1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Neuroscience. Author manuscript; available in PMC 2016 September 12.

-, HHS Public Access
«

Hippocampal Plasticity During the Progression of Alzheimer’s
disease

Elliott J. Mufson?, Laura Mahady?, Diana Waters?, Scott E. Counts?, Sylvia E. Perez3,
Steven DeKosky#, Stephen D. Ginsberg®, Milos D. Ikonomovic®, Stephen Scheff’, and
Lester Binder2"

1Division of Neurology and Neurobiology Alzheimer’s Disease Laboratory, Barrow Neurological
Institute, St. Joseph’s Medical Center, Department of Neurobiology, Phoenix, AZ 85013

2Department of Neurological Sciences, Translational Science & Molecular Medicine Michigan
State University College of Human Medicine, Grand Rapids, Ml

3Division of Neurological Sciences, Rush University Medical Center, Chicago, IL

4Visiting Professor, Department of Radiology Adjunct Professor of Neurology University of
Pittsburgh School of Medicine, Pittsburgh, PA

5Center for Dementia Research Nathan Kline Institute Departments of Psychiatry and Physiology
& Neuroscience New York University Langone Medical Center, Orangeburg, NY

5Departments of Neurology and Psychiatry, University of Pittsburgh, Geriatric Research
Education and Clinical Center, VA Pittsburgh Healthcare System, Pittsburgh, PA

’Sanders Brown Center on Aging, University of Kentucky, Lexington, KY

Abstract

Neuroplasticity involves molecular changes in central nervous system (CNS) synaptic structure
and function throughout life. The concept of neural organization allows for synaptic remodeling as
a compensatory mechanism to the early pathobiology of Alzheimer’s disease (AD) in an attempt
to maintain brain function and cognition during the onset of dementia. The hippocampus, a crucial
component of the medial temporal lobe memory circuit, is affected early in AD and displays
synaptic and intraneuronal molecular remodeling against a pathological background of
extracellular amyloid-beta (AB) deposition and intracellular neurofibrillary tangle (NFT) formation
in the early stages of AD. Here we discuss human clinical pathological findings supporting the
concept that the hippocampus is capable of neural plasticity during mild cognitive impairment
(MCI), a prodromal stage of AD and early stage AD.
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In 1906, Dr. Alois Alzheimer first described a form of progressive presenile dementia in a
female patient named Auguste Deter (Fig. 1), who over time developed memory loss as well
as other behavioral sequel and died at the age of 51. Brain autopsy revealed dramatic brain
shrinkage and tissue sections stained using silver impregnation procedures demonstrated the
presence of senile plaques (SPs) and neurofibrillary tangles (NFTs) (Alzheimer, 1906), now
considered the defining lesions of the disease bearing Dr. Alzheimer’s name (Fig. 1). SPs
accumulate in the extracellular matrix and contain insoluble fibrils of the amyloid beta (AB)
fragment, which is cleaved from the larger transmembrane amyloid precursor protein (APP)
by successive B cleavage through beta-site APP cleaving enzyme 1 (BACE1) and the y
secretase complex (Haas and Selkoe, 1993; Shoji et al., 1992; Thinakaran and Koo, 2008).
NFTs are composed of argyrophilic aggregates of hyperphosphorylated forms of the protein
tau (Trojanowski et al., 1993; Yoshiyama et al., 2013). These pathological protein
aggregates display a beta-pleated sheet conformation and are thought to interfere with
cytoskeletal integrity, which ultimately disrupts synapse and neuronal function. In over 99%
of patients, the onset of Alzheimer’s disease (AD) occurs in late adulthood, usually after the
age of 65. In the small portion of cases (<1%), the disease has an autosomal dominant
pattern of inheritance (“familial AD”), is caused by mutations in one of three different genes
(all of which affect amyloid metabolism, including the Amyloid Precursor Protein gene
itself) and starts much earlier, with notable mutations in APP, presenilin 1 (PS1), or
presenilin 2 (PS2). Interestingly, the original histological slides from Auguste Deter’s
autopsy were discovered a few years ago in the basement of a German hospital, and
genotyping of these samples showed that she likely was suffering from a familial form of
AD (Muller et al., 2013; Rupp et al., 2014), which was consistent with her early age of
onset. Late onset AD is the leading cause of dementia in the United States, affecting an
estimated 5.2 million people in the United States (Thies and Bleiler, 2013) and is predicted
to afflict 13 million people in the USA by 2050.

Recent studies have confirmed that AD has a long preclinical stage and some suggest that
the disease process begins between 15-20 years prior to emergence of clinical symptoms
(Sperling et al., 2014) (Fig. 2). The term mild cognitive impairment (MCI) has been used,
synonymous with the term prodromal AD, as describing the intermediate stage between
normal brain aging and frank dementia when NFT and AP pathology is increased compared
to individuals with no cognitive impairment (NCI) (Guillozet et al., 2003; Markesbery,
2010, 2006). The clinical concept of MCI was derived from memory clinics, which attracted
milder cases of dementia, as well as longitudinal studies of elderly populations in which
subjects were evaluated annually for cognitive status. Many of the subjects with earlier,
milder cases of cognitive loss did not exhibit impairment in two cognitive domains, a
criterion that was required for an NINDS/ADRDA diagnosis of AD established by
McKhann and coworkers (1984). In the 1990’s, such cases were most frequently, but not
always, characterized by an amnestic disorder and the term “Mild Cognitive Impairment”
(MCI) was popularized by Petersen (1999). While memory disorder clinics reported that
amnestic MCI (aMCI) was the most common form of MCI, it was clear that MCI along with
other affected single cognitive domains comprised a small, but significant, component of
this clinical presentation. Indeed, people with a clinical diagnosis of MCI comprise a
heterogeneous cohort of which those who present solely with memory deficits are classified
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as single domain aMCl, while those who have a deficit in memory as well as other cognitive
domains are categorized as multi-domain MCI (mdMCI) (Johnson et al., 2010; Petersen,
2003). Those with aMCI are at a higher risk of developing AD (Johnson et al., 2010;
Petersen, 2003). However, some people clinically diagnosed with no cognitive impairment
(NCI) or with MCI can exhibit SP and NFT pathology equal to or greater that that seen in
mild to moderate AD dementia, challenging the pathologically-based idea that these lesions
alone cause dementia (Mufson et al. 1999; Price et al. 2009, Markesbery 2010). Clinical
pathological studies indicate that NFTs correlate better than and amyloid plaques with
cognition in AD (Bierer et al., 1995; Nelson et al., 2012) However, The “amyloid cascade”
hypothesis of AD (Hardy and Higgins GA, 1992) was revised recently to include soluble AR
oligomers (in addition to insoluble plaques) after multiple studies demonstrated their ability
to impair synaptic function and memory (Lesne et al., 2006). Moreover, recent research
indicates that there is a dynamic balance between “soluble” oligomeric and “insoluble”
fibrillar AB pools in the AD brain, with concentrations of soluble AB species determining the
rate of AP aggregation in plaques, and plaque-aggregated Ap fibrils serving as a reservoir of
soluble AB in the interstitial fluid surrounding neuronal synapses (Koffie et al., 2009).

Synaptic loss, a hallmark of the AD brain (Scheff et al., 1998, 2003, 2006), correlates with
cognitive decline in many vulnerable regions, but not all affected areas (Scheff et al., 2006).
In addition, there are deficits in glutamatergic (Hyman, 1987; Palmer et al., 1986; Cross et
al., 1987; Hardy et al., 1987; Procter et al., 1987; Cowburn et al., 1988a, b), cholinergic
(Davies and Mahoney, 1976; Whitehouse et al, 1982), serotonergic (Mann and Yates 1986),
and noradrenergic (Adolfsson et al. 1979; Mann et al. 1983; Zarow et al. 2003; Grudzien et
al. 2007; Braak and Del Tredici, 2011; Counts and Mufson, 2010) cortical innervation and
as well as an up-regulation of endosomal/lysosomal autophagy molecules, which appear to
precede plaque and tangle pathology (Cataldo et al., 1994; Ginsberg et al., 2010a; Nixon,
2005) in cortical innervation in AD. This multiplicity of events supports the view that
impairments of multiple processes contribute to the onset of dementia and they are
associated with a high degree of inter-individual variability. The mechanism(s) that allow
for the preservation of cognitive function in the presence of significant AD neuropathology
found at autopsy in individuals without dementia or with MCI is a compelling question
(Perez-Nievas et al., 2013).

Dating to the work of Cajal (1901) it has been suggested that the brain is capable of
neuroplastic response(s) in the face of changes to the external and internal milieu, aging and
disease (see also Jellinger and Attems, 2013; Mesulam, 1999; Scheff and Price, 2001; Scheff
et al., 2006). Neuroplasticity may be one of the underlying mechanisms that enable elderly
individuals with NCI and MCI with minimal cognitive impairment to function despite the
presence of significant AD-like pathology equivalent to someone with AD dementia
(Mesulam, 1999; Mufson et al., 2012). The mechanism(s) of this brain resilience to
cognitive decline in the presence of abundant pathologies is unclear, but supports the
concept of brain or cognitive reserve. According to this concept, regions or circuits within
the brain are able to counteract and/or counterbalance age-related alterations or disease
pathologies by reorganizing synaptic structure, connections, and ultimately function via a
multitude of molecular and cellular pathways (Honer et al., 2012). A primary example of
this form of neuroplasticity is found in the hippocampus, a major component of the limbic
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system that displays neural reorganization after brain injury in animal models of neural
damage and in human neurological diseases including epilepsy (Stretton et al., 2014) and
AD (DeKosky et al., 2002; Davis et al., 1999). Therefore, the overall goal of this review is
to present evidence derived from clinical pathological investigations that the hippocampus, a
component of the medial temporal lobe (MTL) memory circuit, displays cellular and
structural alterations indicative of neural plasticity during the progression of AD.

Hippocampal Anatomy

The hippocampus is a key component of the medial temporal lobe (MTL) memory circuit,
which includes the transentorhinal and entorhinal corties and the subicular complex (Fig. 3).
The hippocampus consists of several subdivisions: 1. The dentate gyrus (DG), a tightly
packed layer of small granule cells wrapped around the end of the hippocampus proper at
the level of the hippocampal fissure, forming a v-shaped wedge. 2. From the DG emerge the
components of the Cornu Ammonis. CA4, then CA3, then a very narrow zone termed CA2,
and then CAL. The CA fields contain densely packed pyramidal cells (Hyman, 1987; Ramon
y Cajal, 1901 Lorente de No, 1934). CAL then merges with the subiculum, followed by the
presubiculum and parasubiculum, then a transition to entorhinal cortex (Brodmann area 28).
The term “hippocampus proper” refers to the four CA subfields, while the term
“hippocampal formation” subserves the hippocampus proper plus DG and subiculum
(Amaral and Lavenex, 2006). The entorhinal cortex contains five layers including a lamina
desecans. Layer 1I/111 contains the prominent cell islands consisting of glutamatergic stellate
neurons, the axons of which project into the hippocampal dentate gyrus via the perforant
pathway (Stranahan and Mattson, 2010). The entorhinal cortex transitions into the
transentorhinal cortex (Brodmann area 35) a more traditional six-layered cortex (Taylor and
Probst, 2008). The primary projection from the entorhinal to the hippocampus is the
perforant pathway (Simonian, 1994; Lorente de N&, 1934), disruption of which results in
defects in learning and memory in animals as well as a profound reactive synaptogenesis
response that involves reorganization of glutamatergic neurotransmission signaling (Geddes
et al., 1985; Chapman et al., 1999; Masliah et al., 1991; Steward and Vinsant, 1983;
Ginsberg, 2005, 2010). Cotman and Lynch (1976) coined the term “reactive synaptogenesis”
to describe injury-induced replacement of synapses (Cotman and Lynch, 1976) to
differentiate the synapse formation that occurs following injury from that occurring during
normal development. This group demonstrated a decline in axon sprouting in aged animals
compared to young adult controls, which may be attributed to several different factors such
as a reduction in the ability of neurons to synthesize the materials necessary for growth,
inability of the target cells to accept new synapses, and the loss of a growth promoting signal
or a change in the signal threshold (Cotman, and Scheff, 1979; Scheff et al., 1980). Despite
the decline in plasticity with age, the observation that the aged nervous system still retains a
significant plasticity response was a major discovery with that was later extended to AD.

Entorhinal disconnection from the hippocampus occurs in human AD, and is posited to
relate to a general failure of synaptic plasticity (Hyman et al., 1990, 1994; Geddes et al.,
1986). Hence, the transentorhinal, entorhinal and hippocampal axes are anatomically and
functionally connected; this connectivity within the MTL underscores the importance of
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viewing hippocampal neuroplasticity as a systems-based phenomenon with global circuit-
based consequences early in the course of AD.

Hippocampus and Alzheimer’s disease

The hippocampus is one of the earliest brain structures to develop neurodegenerative
changes in AD, undergoing profuse NFT accumulation but lesser amyloid pathology
deposition in the early stages of AD (Arriagada et al., 1992). AD pathologic lesions and
neuronal loss are found in multiple regions within the hippocampal formation as well as in
the transentorhinal and entorhinal cortices (Hyman, 1984, 1990; Geddes, 1985; Gomez- Isla
et al., 1996; Kordower et al., 2001). Braak and Braak (1991) were the first to characterize
the stages of NFT appearance and spread in the AD brain with the earliest changes detected
within the MTL. NFTs develop first in the transentorhinal cortex and may spread to the
entorhinal cortex (stages I/11), then to the hippocampus (“limbic”, stages I11/1V) and then to
the medial temporal isocortex (“isocortical”, stages V/VI) (Braak and Braak, 1991; Morris,
2001). By contrast, SPs appear first in association cortex far removed from those areas
displaying NFTs, which display patterns that show great inter-individual variation and do
not correlate to any significant degree with dementia severity (Mesulam, 1999; Nelson et al.,
2012). These observations complicate the simple assumption that amyloid is the driving
factor underlying the clinical symptoms of dementia and the formation (s) of NFTs in AD
(Hardy and Allsop, 1991) which has since been modified. Interestingly, Dr. Alzheimer
wrote “...the plaques are not the cause of senile dementia, but only an accompanying feature
of senile involution of the central nervous system” (Alzheimer, 1911). More recently,
Mesulam (1999) stated, “It seems as if the Ap plaques appear at the wrong time and in the
wrong places with respect to the clinical dementia and there is little evidence that they cause
the NFT”. In light of the continued lack of efficacy of human anti amyloid strategies in AD,
these comments may prove to be prescient. By contrast, NFT pathology displays a highly
significant correlation with cognitive impairment in AD (Giannakopoulos et. al., 2003) and
occurs within the hippocampus very early in the disease processes (Braak and Braak, 1991).
However, clinical pathologic data indicate that the hippocampus remains highly malleable
despite the abundance of NFT pathology during the onset of AD (Gary et al., 2014).

Hippocampal structural plasticity in MCI and AD

In AD, ultrastructural counts of synapse numbers indicate a reduction in the inner and outer
layers of the dentate gyrus (Scheff et al., 1996, 1998), which receives extensive input from
the entorhinal cortex (Simonian et al., 1994). Another investigation found a reduction in
synapses within the supragranular band below the inner molecular layer in AD (Bertoni-
Fredarri et al., 1990). Although decreases in synaptic density are more highly correlated
with the degree of cognitive impairment than classic pathological changes related to AD
(Terry et al., 1991; Scheff et al., 2006; DeKosky and Scheff, 1990; Scheff and Price, 2003;
Sze et al., 1997), very few studies have investigated synaptic contact integrity or evidence
for a neuroplastic response in the hippocampus in individuals with MCI or early AD.

A series of studies, which combined unbiased stereology with electron microscopy, failed to
demonstrate a significant difference in the total number of synapses within the outer
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molecular layer of the hippocampus between individuals with aMCI compared to NCI, but
there was a significant decrease between early AD and MCI as well as NCI (Scheff et al.,
2006). The reduction in synapses in early AD compared to both NCI and MCI did not
appear to be associated with a loss of granule cells (West et al., 2004) but likely reflected a
loss of afferent innervation from the ipsilateral entorhinal cortex (Hyman et al., 1987;
Gomez-lzla et al., 1996; Yasuda et al., 1995; Scharfman and Chao, 2013). Notably, this loss
of entorhinal input to the hippocampus has been shown to initiate an extensive sprouting of
cholinergic innervation into the molecular layer of the hippocampus (Geddes et al., 1985),
where neuritic plaques preferably accumulate, thus leading to a hypothesis that reactive
cholinergic sprouting contributes to the pathogenesis of Ap plaque formation (Geddes et al.,
1986). This compensatory structural remodeling within the hippocampus illustrates the
neuroplastic capacity of this region to counteract (or contributes to) mounting pathology. By
contrast, a subsequent study using the same cohort of cases (Scheff et al., 2006) reported a
significant reduction in total synapse number in the striatum radiatum region of the
hippocampal CA1 subfield in individuals with MCI compared to NCI (Fig. 4), which
correlated with the subject’s Mini-Mental State Exam score (MMSE), but not with NFT
Braak stage or apolipoprotein E (ApoE) status, a genetic risk factor for AD (Scheff et al.,
2006). Unlike the outer molecular layer, CA1 receives input from the Schaffer collaterals
arising from CA3 and not from the glutamatergic neurons of the entorhinal cortex,
suggesting differential responses to synapse loss within the hippocampus based upon
afferent innervation or chemical phenotype, some of which precipitate synaptic
reorganization. A recent report characterized changes in the dendritic branching of the
basilar tree of hippocampal CA1 pyramidal neurons. In this study, formalin-fixed tissue
autopsy obtained from University of Kentucky Alzheimer’s Disease Center who died with a
clinical diagnosis of NCI, MCI or AD was prepared for Golgi impregnation (Fig. 5). Camera
lucida drawings of the basilar tree of randomly selected CA1 neurons were analyzed for
alterations in dendritic arbor amount, distribution and complexity (Mervis et al., 2013).
Quantitation showed a significant increase in dendritic length (18%) and complexity (23%)
in CA1 neurons in MCI compared to NCI. Conversely, there was a significant reduction in
branch length (-39%) and arbor complexity (—25%) during the progression from MCI to
AD (Fig. 5). These findings suggest that the observed increase in CA1 dendritic parameters
from NCI to MCI may be another example of a neuroplastic compensatory response to a loss
of afferent input early in the course of the disease, which is not maintained as the disease
progresses. The role that the reported reduction in total synapse number plays in CA1
neuroplasticity remains unknown. However, these examples of early CA1 neural
reorganization may represent a viable window for potential therapeutic strategies aimed at
restoring or maintaining hippocampal function during the transition from MCI to AD. Future
studies should determine whether alterations in specific synapse subtypes (i.e., perforated vs.
non-perforated) are differentially affected and their relation to cognitive decline and brain
pathology during the onset of AD. Interestingly, the size of the synaptic contacts was found
to be substantially larger in AD cortex compared to non-demented aged controls (Scheff et
al., 1990), which was suggested to be part of a compensatory mechanism found in regions of
the neocortex and hippocampus (see review Scheff and Price, 2006). These investigators
found that as the number of synapses declined in a given region, the size of the residual
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synapses increased. This synaptic compensatory response was also observed early in the
course of the AD (DeKosky and Scheff, 1990).

Neuronal structural alterations may not be the only factor(s) contributing to cognitive
decline and hippocampal plasticity in MCI. For example, studies have reported significant
reductions in synaptic vesicle trafficking-related genes in the AD brain, which interrupt the
efficacy of normal synaptic transmission (Yao et al., 2003; Murphy et al., 2003; Kennedy et
al., 2005). Counts et al. (2014) examined progressive changes in the expression classes of
synaptic gene within single CA1 neurons in subjects who died with a clinical diagnosis of
NCI, MCI or moderate AD obtained from the Rush Religious Orders study (RROS).
Quantitative analysis revealed a significant downregulation of transcripts encoding
regulators of synaptic function including presynaptic vesicle trafficking (e.g., synaptophysin
and synaptogyrin), vesicle docking and fusion/release (synaptotagmin and syntaxin 1), and
regulators of excitatory postsynaptic function, including PSD-95 and Homer1, in CA1
neurons in MCI and AD compared to NCI (Counts et al., 2014). By constrast, synaptic
transcript levels were not significantly different between MCI and AD (Counts et al., 2014),
consistent with previous single cell analyses of CA1 neurons in AD (Ginsberg et al., 2000,
2004, 2006; Ginsberg and Che, 2005; Mufson et al., 2006). Downregulation of these
markers was associated strongly with poor antemortem cognitive status and AD pathological
severity (i.e., Braak stage, NIA-Reagan and CERAD diagnosis) (Counts et al., 2014).
Previous biochemical studies of protein levels demonstrated similar findings showing a
down regulation of postsynaptic proteins such as PSD-95 and drebrin in the MCI
hippocampus compared to NCI subjects, which correlated with poor antemortem cognitive
test scores (Counts et al., 2012; Sultana et al., 2010; Hatanpaa et al., 1999). The protein
drebrin is a regulator of postsynaptic dendritic spine morphogenesis (Hayashi et al., 1996)
and is critical for postsynaptic targeting of PSD-95, which is involved in excitatory
postsynaptic plasticity (Takahashi et al., 2003). Interestingly, other groups have found an
increase in expression of genes related to mitochondrial bioenergetics, protein homeostasis
and the SNARE complex in the MCI hippocampus and entorhinal cortex (Berchtold et al.,
2014). A number of synaptic genes showed strong significant correlations most notably in
the entorhinal cortex, with fewer in the hippocampus, and these genes were related
predominantly to synaptic transmission and synaptic plasticity. Changes in expression of
genes that facilitate synaptic excitability and plasticity seem to be associated strongly with
worse cognition, and changes in expression of genes that inhibit plasticity were associated
positively (somewhat paradoxically) with cognitive scores (Berchtold et al., 2014; Counts et
al., 2013). Neurotrophin signaling is also severely affected in MCI and AD, with notable
downregulation of cognate neurotrophin receptors TrkA, TrkB, and TrkC in CA1 pyramidal
neurons, which also correlates with cognitive decline (MMSE and Global Cognitive Score
assessments) (Ginsberg et al., 2010a). These synaptic and neurotrophic alterations suggest
that the hippocampus displays greater metabolic demand in MCI and ultimately progressive
degeneration, if not maintained. These diverse changes in gene expression indicate that there
is a rebalancing of synaptic transmission and plasticity and that synaptic gene transcript and
protein levels are expressed differentially and altered in discrete cells and regions in the
hippocampus in MCI.
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The underlying pathogenic mechanisms that trigger these structural synaptic alterations in
the hippocampus during MCI and the onset of AD are unclear, yet several lines of evidence
revealed that an aberrant expression of endosomal-lysosomal proteins occurs within
hippocampal neurons even before the SP and NFT formation early in AD (Nixon et al.,
1992; Cataldo et al., 1994, 1995; Nixon, 2005). Endosomal-lysosomal activity is an essential
and dynamic organization of acidified cytoplasmic organelles which perform a variety of
functions in neurons such as internalizing nutrients and neurotrophic factors, as well as
degrading and recycling receptors (Nixon and Cataldo, 1995; Bishop, 2003). Acid
hydrolases such as cathepsins are transported from the Golgi apparatus to late endosomes
that contain intracellular material engulfed during autophagy or extracellular material
derived from heterophagy (Gordon and Seglen, 1988; Dunn et al., 1990; Gordon et al.,
1992). Since endocytic activity is high at nerve terminals and dendrites and is involved in
the maintenance of normal synaptic transmission (LaVail and LaVail, 1974; Baas and
Heidemann, 1986; Parton and Dotti, 1993), it may also play a role in neuronal plasticity
early in disease onset. Ginsberg et al. (2010) reported a significant up-regulation of the
endosomal markers rab5 and rab7 in CA1 pyramidal neurons using microarray analysis,
real-time quantitative PCR, and immunoblot analyses of regional hippocampal dissections in
clinically defined MCI and AD brains, and this up-regulation correlated with cognitive
decline as well as with Braak NFT staging (Ginsberg et al., 2010a, 2010b). The reason for
this over-activation of endocytic machinery in MCI may be to combat ensuing pathology in
vulnerable hippocampal neuronal populations by regulating trophic factor activity in an
attempt to compensate for failing endosomal lysosome formation. For example, the early
endosome effector rab5 and late endosome effector rab7 regulate nerve growth factor (NGF)
signaling (Valdez et al., 2007; Deinhardt et al., 2006; Liu et al., 2007) and up-regulation of
rab5 down-regulates the brain-derived neurotrophic factor (BDNF) receptor, TrkB in vitro
(Ginsberg et al., 2010a). Both are key players in CNS neuroplasticity responses (lulita and
Cuello, 2014). Since endocytic lysosomal up-regulation occurs prior to SP and NFT
formation (Cataldo et al., 1994; 1996), these changes may be a neuroplastic response to even
earlier neuronal stresses such as oxidative DNA damage, apoptosis and an increasing failure
of endosomal fusion to lysosomes (Lovell and Markesbery, 2007; Wang et al., 2005; Ding et
al., 2007; Rodrigues et al., 2012).

Hippocampal Cholinergic Plasticity in MCl and AD

In the early 1970’s a series of articles revealed that lesions of the entorhinal cortex or the
perforant pathway, which deprives the hippocampus of its main excitatory glutamatergic
input, induces a neuroplasticity response originating from cholinergic medial septal neurons,
the major source of cholinergic input to the hippocampus (Mesulam et al., 1983; Mufson et
al., 2008), which reinnervates the denervated glutamatergic zones within the molecular layer
of the hippocampus in rodents (Cotman et al., 1973; Matthews et al., 1976a, 1976b; Fifkova,
1975; Nadler et al., 1977). The loss of cholinergic input itself most likely plays a pivotal role
in the severity of the cognitive and behavioral deficits, especially in the areas of memory
and attention and influences the progression of hippocampal neuroplasticity (Mesulam,
2004). Moreover, morphologic studies in postmortem human brain tissues indicate that the
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cholinergic system has the ability to reorganize during the early phases of AD, including in
the hippocampus (DeKosky et al., 2002; Davis et al. 1999).

Hippocampal cholinergic reorganization has been investigated in individuals with AD and
MCI. In a study using end stage AD cases, activity for the of the cholinergic lytic enzyme,
acetylcholinesterase (AChE), was increased in the outer molecular layer of the dentate gyrus
compared to aged controls indicative of septal cholinergic afferent sprouting in humans
(Geddes et al., 1985). This study provided evidence that CNS adaptive growth occurs along
with the onset of degenerative events in AD. Thirty years later, it was demonstrated that
activity levels of choline acetyltransferease (ChAT), the rate-limiting synthetic enzyme for
acetylcholine, was increased significantly in the hippocampus of individuals with MCI
compared to subjects with NCI or mild-moderate AD (Fig. 6A) (DeKosky et al., 2002;
Ikonomovic et al., 2003; Davis et al., 1999). Interestingly, across the three clinical
diagnostic groups of NCI, MCI, and mild-moderate AD, increased hippocampal ChAT
activity levels correlated with progression of neuritic plaque pathology in entorhinal cortex
and hippocampus, supported by the observation that hippocampal ChAT in the MCI group
was significantly elevated selectively in the limbic (entorhinal-hippocampal, 111/1V) Braak
stages (Ikonomovic et al., 2003). These studies also found that ChAT activity in the superior
frontal cortex was significantly higher in MCI than in controls, and subjects with mild AD
had equal levels to those with NCI (DeKosky et al., 2002). Interestingly, a biochemical up-
regulation ChAT enzyme activity was not paralleled by an increase in the density of
cholinergic fibers in the same region (Ikonomovic et al., 2007). This lack of an increase in
cholinergic axonal innervation of the superior frontal cortex in MCI suggests that structural
reorganization of cholinergic profiles is not the mechanism underlying the transient
cholinergic plasticity reported in this region. Up-regulation of hippocampal and cortical
ChAT activity suggested a chemoplastic response early in the disease process that may
maintain cognition and slow the transition from MCI to AD. There was a positive
correlation between the up-regulation of hippocampal ChAT activity in MCI and limbic
Braak stages (entorhinal-hippocampal, I11/1V) (Ikonomovic et al., 2003), suggesting that this
elevation is indeed a compensatory response to the entorhinal-hippocampal disconnection
syndrome (Fig. 6B, C) (Hyman et al., 1984, 1990; Gomez-Izla et al., 1996). Increases in
ChAT activity seen in the hippocampus and superior frontal cortex suggested that
cholinergic upregulation is possible in more than one brain area in people with MCI and
may be a more general cholinergic response to the onset of AD. Whether other ascending
transmitter systems (e.g., noradrenergic and/or dopaminergic, among others) are capable of
neuroplasticity during the progression of dementia remains an area of active investigation.

Factors underlying hippocampal cholinergic plasticity in individuals with MCI remain to be
completely determined. In the case of the hippocampus, it may be triggered by the marked
loss of excitatory glutamatergic input into the hippocampus arising from degeneration of
entorhinal cortex layer Il stellate neurons (Stewart and Scoville, 1976; Klink and Alonso
1997) that occurs in AD and MCI (Gomez-Isla et al., 1996; Kordower et al., 2000). Despite
the extensive reduction of the layer 11/111 stellate neurons within the entorhinal cortex in
MCI, alterations to the glutamatergic system in the hippocampus in MCI has received
limited investigation. For example, there is a reduction in free glutamate in AD (Hyman et
al., 1987), but not in the MCI hippocampus (Rupsingh et al., 2011). Examination of NMDA
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receptor levels produced conflicting results, with some groups showing a decrease in AD
(Greenamyre et al., 1985, 1987) and others showing no change (Geddes et al., 1986;
Monaghan et al., 1987; Cowburn et al., 1988b). There is also a reduction in AMPA and
mGlu receptor density in AD (Dewar et al., 1991; Ginsberg et al., 2000, 2006). Others report
a loss of cortical and hippocampal glutamatergic uptake sites in AD, which were interpreted
as nerve terminal loss (Palmer et al., 1986; Cross et al., 1987; Hardy et al., 1987; Procter et
al., 1987; Cowburn et al., 1988a, b). These inconsistencies may be due to subregion-
selective changes in hippocampal glutamate receptors. An immunohistochemical analyses of
glutamate receptor subunit NMDARY in the hippocampus reported that AD cases with mild/
moderate pathology (Braak I-I11) were similar to controls while more severe AD cases
(Braak IV=V1) had increased NMDAR1 immunolabeling in the CA fields. In contrast, the
dentate gyrus showed a reduction in NMDAR1 labeling particularly within the outer
molecular layer the terminal zone of the perforant pathway (Ikonomovic et al., 1999).
Further supporting glutamatergic plasticity changes in AD hippocampus, several studies
reported that a selective subtype of AMPA glutamate receptor (GIuR2) is reduced in AD
entorhinal cortex and hippocampus and this downregulation precedes the formation of
neurofibrillary pathology (Ikonomovic et al., 1997). Adding to the complexity of
glutamatergic changes in AD is the observed reduction in glutamate concentration in AD
brain (Ellison et al., 1986; Sasaki et al., 1986; Hyman et al., 1987) that make no distinction
between neuronal and metabolic pools, limiting potential interpretations. A clinical
pathological study using specific immunological markers of glutamatergic neurons to assess
the structural involvement of the glutamatergic system within midfrontal cortex across
progressive stages of AD demonstrated a striking pathology-dependent pattern of
glutamatergic synaptic remodeling with disease progression (Bell et al., 2007). Subjects with
MCI displayed an elevation in glutamatergic presynaptic bouton density, reminiscent to that
reported in the hippocampal cholinergic system, which then depletes and is lost with disease
progression (DeKosky et al., 2002; Ikonomovic et al., 2003). This increased glutamatergic
presynaptic bouton density correlated with improved cognitive performance in the AD
group, but not for people with MCI, in which the increase in glutamatergic presynaptic
bouton density was paradoxically associated with decreased cognitive ability. The authors
suggest two possible explanations: either the upregulation indicates a type of compensatory
response intended to counter the effects of preexisting synaptotoxicity, or upregulated
terminals are indicative of an uncoordinated aberrant response not indicative of a well-
orchestrated synaptic plasticity. Although neither of these interpretations have been
supported experimentally, in light of the cholinergic hippocampal and frontal cortex
neuroplasticity data and their association with better cognitive performance, the former
seems more likely. Taken together, the cholinergic and glutamatergic findings showing an
upregulation of neurotransmitter systems lends support to the suggestion that the
hippocampal and cortical synapses are indeed more active during MCI than in AD (Goekoop
et al., 2006). To this end, the cortical glutamatergic system needs to be more fully
investigated in the hippocampus during the onset of AD particularly in the context of
therapeutics. In this regard, the use of memantine, an uncompetitive NMDA receptor
antagonist and a FDA-approved treatment for moderate to severe AD has been challenged
(Reisberg et al., 2006; Danysz and Parsons, 2012).

Neuroscience. Author manuscript; available in PMC 2016 September 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mufson et al.

Page 11

An unanswered question is why select cholinergic basal forebrain (CBF) neuron subfields
respond with a neuroplastic response and others do not in MCI. In this regard, the number of
medial septal/diagonal band cholinergic neurons, which are mainly hippocampal projecting,
is relatively spared compared to neurons in other CBF nuclei in AD (Mufson et al., 1989;
Vogels et al., 1990) in AD and this region does not lose volume in MCI compared to
controls (George et al., 2011; Kilimann et al., 2014). The lack of significant degenerative
changes in this region may explain its ability to sprout new cholinergic terminals into the
denervated hippocampus in response to entorhinal cortex disconnection. In a similar vein,
the upregulation of ChAT activity in the frontal cortex may be related to the observation that
anterior medial cholinergic neurons located within the substantia innominata, which
innervate the frontal cortex (Mesulam et al., 1983; Bierer et al., 1995), are less vulnerable to
neuronal degeneration relative to other cholinergic nucleus basalis subfields in AD (Mufson
et al., 1989). These CBF neurons are affected to a greater degree than the hippocampal-
projecting septal cholinergic neurons in AD (Mufson et al., 1989; Vogels et al., 1990).
Maintenance of the neuronal cholinergic phenotype may, at least in part, explain the ability
of these neurons to reinnervate the denervated hippocampus and account for the
upregulation of ChAT activity in this region early in the disease (DeKosky et al., 2002). The
ability to generate new cholinergic profiles is in contrast to that seen in the MCI frontal
cortex where despite an upregulation of ChAT activity there is no net increase in cholinergic
fibers and varicosities in MCI (Ikonomovic et al., 2007). These studies demonstrate that a
biochemical up-regulation of ChAT in MCI frontal cortex does not reflect regional structural
reorganization of cholinergic fibers. However, it likely activity compensates for the decrease
in cholinergic fiber/axon varicosities found in the AD frontal cortex. Together, these data
suggest that two different processes that result in similar chemoplastic responses drive the
upregulation of cholinergic activity seen in the MCI hippocampus and frontal cortex. In
either case the “drive” for cholinergic reinnervation is strong.

Hippocampal Plasticity and Neurotrophins in MCI and AD

The neurotrophin, Nerve Growth Factor (NGF) is a product of a single gene located on
chromosome 1, which codes for two transcripts that give rise to 27 kDa and 35 kDa
precursors (Francke et al., 1983; Edwards et al., 1988). NGF is responsible for basal
forebrain cholinergic neuron maintenance and survival (Hefti, 1986; Williams et al. 1986); it
is produced in the hippocampus and cortex and is retrogradely transported from these
regions to the cholinergic neurons within the basal forebrain (Johnson et al., 1987; Seiler
and Schwab, 1984). NGF is derived from a precursor protein, proNGF, and is cleaved into a
mature form of NGF (Lee et al., 2001). Western blotting revealed that proNGF, not mature
NGF, is the predominant form of NGF in the human brain (Fahnestock et al., 2001). NGF
binds to two receptors, the cognate NGF tyrosine kinase A (TrkA) receptor and a low
affinity p75 pan-neurotrophin receptor (p75NTR) (Ibanez et al., 2002; Chao, 2003; Kaplan
and Miller, 2000). NGF binding with TrkA signals downstream survival pathways by
activating Akt (Ulrich et al., 1998) while proNGF and p75NTR, together with its co-receptor
sortilin (NyKkjaer et al., 2004), then activates c-Jun N-terminal protein kinase (JNK)
pathways associated with apoptosis (Nykjaer et al., 2005). Since cholinergic basal forebrain
neurons located with the medial septal/diagonal band complex are preserved (Mufson 1989;
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Vogel et al., 1990) and sprout into the molecular layer of the hippocampus in MCI and AD
(Geddes et al., 1985; Hyman, 1987), changes in the up- and downstream NGF/proNGF
molecular cascade may influence cholinergic plasticity in the hippocampus following
perforant path disconnection (Mufson et al., 2012). Despite the ability of the hippocampus to
generate replacement of synaptic numbers it is still unclear that the appropriate connections
are made and whether the pathologically challenged CNS is able to incorporate an altered
circuitry to perform complicated behaviors such as memory and executive functions.
Research directed at understanding the effect of CNS plasticity is critical to our
understanding of the underlying resilience of the brain during human neurologic disease.
The plasticity of the proNGF signaling pathway is particularly important in light of reports
that biochemical levels of hippocampal NGF are preserved in MCI and early AD (Mufson et
al., 2003).

A recent biochemical study demonstrated that hippocampal proNGF levels increase only in
early AD (Mufson et al., 2012), which contrasts to the up-regulation of proNGF seen in both
MCI and early stage AD in parietal cortex samples (Peng et al., 2004) obtained from the
same set of cases. Western blot analysis revealed that hippocampal TrkA was reduced
significantly in MCI compared to NCI and AD. On the other hand, hippocampal p75NTR,
sortilin, and its neurotrophin receptor homolog-2 (NRH2) remained stable in the
hippocampus (Fig. 7). Interestingly, TrkA was not reduced in MCI cortex, but remained
stable in MCI and decreased in early AD (Counts et al., 2004). Hippocampal Akt decreased
from NCI to MCI to AD, whereas activated phospho-Akt and the phospho-Akt to Akt ratio
were elevated in AD compared to MCI and NCI. Although the precise biological actions of
the increase in phospho-Akt remains a challenging question, activated Akt may suppress
apoptosis by activating several different anti-apoptotic proteins, suppressing GSK3-
mediated apoptotic activities, or by blocking the function of the INK pathway (Song et al.,
2005) late in the disease process. Interestingly, in vivo findings also indicate that p75NTR
can also activate Akt via a phosphatidylinositol 3-kinase pathway to facilitate cell survival
(Roux and Barker 2002). This phospho-Akt upregulation may be yet another example of
hippocampal reorganization, mediating cell survival at a number of levels, depending upon
target availability and the requirement for transcriptional or post-transcriptional events to
suppress apoptosis within the hippocampus even during the onset of the early stage AD. The
role that Akt plays in hippocampal plasticity remains unknown and is an area of active
research. Although upstream proNGF receptor binding initiates downstream JNK apoptotic
signaling (Mufson et al., 2008), JNK remains stable during the onset of AD and phospho-
JNK and the ratio of phospho-JNK to JNK increased significantly in AD compared to NCI
and MCI (Mufson et al., 2012). The increase in phospho-JNK may reflect a chronic or
accumulative stress process that build during the disease. In the transition from MCI to AD,
hippocampal phospho-JNK activation occurs in the face of increased proNGF and phospho-
Akt and reduced TrkA, despite no change in amyloid levels (Mufson et al., 2012), which
suggests that increasing TrkA and phospho-Akt might offset a shift toward JINK-mediated
apoptotic signaling in the AD hippocampus (Fig. 7). Similar to proNGF, it was found that
higher hippocampal phospho-JNK levels correlated with lower cognitive test scores,
suggesting that pro-apoptotic signaling abnormalities ultimately override the putative
compensatory TrkA and AKT-mediated pro-survival cascades as the disease progresses.
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Hippocampal neurogenesis and plasticity

The ability of the CNS to undergo postnatal neurogenesis in the adult brain was once widely
assumed not to occur. However, Altman (1963) provided seminal evidence of adult
neurogenesis in the granule cells of the dentate gyrus of the hippocampus. Post-natal
neurogenesis is now known to occur in at least two brain locations, the subventricular zone
of the lateral ventricle (Lois and Alvarez-Buylla, 1993) and the hippocampal subgranular
zone (Altman et al., 1965). New neurons, as well as supporting glia, are derived from stem
cells residing in these two areas (Doetsch et al., 1999, Johanson et al., 1999). The
microenvironment of select hippocampal areas is critical for neurogenesis (Gage et al.,
1995). The functional consequence of adult hippocampal neurogenesis is under active
investigation. Reduced neurogenesis in the rodent hippocampus results in poorer
performance in the Morris water maze, indicating impairment of spatial memory (Rola et al.,
2004). On the other hand, neurogenesis reverses memory impairment by altering or
repairing dysfunctional neural circuitry (Dash et al., 2001; Akers et al., 2014; Zheng et al.,
2013). Hippocampal neurogenesis was increased in AD compared to age-matched
individuals (Jin et al., 2004). However, despite this increase in neurogenic markers, there is
a significant overall decrease in the number of neurons in the dentate gyrus in AD (West,
1993). There are a few possible explanations for this disconnect. The rate of cell loss may be
greater than the rate of formation, especially considering the reduction in neurogenesis with
age. Age is a major risk factor for the onset of the behavioral/clinical expression in AD (Gao
et al., 1998) and reduces the rate of neurogenesis (Kuhn et al., 1996). Thus, age most likely
is a rate-limiting factor in the activation of neurogenesis during the progression of AD. It is
also possible that the microenvironment of the AD brain limits either the survivability or
differentiation of the newborn neurons, especially in an environment of compromised
neurotrophism. The role that neurogenesis plays in the concept of “brain reserve”, which is
invoked to explain how people who have extensive brain AD pathology do not exhibit
cognitive impairment remains unknown.

Hippocampal Plasticity and AD lesions

It remains unknown whether NFT or SP pathology directly impacts cognitive reserve and
therefore the ability to maintain a plastic milieu for protection against dementia onset.
Binder and colleagues (Garcia-Sierra et al., 2003; Vana et al. 2011) demonstrated that NFT
evolution proceeds from a pretangle to frank tangle formation using site-specific tau
antibodies during the progression of AD. During the development of an NFT, the first
cellular component to display pretangle material are dendrites and not the perikarya
suggesting a protracted NFT developmental phase. Perhaps during this early phase a neuron
is still capable of participating in various forms of neural plasticity, including sprouting of
new terminals and producing neurotransmitter and neurotrophic receptors. However, it
remains to be determined whether appropriate structural and functional integration occurs
during neural reorganization within the diseased brain and whether this altered circuitry is
sufficiently integrated into the nervous system to perform complicated behavioral and
mnemonic tasks. Clinical pathological studies indicate that cholinergic sprouting into the
hippocampus occurs during the MCl/prodromal stage of AD when individuals fail to show
significant cognitive impairment (DeKosky et al., 2002) despite the presence of tangle
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pathology in both the hippocampal CAL sector and entorhinal layer 1I/111 hippocampal
projection neurons in MCI and in some aged individuals without cognitive impairment
(Mufson et al., 2011, Price et al., 1999, Nelson et al., 2013). These findings suggest that tau
dysregulation does not invariably lead to exacerbation of a neurodegenerative phenotype.
Perhaps there are tau subclasses that initiate tau loss-of-function or tau gain-of-function
mechanisms, which modulate pathogenesis by either exacerbating cellular dysfunction early
in the disease or by activating neuronal reorganizational processes, respectively. Thus, the
development of subclasses of tau-based therapeutics that specifically target neuroplasticity
should be considered as a novel treatment approach aimed at ameliorating or delaying the
onset of dementia. If effective, these approaches may prove beneficial for AD as well as
other tauopathies.

The role that the key biochemical component of the SP, fibrillar amyloid beta protein, the
cleaved product of ABPP processing, plays in brain plasticity is not well understood.
However, immunohistochemical investigations of synaptic change in AD revealed that the
number of SPs counted in both cortical lamina I11 and V was significantly greater than in the
non-demented controls. However, the number of SPs failed to demonstrate any significant
relationship to synaptic numbers in either lamina (Scheff et al., 1990; Scheff and Price,
1993, 2001). Recent data suggests that the amyloid toxic moiety is the oligomeric
component of A (Lacor et al. 2007), which damages synapses (Lacor et al., 2007) and
results in cognitive impairment (Lesne et al., 2006; Tu et al., 2014). Therefore, further
clinical pathological studies are required to determine the relationship between hippocampal
plasticity and the oligomeric forms of Ap as well as other components of proteolytically
processed APP, including the C-terminal fragment of APP and other metabolites.

Hippocampal Plasticity and Brain Reserve

Katzman et al., 1988, first introduced the concept of the brain reserve to explain
hippocampal structural and biochemical plasticity in the course of AD. Post-mortem
examinations in 137 elderly persons revealed a discrepancy between the degree of AD
neuropathology and the clinical manifestations at the time of death. Some subjects whose
brains had extensive AD pathology had no or very little clinical manifestations of the
disease (Katzman et al., 1988). Similar results have since been reported by a number of
other investigators (e.g., Mufson et al., 1999; Price et al. 2009, Markesbery et al., 2009;
Mufson et al., 2014; Schneider et al., 2009). The seminal paper by Katzman et al. (1988)
also reported that these persons had higher brain weights and greater number of neurons as
compared to age-matched controls, leading the authors to propose two possible explanations
for this phenomenon: these people may have had incipient AD but by some as-yet unknown
factor avoided the loss of large numbers of neurons, or alternatively, began with larger
brains and more neurons. This led to the concept of a greater brain “reserve”, which might
allow for synaptic remodeling as a compensatory mechanism to the early pathobiology of
the disease and in turn be able to maintain cognitive abilities in the prodromal stages of the
dementia (Mufson et al., 1999; Katzman et al., 1988; Snowdon et al., 1996; Mortimer et al.,
1988; DeKosky et al., 2002). It has been suggested that neuroplastic responses are lost as an
individual’s dementia progresses (Mesulam, 1999) leading to the consistent observation of a
reduction in neuronal viability (Gilmor et al., 1999) and activity in the hippocampus in late-

Neuroscience. Author manuscript; available in PMC 2016 September 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mufson et al.

Page 15

stage AD (DeKosky et al., 2002; Iknonomovic et al., 2003; Davis et al., 1999). An
additional phase of plasticity, not evoked until later in the disease, is the development of a
neuroplastic response by the inhibitory neuropeptide, galanin (GAL), a G-protein coupled
receptor that mediates neurotransmission in the basal forebrain, entorhinal cortex,
hippocampus and amygdala (Habert-Ortoli et al., 1994; Smith et al., 1998; Kolakowski et
al., 1998; Dutar et al., 1989, Fisone et al., 1987; Coumis et al., 2002; Hartonian et al., 2002;
Jhamandas et al., 2002; Mazarati et al., 2000; McDonald et al., 1998; Mufson et al., 2000)
and plays an important role in memory and attention (Crawley et al., 1996; Wrenn, 2001)
and neuroplasticity (Counts et al., 2003). Basal forebrain GAL immunoreactive fibers
hypertrophy and hyperinnervate remaining cholinergic neurons in the medial septal diagonal
band complex (Mufson et al., 1993) and nucleus basalis in AD (Bowser et al., 1997; Chan-
Palay et al., 1988) but not in MCI (Counts et al., 2006). Single cell gene expression studies
showed an upregulation of ChAT expression as well as stable levels of MRNAs encoding
select subclasses of protein phosphatase subunits (PP1a and PP1g) in GAL hyperinnervated
CBF neurons but downregulation in those not hyperinnervated by GAL in AD (Counts et al.,
2008; 2009; 2010). Reduced activity of PP1 and PP2A subunits is implicated in tau
hyperphosphorylation, which in turn precipitates NFT pathology and subsequent
cytoskeletal destabilization in vulnerable neurons (Mawal-Dewan et al., 2004: Yoshiyama et
al., 2013; Wang et al., 2015). Taken together, these observations suggest that GAL
remodeling may delay NFT pathology in those remaining non tangle-bearing cholinergic
neurons, which project to the hippocampus and cortex in AD (Chan Palay et al., 1988;
Mufson et al., 1993; Bowser et al. 1997).

By contrast, there are no reports of a similar GAL fiber plasticity response in the
hippocampus during the prodromal phase of AD. However, [12°1]h GAL binding
experiments using AD tissue have revealed a ~50-100% increase in of binding sites in the
hippocampus including the stratum radiatum, pyramidalis, and oriens in the CAL region, as
well as the stratum radiatum in CA3, and the hilus of the dentate gyrus and a ~10-30%
increase in the entorhinal cortex in AD (Rodriguez-Puertas et al., 1997). Another in vivo
autoradiographic investigation of GAL receptor binding sites revealed a ~3-fold increase in
layer 11 of entorhinal cortex in early compared to late stage AD, where binding levels were
increased only slightly over controls (Perez et al., 2002). Both basal forebrain GAL fiber and
hippocampal complex receptor plasticity occur on a background of extensive SP and NFT
pathology late in the disease process. Since GAL has been suggested to have
neuroprotective signaling properties (Wynick et al., 2002, Counts 2009) and prevent NFT
formation (Counts et al., 2003), GAL overexpression may be yet another example of a
plastic response aimed at maintaining remaining neural function but later in the disease
process of AD. The precise role that brain reserve plays in any plasticity response during the
onset of AD is still unknown.

Concluding Comments

The hippocampus displays multiple structural, neurochemical, molecular, and cellular
alterations during MCI that support its role as a hub for neuroplastic remodeling within the
medial temporal lobe. These actions may preserve function of this memory circuit in the
face of mounting pathology. Inter-individual differences in the ability of the hippocampus to
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undergo these compensatory changes may result in the heterogeneity of clinical pathologic
findings, supporting the concept of cognitive reserve, whereby certain individuals remain
cognitively intact despite the substantive accumulation of AD pathology, while others do
not. We suggest that hippocampal neuroplastic pathways provide compelling substrates for
therapeutic intervention, wherein mechanisms of brain reserve might be harnessed to modify
disease progression in MCI as a molecular switch to counteract or to suppress on select
pathogenic pathways that drive the disease.
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Figure 1.
(A) Photographs of Dr. Alzheimer and (B) his first patient, Augusta Deter. C. Image of the

original postmortem histological slides showing silver impregnated neuritic plaques (D) and
a neurofibrillary tangle (E) in the brain of Augusta Deter.
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Figure 2.
Graphic representation of the putative prolonged trajectory of Alzheimer’s disease cognitive

decline throughout Adulthood. Modified from Swerdlow, Neurobiology of Aging, 2007.
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Fig. 3.
Photomicrograph of the hippocampal complex immunostained using an antibody against

parvalbumin (gold color) and reacted with diaminobenzidine showing the hippocampus,
Cornu Ammonis subfields CA1 and CA3, dentate gurus (DG) subiculum (SUB), entorhinal
cortex (Brodmann area 28), transentorhinal cortex (area 35), fimbria of the fornix (ff),
perfronat pathway (pp), parahippocampal gyrus (Brodmann area 27), presubiculum (area 49)
and Schaffer collaterals (SC).
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Figure 4.
A. Estimates of total number of synapses in stratum radiatum subregion of the hippocampal

CAL across clinical diagnostic groups. ANOVA showed a difference between group means
and post-hoc analyses showed a significant reduction in the mild AD (mAD) compared to
the no cognitive impairment (NCI) and (B) mild cognitive impairment MCI groups. Post-
hoc analysis showed no difference in total synaptic number between the NCI and MCI
groups, although the overall group mean was 18% lower in the MCI group. B. Total volume
of CA1 stratum radiatum was estimated with the Cavlieri method directly from tissue
sections. Individual points represent individual subjects’ scores for each group. Horizontal
line indicates group mean. *p< 0.05; **p< 0.01.
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Figure 5.
Golgi impregnated hippocampal CA1 pyramidal neurons analyzed for dendritic branching of

the basilar tree from cases with a clinical diagnosis of (A) no cognitive impairment, (B) mild
cognitive impairment and (C) Alzheimer’s disease. (D) Scholl analysis of the amount,
distribution and complexity of the arbor showed a significant increase in these parameters
(length, + 18%; complexity, +23%) in MCI CA1 neurons compared to NCI. Conversely,
there was a significant reduction in branch length (—39%) and arbor complexity (—25%) in
the progression from MCI to AD.
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Figure 6.
(A) Choline acetyltransferase (ChAT) activity increased in the hippocampus in MCI and

returned to control levels in mild AD. (Band C) Schematic drawings of coronal section of
the hippocampus illustrating the loss of innervation to the hippocampus arising from the
glutamatergic layer Il entorhinal cortex neurons (red) triggering a cholinergic plasticity
response (blue) which likely originates from the septal cholinergic projection neurons into
the denervated glutamatergic sites in the hippocampus in MCI. Abbreviations: AD:
Alzheimer’s disease; CAl, CA2, CA3, CA4- Cornu Ammonis hippocampal subfields; CS-
collateral sulcus, DG- dentate gyrus, Ent- entorhinal cortex; f- fornix, gl- granular cell layer
of the hippocampus, ml- molecular layer of the hippocampus; NCI- no cognitive
impairment, MCI-mild cognitive impairment, pp-perforant pathway, TEC- transentorhinal
cortex, Sub-subiculum
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Figure 7.
Schematic drawings illustrating changes in the levels of proNGF up- and down stream

pathways within the hippocampus during the progression from (A) no cognitive impairment
(NCI) to (B) mild cognitive impairment (MCI) to (C) Alzheimer’s disease (AD). Note a
down regulation of TrkA (blue arrow) levels in MCI. By contrast, there is an upregulation of
TrkA (blue arrow) and proNGF (light brown arrow) in AD. Downstream Akt (dark pink
arrow), phopho-Akt (green arrow) increases while JNK is reduced (light blue arrow) and
phosphor-JNK (pink arrow) levels increase only in AD. Note that p75NTR, sortilin and
neurotrophin receptor homolog-2 (NRH2) remains stable during the progression of AD.
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