available, preventing a comparison with CR+
neurons in this layer. Meanwhile, a portion of the NPY+ neu-
rons likely co-express somatostatin (Chan-Palay, 1987).

Most, if not all PV+ neurons in layer VI (as in the other
cell layers) express m2AChR (Chaudhuri et al., 2005). As
with layer V, data in monkeys show that a few neurons in layer
VI express mRNA for preprogalanin (Evans et al., 1992). In
humans, neuronal NOS appears to be present in a substan-
tial population of neurons (Katsuse et al., 2003; Sobreviela &
Mufson, 1995; Yew et al., 1999).

9.9 |

Across species, the situation in layer VI reflects that reported
for the other layers, meaning several neuroanatomical mark-
ers label the same basic cell types. Furthermore, as with the
adjoining layer V, dense PV+ labelling characterizes the do-
mains close to the rhinal/collateral sulcus also in layer VI,
while a loss of PV+ labelling and an increasing presence of
CR+ neurons with pyramidal morphologies indicate the do-
mains further away from the rhinal/collateral sulcus.

Conclusions layer VI

10 | FUNCTIONALLY DIFFERENT
POPULATIONS DISCERNIBLE BY
NEUROANATOMICAL MARKERS

Findings in rodents suggest that superficial layers of EC
contain at least three populations of interneurons that are
separable by way of immunolabelling against parvalbumin,
somatostatin and cholecystokinin, with the latter population
also expressing the SHT3A receptor (from here on referred
to as CCK/5HT3A+ neurons). These particular molecular
constituents likely relate to a functional division, as the three
populations make contact with distinct groups of principal
neurons.

The increasing presence of PV+ neurons towards the
rhinal sulcus (in rodents and monkeys) or collateral sulcus
(in humans) coincides with reelin levels in layer II prin-
cipal neurons (Kobro-Flatmoen et al., 2016; Perez-Garcia
et al., 2001). Furthermore, work on rodents has established
that the majority of RE+ principal neurons in MEC-layer I1
constitute stellate cells and form the sole MEC layer II-pro-
jection onto the dentate gyrus (Fuchs et al., 2016; Kitamura
et al., 2014; Varga et al., 2010). In LEC-layer II, reelin is
present in all morphological types of principal neurons,
including all fan neurons, but only part of the multipolar
and pyramidal populations. Like in MEC, all RE+ neurons
in LEC give rise to the projection onto the dentate gyrus
(Leitner et al., 2016). Electrophysiological recordings in
rodents from the domain of MEC adjacent to the rhinal
sulcus revealed that stellate cells are interconnected via
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fast-spiking interneurons (Couey et al., 2013; Fuchs et al.,
2016; Pastoll et al., 2013) that are likely identical with the
PV+ neurons (Beed et al., 2013). Taken together, these
lines of evidence strongly suggest that PV+ interneurons
target RE+ principal neurons along a gradient, such that
the degree to which the latter are under inhibitory control
by PV+ neurons gradually increases in domains located
progressively closer to the rhinal/collateral sulcus. Cortical
PV+ neurons, driven by local principal neurons, permit
the type of rapid computations that enable crucial aspects
of our cognitive capacities (Freund & Katona, 2007).
Observations in rat MEC revealed graded differences in the
resolution of spatial coding, with grid cells located close
to the rhinal sulcus having fine-grained spatial representa-
tions, and grid cells located successively further away from
the rhinal sulcus having successively more coarse-grained
spatial representations (Brun et al., 2008; Stensola et al.,
2012). This is interesting in view of the present neuroana-
tomical data, as being under a stronger inhibitory control
by PV+ neurons may be interpreted as an indication that
RE+ neurons in MEC-layer II located close to the rhinal
sulcus are capable of forming more precise representations
than such neurons located further away from the rhinal
sulcus. Given the similar anatomical relationship in LEC-
layer II, one might expect a comparable situation with the
most fine-grained representations being present close to
the rhinal sulcus.

In rodents, the target cells in layer II for CCK/SHT3A+
neurons mainly are CB+ principal neurons, most of which
have a pyramidal morphology (Fuchs et al., 2016; Varga
et al., 2010). In the hippocampus, serotonergic projec-
tions from the median raphe nucleus were shown to target
CCK/5HT3A+ neurons (Freund, 2003), but avoiding PV+
neurons (Freund, Gulyas, Acsady, Gores, & Toth, 1990;
Papp, Hajos, Acsady, & Freund, 1999). This serotonergic
targeting of CCK/SHT3A+ neurons has been proposed
to underlie fear-related information processing (Freund,
2003; Freund & Katona, 2007). In this context, fundamen-
tal observations are the anxiolytic effects provided by se-
rotonin antagonists (Jones et al., 1988) and the treatment
efficacy of selective serotonin reuptake inhibitors in mood
disorders (Kent, Coplan, & Gorman, 1998). In addition, the
anxiolytic benzodiazepines act selectively on a-2-subunit-
containing GABAA receptors (Low et al., 2000), which are
enriched at hippocampal synapses formed where CCK+
interneurons target pyramidal neurons (Nyiri, Freund, &
Somogyi, 2001). Notably, as for the hippocampus, the raphe
nuclei provide prominent innervation onto EC (Kohler &
Steinbusch, 1982); however, whether serotonergic raphe-
projections selectively target CCK/SHT3 A+ neurons in EC
remains to be explored. Such data would further a func-
tional understanding of both CCK/5SHT3A+ neurons and
their CB+ target-neurons in EC.
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Recent work on the connectivity-profile of entorhinal
SOM+ interneurons revealed yet another remarkable de-
gree of interneuron-to-principal neuron selectivity. Thus,
SOM+ neurons located superficially in mouse MEC con-
tact both RE+ stellate cells and intermediate pyramidal
neurons, but avoid CB+ pyramidal neurons and interme-
diate stellate cells (Fuchs et al., 2016). In addition, SOM+
interneurons (putative Martinotti cells) situated in deeper
layers likely constitute an additional source of interneu-
ron-input onto superficially located principal neurons.
Future work should reveal whether these latter interneu-
rons exhibit selectivity for any specific neuronal popula-
tion(s). Interestingly, hippocampal somatostatin signalling
has been linked to the selection of memory strategies,
in that activation of the somatostatin-type 4 receptor ap-
pears involved in switching from engagement of the spa-
tial memory system to the cue-based dorsal striatal system
(Gastambide, Viollet, Lepousez, Epelbaum, & Guillou,
2009; Gastambide et al., 2010). Whether somatostatin in
EC contributes to this remains to be explored.

A fairly new approach in the field of neuroscience is sin-
gle-cell sequencing of a neurons’ transcriptome. This offers a
powerful tool to interrogate neuronal heterogeneity in defined
systems, such as that underway in the hippocampus proper
where novel classes of inhibitory neurons were recently demon-
strated (Harris et al., 2018), or to probe molecular signatures
across developmental stages as recently done on proliferating
cells in the dentate gyrus (Hochgerner, Zeisel, Lonnerberg, &
Linnarsson, 2018). Also, for the cytoarchitecturally more com-
plex EC, it is highly likely that the application of single-cell se-
quencing will uncover a greater molecular heterogeneity among
neurons than what our current understanding amounts to.

11 | CONCLUDING REMARKS

The available cross-species neuroanatomical data on EC
clearly indicate that along with its phylogenetically highly
conserved cytoarchitecture there is also a highly conserved
chemoarchitecture. Uncovering these relationships allows
for testable predictions, for example the prediction devel-
oped above that that RE+ neurons in EC-layer II located
close to the rhinal sulcus likely form more precise representa-
tions of coded information than such neurons located further
away from the rhinal sulcus. Moreover, as we have shown
in this review, a comparable chemoarchitecture for similar
cell types is present across species, and thus the same basic
functional relationship may hold true as well. Intriguingly,
we recently provided evidence that RE+ principal neurons
in an AD rat model, specifically those located close to the
rhinal sulcus, are selectively vulnerable to AD-associated
accumulation of intracellular amyloid-f (Kobro-Flatmoen
et al.,, 2016), which fits with current evidence that early
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Alzheimer-related symptoms typically involve deficits in
fine-grained recall (Dubois et al., 2014). The uncovering of
grid cells in both monkeys (Killian, Jutras, & Buffalo, 2012)
and humans (Jacobs et al., 2013), actualizes the question of
whether graded differences in the resolution of spatial coding
in primates fall along the axis comparable to that of rodents,
namely with increasing spatial granularity towards the rhinal/
collateral sulcus. If so, this will further underline the utility
of rodent models to interrogate both the healthy and the dis-
eased EC, anchored to a continuing effort to develop a thor-
ough understanding of the underlying anatomy.
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