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Abstract

The hippocampus has been a primary region of study with regards to synaptic and functional
changes in Alzheimer’s disease (AD) due to its involvement in early stages, specifically area CAL.
However, most work in this area has treated CA1 as a homogeneous structure comprised of
uniform neural circuits. Yet, there is a plethora of evidence that CA1 varies in its structure and
function across anatomical axes. Here | review the heterogeneity of the functional and circuit
architecture of hippocampal area CA1 across three primary anatomical axes. | also summarize
evidence that AD differentially affects these subregions, as well as hypotheses as to why this may
occur.
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Introduction

The medial temporal lobe has been a major focus of Alzheimer’s disease (AD) research due
to the onset of amnestic symptoms at early stages. Within this region, neuropathological
staging of tau pathology has highlighted the involvement of the transentorhinal and
entorhinal cortices first, followed by progression to the hippocampus (Braak and Braak,
1991). The hippocampus is well known to be comprised of subregions, namely dentate gyrus
(DG), CA1, CA2, CA3, and subiculum. These regions are interconnected but play distinct
roles in memory and are differentially affected by disease (van Strien et al., 2009; Small et
al., 2011; Cheveleyre and Piskorowski, 2016). However, CA1 constitutes the primary output
of the hippocampus and, along with subiculum, are the first hippocampal areas affected in
Alzheimer’s disease. Thus, in this review | use CA1 as the focal point for discussions of
heterogeneity at the cellular and circuit level, how this evolves across its primary anatomical
axes, and relevance to AD.

Hippocampal circuitry from the viewpoint of the CA1 pyramidal neuron

CAL pyramidal neurons (PN) carry the primary output of the hippocampus to other brain
regions, and thus an analysis of its inputs elegantly summarizes overall hippocampal
information processing (van Strien et al 2009; Basu and Siegelbaum, 2015). CA1 PNs have a
long apical dendrite and a shorter basal dendrite upon which major temporal lobe pathways
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synapse in a compartmentalized fashion (Figure 1). The Schaffer collateral (SC) pathway,
originating from CA3, primarily targets the proximal apical dendrite in stratum radiatum. In
this manner, processed information from dentate gyrus is carried forward to CA1 via its
mossy fibers input to CA3. This completes the classical “trisynaptic pathway” from
entorhinal cortex to CAL. The distal apical dendrite receives synapses from the “direct
pathway”, monosynaptic input from layer I11 of entorhinal cortex (EC), in stratum
lacunosum moleculare. Another input to this compartment is the nucleus reuniens of
thalamus (nRT), which forms a relay between prefrontal cortex and CAL. Direct inputs from
CA2 mainly target the basal dendrite in strafum oriens, which also receives a minority of SC
input. Genetic or chemical silencing of each of these three pathways has distinct effects on
different types of memory (Nakashiba et al., 2008; Brun et al., 2008; Suh et al., 2011; Xu
and Sudhof, 2013; Hitti and Siegelbaum, 2014), highlighting that they carry unique
information to the CA1 PN.

In addition to the above excitatory pathways, inhibitory inputs play an important role in
shaping excitability and /7 vivo function. Although a full discussion is beyond the scope of
this review and is covered by others (Klausberger and Somogyi, 2008), there are a myriad of
interneurons types that can be defined by protein markers as well as by the neuronal
compartment they target: basal dendrite, soma, axon, proximal apical dendrite, and distal
apical dendrite. The most well studied of these are the somatically-targeting cholecystekinin
(CCK)- and parvalbumin (PV)-expressing interneurons (Freund 2003). Such inhibition can
often operate in a feedforward manner, being recruited onto the CA1 PN by the above
excitatory pathways. In addition, long range direct inhibitory pathways from EC have also
been recently identified to play important roles in plasticity and memory-guided behavior
(Basu et al., 2013; Basu et al., 2016).

Functional heterogeneity of CA1 pyramidal neurons

During different behaviors, hippocampal neurons and namely the CA1 PNs are known to
show /n vivo physiological responses to changing locations, thus encoding spatial memory
(Hartley et al., 2013), as well as to novel objects (Cohen and Stackman, 2015), odors (Kay,
2013), and fear (1zquierdo et al., 2016) thus also establishing non-spatial memories. While
prior studies analyzing these memories considered CA1 PNs as a uniform population, recent
work has revealed a heterogeneity of these neurons /7 vivo during such memory-guided
behaviors. Such diversity is seen across three principal anatomical axes (Figure 2):
transverse (proximo-distal), radial (deep-superficial), and longitudinal (dorsal-ventral).
Across the transverse axis, location-dependent firing has been found to be more robust
towards CA2 (proximal CA1) with neurons showing more spatial specificity (Henriksen et
al., 2010; Hartzell et al., 2013; Oliva et al., 2016). In contrast, CA1 PNs towards subiculum
(distal CAL) display higher tuning for objects and odors (Burke et al., 2011; Ito and
Schuman, 2012; Nakamura et al., 2013; lgarashi et al., 2014). Across the radial axis,
multiple studies have demonstrated that deep PNs encode more spatial information than
superficial neurons (Mizuseki et al., 2011; Oliva et al., 2016), yet superficial PNs may
provide a more stable environmental map and respond slowly to manipulation of spatial
landmarks (Danielson et al., 2016; Geiller et al., 2017). This dichotomy is further supported
by another study that reported a morphological subtype of CA1 PN, that tends to lie more
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superficially, that is highly responsive to odors (Li et al., 2017). Finally, the CAl
longitudinal axis demonstrates a functional division between pure sensory responses and
motivational and emotional responses. Whereas dorsal CA1 PNs show more spatial
specificity than ventral CA1 PNs (Jung et al., 1994), ventral CA1 PNs play important roles
in anxiety and goal-directed behavior (Ciocchi et al., 2015), fear (Zhu et al., 2014; Xu et al .,
2016) and social memory (Okuyama et al., 2016).

Intrinsic heterogeneity of CA1 pyramidal neurons

This function differentiation among CA1 PN subpopulations has motivated several studies to
investigate whether there are intrinsic differences across the above three anatomical axes and
if they contribute to /n vivo specialization. With regard to molecular factors, the calcium-
binding protein calbindin was the first protein reported to be selectively expressed in
superficial versus deep PNs of dorsal CA1 (Baimbridge and Miller, 1982; Rami et al 1987,
Celio 1990), followed by zinc (Slomianka and Geneser, 1991). Reinvestigation of this using
in situhybridization expanded on these and identified several protein expression changes
that gradually evolve across the radial, transverse, and longitudinal axes (Dong et al., 2009).
Thus the molecular markers that distinguish deep and superficial PNs in dorsal CA1 are
different from those in ventral CA1. For example, calbindin is selectively expressed in dorsal
superficial PNs but progresses to be expressed in deep neurons of ventral CAl. Recent work
using RNAseq (Cembrowski et al., 2016) has confirmed some of these markers and revealed
many others, with the overall impression that gene expression across the longitudinal axis is
much more striking than across the other two. Such dorso-ventral gradients include those
with electrophygiological relevance, including those related to the function of ion channels
(sodium, potassium) and neurotransmitter receptors (NMDAR), that may alter intrinsic or
synaptic excitability.

With regard to intrinsic excitability, targeted recordings of these different populations /n
vitro have also established that the most striking difference is the relative hyperexcitability
of ventral compared to dorsal neurons, evident in measurements of resting membrane
potential, action potential firing rate, and input resistance (Dougherty et al., 2012; Kim and
Johnston, 2015; Malik et al., 2016; Milior et al., 2016). How this translates to /n vivo
reponses is unclear because measurements of LTP between the two areas have been
conflicting (Milior et al., 2016; Malik and Johnston, 2017). Recording of similar intrinsic
measures across the transverse axis of ventral CA1, another study found that proximal CA1
tends to show higher excitability but a lower frequency of bursting neurons than distal CA1
(Jarsky et a., 2008). Radial axis differences are also highlighted by two contrasting findings.
Deep neurons have higher action potential firing rates but more hyperpolarized resting
membrane potential, the latter driven by differences in the hyperpolarization-activated cation
current I, (Lee et al., 2014; Maroso et al., 2016).

Circuit heterogeneity of CAl pyramidal neurons

In vivo functional differences can also be established by variations in synaptic inputs and
outputs (Figure 3). Mutiple studies in rodent have demonstrated that dorsal CA1 PNs send
output back to entorhinal cortex, whereas in ventral CA1 the PNs have distinct /in vivo
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activities that correlate with additional projections to amygdala, prefrontal cortex, nucleus
accumbens, olfactory, and other areas (Cenquizka and Swanson, 2007; Lee et al., 2014;
Arszovszki et al., 2014; Ciocchi et al., 2017; Kim and Cho., 2017). This may relate to the
broader role of ventral CA1 in motivational an affective behavior, and dorsal CA1 in spatial
declarative memory.

Transverse and radial axis differences are reflected by patterned input from functionally
distinct regions of entorhinal cortex. Classical anatomical studies have demonstrated that the
more spatially responsive medial EC (MEC) preferentially sends its axons to proximal CAL,
where as the non-spatial lateral EC (LEC) targets the distal CA1 (Steward, 1976; Wyss,
1981; Tamamaki and Nojyo, 1995; Naber et al., 2001). | and colleagues have recently
confirmed this functionally using optogenetics, showing that LEC delivers larger
monosynaptic input to proximal CA1 PNs, and that MEC preferentially excites distal CA1
PNs (Masurkar et al., 2017). In this same study we also revealed connectivity difference
across the radial axis, in that LEC preferentially excites superficial PNs and MEC
preferentially drives deep PNs. We posit that these findings correlate to the in vivo
functional differences across both axes that have been observed during spatial and non-
spatial behaviors, as described above. The other primary intrahippocampal input, from CA2,
also shows radial axis heterogeneity by exciting deep PNs more than superficial PNs
(Kohara et al., 2014).

We have also found inhibitory differences as promoted by the SC pathway, with deep PNs
receiving more feedforward inhibition. This likely relates to the findings that deep neurons
are preferentially inhibited by PV interneurons, and that superficial neurons can inhibit deep
neurons via these PV neurons (Lee et al., 2014). In contrast, CCK interneurons appear to
favor superficial PNs (Valero et al., 2015). This may relate to the differences in the temporal
aspects of firing seen in deep and superficial PNs during memory consolidation and sleep.

Relevance to neurodegeneration in Alzheimer’s disease

Little is known about how Alzheimer’s disease pathology affects CA1 across the
longitudinal, transverse, and radial axis. This is important to elucidate as it could provide
better detail about how circuits with different functions respond to the disease process, and
perhaps how some neurons may be differentially vulernable or resilient to disease. The
above architectural layout allows for a systematic discussion. Here | review data supporting
spatiotemporal patterns of AD across these axes in both rodent (Figure 4) and human
(Figure 5), as well as mechanistic hypotheses and avenues of further study.

Studies examining the longitudinal axis in humans (Figure 5A) have primarily used
metabolism and atrophy as a biomarkers of disease. Atrophy of the posterior human
hippocampus, equivalent to rodent dorsal hippocampus, appears to differentiate AD from
semantic dementia, which primarily involves only the anterior hippocampus, the analog of
rodent ventral hippocampus (Galton et al., 2001). However, the anterior hippocampus
appears to be more vulnerable to early metabolic changes (Jack et al., 1997; Ouchi et al.,
1998; Yushkevich et al., 2009) and atrophy in early stages of AD (Wang et al., 2003; Martin
et al., 2010; Greene et al., 2012; Franko et al., 2013) compared to posterior hippocampus. A
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histopathological correlate of this in human CA1 has not been examined, however in mouse
models (Figure 4, left) some features of AD pathology in CAL progress temporally in a
ventral-dorsal direction (Oh et al., 2010; Neuman et al., 2015). Nevertheless, given the
distinct functions and projections of ventral hippocampus delineated earlier, this leads to the
hypothesis that non-amnestic symptoms such as dysosmia, anxiety, and depression could
precede memory issues at early stages, correlating to pathophysiology starting in ventral
CAL prior to dorsal CA1.

What could underlie a selective vulnerability of the ventral hippocampus/ventral CA1?
Aberrant network excitability has been proposed as a potential factor in AD (Palop et al.,
2007; Vossel et al., 2013), and the relative hyperexcitability of ventral neurons could make
them more prone to neurotoxic epileptiform activity or activity-dependent worsening of
amyloid and tau pathology. Indeed, the ventral hippocampus is more sensitive to kindling-
induced seizures (Racine et al., 1977). The higher pyramidal cell numbers in ventral CAl
(Dong et al., 2009) may also preclude this region to a cell-autonomous mechanisms of
plaque formation. As of yet it is not known whether ventral CA1 is more at-risk for the
development of seizures in the setting of AD, nor the role of genetic differences in ion
channels and neurotransmitter function in inducing any excitability-related pathophysiology.
Avre there other intrinsic differences that could influence AD pathology in ventral versus
dorsal CA1? Beyond those related to electrical excitability, certain genes differentially
expressed across this axis (Cembrowski et al., 2016) be implicated in aging and AD
pathophysiology mechanisms, as they relate to calcium-dependent processes (wfsl, klotho,
cpne2) and axon guidance (slit2, ntngl). Could connectivity differences underlie any
differential vulnerability? This relates to “active” pathology spread mechanisms, in light of
evidence that tau and amyloid could propagate along synaptically connected networks
(Kamenetz et al., 2003; Cirrito et al., 2005; Liu et al., 2012; de Calignon et al., 2012; Khan
et al., 2014; Wu et al., 2016), as well as more “passive” mechanisms in which dysfunction
arises in a region when connected areas degenerate. Since LEC develops tangle pathology
prior to MEC (Lace et al., 2009), stronger input from LEC could support such a mechanism.
However, though some subtle differences have been observed in entorhinal cortical
innervation across the longitudinal axis (Wyss, 1981; Witter), the functional impact of LEC
versus MEC in the ventral hippocampus awaits further exploration.

With regard to the proximodistal axis, there is clear evidence that tangle and plaque
pathology arise first and are most prominent in distal CA1 and subiculum (Braak and Braak,
1991; Lace et al., 2009) and subsequently develops in proximal CA1, to a lesser degree
(Figure 5B). This has also been seen in animal models (Figure 4, right; Reilly et al., 2003,
Oh et al., 2010). Temporally, such pathology develops after first arising in LEC, suggesting a
potential mechanism deriving from the higher synaptic drive of distal CAl by LEC, as
compared to proximal CA1. However, it should be noted that LEC also targets dentage gyrus
and CAS3, yet these areas are not implicated until much later stages of disease. This raises the
possibility that intrinsic differences or other synaptic differences across this axis are also
required for this differential susceptibility. As described above, intrinsic excitability would
actually favor proximal CAL as being more vulnerable. Genetic differences (Cembrowski et
al., 2016) are few (Ndst4, Crtacl) with no clear relation to known AD pathophysiological
mechanisms. CA1 is unique in that it projects to subiculum, with distal CA1 targeting its
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immediate neighbor, proximal subiculum, and proximal CA1 targeting distal subiculum
(Amaral et al., 1991). However, the impact of this CAl-subiculum connectivity on disease
vulnerability is unknown.

Of the three axes, the radial axis has received the least attention with regard to AD
pathophysiology. This may be partly because it requires analysis at a cellular level only, but
also because radial axis differences in nomal function have been only recently established. A
precedence for a differential susceptibility across this axis stems studies showing that
calbindin positive superficial neurons may be protected from effects of epilepsy (Sloviter,
1989) and respond differently than deep neurons to ischemia (Morris et al., 1995). Though a
preference for neurofibrillary tangles is not known, one study has suggested that amyloid
plaque is found more in the superficial layers (Llorens-Martin et al., 2014). Though an
extracellular plaque in this location would exert its influence on superficial somata as well as
dendrites of deep neurons, this could support that the superficial stratum maye play a larger
role in amyloidogenesis and plaque generation. Do any known factors above support
hypotheses related to the radial axis? Most features described above do not clearly support a
particular subgroup. Superficial PNs may be less susceptible due to the selective expression
of calbindin, shown to shown to be protective in amyloid models (Guo et al., 1998; Wernyj
etal., 1999; Kook et al., 2014). Superficial and deep cells have different upstream regulators
of the JNK kinase pathway (Maroso et al., 2016), which has also been implicated in
amyloidogenesis (Ahn et al., 2016). Superficial neurons express higher Nr3c2, the
mineralocorticoid receptor, which has been identified as a risk factor in a meta-analysis of
AD GWAS (Sun et al., 2014). In the context of higher excitability relating to pathology,
intrinsic excitability favors deep neurons but overall synaptic excitability favors superficial
neurons. The most striking difference is the preferential excitation of superficial neurons by
LEC, which could make them vulnerable based on active and passive association
mechanisms as delineated above. More studies are needed to characterize the
patholophysiology across the radial axis to support the examination of such mechanisms.

Conclusion

Though significant progress has been made in understanding the relationship of amyloid and
tau pathology to dysfunction in hippocampal area CA1, an understanding of this process
across its anatomical axes remains incomplete. Given the functional differences in the
longitudinal, transverse, and radial axes, analyzing pathophsyiology with respect to these
regions will likely improve clinico-pathologic correlations. This will aid in the development
of more precise techniques to modulate behavior and improve symptoms. Furthermore, the
unique molecular and synaptic mileu in these spatial domains allow for interesting questions
about how pathophysiology can arise in the first place, in one region versus another. This
provides an important backdrop to uncover susceptibility and protective mechanisms. Thus
efforts should be made in future pathophysiology studies to either limit analysis to explicitly
defined anatomical subregions or delineate how findings evolve over these important
anatomical axes.
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Figure 1. Overview of CA1 circuitry
A Hippocampal CALl in relation to other subregions: subiculum (S), CA2, CA3, dentate

gyrus (DG). CA1 pyramidal neuron is indicated with labeled strata stratum oriens (SO),
Sstratum radiatum (SR) and stratuma lacunosum moleculare (SLM). B. CA1 pyramidal
neuron excitatory (triangle) and inhibitory (circle) inputs to different parts of its apical
dendrite in SR, SLM and basal dendrite in SO. Distal apical dendrite receives direct input
from entorhinal cortex (EC) and nucleus reuniens of thalamus (nRT). Indirect EC input
arrives at the proximal apical dendrite, via DG and CA3, or at the basal dendrite, from CA2.
Each pathway can elicit inhibition in feedforward fashion.
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Figure 2. Functional heterogeneity of CA1 across anatomical axes
A Across transverse axis, spatial encoding is more robust towards CA2 (proximal); non-

spatial encoding is more robust towards S (distal). Across the radial axis, deep neurons (blue
triangle) show more spatial tuning and superficial neurons (black triangle) appear to be
specialized for non-spatial processing. B. Across the longitudinal axis, dorsal CA1 (top)
shows more robust spatial responses whereas ventral CA1 (below) is specialized for various
affective and motivational behaviors.
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Figure 3. Intrinsic and circuit heterogeneity of CA1 across anatomical axes
A Longitudinal axis intrinsic differences include differential expression of physiologically

relevant genes (italics) and increased electrical excitability in ventral CAL. Circuit
differences derive from increased diversity of axonal projections in ventral CAL (below),
mainly from deep (blue triangle) rather than superficial neurons (black triangle). Targets
include EC, prefrontal cortex (PFC), amygdala (AMG), olfactory areas (OLF), and nucleus
accumbens (NAC). Dorsal CA1 neurons (top) project back to EC. B. Transverse and radial
axis molecular differences are few (italics). Circuit differences derive from preferential
targeting of proximal CA1 by medial entorhinal cortex (MEC) and distal CA1 by lateral
entorhinal cortex (LEC). Moreover, MEC favors deep and LEC favors superficial neurons.
Deep neurons also receive more proximal inhibition, partially via superficial neurons. CA2
preferentially excites deep neurons. Variability of inhibition to the basal dendrite is not
known (not shown).
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Figure 4. Spatiotemporal evolution of Alzheimer disease acrossrodent CA1 axes
In mouse models, Alzheimer disease (AD) pathology begins in ventral hippocampus and

progresses dorsally (left) and begins in distal CA1 at the CAL1-S border, and progresses
proximally to CA2 (right). Distribution across the radial axis is unknown.
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Figure 5. Spatiotemporal evolution of Alzheimer disease acrosshuman CA1 axes

A Biomarkers of Alzheimer disease (AD) begin anteriorly in the hippocampal head and
progress posteriorly towards the hippocampal tail. B. Left, expansion of the coronal cross-
section indicated in A. showing position of the hippocampus in the temporal lobe (gray
square). Right, detailed view of human hippocampus indicating that AD pathology begins in
distal CA1 at the CA1-S border, and progresses proximally to CA2. Distribution across the

radial axis is unknown.
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