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Summary

Structural changes of neurons in the brain during aging are complex and not well understood. Neurons
have significant homeostatic control of essential brain functions, including synaptic excitability, gene
expression, and metabolic regulation. Any deviations from the norm can have severe consequences
as seen inaging and injury. In this review, we present some of the structural adaptations that neurons
undergo throughout normal and pathological aging and discuss their effects on electrophysiological
properties and cognition. During aging, it is evident that neurons undergo morphological changes
such as a reduction in the complexity of dendrite arborization and dendritic length. Spine numbers
are also decreased, and because spines are the major sites for excitatory synapses, changes in their
numbers could reflect a change in synaptic densities. This idea has been supported by studies that
demonstrate a decrease in the overall frequency of spontaneous glutamate receptor-mediated
excitatory responses, as well as a decrease in the levels of a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid and N-methyl-o-aspartate receptor expression. Other properties such as y-
aminobutyric acid A receptor-mediated inhibitory responses and action potential firing rates are both
significantly increased with age. These findings suggest that age-related neuronal dysfunction, which
must underlie observed decline in cognitive function, probably involves a host of other subtle changes
within the cortex that could include alterations in receptors, loss of dendrites, and spines and myelin
dystrophy, as well as the alterations in synaptic transmission. Together these multiple alterations in
the brain may constitute the substrate for age-related loss of cognitive function.
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Introduction

Brain complexity is reflected in the intricacy of its structural makeup. The brain, however
small, is not structurally simple. Cortical microcircuits have the ability to reorganize
functionally in response to a variety of cues, both intrinsic and extrinsic. Although it is
established that there is no overt loss of neurons during normal aging, other, more subtle,
changes occur in individual neurons. These include shrinkage in soma size, loss or regression
of dendrites and dendritic spines, alterations in neurotransmitter receptors, and changes in
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electrophysiological properties (Nakamura et al., 1985; Barnes, 1994; Jacobs et al., 2001; Hof
et al., 2002; Duan et al., 2003; Chang et al., 2005). Whereas such morphological alterations
have been well documented, little is known about the possible mechanisms underlying such
changes. Dendrites, the primary substrate for neuronal information processing, are profusely
branched and varied. The integrative characteristics of dendrites are determined by several
factors, including their morphology, the spatiotemporal patterning of synaptic inputs, and the
balance of inhibition and excitation. Thus, dendrites play a vital role in the functional properties
of neuronal circuits and any structural changes can have profound and detrimental effects.

Morphological alterations during aging

Neuronal dendrites are instrumental in the formation and maintenance of neural networks, the
regulation of synaptic plasticity and the integration of electrical inputs. Therefore, it is not
surprising that there are many refined molecular cascades that are involved in the control of
dendritic development and growth (Nguyen et al., 2004). In the cortex, the extent of a neuron’s
dendritic arborization is an important determinant of the cell’s synaptic properties and affects
how incoming information is integrated and processed. Dendritic shape and branching patterns
vary among both neuronal classes and individual cells in each class (Samsonovich & Ascoli,
2006). Dendritic spines are specialized membrane compartments that protrude from the
dendritic shaft of a neuron. Spines typically have a volume ranging from less than 0.01-0.8
um?3 and an average length of 0.5-2 um (reviewed in Harris & Kater, 1994; Harris, 1999) and
contain excitatory synapses. The linear density of spines on a mature neuron ranges between
1 and 10 spines per micrometer of dendritic length; however, spine density is not homogeneous
throughout the dendritic tree, but increases at each order (Sorra & Harris, 2000). There is also
a variation across cortical areas. Spine densities on basal dendrites in the prefrontal pole and
orbitofrontal cortex are generally higher than in neurons of the primary visual and
somatosensory cortices (Elston, 2000; Jacobs et al., 2001). It is estimated that the human brain
contains more than 1013 dendritic spines (Nimchinsky et al., 2002).

Dendrite and dendritic spine changes during aging

It is known that cognitive abilities are impaired during normal aging. Once hypothesized to
result from neuronal loss, cognitive decline is now known to be accompanied by subtle changes
in neuronal morphology (Morrison & Hof, 2002). Many stereological studies have
demonstrated minimal neuronal loss in cortical and hippocampal regions during normal aging
(West et al., 1994, 2004; Morrison & Hof, 1997, 2002) suggesting that the age-related
impairments that occur during normal aging and Alzheimer’s disease (AD) are due to distinct
pathological processes. In the absence of neuronal degeneration, irregularities in dendritic
arborization and in spine length or volume, distribution, number, or morphology can have
detrimental effects. Many studies have demonstrated age-related regression in the dendritic
arbors and the dendritic spines of pyramidal neurons located in the prefrontal, superior temporal
and precentral cortices in humans (Scheibel et al., 1975; Nakamura et al., 1985; de Brabander
et al., 1998) and in nonhuman primates (Peters et al., 1998). Dendritic shrinkage and spine
loss have also been reported in aged dogs (Mervis, 1978). An early study by Cupp & Uemura
(1980) examined Golgi-stained sections from the prefrontal region of young and old rhesus
monkeys and concluded that entire branches or segments were lost from apical dendrites with
aging. In addition, there was an approximate 25% loss of spines in that region in old animals
(Cupp & Uemura, 1980; Uemura, 1980). Similar results have been obtained by Nakamura et
al. (1985) who report a decline in the number of dendrites of pyramidal cells with age in the
motor cortex. Results consistent with these have been demonstrated by many groups. Electron
microscopic examination of areas 46 (Peters et al., 1998) and 17 (Peters et al., 2001) in rhesus
monkeys showed a loss of branches from apical tufts of pyramidal cells accompanied by a loss
of spines and a 40-55% reduction in the number of synapses. In a study by de Brabander et
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al. (1998), analysis of basal dendritic branching patterns of pyramidal cells in the human
prefrontal cortex revealed a decrease in total dendritic length, total number of dendritic
segments, and terminal dendritic length with age. Further analysis of total dendritic length,
mean segment length, segment number, spine number, and spine density of pyramidal cells
from areas 10 and 18 of human cortex found a 9-11% decrease in total dendritic length and a
50% decrease in spine density (Jacobs et al., 1997, 2001).

More recent investigations in nonhuman primates have also examined the state of neurons
during aging. Retrograde tract tracing of cortical pyramidal neurons filled with the dye lucifer
yellow revealed age-related changes in the complexity of the apical dendrites in old compared
to young monkeys. A minor difference in the length of dendritic segments in old animals was
observed; however, this outcome was not statistically significant. There was significant loss
of dendritic spines along all levels of dendrites analyzed. The total number of spines decreased
by 28-37% in the basal and apical dendrites of aged animals compared to young animals, while
spine densities per micrometer of dendrite decreased by approximately 23% (Page et al.,
2002). Duan et al. (2003) extended these findings and found regressive dendritic changes in
apical dendrites in aged macaque monkeys compared to young animals. Sholl analysis of apical
dendritic arbors revealed a reduction in the number of dendrites extending to 140 pm and 180
um from the neuronal somata. Furthermore, significant age-related decreases in dendritic
length and segment numbers were observed at the second branch order for apical dendrites.
There was also an age-related decrease in spine number and density in both apical and basal
arbors. Spine loss on apical dendrites was estimated at approximately 43% and occurred mainly
on proximal dendrites, whereas basal dendritic loss was estimated at 27% and occurred
primarily on distal branches. Overall, there was a 25% reduction in both apical and basal
dendrites in aged animals compared to controls (Fig. 1) (Duan et al., 2003). Senescence-
accelerated mice, which are established models of aging (Takedaetal., 1991), display a gradual
retraction of apical dendrites with relative preservation of overall complexity (Shimada et
al., 2006). There was a 45% decrease in total apical dendrite length and a decline in stem
thickness. Furthermore, there was a 55% total reduction in spine density and synaptic loss in
aged animals compared to young ones (Shimada et al., 2003, 2006). In contrast, no age-related
changes were observed in basal dendrites. Immunohistochemical analysis of microtubule-
associated protein 2, a dendritic marker, revealed a reduction in the immunoreactivity of
microtubule-associated protein 2 in the anterior and posterior cortex of aged senescence-
accelerated mouse prone 10 mice indicating that dendritic retraction was not limited to layers
2/3 pyramidal cells, but rather affects other layers as well (Shimada et al., 2006). The
remarkable morphological alterations and loss of dendritic spines in cortical pyramidal cells,
as evidenced by many detailed studies, may underlie the first signs of cognitive decline in
learning and memory performance seen in normal aging.

Neurochemical changes

There is a strong link between dendritic changes and the post-synaptic effects of
neurotransmitters. Neuronal alterations that occur during aging have a profound effect on the
distribution of neurofilament proteins and impact important parameters of the cholinergic,
serotonergic, dopaminergic, and glutamatergic systems. Changes to these systems render
neurons vulnerable to impaired transmission. The resulting inability of neurons to function
effectively leads to disruptions in corticocortical signaling pathways, such as those connecting
the superior temporal cortex and the prefrontal cortex (Vickers et al., 1994; Gazzaley et al.,
1996; Morrison & Hof, 1997; Hof et al., 2002). Several studies have demonstrated an age-
related shift in the expression of neurofilament protein (Hof et al., 1990; Vickers et al., 1993,
1994). The increase of neurofilament protein in neurons is thought to make these neurons more
prone to the formation of neurofibrillary tangles (NFT), a pathological hallmark of AD, and
ultimately leads to neuro-degeneration and dementia. The expression and distribution of
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neurotransmitter receptors are also affected during aging. In particular, it has been shown that
the number of neurons expressing certain ionotropic glutamate receptors (Glu R) and N-methyl-
p-aspartate receptor (NMDA R) subunits is significantly reduced during aging (Gazzaley et
al., 1996; Mishizen et al., 2001; Hof et al., 2002). Quantitative analysis of the distributions of
GluR2 and NMDA R1 in long and short corticocortical connections in young and old macaque
and patas monkeys revealed a down-regulation of the expression of both receptors with aging.
Glu R2 expression was decreased to a greater extent in the prefrontal cortex compared to other
areas, such as the temporal cortex, whereas significant reductions in NMDA R1 occurred
primarily in the long cortico-cortical projections from the superior temporal cortex (Hof et
al., 2002).

Electrophysiological changes during aging

Age-related alterations in synaptic transmission in the primate prefrontal cortex

The structural changes that occur in neurons with age are likely to impact the
electrophysiological properties of neurons. Indeed, Luebke et al. (2004) have demonstrated a
significant decrease in excitatory synaptic transmission in the monkey prefrontal cortex,
manifested as a significantly reduced frequency of spontaneous excitatory post-synaptic
currents (PSC), which represent the post synaptic cells’ response to both action potential-
dependent and action potential-independent release of glutamate from pre synaptic nerve
terminals (Fig. 2). Perhaps, the most plausible mechanism by which the frequency of
spontaneous excitatory PSCs is significantly reduced is through a reduction of post-synaptic
substrate. Such a reduction has been demonstrated by studies (described above) that have
shown both a decrease in dendritic spines, the major post synaptic substrate for glutamatergic
inputs (Jacobs et al., 1997; Page et al., 2002; Duan et al., 2003) and a decrease in glutamate
receptors (Hof et al., 2002) in the primate neocortex with age. A second potential mechanism
is an age-related decrease in the frequency of action potential firing in pre-synaptic
glutamatergic neurons of the prefrontal cortex resulting in decreased glutamate release and
hence decreased synaptic response frequency. This explanation is made less compelling by
data that demonstrate no change in resting membrane potential and an increase in action
potential firing rates in layer 2/3 neurons of the aged monkey prefrontal cortex (Chang et al.,
2005). Nevertheless, a significant decrease in excitability and release of glutamate from
neurons located in other layers or brain areas and forming synapses on layer 2/3 pyramidal
cells cannot be ruled out.

While the overall level of excitatory input to pyramidal cells in the primate prefrontal cortex
(PFC) is reduced with age, several lines of evidence indicate that the post-synaptic non-NMDA
glutamate receptors, although reported to be present in lower numbers (Hof et al., 2002), may
be functionally intact. This is indicated by observations that the amplitude distribution of
miniature excitatory PSCs did not differ in cells from the two age groups (Luebke et al.,
2004). In addition, the kinetics of the post synaptic currents reflect the distribution or
composition of receptor subunits and significant alterations in the subunits might be expected
to result in alterations in the kinetics of PSCs (Geiger et al., 1995; Angulo et al., 1997; Swanson
etal., 1997). The finding that the rise and decay times of the currents did not differ also suggests
that glutamatergic non-NMDA receptors are not significantly functionally altered in layer 2/3
pyramidal cells of the primate with age (Luebke et al., 2004).

In contrast to the findings on excitatory transmission, investigations in aged monkey prefrontal
cortex revealed a significant increase in the level of inhibitory synaptic input to layer 2/3
pyramidal cells, which was manifested as a significant increase in the frequency of spontaneous
inhibitory PSCs (Luebke et al., 2004). Perhaps, the most straightforward explanation for the
increase in spontaneous inhibitory PSC frequency is an increase in the action potential-
dependent release of y-aminobutyric acid (GABA) from pre synaptic interneurons. Future
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studies of GABAergic interneurons are required to determine whether this is a plausible
explanation for the finding of increased inhibition of layer 2/3 pyramidal cells. The amplitude
and kinetics of inhibitory miniature PSCs did not differ in cells from the two age groups,
indicating that GABA receptor function per se is not likely significantly altered with age in
layer 2/3 pyramidal cells of the monkey prefrontal cortex.

Action potential rates are increased with age

Single and multiple unit recordings of pyramidal cells in the prefrontal cortex of awake,
behaving monkeys have shown that these cells dramatically increase (or decrease) firing
frequencies during different epochs of a working memory task. Because the sustained firing
pattern of prefrontal neurons represents a precise encoding of information during the execution
of memory tasks, age-related alterations in these firing patterns could plausibly result in
perturbed cognitive performance. Leventhal and co-workers have demonstrated that visual
cortical neurons in the anesthetized aged monkey exhibit significantly increased spontaneous
action potential (AP) firing rates in vivo, that are associated with degradation of stimulus
selectivity (Schmolesky et al., 2000; Leventhal et al., 2003). Recently, Chang et al. (2005)
have demonstrated a significant increase in AP firing rates in layers 2/3 prefrontal cortical
pyramidal cells in aged compared to young monkeys. Interestingly, in the aged group of
animals, firing rate correlated with performance on working memory tasks in a U-shaped
manner, with monkeys exhibiting very low and very high firing rates performing poorly and
those exhibiting intermediate firing rates (which were significantly higher than seen in young
subjects) performing well. These findings are consistent with the idea that the optimal firing
rate in aged monkeys is shifted to higher frequencies. Such a shift may plausibly be a
compensatory response to increased AP conduction failure (Rosene et al., 2003) secondary to
the extensive myelin dystrophy seen in the primate prefrontal cortex with aging (reviewed in
Peters, 2002). Thus, in the aged prefrontal cortex, higher rates of firing may be required to
maintain functions encoded by lower rates in the young prefrontal cortex.

Quantitative measures of spatial complexity in aging

The spatial complexity of branching patterns in neuronal dendritic arbors has traditionally been
measured in two dimensions, using Sholl analysis (Sholl, 1953). Estimates of spatial
complexity have also been derived from fractal analysis, both in two dimensions (Smith et
al., 1989; Jelinek & Elston, 2001) and in three dimensions (Caserta et al., 1995; Henry et al.,
2002). Rather than being a local property of individual branches, in these studies ’complexity’
was quantified by a power law scaling exponent that described the global rate of increase or
decrease of branch numbers with distance from the soma, over a large region of the tree. Recent
theoretical work has extended these scaling analyses by separately measuring the contributions
of branching and tapering to the three-dimensional dendritic mass distribution, and relating
these measures to the electrotonic structure of the neuron (Rothnie et al., 2006). How dendritic
mass is distributed with respect to any particular point on the tree is the major factor in
determining electrotonic structure, and hence electrical function in neurons (Rall, 1959,
1964; Clements & Redman, 1989; Zador et al., 1995).

A recent theoretical study by Rothnie et al. (2006) measured spatial complexity in the dendritic
trees of two distinct types of layers 2/3 neocortical pyramidal neurons from rhesus monkeys:
long corticocortical projection neurons from superior temporal cortex to prefrontal area 46,
and local projection neurons that contribute to local circuits within area 46. Global spatial
complexity was quantified by three power law scaling exponents describing rates of change of
dendritic mass (dp), branching (dy) and branch diameter, or taper (dt), with distance from the
soma. Two distinct scaling subregions within which scaling behavior was constant, and could
be described by a single value of dy, dy, or dt were found in both apical and basal trees. These
scaling regions were robust, being present in both long and local projection neurons, and
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exhibited a remarkable homeostatic pattern of mass distribution such that branching and
tapering rates were inversely related in a fine balance that maintained a constant spatial gradient
of slowly decreasing mass with distance from the soma, over most of the tree. In proximal
scaling regions (Region I, Fig. 3), where the branching rate (dy) was high, tapering (dt) was
also high, effectively canceling out any mass increase due to branching. In medial regions
(Region 11, Fig. 3) where the branching rate was close to 0, tapering was also close to 0,
maintaining the same uniform mass distribution across both scaling regions of the tree. This
pattern was interpreted as a form of global mass homeostasis in which the conserved quantity
was the spatial gradient of dendritic mass with distance from the soma (Rothnie et al., 2006).

The effect of aging on this homeostatic pattern of mass distribution was examined in a recent
morphometric study of young and aged layer 2/3 long and local projection neurons (Kabaso
et al., 2003, 2004, 2006). Despite significant age-related changes in specific indices of
branching and tapering, these changes remained compensatory, such that the existences of two
scaling regions, and the spatial gradient of mass distribution across them, were unchanged with
age in either long or local projection neurons. In local projection neurons, aging did not alter
specific indices of mass distribution (dys), branching (dy), or tapering (dt) rates in either
proximal or medial scaling regions. Scaling exponents in long projection neurons, in contrast,
were significantly altered with age. In apical trees, the mass scaling exponent dy; was
significantly larger in the proximal scaling region and tended to be larger in the medial region,
indicating a consistently faster rate of mass accumulation with distance from the soma. Separate
analysis of branching and tapering rates showed that this altered mass distribution was due not
to increase branching rates, but to reduced tapering across both regions. In basal trees, scaling
exponents were unchanged with age in the proximal region, but the branching exponent, dy;,
was significantly lower with age in the medial region, reflecting a significantly faster rate of
branch die-off with age. The combined effects of these changes to dendritic diameters and
lengths can alter the passive electrotonic structure of aged neurons sufficiently that, unless
compensated by changes in densities of active conductances and synaptic input, the baseline
excitability of these neurons will be altered with age (Kabaso, 2004, 2006; Chang et al.,
2005). Interestingly, the more rapid branch die-off in the medial regions of basal trees with age
tended to be compensated by a positive taper, or slight *flaring” of individual branches in the
aged neurons, such that the mass distribution again remained relatively uniform across
proximal and medial scaling regions. An analogous form of mass homeostasis in which the
conserved quantity was total dendritic size, was reportedly recently by Samsonovich and Ascoli
in a morphometric meta-analysis of cortical pyramidal neurons (Samsonovich & Ascoli,
2006). These authors demonstrated that fluctuations in dendritic size in one portion of a neuron
are systematically counterbalanced by the remaining dendrites in the same cell, in a pattern of
mass homeostasis that was robust among different brain regions, cell types, and experimental
conditions. Maintenance of a form of homeostasis related to spatial gradients of mass with age,
despite changes in overall dendritic size and branching patterns, might reflect an intrinsic
cellular control mechanism that is conserved with aging.

Alzheimer’s disease and dendritic complexity

Alzheimer’s disease (AD) is a progressive neurodegenerative disease of the central nervous
system and is present in approximately 80% of all dementia cases in the elderly (Terry,
2006). Pathologically, AD selectively damages brain regions and neural circuits and is
distinguished by the presence of dystrophic neurites, amyloid beta (Ap) plaques and NFTs.
Recent stereologic studies have shown that neuronal death is limited in normal aging, whereas
in AD, there is considerable neuronal loss. The neuronal degeneration observed in AD is
reflected by significant neuron and synapse loss in specific brain regions (West et al., 1994,
2004; Morrison & Hof, 1997, 2002; Price et al., 2001; Hof et al., 2003; Hof & Morrison,
2004). The circuits that are most vulnerable to degeneration are the perforant path, which
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connects the entorhinal cortex with the hippocampus, and the long cortico-cortical projections
that link association cortices such as inferior temporal cortex and prefrontal cortex (Morrison
& Hof, 2002). During normal aging, plagues can be found in the neocortical, hippocampal,
and entorhinal regions of cognitively normal elderly people. In addition, NFTs, although rare
in the aging brain, are commonly found in the medial temporal areas after 50 years of age. The
presence of these few plaques and NFTs does not seem to have a significant effect on cognition
(Price et al., 1991; Arriagada et al., 1992; Kazee & Johnson, 1998; Goldman et al., 2001). In
AD, however, the robust number of plagues and NFTs has significant detrimental effects on
neuronal morphology and synapses. Unlike in normal aging when neurons become smaller,
neuronal loss is extensive in the neocortical and entorhinal regions of the AD brain, reaching
roughly 30% (Terry et al., 1981). This loss is accompanied by an approximate 45% decline in
neocortical synapses (Terry et al., 1991). Neuronal loss in the hippocampus is also evident,
with an average cell loss of 68% in the CA1 region of AD patients compared to aged—matched
controls (West et al., 1994). Studies from our laboratory have demonstrated that neurons in
AD undergo morphological alterations. Data from three control and three demented cases, with
clinical dementia rating (CDR) scores of 0 and 3, respectively, showed a large reduction in
spine density with only minor changes in spine length and volume. Electron microscopy studies
investigating synaptic loss and its relation to the stage of AD found that there was significant
synaptic loss in the brains of patients with early onset AD compared to mild cognitively
impaired and nondemented individuals. The loss of synapses also correlated with the Mini-
mental state score and other cognitive tests. While there was a reduction in synapse numbers
in mild cognitively impaired subjects than in nondemented subjects, it was not significant
(Scheff et al., 2006). Other groups have corroborated these data and found a significant
reduction in spine density as well as a decrease in overall dendritic area in AD patients when
compared to age-matched controls (Ferrer et al., 1990; Einstein et al., 1994; Moolman et al.,
2004). Knowles et al. (1999) examined the effect of amyloid plagues on neuronal processes in
humans by measuring mean curvature, length, and width distribution of dendritic projections.
After examining over 5000 dendrites from ten AD cases and five controls, it was found that
dendrites were extremely dysmorphic in AD, with an increased curvature and curvilinear
length. This was true for dendrites that traversed plagues as well as those that were in close
proximity to plaques (Knowles et al., 1999).

It has been suggested that the amyloid precursor protein (APP) and APP cleavage products
play a crucial role in neuro-protection, interneuronal connections, and synaptic plasticity
(Seabrook et al., 1999) and appear to be located in neuronal structures, including synaptic
compartments (Schubert et al., 1991; Shigematsu et al., 1992). In AD, the accumulation of
AB, in particular the oligomeric forms of Ap, mediate neurotoxic effects including interrupting
synaptic transmission, synaptic plasticity, and disrupting neuronal connectivity (Wang et al.
2002; Raymond et al., 2003). Alterations in neuronal morphology and trajectory may cause
disruption in neuronal signaling and function and are thought to ultimately contribute to the
neuronal loss observed in AD (Knowles et al., 1999). Many studies using transgenic mice
containing varying forms of the mutant human APP have investigated the morphological
effects of Ap on neurons. While many of these transgenic mice do not exhibit neuronal loss,
a few of them (APP23 and APP’51/pS-1M146L) exhibit significant age-related neuronal loss in
brain regions containing Ap aggregates (Calhoun et al., 1998; Schmitz et al., 2004). Moreover,
neuronal loss was evident in regions that were distant from plaques suggesting a putative role
for intracellular Ap or soluble AB in neurodegeneration (Schmitz et al., 2004). This
phenomenon of neuronal degeneration in the absence of AB plaques has also been observed in
the presenilin-1 mutant mice, PS1-286V and PS1H163R where accelerated neuronal loss was
demonstrated in the frontal cortex and hippocampus. Interestingly, these animals showed signs
of intracellular AB in the aforementioned brain regions (Chui et al., 1999). In the context of
extracellular Ap aggregates, neurons that are in close proximity to (10-20 pum) or passing
through AP plaques undergo spine loss and shaft atrophy and develop axonal varicosities (Le
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et al., 2001; Tsai et al., 2004). There is also increased curvature of dendritic processes, a
decrease in dendritic density and abruptly terminated dendrite endings. Segments farther than
20 um from AP plaques appeared unaffected (Knowles et al., 1998, 1999; Tsai et al., 2004).
In APP/PS1 and J20 mice, swollen bulbous, dystrophic neurites were seen along with a 36%
reduction in the number of spines (Moolman et al., 2004). Other studies in Tg2576, PDAPP,
PDGF-APP, and APPV717F mice also demonstrated a reduction in spine density in neurons in
the CA1 region and dentate gyrus of the hippocampus and in the somatosensory cortex (Games
et al., 1995; Hsia et al., 1999; Mucke & Masliah, 2000; Lanz et al., 2003; Wu et al., 2004;
Jacobsen et al., 2006). Interestingly, while changes in spine density occurred in the presence
of AP aggregates, in some cases, the reduction in spine density was independent of the presence
of fibrillar Ap plagues and increased with age and the incidence of pathology. A more extensive
study by Rutten et al. (2005) in APP751/PS-1M146L mice supported previous studies indicating
a reduction in synaptic boutons. They also reported that transgenic animals had larger pre-
synaptic boutons while in close proximity to Ap plaques as well as a decrease in volume
compared to wild-type controls (Rutten et al., 2005).

A recent study, Alpar et al. (2006a) examined more global morphological changes in the
Tg2576 mouse model. Pyramidal cells in layers 2/3 of the primary somatosensory cortex were
analyzed in three dimensions. No changes were observed in basal dendritic arbors; however,
many unambiguous changes were found in the apical dendrites. Total length, surface area, and
volume of basal dendrites were the same between Tg2576 mice and controls. There were also
no variations in the branching patterns of basal dendrites and no change in the number of
dendritic endings or in dendritic density. In contrast, apical arbors were shorter in length and
less branched than controls and exhibited an increase in diameter in the proximal dendritic
segments and a reduction in the distal; however, the total surface area and total volume did not
change significantly. Spine density was reduced in both apical and basal arbors along the entire
course of the dendrite (Alpar et al., 2006a). It is unclear if the actions of mutated human APP
(hAPP) or the elevated A levels contribute to the morphological aberrations observed. Studies
in APP null mice showed a reduction in dendritic length and branching (Perez et al., 1997;
Seabrook et al., 1999). Studies in mice expressing nonmutated hAPP (Lamb et al., 1993) found
no overall difference in dendritic length. However, there was a significant increase in the total
surface area and volume of basal dendrites in transgenic mice compared to controls (Alpar et
al., 2006b). Whereas there was a shortening of third and fourth order branching, the average
diameter of second, third, and fourth order segments was larger in hAPP mice than controls.

The mechanism of tau-mediated neuronal death in AD remains elusive. The abnormal
phosphorylation of tau is considered one of the earliest signs of neuronal degeneration and
precedes NFT formation and plaque aggregation. Few studies have investigated the effect of
NFTs and tau on dendrites and dendritic spines. In a recent report where organotypic
hippocampal slice cultures infected with Sindbis virus containing an EGFP-tau construct were
assessed, it was found that while there was a loss of individual neurons over time, spine density
and spine morphology were essentially the same as controls (Shahani et al., 2006). Preliminary
studies in our laboratory have examined the effect of tau in a transgenic mouse model that
expresses all six isoforms of human tau, but not mutant tau (Andorfer et al., 2003). These mice
exhibit tau pathology in neurons of the neocortex and hippocampus in patterns similar to that
occurring in NFTs of human brain and exhibited overt neuronal loss (Andorfer et al., 2003,
2005). Examination of dendritic arbors demonstrated a reduction in the total number of spines
(~35%), as well as a decrease in spine density that became more severe with age. In humans,
it has been demonstrated that dendrites that are immunopositive for Alz50, an antibody that
recognizes NFTs and neuropil threads, are highly altered, with less than 5% of these dendrites
being straight (Knowles et al., 1999). Le et al. (2001) found that there was a significant
disruption in neuronal microarchitecture in cells that were positive for phosphorylated tau, and
reported similar findings of an increase in the curvature of the dendrite, as well as an increase
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in length. Taken together, the changes that neuronal projections undergo in AD may account
for the cognitive decline observed. Exposure to APP or proteolytic cleavage products and
hyperphosphorylation of tau causes distinct remodeling of pyramidal neurons, which may
severely impact synapse propagation ultimately resulting in neuronal death.

Concluding comments

Over the past several years, it has become evident that the anatomical and functional
organization of the human brain is dynamic and changes in response to many stimuli. In
humans, age-related synapse loss, neuronal loss, and cognitive decline, are commonly seen in
neurodegenerative disorders such as AD. However, age-associated cognitive impairment
without neuronal loss has also been reported in many species and is likely mediated by dendritic
and synaptic alterations. Otherwise, intact circuits in the brain are vulnerable in normal aging
asaresult of ultrastructural morphologic modifications in dendrites and reduced spine densities
and are reflected in compromised synaptic communication. Thus, unlike AD where cognitive
decline can be attributed to neuronal loss, age-related cognitive deficits appear to evolve from
cellular changes that lead to the disruption of cortical connections. Although many studies have
begun to elucidate the mechanistic relationships between synaptic integrity and age-associated
cognitive impairment, there is still much that remains unknown. Understanding these
mechanisms will help determine when and how dendritic changes contribute to the brain’s
capacity for memory, perception, and action, and will aid in the development of new therapeutic
avenues to prevent or cure cognitive impairment.
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Fig. 1. Spine densities on neocortical pyramidal neurons from young and aged rhesus monkeys
Panels A and B show confocal laser scanning images of apical dendritic segments in a young
(A) and aged (B) rhesus monkey (scale bar = 8 um). Note the increased spine density in the
young monkey compared to the old monkey. Panels C and D show examples of a retrogradely
traced neuron, filled with Lucifer Yellow, and reconstructed in 3-dimensions using NeuroZoom
and NeuroGL software applications. The neuron in (C) is from a young animal and the neuron
in (D) is from an aged animal. The arrow points to the dendritic segments analyzed in A and
B. (Adapted from Duan et al., 2003).
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Fig. 2. Decreased frequency of excitatory and increased frequency of inhibitory PSCs in layers 2/3

pyramidal cells from aged monkeys

(A) Representative traces of spontaneous excitatory PSCs obtained from cells from young (left)
and aged (right) monkeys. (B) Representative traces of spontaneous inhibitory PSCs obtained
from cells from young (left) and aged (right) monkeys. (C) Bar graphs showing the mean
spontaneous EPSC frequency and amplitude values for young vs aged pyramidal cells. (D) Bar
graphs showing the mean spontaneous EPSC frequency and amplitude values for young vs
aged pyramidal cells. A and B Scale bar: 50 pA, 200 ms.
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Fig. 3. Scaling regions (gray shaded bands) for a typical young (top panel) and an aged (bottom
panel) layer 2/3 pyramidal cell projecting from STC to area 46

Scaling exponents have been fitted as the slopes of log-log plots of accumulated mass (dy,
AF), cross-sectional area (dp, B,G) branch numbers (dy, C,H), and average area of branch
intersections (d, D,I), with distance from the soma. E,J: Two-dimensional (2D) projection of
3D reconstructed young and aged neurons, in which the basal trees are drawn in anatomical
space, whereas the apical trees are drawn in dendrogram space (see Rothnie et al., 2006 for
methodological details). Proximal (1), medial (I1) scaling regions, and a distal (I11) nonscaling
or die-off region, are indicated on the dendrogram representation of apical trees.
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