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1 | HIPPOCAMPAL FORMATION

Monica Mufioz-Lépez* © | Ana Maria Insausti®?

Abstract

CA2 is probably the most enigmatic of the hippocampal fields. It is small in size
(in humans about 500 um across the mediolateral axis), and yet, it is involved in
important functions, such as in social memory and anxiety. This study offers a
glimpse of several significant aspects of the anatomical organization of CA2. We pre-
sent an overview of the anatomical structure of CA2, imbued in the general organiza-
tion of the human hippocampal formation. The location and distinctiveness of CA2 is
presented in relation with CA3 and CA1, based in a total of 23 human control cases
serially sectioned throughout the whole longitudinal axis of the hippocampus, exam-
ined every 500 um in Nissl-stained sections. The longitudinal extent of CA2 is close
to 30 mm, starting in the hippocampal head, 2.5 mm caudal to the DG and 3.5 mm
caudal to the start of CA3, approximately 10 mm from the hippocampus rostral end.
The connectional information of human CA2 is very scarce, thereby we relied on
nonhuman primate tract tracing studies of the hippocampal formation, given its
resemblance to the human brain. Human CA2 is subject of neuropathological studies,
and we chose to present Alzheimer's disease, schizophrenia, and Mesial Temporal
Lobe Epilepsy with hippocampal sclerosis in those aspects that impinge directly
into CA2.
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organization receives the name of the allocortex. The Dentate Gyrus
(DG) is the highlighted feature of the HF. The DG can be seen in

The Hippocampal Formation (HF) is a functional unit that supports
key functions in humans and animals, most notably episodic-like mem-
ory and spatial navigation and learning. Anatomically, the HF is part of
the medial temporal lobe in all mammal species, close to the adjoining
cerebral cortex, through which much of its connections are carried in
and out. The HF includes additional anatomically and functionally dis-
tinct areas on top of the hippocampus proper. The term hippocampus
or hippocampus proper, is applied to the CA subfields (Insausti &
Amaral, 2012). The HF includes different cytoarchitectonically fields,
with shared characteristics. One of these features is that the layers of

HF are organized as primitive cortex in one single cell layer. This

unstained coronal sections even without microscope; with the naked
eye, occupies is its deepest field within the HF. The DG is surrounded
by the unfolding hippocampal fields CA3, CA2, CA1 and more medi-
ally located, the Subiculum. As the unfolding continues we find the
Presubiculum, Parasubiculum, and entorhinal cortex, with an increas-
ing number of layers. The last three fields are referred as periallocor-
tex, which are not only different in their cityoarchitecture from the
other HF subareas, but they are anatomically connected with different
cortical and subcortical brain regions. The Entorhinal cortex (EC), is
the most external part of the HF, in the cortical surface of the para-

hippocampal gyrus of the medial temporal cortex, immediately
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adjacent to the perirhinal cortex. The number of layers in the peri-
rhinal and parahippocampal cortices increases, but still has limbic
appearance, with slightly primitive laminar organization and it is
referred as proisocortex. The proisocortex is bounded by the well sta-
bilshed 6-layered isocortex or neocortex.

This group of heterogenous HF structures are a key part of the
limbic memory system in connection with the cortex outside the EC
and the diencephalon. Connectivity is a key point in this system. On
the one hand, the EC has heavy reciprocal connections with cortical
association areas in such a way it is considered the gateway of multi-
ple polysensory cortices and subcortical connections to the hippocam-
pus proper (DG, CA3, CA2, CA1, and Subiculum; Insausti &
Amaral, 2012; Insausti et al., 2017). The entorhinal cortex leads corti-
cal association input to the consecutive stages within the HF (Insausti
et al., 1987a, 1987b; Insausti & Amaral, 2008). The HF is characterized
by a series of unidirectional connections originated in the EC. These
connections innervate the DG and hippocampal fields, in a stepwise
fashion. This intrinsic hippocampal pathway start is neurons in layer Il
and VI of the entorhinal cortex that project to the dentate gyrus
(DG) and CA3-CA2, while layers Ill and V project to CA1 and the subi-
culum (Witter & Amaral, 1991). The DG projects to CA3, which in turn
does so to CA2 and CA1 through Schaffer's collaterals; CA2 also pro-
jects to the deep part of CA1 (Kohara et al., 2014). Field CA1 projects
to both subiculum and deep layers of the entorhinal cortex, from
which originate projections back to cortical association areas
(Munoz & Insausti, 2005). In parallel, the Subiculum projects to the
Presubiculum and Parasubiculum, and those innervate superficial
layers of the entorhinal cortex. The deep layers of the EC channel in a
very organized way the HF output to multimodal areas distributed in
the cerebral cortex.

In sum, the HF is formed by a loop of successive steps in the flow
of neural information. The starting point is the entorhinal cortex as it
represents the nexus between cortical association areas and the hip-
pocampus, both at the entry and the exit of the set of HF connec-
tions. The HF loop of connections is at the core of the limbic memory

system.

2 | DEFINITION: WHAT IS AND WHAT IS
NOT CA2?

The hippocampal subfield CA2 is one of the components of the HF in
humans and other mammals, extends along the rostrocaudal axis of
the hippocampus, and it is located between the hippocampal subfields
CA3 and CA1 (Insausti & Amaral, 2012).

2.1 | Classical definition of CA2

Rafael Lorente de N6 (Lorente de N6, 1934) introduced the acronym
CA (for Cornu Ammonis) to name the different hippocampal subfields.
He used the term CA4 for the area closest to the DG (we include CA4
as a part of CA3 field of the hippocampus, see Insausti &

Amaral, 2012). The set of CA fields (CA3, CA2, and CA1) can be distin-
guished according with the neuronal size of the principal pyramidal
cell layer. The pyramidal cell layer in both CA3 and CA2 is character-
ized by larger neuronal size compared with that in CA1. This feature
has often prompted the combination of CA2 and CAS3 in a fused field,
(i.e., in stereological determinations of the neuron number in CA2-
CAS, see below). This feature was noticed by Ramén y Cajal (Ramon y
Cajal, 1904), who distinguished a combined CA3 and CA2 field that
he called Regio inferior, while a small cell layer corresponding to CA1,
was called Regio superior.

Cornu Ammonis field 2 of Lorente de N&, (Lorente de N6, 1934),
more commonly named simply as CA2, is one of the allocortical fields
of the hippocampus proper, located between CA3 (proximally) and
CA1 (distally), and this has been like this during phylogeny. First
described in Golgi preparations by Ramén y Cajal (Ramon y
Cajal, 1904) and (Lorente de NG, 1934), CA2 is usually distinguised
from the adjacent field CA3 by the lack of the mossy fiber projection
from the dentate gyrus granule cell layer. This projection is character-
ized by the presence of thick dendritic spines (thorny excrescences) in
CAZ3, absent in CA2. Despite this robust criterion for considering CA2
as a distinct hippocampal subfield, that is, independent of CA3, a clear
CA2-CA3 separation has long been controversial (Stephan, 1975; von
Economo & Koskinas, 1925) and still remains unclear. Nevertheless,
the presence of thorny excrescences, distinctive of CA2, is precise
and unquestionable, at least in humans. In rodents however, these cri-
teria has been questioned given the identification of the thorny pyra-
midal cells observed in the CA3 region (Hunt et al., 2018) and the
direct innervation of a subset of CA2 pyramidal cells by mossy fibers
(Fernandez-Lamo et al., 2019; Kohara et al., 2014). Besides, the pres-
ence of mossy fibers in CA2 call for a redefinition of its boundaries by
the use of the specific antibodies, RSG14 and PCP4 (Radzicki
et al., 2023). Information about structure and organization of CA2 in
humans comes from more classical neuroanatomical methods, thereby
the more modern molecular neuroanatomy used in experimental spe-
cies is virtually nonexistent (except for Squires et al., 2018).

The molecular characterization of CA2 is poorly understood,
thereby most specialized books still adhere to the classical definition
of CA2 hippocampal field, that is, big neurons in the principal cell layer
and absence of thorny excrescences in the mossy fiber projection,
restricted to the Stratum lucidum. However, Squires et al. (2018)
reports immunoreactivity to RGS14 in human and nonhuman primates
beyond the hippocampus. In that study, immunohistochemical demon-
stration of RSG14 is described equally in terms of density in CA1 and
CAZ2, but not in CA3 or the DG. Interestingly, RSG14 immunoreactivity

The distal termination of the mossy fiber projection lacks an absolute value as boundary
between CA3 and CA2, as it has been shown that the granule cell layer of the DG sends
projections to CA2, thus extending the mossy fibers beyond CA3, to enter Stratum radiatum
of CA2. Interestingly, they form synapses as simple spines (thus lacking the big thorny
excrescences typical of mossy fiber synapses in CA3); synapses are established in the shaft
and apical dendrites of CA2. The increase in width, defined by PCP4-positive cells is about
300 um relative to the 100 um by classical anatomical definition (Kohara et al., 2014). In rat,
there is a subset of molecularly defined CA2 pyramidal cells (named proximal CA2) directly
innervated by the mossy fibers, while the distal subset is lacking such inputs (Fernandez-
Lamo et al., 2019). This may suggest important differences between species which are worth
to consider in future studies.
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seems restricted heavily in pyramidal neurons and dendritic extensions
throughout the rostrocaudal extent of the hippocampus. Although
CA1 is also rich in immunoreactivity, it is mainly in the neuropil and
not in the principal cells (Squires et al., 2018). Like in nonhuman pri-
mates, the presence of RSG14 in the human brain is localized in CA2
and CA1, while CA3 seems devoid of labeling. No data exist on the
rostrocaudal extent of RSG14 immunoreactivity in humans, probably
due to the small hippocampal sample size prepared for paraffin proces-
sing (Squires et al., 2018).

Unlike in the rodent, anatomical data on the human CA2 field
comes more often from classical anatomical studies. For example,
Golgi-stained material (Lauer & Senitz, 2006) or intracellular stain
(Benavides-Piccione et al., 2020) confirms the anatomical structure of
CA2 in humans, although limited to a small portion of the hippocampal
axis. Cell body stains such as Nissl hardly demonstrate the presence
of the mossy fiber projection, however, it shows a clear space occu-
pied by mossy fibers in the Stratum lucidum ending at the distal end of
CAS3, and typically restricted to CA3. It is worth noting that in classical
terminology, Stratum lucidum only applies to CAS, as it is a descriptive
term that means translucent appearance of bundles of fibers, often
visible macroscopically in the unfixed brain. That concentration of
fibers is not noticeable in CA2, thus the name of Stratum lucidum is
only applied to CA3. In the mouse, and probably in other mammal spe-
cies as well, however, the criterion of mossy fiber extent applied only
to CA3 is not valid any longer.

In sum, while in primates' CA1 pyramidal cell layer is made up by
small neurons, CA3 contains larger pyramids and mossy fiber distribu-
tion and CA2 is characterized by large pyramidal neurons and mossy
fiber input, although without the thorny excrescences characteristic
of CA3. The DG innervation of CA2 needs to be confirmed in other
species beyond rodents as well as in humans. The new CA2 genetic
markers RGS14, PCP4, and STEP help bring together classical and

FIGURE 1

modern molecular definitions of this important hippocampal region by
defining more precise boundaries (Caruana et al., 2012; Fernandez-
Lamo et al., 2019; Jones & McHugh, 2011; Lein et al, 2005;
Piskorowski & Chevaleyre, 2012). However, to the best of our knowl-
edge, there is no data about the correspondence of classical delimita-
tion (Lauer & Senitz, 2006) with genetic markers in CA2 for human
brain. Therefore, it cannot be ruled out that new boundaries of human
CA2 hippocampal subfield may or may not be in strict concordance

with classical delimitations.

2.2 | Laminar structure of CA2
Like in other hippocampal subfields, the principal cell layer of CA2 is
the pyramidal cell layer (Figure 1). The pyramidal cell layer occupies
the very center of every CA field of the hippocampus, whereas the
other layers surround it. From superficial (closer to the alveus-fimbria)
to deep layers (closer to surface of the lateral ventricle), and in a simi-
lar fashion to CA3 and CA1, CA2 is first made up of the Alveus.
Figure 2 shows the CA2 layers, drawn on a histological section of the
hippocampus at mid rostro-caudal level. Immediately deep to the
alveus lies the Stratum oriens, which contains a multiplicity of inter-
neurons. Deep to this stratum, the Stratum piramidale, contains the
cell bodies of the principal cells and interneurons. The Stratum radia-
tum contains the apical dendrites from the principal neurons. The dee-
pest stratum, and closest to the hippocampal fissure is the Stratum
lacunosum-moleculare, directly adjacent to the hippocampal fissure,
which contains the terminals from the projections coming from the
entorhinal cortex (perforant pathway), as well as other types of extrin-
sic connections.

Over 20 types of interneurons can be found in addition to pyra-
midal cells in all the hippocampal subfields, including CA2. Details can

Photomicrographs of Nissl stained coronal sections through the hippocampal body illustrate the boundaries of CA2 with adjacent

subfields CA2 and CAS3 at two different rostro-caudal levels. (a) Boundary between CA2 and CA3 (line, see text for details) indicated in the higher
power photomicrograph from the rectangle in B. (b) Lower power photomicrograph illustrates the border between CA1 and CA2 from the
rectangle in C. (c) Transition between CA2 to CA1 (line). Note the smaller size of pyramidal neurons in CA2 relative to CA1. (d) Lower power
magnification of the field shown in C (rectangle). Scale bar is 200 um in A and C, and 500 um in B and D.
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FIGURE 2 Coronal section through the middle of the body of the
hippocampus illustrates the stratification in layers of CA2 in the human
brain. The outer part corresponds to the alveus and the innermost
region to the hippocampal fissure and adjacent molecular layer of the
DG (the latter not shown in the figure). a, Alveus; o, Stratum oriens;

p, Stratum piramidale, r, Stratum radiatum; |-m, Stratum lacunosum-
moleculare. Radial lines indicate the boundaries with CA3 and CA1.

be revised in Freund and Buzsaki (1996), Booker and Vida (2018), and
Insausti and Amaral (2012). In contrast to rodents (Botcher et al.,
2014), information about type and distribution of interneurons in CA2
subfield in the human brain is poor, with scattered descriptions of
some interneurons immunoreactive to different antigens such as cal-
retinin (Nitsch & Ohm, 1995), calbindin and parvalbumin (Seress
et al., 1993).

3 | HIPPOCAPMAL SUBFIELD CA2
CONNECTIVITY

3.1 | Intrinsic hippocampal connectivity of CA2
Data on the intrinsic CA2 connectivity comes from experimental stud-
ies in animals, mainly rodents. There are only few studies that examine
CA2 anatomical structure in non-human primates and humans, and
even less that deal with its connectivity, thereby CA2 intrinsic or
extrinsic connectivity is virtually unknown.

Much of the synaptic input of CA2 is intrinsic, that is, it originates
and terminates within the hippocampal formation. Neurons in CA2
generate a dense and diffuse plexus of collaterals to CA1, with a less
clear topography compared with CA3. Intracellular studies show that
CA2 sends collaterals to distal CA3 (Swanson et al., 1978). In addition,
data in rodents indicate that CA2 is rich in associational and commis-
sural connections. CA2 axon collaterals terminate more within CA2
Stratum oriens than in the Stratum radiatum, mostly on the ipsilateral
side (Shinohara et al., 2012). Also, CA2 projects to the homotopic,
contralateral CA2, as well as to the lateral septal nucleus. A small pro-
jection to the polymorphic cell layer of the dentate gyrus also arises
from CA2 (Scharfman, 2007; Tamamaki et al., 1988), although its

function is yet unknown.

3.2 | EC afferents to CA2. Nonhuman primates

In line with the framework of the anatomical organization of the HF
exposed above, one of the main inputs to CA2 originates in EC layers Il
and, to a lesser extent, in layer VI (Witter & Amaral, 1991). This input
terminates throughout the Stratum lacunosum-moleculare. However, ros-
tral and caudal EC subareas project differently to CA2. Rostral EC
reaches primarily the rostral part of the hippocampus (CA3-CA2), espe-
cially at the level of the end of the uncus and beginning of the body of
the hippocampus. The caudal part of the uncus receives the heaviest
rostral EC projection in CA3-CA2. At midlevel EC projects heavily to
CAZ2, but it does so predominantly towards the caudal part of the hippo-
campus. The caudal divisions of EC send only weak projections to the
CA2-CA3 region, and they concentrate closer to the Stratum ratiatum
than those from rostral divisions. A mediolateral gradient of the EC pro-
jections to CA2 is less obvious, although lateral EC projects somewhat
more heavily to the outer portion of Stratum lacunosum-moleculare,
while caudal EC does so on its inner portion. In summary, it seems that
the heaviest EC projection to CA2 originates at mid-levels of the EC.

3.3 | EC afferents to CA2: Rodents

One of the main inputs to CA2 comes from the EC, which terminates on
distal dendrites of pyramidal neurons and interneurons in the Stratum
lacunosum-moleculare. EC afferents to CA2 originate from reelin-positive,
layer Il neurons of the entorhinal cortex, and terminate in the most distal
part of the dendritic tree of CA2 pyramidal neurons (Cui et al., 2013).
This projection is organized topographically: medial EC afferents termi-
nate closer to Stratum radiatum, while lateral EC afferents do so further
distally, closer to the hippocampal fissure. Whether there is a more com-
plex topography from different rodent entorhinal cortex subfields is not
known. No return projections from CA2 to the EC have been described
using tract tracing methods (Cui et al., 2013), and therefore, only CA1
and subiculum project to the deep layers of the entorhinal cortex. How-
ever, in mice and rats this projection, foreseen by (Lorente de N6, 1934),
has been shown using genetically targeted rabies virus tracing
(Rowland & Moser, 2013) and this calls for further research.

3.4 | Hypothalamic connections: Nonhuman

primates

In nonhuman primates, the supramammillary nucleus of the posterior hypo-
thalamus, an area dorsal to the mammillary nuclei, provides direct, specific
afferents to CA2 (Veazey et al., 1982a, 1982b). In this study, deposits of
anterograde neuronal tracer in the supramamillary area, labeled specifically
Stratum oriens, Stratum pyramidale and the deep half of Stratum radiatum.
The projection did not reach CA3 or the region of mossy fibers of CA3.
However, their Figure 6 shows light labeling in a small area corresponding
to Stratum lucidum at the most distal the portion of CA3, bordering CA2.
Thus, the macaque monkey may also have a supramammillary projection

to CA2 which overlaps with CA3. Interestingly, no projection seems to
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reach the Stratum lacunosum-moleculare, and therefore, both projections
to CA2, EC and suprammammillary nucleus are segregated one from the
other by their different layer termination. The distribution of the labeling
extends throughout the entire longitudinal axis of CA2, and, to the con-
tralateral CA2, albeit with lighter intensity. Furthermore, it was also sug-
gested that caudal levels of CA2 (septal in the rodent) received a heavier
projection from the supramamillary region (Veazey et al., 1982a, 1982b).
Whether these findings point to a differential projection along the longi-
tudinal axis of the hippocampus is still unknown.

In the nonhuman primate CA2 shows immunoreactivity to calreti-
nin and substance P which originate in the supramammillary nucleus
of the hypothalamus and reach both the DG and the pyramidal layer
of CA2 via fornix (Nitsch & Leranth, 1993, 1994; Seress &
Leranth, 1996). Besides, neurons of the supramammillary nucleus
colocalize calretinin and substance P but they do not show GABA-
positivity. Further investigations show that substance P fibers form
asymmetric synapses with dendritic shafts of CA2 neurons (Nitsch &
Leranth, 1994). The functional significance of this projection is barely
known, other than its implication in theta activity (Berger et al., 2001).

3.5 | Hypothalamic connections: Rodents

Like in monkeys, the rodents' hippocampal field CA2 receives affer-
ents from the posterior part of the hypothalamus. There is a promi-
nent projection from the supramammillary nucleus. But in addition to
the monkeys' hypothalamic input, another source of afferents comes
from the tuberomammillary nucleus, more ventrally situated in the
hypothalamus and closer the infundibulum.

Afferents to CA2 from the supramammillary nucleus terminate in
the principal cell layer (Magloczky et al., 1994). This projection is
restricted to CA2 and the DG, but avoids CA3 and CA1. These path-
ways seem to have separate functions. While the hypothalamic-DG
projections is implicated in memory processing, the hypothalamic pro-
jection to CA2 appears to be related to social interactions (Chen
et al., 2020). Projecting neurons from the supramamillary nucleus to
CA2 show substance P immunoreactivity, and they also present calre-
tinin immunoreactivity.

Compared with primates, CA2 in rodents receives a minor inner-
vation from the supramammillary nucleus (Haglund et al., 1984). In
contrast the supramammillary projections to CA2 in humans and non-
human primates are much denser than in rodents (see below). How-
ever, another source of input from the hypothalamus is vasopressin
fibers from the supraoptic and paraventricular nuclei, where the sub-
field CA2 shows the highest immunoreactivity of all hippocampal sub-
fields (Cui et al., 2013; Zhang & Hernandez, 2013).

36 |
sources

Nonhuman primates: other connectional

Information about CA2 connectivity in the nonhuman primate is very

scarce. Cholinergic input to CA2 is among the most significant findings.

The origin of the cholinergic input to CA2, as well as for the rest of the
hippocampus, is the medial septal complex and the nucleus of the diago-
nal band of Broca (Amaral & Cowan, 1980). One of the markers of cholin-
ergic activity is Acetylcholinesterase (AChE), which has been extensively
studied in the medial temporal region (Bakst & Amaral, 1984; Mesulam
et al., 1984). However, AChE activity is not always indicative of choliner-
gic activity, and more specific markers such as cholineacetyl transferase
(ChAT) uncover more reliably presence of AChE-positive neurons.

The distribution of acetylcholine transferase (ChAT) in the monkey
HF has been extensively described by Alonso and Amaral (1995). ChAT
activity has been reported along the whole rostrocaudal axis of the hip-
pocampus. The highest density of ChAT is found at the level of the ros-
tral part of the hippocampal body. CA2 has heavier ChAT
immunoreactivity in Stratum oriens that stops at the boundary with the
Stratum pyramidale. CA2 Stratum radiatum contains numerous ChAT
positive fibers, which increased towards the Stratum lacunosum-molecu-
lare, with denser staining close to the hippocampal fissure (see figure
3 in Alonso and Amaral, 1995). The transverse axis of CA2 shows a
decreasing gradient in ChAT activity from CA3 towards CA1. Similar
distribution of ChAT in other nonhuman primates have been reported.

Like AChE, other inputs to CA2 in nonhuman primates are not
restricted to this hippocampal area but are extensive to other parts of
the HF (Amaral & Cowan, 1980; Insausti et al., 1987b). Afferents include
different monoaminergic groups like dopamine from the ventral tegmen-
tal area; noradrenalin from the Locus coeruleus and serotonin from the
dorsal raphe nucleus. However, the topographic distribution of these
projections and their specific laminar termination in nonhuman primates

calls for further research.

3.7 | Rodents: Other connectional sources
Cholinergic afferents from the basal forebrain, bilateral medial septal
nuclei together with both, the vertical and horizontal limbs of the diag-
onal band of Broca to CA2 have been described in rodents (Cui
et al., 2013; Middleton & McHugh, 2020; Vertes & McKenna, 2000).
The distribution of ChAT fibers in CA2 in rodents is slightly different
from that in the macaque. The highest density of positively labeled
fibers in the Stratum lacunosum-moleculare of the macaque are highest,
while they are lowest in the rat CA2 (Houser et al., 1983).

3.8 | Ancillary inputs in rodents

Neurons in the supramamillary nucleus that project to CA2 are immu-
nopositive for Substance P, and they also present calretinin immuno-
reactivity. The latter distributes more broadly in the hippocampus,
beyond CA2.

The subfield CA2 receives vasopressin fibers from the supraoptic
and paraventricular nuclei of the hypothalamus. In fact, from all hippo-
campal subfields, CA2 together with the DG show the highest density
of immunoreactivity for vasopressin (Cui et al., 2013; Zhang &
Hernandez, 2013).
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Brainstem inputs. One of the few studies specific to CA2 shows
projections arising in the centralis superior and dorsal raphe nucleus
(Moore & Halaris, 1975). In contrast, minor projections originate in
the locus coeruleus or ventral tegmental area (Cui et al., 2013). This
finding is consistent with the innervation from brainstem nuclei of
other species (Amaral, 2023).

No direct connections of CA2 with the neocortex are known to

exist.

4 | HUMANSTUDIES OF CA2

In humans, only a handful of reports deal with CA2 from a structural and
connectional point of view. This information is indirectly inferred from
immunohistochemical studies. However, a critical starting point to under-
stand the anatomical (including neurochemical) and functional organiza-
tion of CA2 is the issue of how to define CA2 boundaries with CA3 and
CA1l. These boundaries are, so far, based on morphological features,
although they may vary with the advance of new data from more recent
techniques, such as molecular neuroanatomy or functional neuroimaging.

A 3D reconstruction of the HF, shows that CA2 can be found
along the whole rostrocaudal axis of the hippocampus, an important
structural finding (Figure 4). Data on the morphology of field CA2 in
humans is advanced here from a larger study of the longitudinal
extension of CA2 applicable to neuroimaging. In particular, high reso-
lution neuroimaging combined with histological delimitation of CA2 is
particularly useful. Data of this kind is very relevant when considering
the atrophy or shrinkage of the hippocampus in neurodegenerative
diseases and other neurological ailments. Closely related to anatomical
changes in the hippocampus is cell number reduction in neurodegen-
erative diseases; the importance of the quantification has been dem-
onstrated by unbiased stereological techniques; values of the number
of neurons will be provided as specifically as possible for CA2.

A difference between experimental or descriptive studies in ani-
mal species or humans resides in the processing of brain tissue for his-
tological verification of hippocampal fields. While most experimental
studies use relatively thick sections (30-50 um), pathology studies
use commonly paraffin sections much thinner (5-7 um). The resulting
appearance of both approaches is very different, what poses some
difficulties for the delimitation of CA2 from the neighboring hippo-
campal fields, and therefore, in the identification and quantification of
pathology. We offer a guide for the identification and delimitation of
CAZ2 in paraffin sections based in a systematic analysis of the whole

extent of CA2 in Nissl stained 50 um thick sections.

41 |
material

Human CA2 appearance in Nissl-stained

The human hippocampal CA2 field presents similarities and differ-
ences with other mammals. Common features include the classical
definition of CA2, that is, the absence of mossy fiber projection, which

is highlighted by the absence of Stratum lucidum in CA2. A second

common feature is a high cell packing density in the principal (pyrami-
dal) layer of CA2, which contrast with the adjacent CA3 and CA1
(Figures 4 and 5). Those two characteristics are valid in general terms
across species, but at some levels of the hippocampal longitudinal axis
CAZ2 has some special features. However, there is no detailed compar-
ative studies of the anatomy of CA2.

As it is illustrated in Figures 4 and 5, CA2 stands out as a denser,
closely packed group of darkly stained neurons in Nissl-stained prepa-
rations. In fact, CA2 reaches the maximal cell packing density of all
the HF subfields. In a proximal direction (towards DG) the criterion to
guide the identification of the boundary of CA2 with CA3 is the loss
of a homogeneous pyramidal cell layer in CA2, that shows a neat orga-
nization in rows of neurons 10-12 cells thick in CA3. In contrast with
CAZ3, the appearance of CA2 neurons do not display such a neat orga-
nization in rows of neurons; towards CA1, pyramidal cells appear in
an even more heterogeneous fashion (Figure 5).

The lateral boundary of CA2 can be oblique (Figures 1 and 5a, b) with
CA2 neurons overlying over CA1 neurons. One of the most noticeable
feature, already described by Ramon y Cajal (1904), and common to all
mammals is the smaller size of pyramidal neurons in CA1, and the broad-
ening of the thickness of the Stratum pyramidale, which can reach 15-25
neurons thick. Those distinguishing features, are also helpful landmarks
for placing the boundary between CA2 and CA3.

The boundary between CA3 and CA2 is not perpendicular to the sur-
face (Figure 5c, d), but again, it forms a line that skews at the boundary
with CA3 neurons, which lie on top of CA3 neurons (Ohm et al.,, 1992).
This arrangement can be also noticed in Timm stained or acetylcholines-
terase preparations (Lim, Blume, et al., 1997; Lim, Mufson, et al., 1997;
Ohm et al., 1992). Calbindin immunohistochemical stain of human hippo-
campus also shows this skewed boundary (Seress et al., 1993).

Cell body-stain Nissl stain of CA2 or any other cell body staining
method, shows a somewhat unclear boundary between CA3 and CA2. It
is even considered “arbitrary” based solely on Nissl-stained preparations
(Lauer & Senitz, 2006). However, we show that in histologically well
stained sections, the placement of consistent boundaries between both,
CA3 and CA1 is possible and reliable (Figure 5). Under careful examina-
tion, it becomes evident that the distal portion of CA3 extends for a short
distance under CA2 neurons (i.e., figure 1 in Ohm et al., 1992). Likewise,
the boundary between CA2 and CA1 is difficult to establish, because
CA2 neurons overlap with the proximal part of CA1, where a thinner
pyramidal cell layer of CA2 can underlie CA1, which starts to increase its
thickness. The boundary is not linear but there is always a mix of pyrami-
dal neurons big and small. This organization is also observed in nonhuman
primates, where neurons of CA3 overlap CA2, a morphological feature
shown, i.e., in figure 17 of Rosene and van Hoesen (1987).

While neuron size is smaller in CA1, the size of neurons is similar
in CA3 and CAZ2 fields. Neurons in these latter fields reach around 4-
6 neurons thick in coronal sections. The cell bodies bordering Stratum
radiatum are denser in terms of packing density, and they split in two
or three rows towards Stratum oriens (Braak, 1980). Braak also noticed
this feature of CA2 and indicated a “superficial and a profound lam-
ina”, each of several rows of neurons, contain high pigment density,

what provides a relatively easy delimitation. Notwithstanding, the
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pigmentoarchitectonic method used by (Braak, 1980) requires very
thick sections (up to 500 um in thickness), what makes easier the visu-
alization of layers. On the other hand, Duvernoy and Risold (2005)
points the high vascularization of hippocampal subfield CA2, and attri-
butes a possible resistance in vascular or hypoxic damage.

4.2 | Structural studies of human CA2
Neuropathological and fMRI studies report results for CA3/CA2
together, however Golgi studies in humans provide a strong morpho-
logical argument in favor of the separation of CA3 from CA2 as dis-
tinct fields. The main distinguishing feature is the presence of thorny
excrescences on dendrites of CA3 neurons characteristic of the mossy
fiber terminals. This pathway originates in the granule cells of the DG
and is directed towards CA3 in a variety of species, as well as in
humans The Golgi silver impregnation method shows the lack of these
excrescences in CA2 neurons (Lauer & Senitz, 2006), and this can be
used as a guide to place the boundary between CA3 and CA2.

The classical Timm's staining method for heavy metals, specifically
for zinc, highlights the mossy fiber pathway in the human CA3. The
boundary between CA3 and CA2 is clearly recognizable by the charac-
teristic black reaction of the zinc stain, which stops sharply at the
CA3-CA2 border (Ohm et al., 1992).

The mossy fiber projection to CA3 has been demonstrated by
tracing studies in postmortem human brain hippocampus (Lim, Blume,
et al., 1997; Lim, Mufson, et al., 1997; Ohm et al., 1992). In the study
of Lim, Blume, et al. (1997), the mossy fiber projection to CA3 is traced
using lipophilic diffusion of carbocyanins (Dil) or biocytin. Deposits of
this neuronal tracer in the DG granule cell layer of surgically excised
hippocampus from patients show a sharp boundary between the end
of the mossy fiber projection in CA3, excluding CA2. However, this
boundary is not radially oriented, that is, parallel to the main dendrites
of the pyramidal cells, but displays an oblique orientation, also
observed in dynorphin immunoreactivity (Houser et al., 1990). There is
a correspondence of the labeled mossy fiber projection with immuno-
histochemically stained for calbindin (a well-known marker for mossy
fibers) in adjacent sections. This supports the extent of the projection
and its boundary with CA2. This kind of studies are very difficult to
replicate, and it is possible that the use of extended palette of cell-type
specific markers might offer new insights (Menéndez de la Prida and
Insausti, unpublished observations). This could possibly open the field
to revise the traditional concepts of CA2 definition and its relationship

with the mossy fiber terminal area.

4.3 | Human CA2 connections

As described previously in nonhuman primates, the human CA2 pre-
sents a few calretinin immunoreactive neurons at the distal end of
Stratum radiatum and Stratum lacunosum-moleculare. In addition,
dense bundles of immunoreactive puncta among pyramidal cells are

present in CA2, which are larger and more heavily stained relative to

other hippocampal regions (Nitsch & Ohm, 1995). Although there is
no similar tract tracing data in humans, this organization is reminiscent
of the hypothalamo-hippocampal projection in primates.

The similitude of this projection between human and nonhuman pri-
mates may start during prenatal development. Berger and collaborators
(Berger et al., 2001) report CA2 neurons at middle stages of gestation in
human fetuses (around 20 gestational weeks). At this age, calretinin
immunoreactivity is hardly present, but substance P immunoreactivity
innervates CA3 and CA2. By the time of birth, the calretinin and sub-
stance P pattern of innervation resembles that of the adult. The fetal
monkey supramammillary neurons express both calretinin and substance
P immunoreactivity, although these do not colocalize GABA, GAD-65, or
GAD-67 (Berger et al, 2001). Comparatively the supramammillary-
hippocampal projection seems to develop earlier in humans than in non-
human primates. In the latter, calretinin and substance P are detectable
at 109 days out of 156 gestational days (about two-thirds of the total
gestation period for macaques). This robust projection from the supra-
mammillary nucleus to CA2 in humans and nonhuman primates stands in
contrast to the rat hippocampal system, where CA2 receives minor inner-
vation from the supramammillary nucleus. Although functionally this pro-
jection has been related to the maturation of brain theta rhythm, it still

needs verification in humans (Berger et al., 2001).

44 | Combination of cyto-and
Receptoarchitectonics

A different approach is provided by the analysis of the distribution of
receptors in the human hippocampus reported by (Palomero-
Gallagher et al., 2020), which, at the same time that localizes and
determines quantitatively the presence of 15 neurotransmitter recep-
tors, identifies boundaries of CA2 with other hippocampal fields. In
this study, the extent of CA2 ranges from section #4201 to #294.
Considering sections at 20 um the total length of the human CA2 field
is 25,200 um, or 2.52 cm (Palomero-Gallagher et al., 2020). Likewise,
the volume calculated was an average of 183 + 29 mm?®, with no sig-
nificant differences between left or right hemispheres, or gender,
although slightly larger CA2 volume in females was noted (200
+ 24 mm® in females, versus 167 + 26 mm® in males). Interestingly,
the receptor architecture of CA2 differs in density from that of CA3
for GABAA, GABAg, M4, M3, 5-HT, 5, and GABA,/BZ binding sites.
Obviously, and besides other characteristics pointed out in this
review, CA3 and CA2 are anatomically and functionally different
fields, a concept not present in the neuroanatomy of the hippocampal
formation until the decade of 1980 (Amaral & Cowan, 1980;
Palomero-Gallagher et al., 2020).

4.5 | Quantitative anatomy of CA2 in the human
hippocampus

The quantification of brain neurons and cells in general has attracted

much attention. Earlier publications relied on the number of neurons in
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a defined region (density of neurons), and led to widely variable results
among studies, because this methodology was biased. The introduction
and popularization of unbiased stereological techniques in the last
30 years prompted a great number of more reliable studies. The HF
and its different components has been a region of interest for stereo-
logical studies, although specific data about field CA2 is, to a certain
extent, disappointing. First, because the scarcity of studies and second,
the difficulty in placing reliable boundaries between CA3 and CA2 in
the commonly used Nissl-stained preparations in stereological studies.
Most, if not all publications lump together CA2 and CA3 (Chen
et al., 2020; Rogers Flattery et al., 2020b; Simic et al., 1997; West &
Gundersen, 1990), and therefore, no conclusion can be drawn from
these studies on CA2 neuronal number. As an approximation, (Simic
et al, 1997) estimates 2.7 x 10° neurons in CA3 and CA2 together.
Similar neuronal count (2.7 x 10°) was obtained by West &
Gundersen (1990), and replicated in a posterior study by (West, 1993)
yielding a value of 2.82 x 10° neurons in both fields. A recent and
independent study by (Chen et al., 2020) gave a somewhat lower value
of 2.3 x 10° neurons. Moreover, the number of glial cells was found to
be 6.33 x 10°, about three times the number of neurons.

Interestingly, the number of neurons is stable in Alzheimer's dis-
ease cases (24 x 10% relative to controls (2.3 x 10%) (Simic
et al,, 1997), while Walker et al. (2021) report a greater loss of CA2 cells
compared with CA1 in a semi-quantitative study of primary aged-
related tauopathy (see below). These types of studies are the basis for
the establishment of the normal status versus different neurological
conditions, in particular neurodegenerative and psychiatric diseases
(Malchow et al., 2014), and reinforce the need for more specific details
about the HF normal neuronal and glial population across lifespan.

Size measurements, without being specifically germane to stereo-
logical studies on the number of neurons, and their possible variation
in experimental conditions is of unquestionable interest in general and
in particular for the CA2 field. The comparison of rat CA2 and CA1,
show that CA2 neurons are comparable in size to CA3 neurons, about
30 um in diameter, and about 700um? extent. In contrast, the size of
CA1 neurons is 15 pm in diameter, and about 193um? in area
(Amaral, 2023). This difference in size is also an important criterion
useful for the localization of CA2 subfield boundaries.

Stereological estimations in nonhuman primate species yield a
lower number of neurons in CA3-CA2 hippocampal fields relative to
humans. Studies in the chimpanzee result in a total number of
0.98 x 10° (Rogers Flattery et al., 2020a) and in the rhesus monkey
this value drops to 0.6 x 10° (Keuker et al., 2003).

Similarly, the interest in determining the number of neurons and
glial cells in rodents derives from the experimental models of diseases,

especially in genetically modified animals.

5 | TOPOGRAPHY OF HIPPOCAMPAL
SUBFIELD CA2

From a gross anatomical point of view, the hippocampus is a structure

made up of fields that take different appearance along its longitudinal

axis. The hippocampus starts rostrally and progresses in a caudal
direction in the form of increasing number of layers that are added
progressively. Therefore, hippocampal fields change their morphology
and extent along the rostrocaudal axis. For instance, in a series of cor-
onal sections, the first layer identifiable is the alveus, followed by the
pyramidal layer of the Subiculum, CA1, and so on and so forth. There-
fore, the field CA2 is not present from the very rostral part of the hip-
pocampus, but arises at midlevel of the hippocampal head, and once
CAZ3 is well formed. For this reason, and in order to interpret correctly
the hippocampal fields in neuroimaging studies, we describe the
appearance of CA2 along the rostrocaudal axis of the hippocampus.
We studied this in a number of human cases systematically sectioned
from rostral to caudal and CA1/CA2/CA3 were annotated every half
a millimeter (Yushkevich et al.,, 2021). Moreover, we labeled other
landmarks present in the medial temporal lobe (MTL) for orientation
of hippocampal structures and as a reference to provide topographical
relationships with CA2.

Figure 3 shows one example of a 3D reconstruction after detailed
cytoarchitectonic analysis of one complete MTL and HF annotation.
The beginning of CA2 in the hippocampal head and its extension as
far as the caudal tip of the hippocampal tail can be appreciated. The
irregularities in the boundaries with both CA3 and CA1 reflect smaller
variations in the transverse extent of CA2, or variations in the inter-
pretation of the boundaries.

We describe the changes in appearance of CA2 in a series of coronal
sections in a typical control case (Figures 4 and 5, a 74 years old male)
with 2 h of postmortem interval, and perfused with fixatives through
both carotids (Insausti et al., 2023). The series of the hippocampus shown
in Figure 4 starts at the first histological section where the Subiculum can
be found, and continues caudally as far as the last section with CA2.

CAZ2 starts at some distance (13 mm) from the first section where
the Subiculum is visible, approximately at midlevel of the amygdaloid
complex. The hippocampal subfields in the series of coronal sections
appear progressively, where the DG is particularly noticeable. The
field CA3 starts about 2 mm just after the commencement of DG. In
contrast with the detailed report of (Ding & Van Hoesen, 2015), we
do not see CA2 subfield rostral to CA3 (Figure 4). We locate CA2 sub-
field shortly after the CA3 commencement and always interposed
between CA3 and CA1. The subfield CA2 is present 5.5 mm caudal to
the start of DG. At this very rostral level, the appearance of CA2
resembles closely to the architectonics of the CA3 subfield, and there-
fore, distinguishing both fields can be difficult. It is interesting to note
that the rounded structure of the hippocampal head produces sec-
tions that appear tangentially cut. As a consequence, CA2 pyramidal
cell layer appears to be thicker (more neurons in a single plane of sec-
tion), relative to more caudal levels. As in can be appreciated in
Figures 4 and 5 (a, b), The neurons still do not display the characteris-
tic dark appearance of CA2 neurons seen at more caudal levels along
the longitudinal axis of the hippocampus. However, CA2 can be sepa-
rated from CAS3 by the cell packing and high density of neurons. This
point is coincident with the split of the DG granule cell layer into two
hippocampal specular images of the DG approximately at midlevel of

the hippocampal head (uncus). The lateral DG will eventually be
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FIGURE 3 3D MRI reconstruction of the human hippocampus along the longitudinal axis serially sectioned at 50 um from rostral to caudal,
Nissl-stained with thionin and annotated following the criterion in the text. Annotations were translated onto 9.4 T ex-vivo MRI by ITK-Snap
software, and reconstructed as in Yushkevich et al., 2021 (Yushkevich et al., 2021). Coronal, axial and sagittal cross sections are also shown.
Green color corresponds to CA2, which can be seen starting caudal to CA3, and extending up to the hippocampal tail.

continuous with the body of the hippocampus, while the medial
extension, more irregular in shape, is continuous with the hippocam-
pal fields of the Gyrus uncinatus. The uncus ends as Gyrus intralimbicus,
made up of field CA3, 1.5 mm behind the start of CA2. The uncal
extension of CA2 is very short, (about 1.5 mm). The end of the hippo-
campal head, marked by the Gyrus intralimbicus, cedes the way to the
beginning of the hippocampal body.

A typical cross section of the hippocampus is shown in
Figure 4e,f. At this mid-level, the boundaries of CA2 can be clearly dis-
tinguished: CA3 subfield is several rows of cells thick (about 12) rela-
tive to CA2 (around 8). CA2 has a cellular appearance is much more
compact, the space between neurons much narrower, and the consti-
tuting neurons look more disorganized and heterogeneous and the

principal, pyramidal cell layer does not present apparent subdivisions.

Another distinguishing feature of CA3/CA2 boundary is the presence
of Stratum lucidum, the site of the mossy fiber terminals. The Stratum
lucidum appears with lower density of glial and other cells, especially
near the pyramidal cell layer. Although the Nissl-stain is not by itself a
marker of the mossy fiber projection, nonetheless, it offers a simple
method to assess approximately the extent this projection.

The boundary of CA2 with CA1 is better distinguishable when
CA2 pyramidal cell layer decreases in thickness (up to 4-6 neurons
thick), and overlaps for a short distance with CA1 (Figure 5a,b). In con-
trast, the thickness of CA1 (10-12 rows of neurons), as well as the
smaller neuronal size characteristic of CA1, makes the boundary
apparent. The transition CA2-CA1 is not sharp, but neurons of both
subfields intermingle, and the farthest CA2 neurons lie on top of the

most proximal portions of CA1.
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FIGURE 4 The field CA2 of the human hippocampus is shown in in low-power photomicrographs of a control case (HNL46-19, male,

74 years old, and 2 h of postmortem interval). The illustration shows the location and cytoarchitecture of field CA2 of the hippocampus in Nissl-
stained coronal sections through the hippocampus from rostral to caudal, spanning from the rostral hippocampal head (A) to the hippocampal tail
(L). The plane of section is perpendicular to the ac-pc line. (a) Rostral head of the hippocampus. (b) Middle head of the hippocampus. (c) Mid-
caudal head (note the open hippocampal fissure). (d) Caudal head at the level of the Giacomini band. (e) Caudal end of the hippocampal head at
the level of the Gyrus intralimbicus. (f) Rostral part of the hippocampal body. (g) Mid portion of the hippocampal body. (h) Mid-caudal part of the
hippocampal body. (i) Caudal part of the body. (j) Rostral part of the hippocampal tail. (k) Midportion of the hippocampal tail. () Caudal portion of
the hippocampal tail. Note that subiculum, CA1 and CA3 lie rostral to the start of CA2 (D). From that point on, CA2 extent corresponds to the
stretch between arrowheads. Little variation takes place across rostrocaudal levels, both in location and extent. CA1: CA1lsubfield of the
hippocampus. CA2: CA2 subfield of the hippocampus; CA3: CA3 subfield of the hippocampus; cs: collateral sulcus; DG: dentate gyrus; EC:
entorhinal cortex; hf: hippocampal fissure; PrS: Presubiculum; S: Subiculum; v: lateral ventricle (temporal horn). Scale bar corresponds to 2 mm.

About 10 mm behind this point (most of the posterior part of the and distal ends with CA3 and CA1, respectively, in such a way that neu-
hippocampal body), the overall look of CA2 is homogenous with little rons intermingle at the boundaries. The clear Stratum radiatum
differences (Figures 4 and 5). However, CA2 blends both at its proximal decreases in size, and although still visible, it looks continuous with
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FIGURE 4 (Continued)

Stratum radiatum in CA1. In contrast, the clear band of the mossy fiber
keeps its location clearly defined, and still is a useful overall landmark.

The hippocampus caudal end, the tail, about 5 mm caudal to the
previous level coincides with an inclination in a dorsal direction of the
hippocampal axis to eventually reach the hippocampal commissure
under the splenium of the corpus callosum. The DG, along with the
remainder of the hippocampal fields, change the usual topographical
organization of the hippocampal body, due to the increasingly verticali-
zation of the whole hippocampus. In consequence, hippocampal sec-
tions appear progressively more tangentially sectioned, so hippocampal
subfields look as if “stretched” (Figures 4| and 5f).

51 |
sections

CAZ2 delimitation in thin, 5-10 pum (paraffin)

Neuropathological examinations use much thinner preparations
(around 5-10 um), compared with other basic neuroscience studies,
which range 30-50 um thick. Besides, the most common stain is
Hematoxylin-Eosin (HE), which stain neatly cell bodies and nuclei, but
that makes difficult the separation among fields (Farrell et al., 2022).
Usually, pathological studies of the hippocampus are limited to a sin-
gle level, generally to the hippocampal body. This has the advantage
that all layers shown in Figure 1 are easily identifiable. The criteria
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FIGURE 5 Photomicrograph of field CA2 from human control brain (HNL46-19, male, 74 years old with 2 h of postmortem interval) at
different rostrocaudal levels. (a) Field CA2 at the level of the uncus (uncal CA2, same level as in Figure 2d). (b) CA2 at rostral level of the
hippocampus body (same level as in Figure 2a). (c) Field CA2 at mid-level of the hippocampus body, just caudal to the Gyrus intralimbicus (end of
uncal CA3). (d) Field CA2 at the caudal part of the hippocampus body. (e) Field CA2 at the commencement of the hippocampus tail. (f) Field

CAZ2 at the level of the caudal end of the hippocampal tail. The variation in shape, extent and cytoarchitecture of area CA2 is minimal along the
rostrocaudal axis of the HF, but the boundaries with adjoining regions CA1 and CAS3 are specially stretched in panel F because of the skewness at
the end of the hippocampus. See text for details. Scale bar corresponds to 250 pm.

stated above (neuron size as CA3, smaller size of CA1 neurons, higher
packing density, heterogeneous and disorganized appearance of the
neurons) can also be appreciated in regular HE paraffin sections. How-
ever, immunohistochemical staining (i.e., Substance P in particular)
add assurance to the delimitation of the subfield CA2 (Farrell
etal, 2022).

5.2 | Subfield CA2 in the longitudinal extent of the
hippocampus

We measured the length of CA2 in 23 cases (10 females, 43% with a
mean age of 73.17 + 11.18). On average, the rostrocaudal length of
the hippocampus field CA2 was 28.97 + 4.45 mm (Figure 6). No sex
difference was found (Univariate ANOVA, F,; = 0.049, p > .828).
Likewise, no association of age with the longitudinal size of CA2 was
found (Spearman partial correlation r = —0.068, p > .759), having had

controlled for gender.

5.3 | Rethinking CA2 boundaries of Human CA2
relative to rodent data

The criteria of (Lorente de N6, 1934) for the definition of subfield
CA2 was based on Golgi material of the mouse hippocampus, which
he interpreted as a distinct field that did not present mossy fibers

(specific for CA3), and which was located distal (away from) to CA3.

N=23
43% Female
I Sub

|l
CA3

W caz
I cA1

0 5 10 15 20 25 30 35 40
CAZ2 field rotrocaudal lenght (mm)

FIGURE 6 The mean length of the hippocampal subfield CA2 in
millimeters is shown in the horizontal (mean + SD, N = 23, 43%
females). The 3D reconstruction of the whole human hippocampus
illustrates the location and rostrocauldal extent of field CA2 in the
human brain. The small patch of CA2 anterior to CA3 in the uncus is
an effect of the rotation of the 3D reconstruction.

However, as part of the exciting field of gene expression data in the
hippocampus, which in a large extent recapitulates classical neuroana-
tomical studies, also shows interesting differences. The study of Lein
et al., (2004, 2005) shows that CA2 subfield division of the hippocam-
pus is somewhat larger compared with the cytoarchitectonic dimen-
sion based on Nissl-stained preparations. Specifically, CA2 is
noticeable when marked for the gene PCP4 (Purkinje cell protein 4),

which also marks the DG. Other genetic markers also reinforce the
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notion of a wider extent for CA2 hippocampal subfield (Lee
et al., 2010; Shinohara et al., 2012). However, the lack of human stud-
ies leaves open the possibility that CA2 boundaries in humans might

be restated.

6 | NEUROPATHOLOGICAL STUDIES

It has been known since the XIX century that CA2 is part of what is
considered a “resistant” sector of hippocampal damage, to vascular
insults and epilepsy, in contrast to CA1 and proximal Subiculum
(Sommer's sector which suffer great neuron loss; Zola-Morgan et al.,
1986). In addition to this well-known characteristic, there are several
diseases that seem to specially affect CA2.

In the following sections we would like just to offer a glimpse and

illustrate the involvement of CA2 in some neuropathologies.

6.1 | Alzheimer disease

Given the lack of information on the connectivity of human CA2 field,
data from pathological cases opens a window through which physio-
logical and pathological conditions can be used to advance in the
understanding the normal anatomy and abnormal cellular patterns in
patients' HF.

Pathological conditions such as Alzheimer's disease (AD) and
other tauopathies allow to suspect presumed projections and associ-
ated functions, as it is widely accepted that AD neuropathology
extends transinaptically following the connectivity steps largely coin-
cident with experimental animals. For example, the study by Ding
et al. (2010) shows a coexistence in layer Il of neurofibrillary tangles
accumulation in the entorhinal cortex, associated with tau-positive
fibrillar material in CA2. The tau-positive reactivity was present in
both, Stratum lacunosum-moleculare but extending onto the outer
one-half of the of the Stratum radiatum of CA2. This tau-positive
fibrillarly material in Stratum radiatum was not found in either CA3 or
CA1. Tracing techniques in nonhuman primates in the same study
showed a projection from the EC to Stratum radiatum of CA2, similar
to that observed in the human counterpart. Altogether, it is suggested
that this projection might be specific for human and nonhuman pri-
mates. Our own examination of neuropathological material extends
this finding to encompass the complete rostrocaudal extent of CA2.

As shown in Figure 7, four rostrocaudal levels in a 82-year-old
female case, neuropathologically diagnosed with frontotemporal lobar
dementia and transactive response DNA binding protein 43 or FTLD-
TDP (Nelson et al., 2019). The tissue was stained for Tau protein (AT8
antibody). In this case, there were abundant neurofibrillary tangles
and neuropil threads in cell bodies of CA2. The pathology extended
from the uncal part of CA2 (A), in continuation with the rostral body
(B), caudal part of the body (C) and tail of the hippocampus (D). The
pathology increased caudally, in particular the density of neuropil
threads. While the uncal and rostral body of CA2 (A, B) showed indi-
vidual neurons laden with neurofibrillary tangles, in the two caudal

levels (C, D), individual neurons were obscured by the density of Tau-
positive material in the neuropil. In contrast, CA3 had occasional Tau
positive neurons (especially evident in C). At all levels, neurodegenera-
tion affected Stratum oriens, pyramidale and radiatum, while it was
lighter in density in Stratum lacunosum-moleculare.

In contrast, Ding et al (Ding et al., 2010) studied six cases with
Alzheimer's disease, showing a coexistence of layer Il neurofibrillary
tangles accumulation in the EC, associated to tau-positive fibrillar
material in CA2. This Tau-positive material accumulated both on the
Stratum lacunosum-moleculare and on the superficial part of Stratum
radiatum of CA2 (closer to Stratum lacunosum-moleculare), which was
not found in either CA3 or CA1 (Ding et al., 2010). We interpret our
lack of evidence for tau-positive immunoreactivity in Stratum
lacunosum-moleculare as a different pattern of distribution of Tau
material in FTLD-TDP. In this regard, selective Tau pathology in CA2
has also been reported in another form of neurodegenerative disease,
Argyrophilic Grain Disease, (Apostolova et al., 2015; Yokota
et al., 2007), as well as in Primary Age-Related Tauopathy (PART)
(Walker et al., 2021). This data calls for further research to determine
detailed topographical differences in the pattern of tau-positive cells
in the hippocampus.

Another common form of neurodegeneration is Parkinson's dis-
ease and the dementia form of Lewy body disease (Pang et al., 2019).
Interestingly, there is a specific accumulation of pathology (x-synu-
clein) in CA2 (Flores-Cuadrado et al., 2016), although there is no varia-
tion in the number of neurons (Joelving et al., 2006; Villar-Conde
etal., 2021).

6.2 | Schizophrenia
Changes in the hippocampus of patients with schizophrenia have been
described previously (Kovelman & Scheibel, 1984). However, still much
controversy exists on the role of the hippocampus in the pathogenesis
of this disease (Casanova & Rothberg, 2002). Schizophrenia is a multi-
factorial disease (Barondes, 1998; Falkai & Moller, 2012), but some
neuropathological studies mention the involvement of CA2. Nowadays,
disorganization of the CA2 pyramidal cell layer is controversial and not
a generalized view of the disease (Casanova & Rothberg, 2002). Like-
wise, the identification of neurons of smaller size relative to controls
have also been reported (Arnold et al., 1995; Benes et al., 1991). More
precise evaluation by stereological methods may shed light in the asso-
ciation of changes in CA2 in brains with this disorder (Benes
et al,, 1991; Heckers et al., 1991). Schizophrenia patients showed a spe-
cific 40% reduction in the number of non-pyramidal cells. In contrast,
the number of pyramidal principal cells had no variation in number in
any of the hippocampal CA subfields (Benes et al., 1991; Heckers
et al,, 1991). Overall, these results suggest that no differences exist in
the number of neurons in the hippocampus, including CA3-CA2,
thereby the question whether principal cell involvement in schizophre-
nia exists cannot be answered at this time.

More subtle effects may be of interest in the analysis of neuro-

transmitter density and distribution in CA2 in schizophrenia. Benes
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FIGURE 7 Photomicrographs of a case with frontotemporal dementia with Tau immunostaining and weakly counterstained with Nissl.

(a) Neurofibrillary tangles (NFT) in uncal CA2. Note the low concentration of Tau-positive threads and punctae in the neuropil. (b) Field CA2
immunostained for Tau protein in the rostral body of the hippocampus. Note the increase in Tau-positive neuropil and some apical dendrites, as
well as in Stratum radiatum, but not in Stratum lacunosum-moleculare. (c) Field CA2 at the level of the caudal part of the hippocampal body
shows an increasingly heavier Tau deposits both in Stratum oriens and Stratum radiatum (proximal part) relative to both previous levels. (d) Field
CA2 at the level of the hippocampal tail, where the density of the tau-positive deposit obscures any remaining neuron. CA1 is to the right-hand
side, and CAS3 to the left-hand side, both with comparatively lighter Tau-positive immunoreactivity and fewer labeled neurons.

et al. (2001) report a decrease of 30-35% in density of GluRsg¢ 7
immunoreactivity in Stratum radiatum and Stratum lacunosum-molecu-
lare in schizophrenia. This reduction is more significant since GluRs ¢ 7
immunoreactivity density in apical dendrites in Stratum radiatum and
Stratum lacunosum-moleculare was higher in CA2 relative to CA3 or
CA1 (Benes et al., 2001). Thus, a more subtle effects of transmission

in CA2 may be of importance in schizophrenia.

6.3 | Epilepsy

Epilepsy is a complex entity with multiple etiological causes and mani-
festations. We only refer here to epilepsy associated to the temporal
lobe and hippocampus or Temporal Lobe Epilepsy (TLE) (Badawy
et al., 2013). TLE is typically associated with mesial temporal sclerosis
or hippocampal sclerosis (Babb & Brown, 1986). Mesial temporal scle-
rosis involves hippocampus, amygdala and entorhinal cortex, with
neuron loss and gliosis that affects mostly subfield CA1, followed by
CAS3, but with little impact in CA2, which was therefore, called resis-
tant sector (Falconer, 1974; Margerison & Corsellis, 1966). The reason

why CA2 is more resistant to mesial temporal sclerosis relative to
other dentate gyrus and hippocampal fields is unclear, but data sug-
gest CA2 pyramidal cells play major roles in the configuration of epi-
leptogenic microcircuits (Kilias et al.,, 2022). Mossy fiber sprouting
towards the dentate gyrus has been reported (Houser et al., 1990),
where reorganization of connections extend the mossy fibers into
CA2, as demonstrated by immunoreactivity to dynorphin. In human,
synaptoporin-positive mossy fibers were found in CA2 and even in
CA1l in close association with granule cell dispersion (Freiman
etal., 2021).

In conclusion, under mesial temporal sclerosis notable reorganiza-
tion of connectivity takes place, thus altering the <“standard”

hippocampal-cortical and possibly diencephalic set of connections.

6.4 | Further directions
This review starts to describe the anatomical appearance of the hip-
pocampal field CA2 in humans and highlights the unknowns in terms

of connectivity and function. While direct investigations on human
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CA2 are not common, they provide enough basis to consider it similar
to other species. Nonhuman primates, with which important morpho-
logical similarities are shared, are of notable importance mainly
through the anatomical and functional connectivity between the EC,
the cortex and other structures. On the other hand, nonhuman pri-
mates allow the experimental approaches presently applied to rodent
species, thus making a hinge for the extrapolation of experimental
data to nonhuman primates, and possibly to the human clinical
setting.

In the nonhuman primate the canonical view of the flow of infor-
mation through the HF connections states that layer Il neurons of the
EC innervate the Stratum lacunosum-moleculare of CA2 (in addition to
CA3 and the molecular layer of the DG). In principle, this projection
does not differ from that of EC-CAS3. However, the termination of EC
afferents in Stratum radiatum makes a difference with the adjacent
CA3 and CA1 fields. The significance of this specific projection, the
possible interaction with other inputs (i.e., the hypothalamus), and
local circuits through interneurons, may be of significance in various
forms of normal and abnormal behaviors, such as social memory
(Chevaleyre & Piskorowski, 2016). This might yet be an important
implication for information flow through possibly EC-CA2 direct

connections.
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