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Abstract

Normal aging is often accompanied by a progressive loss of receptor sensitivity in hearing and
vision, whose consequences on cellular function in cortical sensory areas have remained largely
unknown. By examining the primary auditory (A1) and visual (V1) cortices in two inbred strains
of mice undergoing either age-related loss of audition (C57BL/6J) or vision (CBA/Cal), we were
able to describe cellular and subcellular changes that were associated with normal aging
(occurring in A1l and V1 of both strains) or specifically with age-related sensory loss (only in Al
of C57BL/6J or V1 of CBA/Cal), using immunocytochemical electron microscopy and light
microscopy. While the changes were subtle in neurons, glial cells and especially microglia were
transformed in aged animals. Microglia became more numerous and irregularly distributed,
displayed more variable cell body and process morphologies, occupied smaller territories, and
accumulated phagocytic inclusions that often displayed ultrastructural features of synaptic
elements. Additionally, evidence of myelination defects were observed, and aged
oligodendrocytes became more numerous and were more often encountered in contiguous pairs.
Most of these effects were profoundly exacerbated by age-related sensory loss. Together, our
results suggest that the age-related alteration of glial cells in sensory cortical areas can be
accelerated by activity-driven central mechanisms that result from an age-related loss of peripheral
sensitivity. In light of our observations, these age-related changes in sensory function should be
considered when investigating cellular, cortical and behavioral functions throughout the lifespan in
these commonly used C57BL/6J and CBA/Cal mouse models.
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Introduction

Normal aging is associated with a decline in neural function thought to be caused by cellular
and molecular changes in the brain that are distinct from those associated with
neurodegenerative diseases. There is now a consensus that widespread central neuronal loss
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is not associated with normal aging in animals (Peters 1996; Rapp and Gallagher 1996) and
humans (Anderson et al. 1983; Cragg 1975) and that neural dysfunction is likely mediated
by a region-specific remodeling of synapses (Burke and Barnes 2006; Hof and Morrison
2004; Uemura 1985). These neuronal alterations, however, may be secondary to the larger
age-related changes in glial cells that have been associated with decreased neuroprotective
function and increased neurotoxicity (Flanary et al. 2007; Luo et al. 2010; Lynch 2010;
Streit et al. 2008; von Bernhardi et al. 2010). In particular, previously described changes in
microglia include altered cytokine production (Inamizu et al. 1985; Sheng et al. 1998; Sierra
et al. 2007), increased expression of activation markers (Ogura et al. 1994; Perry et al. 1993;
Sheffield and Berman 1998), and the emergence of dystrophic morphologies (Streit et al.
2004).

Central changes observed during aging may be compounded by aging-associated diseases
and by other events distinct from the normal aging process, such as exposure to toxicants,
injury or infections (Bilbo 2010; Zimniak 2008). It is very likely that the deterioration of
sensory perception, which is a common complaint in older humans and is often due to the
degeneration of the peripheral sensory organs (Congdon et al. 2004; Tobias et al. 1988) may
also result in central histopathology. In particular, the loss of either hearing or sight severely
impacts the quality of life, thus contributing to social withdrawal, anxiety and depression
(Sharts-Hopko 2009; Tobias et al. 1988). Whether such age-related alterations in sensory
input influence the aging process within the brain is not well understood, but given the large
literature describing plastic changes in neuronal circuits, synapses and glial cells in sensory
cortical areas following sensory deprivation (Hensch 2005; Tremblay et al. 2010a), we
hypothesized that age-related changes in sensory function could influence the normal
process of cortical senescence in a similar manner.

To disentangle the cortical effects of aging and age-related loss of sensory function, we
examined two commonly used strains of inbred mice, the C57BL/6J (C57) and CBA/CaJ
(CBA), which display similar lifespans (30.6 months versus 28.8 months respectively;
Willott et al. 1994) but different patterns of age-related sensory loss. Several experiments
measuring auditory evoked potentials have compared hearing loss across the lifespan in
these strains (Henry and Chole 1980; Hunter and Willott 1987; Li and Borg 1991; Willott
1986; and including the present research) to show that C57 mice begin to lose their hearing
as young adults, while CBA mice maintain their hearing thresholds until near senescence. In
contrast, in studies of visual loss the C57 mouse shows the least age-related retinal
degeneration (Danciger et al. 2007), and only a modest change in electroretinogram
recordings at two years of age (Caruso et al. 2010; Williams and Jacobs 2007). Up to about
three months of age the CBA mouse has normal retinal function (Dalke et al. 2004; Clapcote
et al. 2005), but in the present study we provide behavioral evidence for an age-related loss
of photic sensitivity in this strain.

Together, the comparison of C57 and CBA mice, from early adulthood into senescence,
provided a unique opportunity to study brains at the same chronological and biological age,
one with age-related reduced auditory input but relatively well maintained visual input, and
the other with a converse age-related deficit in visual input. By examining the primary
auditory (A1) and visual (V1) cortices of the same C57 and CBA mice using
immunocytochemical electron microscopy and light microscopy, we were able to describe
changes in neurons, microglia, astrocytes and oligodendrocytes that appeared to be driven
by aging or a combination of aging and sensory loss. In particular, microglia were found to
change their distribution and morphology during aging, while accumulating phagocytic
inclusions that displayed ultrastructural features of synaptic elements. Our results propose a
complex relationship between aging and age-related sensory dysfunction (arising from a loss
of peripheral sensitivity) in effecting cortical senescence.
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Materials and Methods

Animals

Animals were treated in strict accordance with the University of Rochester Committee on
Animal Resources and the National Institutes of Health standards. All mice were raised from
birth in a separate vivarium facility within the University of Rochester under a 12h/12h
dark-light cycle and ambient noise levels of 40 dB (SPL) at 2,000 kHz, dropping off linearly
to 25 dB SPL at 24 kHz on a log frequency scale. Both male and female mice were used for
this study. There was a total of 257 mice tested in the behavioral experiments, 61 CBA mice
and C57 mice in the photic experiment (with 7 CBA mice and 21 C57 mice tested at more
than one age), 61 CBA mice and 60 C57 mice in the acoustic experiment (25 CBA mice
tested at more than one age), and 599 mice were tested with auditory evoked potentials (302
CBA and 297 C57 mice). The large number of ABR records was available because the
hearing ability of all of the mice in our colony was tested with the ABR prior to their entry
into other experiments.

Behavioral Testing for Acoustic and Photic Sensitivity: the Inhibition of the Acoustic
Startle Response (ASR)

For ASR testing, mice were individually confined to a 7 x 5 x 4 cm stainless steel wire cage
located in a 1 x 1 x 1 m anechoic chamber (Eckel Corporation) placed within a sound
attenuating room (Industrial Acoustics Company). The cage was mounted on a stiff acrylic
shelf just above an attached accelerometer (Statham Laboratories) that was sensitive to the
vertical force of the startle flinch response. The output of this transducer was passed through
a bridge amplifier and integrated over a 100 ms period that began with the onset of the
startle-eliciting stimulus. The startle stimulus was a 110 dB (SPL) noise burst, 25 ms in
duration, delivered through a high-frequency speaker (JBL Professional). For a human
observer a noise burst at this level and duration approximates the sensation produced by
snapping one’s middle finger off the thumb into the palm, from a distance of about 6” from
the ear. The noise stimulus was calibrated using a 1/4" microphone (Bruel & Kjaer) placed
at the level of the test cage.

Two test stimuli were used to measure age-related changes in sensitivity to acoustic and
photic stimuli. In the photic experiment the prestimulus was a 20 ms flash of light provided
by a voltage-regulated fluorescent lamp (Sylvania), which had near instantaneous rise and
fall times. The lamp was placed behind a double glazed frosted window in a sound-
attenuating box in order to eliminate the slight noise coincident with light onset. The
intensity of the light was measured with a Spectra Candela Meter (PhotoResearch
Corporation) held at the level of the floor of the test cage. The intensity of the light flash was
20 lux and its duration was 20 ms. In the acoustic experiment the prestimulus was a 10 ms
quiet gap (with ~0 ms rise and fall times) in an otherwise continuous 70 dB SPL wide band
noise delivered through a Panasonic high-frequency speaker. In both experiments the
animals were tested in the dark. In the photic experiment mice were group housed for 30
min in a room illuminated by red light, followed by a 10 min period of dark adaptation in the
individual test chamber. The photic experiment consisted of 132 trials, averaging 17 s apart
(range 15 to 20), delivered in 11 blocks of 12 trials. The noise burst that elicited the reflex
response was presented alone (a baseline control trial, presented twice in each block of 12
trials), or preceded by the light flash, with light-onset to noise-onset lead times of 10, 20, 30,
40, 50, 70, 110, 160, 220 ms, with one additional “no-stimulus trial” to assess background
spontaneous activity. In the acoustic experiment the test session consisted of 121 trials, on
average 17 s apart, delivered in 11 blocks of 11 trials. Each block included two baseline
control trials, 8 trials in which the startle stimulus was preceded by a 10 ms gap in noise, the
gap beginning 10, 15, 20, 30, 40, 60, 110 or 160 ms before the startle stimulus, with one
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additional “no stimulus” trial. The order of conditions in each block was randomized, and
the first block of trials was not used in the data analysis, in part because the startle reflex can
be unusually large on the first few trials after confinement in the quiet test cage.

Prepulse inhibition scores were calculated as the ratio of each subject’s mean startle
response amplitude in the prepulse condition (ASR,) compared with the no-prepulse control
baseline (ASR;), PPI=1 — [ASR,/ASR_]. Because this behavioral test depends on inhibition
of the ASR by the test stimulus, and because the strength of the ASR can diminish with age
and by advanced hearing loss, it was necessary to exclude mice which did not have
statistically significant ASR: a total of 3 CBA mice were excluded, 2 (of 29) at 19 months
and 1 (of 8) at 24 months of age; a total of 28 C57 mice were excluded, 4 (of 33) at 4
months, 3 (of 30) at 7 months, 2 (of 37) at 10 months, and 19 (of 24) at 19 months of age.
The data of interest were the near-peak mean levels of PPI for each mouse at the longer
interstimulus intervals, for the light flash at 70, 110 and 160 ms before the startle, and for
the gap in noise at intervals of 60, 110, and 160 ms before the startle.

Auditory Thresholds for Tone Pips: The Auditory Brainstem Response (ABR)

Mice were anaesthetized with ketamine/xylazine (120 mg/kg and 10 mg/kg) then placed on
a 10-cm high platform inside a small (57L x 41W x 36H cm), electrically shielded,
soundproofed booth (IAC) lined with 4.5 cm-thick echo-attenuating acoustic foam (Sonex®;
Illbruck Acoustic). The mouse was arranged in a prone position facing a broad-band
electrostatic loudspeaker system (TDT ES1 with ED1 speaker driver) located 10 cm from
the head, and was kept warm during the procedure with a circulating-water heating pad.
Miniature subdermal needle electrodes (Nicolet) were inserted at the vertex (reference
electrode), over the bulla (active electrode), and just above the hind limb (ground electrode).
Calibrated tone bursts (5 ms duration, 0.5 ms rise-fall time, phase alternating 90°) were
synthesized with SigGenRP® software on a TDT RP2.1 real-time processor, and presented
at a rate of 10/s at frequencies of 3, 6, 12, 24, 32, and 48 kHz. The software included an
artifact detector that rejected outlier responses. Average ABR waveforms (150 repetitions x
2 duplicates) were recorded at each tested frequency/amplitude combination and filtered
from 3 Hz to 1000 Hz. Each 10 ms waveform was comprised of 500 points (0.02 ms sample
period). At each frequency, the amplitude of the signal was automatically attenuated (TDT
PAS5) in 5 dB steps between samples from 90 dB SPL (but 80 dB SPL maximum at 48 kHz)
until the wave IV-V complex of the ABR waveform was no longer visually distinguishable
from background in duplicate traces in the judgment of a highly experienced technician. By
convention, threshold was established as the response at 5 dB above this final level.

Immunocytochemical Electron Microscopy (EM)

During the daytime portion of the light/dark cycle, cohorts of 3-month and 20-month old
C57 and CBA mice (n=3 littermate mice from each age and strain) were deeply anesthetized
with sodium pentobarbital (80 mg/kg, i.p.) and perfused through the aortic arch with 3.5%
acrolein (in 100 mM phosphate buffer (PB), pH 7.4) followed by 4% paraformaldehyde
(PFA; in 100 mM PB, pH 7.4). Transverse sections of the brain (50 um thick) were cut with
a vibratome in ice-cooled phosphate-buffered saline (PBS; 0.9% NaCl in 50 mM phosphate
buffer, pH 7.4) and immunostained with a rabbit anti-ionized calcium binding adaptor
molecule 1 (IBA1) antibody (1:1000 in blocking solution; Wako Pure Chemical Industries)
as previously described (Tremblay et al. 2010a; Tremblay et al. 2010b). Briefly, labeling
was revealed with 3,3'-diaminobenzidine (DAB; 0.05 mg/ml) and hydrogen peroxide
(0.03% in buffer solution; DAB Peroxidase Substrate Kit; Vector Laboratories).
Immunostained sections were post-fixed flat in 1% osmium tetroxide, dehydrated in
ascending concentrations of ethanol, impregnated in Durcupan (Electron Microscopy
Sciences) overnight at RT, mounted between ACLAR embedding films (Electron
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Microscopy Sciences), and cured at 55 °C for 48 h. Areas of V1 and Al, at a level
approximating the transverse planes A +0.16 to A +0.72 (Franklin and Paxinos 2008), were
excised from the same embedded sections, reembedded at the tip of resin blocks, cut with an
ultramicrotome (Reichert Ultracut E) at 65-80 nm thickness, collected on bare square-mesh
grids, and examined with a Hitachi 7650 transmission electron microscope.

In each animal, pictures were randomly taken in layers II/III of both V1 and A1, at 6,000x
and 30,000x, for a total surface of >10,000 um2 acquired per region/animal. Neurons,
microglia, astrocytes, oligodendrocytes and myelinated axons were identified according to
criteria previously defined (Peters et al. 1991b; Peters and Sethares 2004). Neurons with
multiple features of degenerating cells, such as dark nuclei and cytoplasm, ruffling of the
plasma membrane, dilation of the endoplasmic reticulum, and extensive invagination of the
nuclear membrane, were referred to as “dark” neurons (Norman et al. 2008; Oster-Granite et
al. 1996; Turmaine et al. 2000; Yang et al. 2008). In addition to their immunoreactivity for
the microglia-specific marker IBA1 (Ito et al. 1998), microglia were distinguished from
oligodendrocytes by their paler cytoplasm, distinctive long stretches of endoplasmic
reticulm, frequent vacuoles and cellular inclusions, irregular contours with obtuse angles,
and smaller elongated nucleus delineated by a narrow nuclear cistern (Tremblay et al.
2010a). Quantitative analysis was carried out with ImageJ software (National Institutes of
Health). Neurons, “dark” neurons, microglia, astrocytes and oligodendrocytes were counted
in all the pictures for a total of 818 cells analyzed. In each of these cells, lysosomal
inclusions typically containing electron-dense lipopigments associated with vacuoles (Peters
et al. 1991b) were counted. In microglia, large vesicles, vacuoles, lipid droplets, and profiles
of cellular elements (Tremblay et al. 2010a) were also counted.

Immunocytochemical Light Microscopy (LM)

For immunocytochemistry and histochemistry, cohorts of 5 CBA mice (n = 15) from three
age groups (3—4, 12—-13, 20-28 months) and 6 C57 mice (n = 18) from three age groups (3—
4, 12-14, 24-28 months) were used. These age groups are referred to as 3 mo, 12 mo and 24
mo old mice in the figures. As previously described (Zettel et al. 2007), mice were taken
during the daytime portion of the light/dark cycle and deeply anesthetized with sodium
pentobarbital (80 mg/kg, i.p.) and perfused for 25 min with 4% PFA. The brains were
removed, postfixed in 4% PFA overnight, and cryoprotected using successive solutions of
10 and 30% sucrose in PBS. Forty-micrometer-thick frozen sections were cut and stored in
cryoprotectant at —20°C until the histological reactions.

Microglia were visualized by incubating free floating sections in rabbit anti-IBA1 antibody
(1:1000; Wako Pure Chemical Industries) overnight followed by standard DAB
immunocytochemistry using an anti-rabbit peroxidase kit and a DAB peroxidase substrate
kit (Vector Laboratories). The reaction product was intensified using nickel sulfate to
optimize the visualization of very fine processes. Sections from all mice of each strain were
reacted together in sectioned dishes to ensure uniform experimental parameters and the
analyses were conducted blind. Four sections were analyzed for each of Al or V1 regions in
each mouse. Gray scale photomicrographs were captured using a Spot Insight Color digital
camera (Diagnostic Instruments).

Microglia Cell Counts and Nearest Neighbor Analysis

Images were captured using a 10x objective lens (Olympus UPlanFL, 0.3 NA) and
processed with Image]J to determine cellular densities (number of cells/mm?) and provide
cellular coordinates for the analysis of nearest neighbor using custom algorithms in Matlab
(Mathworks). Across all cortical layers of Al or V1 (Franklin and Paxinos 2008), the center
of each microglia was marked with a dot using the ImageJ automark function, which
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automatically recorded cell numbers as well as spatial coordinates. Location coordinates
were entered into Matlab where the distance between each microglia and its nearest
neighbor was determined and averaged for all microglia in the image. A spacing index was
calculated as the square of the average nearest neighbor distance multiplied by microglial
density on a per image basis. This value was then averaged across all images to determine
the value per animal.

Morphological Analysis of Individual Microglia Soma

For the morphological analysis of individual microglia, images were captured using a 20x
objective lens (Olympus, UPlanFL 0.5 NA) and a total of 30 microglia were analyzed for
each area in each mouse of the study. To keep imaging across subjects uniform we focused
our analysis in layers II/IIT and only choose cells that were perfectly in focus. Every IBA1-
immunopositive microglia in a particular photomicrograph was analyzed before moving on
to the next image as to not introduce selection bias. The soma area was determined by
drawing a line around the cell body using the ImageJ freeform tool and allowing the
program to automatically calculate the area. Arbor area was determined by using the
trapezoid tool to manually connect the most distal points of the processes of each microglia.
Arbor circularity was calculated using the formula: (arbor length — width)/(length + width).
Therefore the closer the circularity value was to zero, the rounder the arbor. Furthermore, a
morphological index (MI) was determined using the formula: soma area/arborization area.
The larger the value, the greater the soma size was in relation to the arbor size.

TUNEL and Fluoro-Jade B Histochemistry

Alternate sections from the light immunocytochemistry portion of this experiment were used
to examine neuronal necrosis and apoptosis. Sections containing both A1 and V1 from every
mouse in the study were mounted on a slide containing at least one section from each age
and strain (minimum of six sections/slide) to provide an appropriate internal control. Each
slide included as a positive control a brain section from a mouse that received an
intrahippocampal lipopolysaccharide injection (LPS; 100 pg) 2 days before perfusion.
Apoptotic neurons were visualized using a TUNEL kit (Millipore, Billerica, MA) following
the included standardized protocol. Briefly the sections were post fixed for 5 min with a
mixture of 95% ethanol and 5% glacial acetic acid, quenched for 5 min with 3% hydrogen
peroxide, incubated for 1 h in terminal deoxynucleotidyl transferase enzyme, and incubated
in anti-digoxigenin peroxidase in a humidified chamber for 30 min. Sections were then
reacted using a standard DAB peroxidase substrate kit (Vector Laboratories) and
counterstained with Methyl Green. The positive control had numerous purple apoptotic cells
against a green background, but no experimental mice showed TUNEL-positive neurons. No
further analysis was performed. To test for necrosis, the sections were stained with Fluoro-
Jade B (Millipore), which labels apoptotic and necrotic neurons, using the included
standardized protocol. Briefly, sections were incubated in 0.06% Potassium Permanganate
for 15 min and incubated in the dark with 0.001% Fluoro-Jade B for 30 min. Numerous
necrotic neurons from the LPS-injected control section appeared as green fluorescent cells
around the injury site. No necrotic neurons were found in experimental subjects.

Statistical analysis

EM and LM analyses were performed with Prism 5 software (GraphPad). For all statistical
tests, sample size (n) represents individual animals. Significance was set to p<0.05 and
determined using two-way ANOVA with a Bonferroni post hoc test to compare across ages
and regions. ASR and ABR data were analyzed using an ANOVA provided in the SPSS
software (v18, IBM, Somers NY). For ASR analysis, the significance of the observed
differences in mean PPI between groups and conditions was assessed by a mixed-design
ANOVA in which Lead Time (LT) of the prepulse was a within-subject variable while Age
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(A) and Strain (S) were between-subject variables. The degrees of freedom for the repeated
measures ANOVA were adjusted for non-homogeneity of between-cell correlations by the
Hunyh-Feldt procedure.

Assessment of Auditory and Visual Function in C57 and CBA Mice

We first assayed visual and auditory perception in the two strains of mice at different ages
from early adulthood into senescence (Figure 1; also see Supporting information for more
details). Behavioral testing used the phenomenon of “reflex modification” to assess age-
related changes in sensitivity to auditory or to visual stimuli, by measuring changes in the
extent by which these stimuli inhibited the expression of an acoustic startle reflex that was
elicited at brief intervals after their presentation (Ison 2001). While this acoustic behavioral
test has been used often for assessing auditory processing in mice, the light flash has been
previously used in rats to demonstrate the developmental course of loss of vision in young
adult RCS rats homozygous for the rd gene (Wecker and Ison 1986), and the slower
processing of photic stimuli in aging rats (Ison et al. 1991).

These behavioral assays revealed a minimal difference in photic sensitivity between the two
strains during young adulthood, in agreement with previous observations (Caruso et al.
2010; Danciger et al. 2007; Williams and Jacobs 2007), but the two groups separated as
performance increased with advancing age in the C57 mice and steadily decreased in the
CBA mice between 4 and 19 months of age (Figure 1A). In contrast, the CBA mice
displayed a greater sensitivity to the acoustic stimulus that was present even in the youngest
mice, and the difference between the groups increased with advancing age as performance
was maintained in the CBA mice but decreased between 4 and 10 months of age in the C57
mice (Figure 1B). Additionally, auditory function as assayed using ABRs showed no
significant difference between the strains at 2 months of age, but differences emerged within
the first year of life, as thresholds for the C57 mice rapidly increased, especially at high
frequency, but were stable for the CBA mice. By the end of the second year the thresholds
for the C57 mice were beyond the intensity limits of our instruments (> 90 dB SPL) while
the thresholds for the CBA mouse were minimally affected by just 10 to 15 dB (Figure 1C).
Together, these results reveal that the C57 mice display reduced auditory function but
relatively well maintained visual function during normal aging, while the CBA mice
undergo a converse age-related deficit in vision but well maintained audition.

Cellular and Subcellular Changes in Neurons

To determine how these changes in sensory perception influence neuronal function in
corresponding sensory cortices, we examined layers II/III of V1 and A1, where changes in
neuronal and glial function have been previously described in younger animals during
sensory deprivation (Hensch 2005; Tremblay et al. 2010a) Quantitative analysis in the same
C57 and CBA mice at 3 and 20 months of age revealed a slight but not statistically
significant decrease in neuronal density during aging in both regions and strains (Table 1) in
agreement with previous stereological observations in aged neocortex and hippocampus of
several species including humans (reviewed in Morrison and Hof 1997). Nevertheless,
neuronal cell bodies often presented signs of senescence in the form of lysosomal inclusions
(Figure 2A,B; also see Riga et al. 2006) which became more prevalent during aging, in V1
(Figure 2E, Table 1) and A1 (Figure 2E, Table 1) in both strains. Accumulations of
ultrastructurally intact mitochondria within neuronal cell bodies, which could indicate
oxidative stress or an early stage of neuronal degeneration (Al-Abdulla and Martin 1998),
were also observed (Figure 2B). Additionally, cells with a condensed, electron-dense
cytoplasm and nucleoplasm displaying multiple features of degenerating neurons described
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in neurodegenerative disease (Oster-Granite et al. 1996; Turmaine et al. 2000; Yang et al.
2008) were sometimes encountered (see Materials and Methods; Figure 2E.F), especially in
Al of the aged and very deaf C57 mice (Figure 2F-G, Table 1). Consistent with previous
observations these dark neurons were not undergoing apoptosis nor necrosis, as shown by
the absence of TUNEL and Fluoro-Jade B staining on sections from both young (3 and 12
month) and aged (24 month) sensory cortices of either strain (Supporting Figure 1).
Together, these observations suggest a particular form of neuronal stress or degeneration
that could be specific to the age-related loss of sensory function.

Cellular and Subcellular Changes in Microglia

IBA1-labeled microglia exhibited distinct changes in density, distribution and morphology
during aging, depending on the strain and cortical area. In C57 mice, microglia became more
numerous throughout cortical layers I to VI in both V1 and A1 at 24 months of age (Figure
3G; Table 2). This increase in microglial density was more pronounced in Al than in V1
suggesting that loss of auditory input could exacerbate microglial proliferation during aging
(Peters et al. 1991a; Vaughan and Peters 1974). We also found an age-related decrease in the
distance between neighboring microglia in both A1 and V1 (reduced spacing index; Figure
3A-F,H; Table 2), which could not be accounted for by their increased density, thus
suggesting that microglia are less evenly distributed in aged cortices irrespective of sensory
input. In contrast with previous observations in young adult mice (Lawson et al. 1990),
microglial cell bodies in aged mice often localized close together and sometimes in direct
contiguity (see Figure 3C and F for examples) which could be suggestive of ongoing
proliferation. In CBA mice, a progressive age-related decrease in microglial nearest
neighbor distance was also observed at 12 and 24 months of age to similar degrees in Al

and V1 (reduced spacing index) whereas microglial density remained relatively constant
(Figure 31-P; Table 2), indicating a loss of territorial organization that could be regulated
independently from microglial density during aging or age-related sensory loss.

Microglia showed remarkable morphological transformation over the course of aging in
cortical layers II/III (Figures 4-5). In C57 mice, at 24 months of age, microglial process
arborizations were significantly reduced in area, and displayed elongated geometries as
evidenced by an increased circularity index (Figure 4A—H, Table 2). A morphological index
was computed to assess the soma area relative to the process area (soma area/arborization
area), two parameters susceptible to change during microglial activation (Streit et al. 1999).
Aged microglia displayed significantly increased morphological indices that were most
pronounced in Al (Figure 41; Table 2), suggesting an association with hearing loss. Since
microglial soma area displayed little variation during aging or age-related sensory deficit
(Figure 4J; Table 2), these changes in morphological index most likely resulted from the
reduction in the area of microglial arborizations. Nevertheless, microglial somas in the
oldest animals were more variable in size: comparisons of their standard deviation showed a
significant increase at 24 months of age especially in Al (Figure 4K; Table 2). This effect in
turn translated into significant differences in the standard deviation of the morphological
index with age (Figure 4L; Table 2). In the CBA mice, microglia also underwent striking
morphological changes as early as 12 months (Figure 5; Table 2), with a more complex
profile. The span of microglial process arborizations decreased with age and became more
elongated (Figure SA—H; Table 2) as in C57 animals, and there was a trend towards smaller
microglial arborizations at all ages in V1. Morphological indices were also significantly
increased during aging, especially at 24 months of age (Figure 5I; Table 2), suggesting that
microglial morphology could also be modulated in an age and activity-dependent manner in
this strain. These changes in morphological indices occurred in the absence of changes in
microglial soma areas except for an increase in standard deviations at 24 months of age as in
the C57 mice (Figure SJ-L; Table 2). Together, these observations in both mouse strains
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suggest that microglia are differentially sensitive to aging and age-related sensory loss, with
different populations undergoing diverse structural and functional changes in parallel.

Ultrastructural examination also revealed distinctive features that were most pronounced in
layers II/IIT in V1 of CBA mice and A1 of C57 mice at 20 months of age such as
hypertrophy and rounding of the cell body (Figure 6B,C and 7A,C), enlargement of
processes (Figure 7E,F) and accumulation of various types of phagocytic inclusions (Figure
6A,C,D and Figure 7). While microglial processes were often found in direct juxtaposition
with synapse-associated dendritic spines, axon terminals, synaptic clefts and perisynaptic
astrocytic processes throughout adulthood and aging (see Supporting Figure 2), as
previously shown in adolescent and young adult mice (Tremblay et al. 2010a; Wake et al.
2009), microglial cell bodies and large processes often contained cellular inclusions that
resembled profiles of axon terminals (Figure 7A—F) or dendritic spines (Figure 7E)
sometimes separated by wide electron-lucent space (Figure 7E). Microglial processes
extending between axon terminals and dendrites (Figure 7F) in a way reminiscent of
synaptic stripping during acute and inflammatory lesions (Trapp et al. 2007) were also
observed. Furthermore, quantitative analysis of the total number of inclusions (lysosomal
lipopigments, large vesicles, vacuoles, lipid droplets, and cellular elements sometimes
displaying ultrastructural features of axon terminals and dendritic spines) revealed an
increased prevalence during aging, in V1 of the CBA mice and A1 of the C57 mice (Figure
6E, Table 1), with nearly all microglia containing inclusions. Some microglia appeared
almost completely filled with cellular debris, akin to fat granule cells or gitter cells (9 out of
45 microglia; see Figure 6C for an example; Vaughan and Peters 1974), indicating that
microglial phagocytosis of cellular elements including synapses could become accelerated
during age-related loss of sight or hearing.

Changes in other Glial Components: Astrocytes, Oligodendrocytes, and Axonal

Myelination

In contrast with microglia, astrocytes showed little change in number or morphology during
aging or age-related sensory loss (Figure 8A,B; Table 1), in layers II/IIl of V1 and A1, in
agreement with previous observations in aged rat cerebral cortex (Vaughan and Peters
1974). While some astrocytic processes ensheathing synapses and blood vessels appeared
enlarged during aging (Figure 8A), similar to reactive astrocytes which become hypertrophic
(Wilhelmsson et al. 2006), the most apparent change was the occasional accumulation of
large lysosomal inclusions associated with vacuoles (see Figure 8B for example in an
astrocytic process) in Al of the very deaf C57 mice (Table 1). In contrast, oligodendrocytes
rarely contained lysosomal inclusions (Figure 8C,D) but increased in number and were more
often encountered in contiguous pairs during aging, particularly in V1 of the CBA mice
(Table 1), as previously reported in aged rhesus monkeys (Peters and Sethares 2004),
suggesting an ongoing proliferation that could be exacerbated by age-related sensory loss in
both strains. Lastly, our ultrastructural analysis also revealed alterations of myelinated axons
during aging, also in V1 of the CBA mice and A1 of the C57 mice especially. Some myelin
sheaths appeared ballooned (Figure 8F) as during natural and experimental demyelination
(Peters and Sethares 2003), while other axons displayed redundant myelin sheaths (Figure
8E,F) suggesting oligodendrocytic attempts at remyelination in the context of cortical
senescence (Peters and Sethares 2004).

Discussion

Different mouse strains experience age-related hearing and/or sight loss to different degrees.
While C57 and CBA mice are known to differentially develop hearing deficits during
normal aging, here we also report reciprocal differences in their visual sensitivity with a
behavioral assay that depends on the inhibition of the acoustic startle reflex by innocuous
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and even near threshold prestimulation (Hoffman and Ison 1992). Whether and how these
changes in sensory perception impact neuronal and glial function in corresponding sensory
cortices is the focus of this discussion. It is important to note that while functional changes
in sensory perception were detected within the first year of age, the cellular changes in Al of
the C57 and V1 of the CBA mice were first observed at 20 and 12 months of age
respectively, suggesting that loss of peripheral function precedes and likely drives central
changes. Nevertheless, we cannot rule out that microglial changes in the cortex or lower
structures also contribute to loss of sensory function.

Effects of Aging on Cortical Cells

Aging is a risk factor for most neurological disorders (Merrill and Small 2011), and various
cellular and subcellular changes that occur within the aging brain can alter function in the
absence of pathology. Possible sources of these changes include accumulated DNA damage
(Gaubatz 1995; Vijg and Campisi 2008), oxidative stress (Droge and Schipper 2007),
deregulated calcium homeostasis and signaling (Disterhoft et al. 1994; O’Neill et al. 1997,
Zettel et al. 1997), as well as altered neuroimmune function (von Bernhardi et al. 2010). The
idea that brain dysfunction during aging is mediated by a large-scale loss of central neurons
has now been largely discredited although a more subtle region-specific loss may occur
(West 1993; Willott et al. 1994; Woodruff-Pak et al. 2010). Similarly, biophysical properties
of neurons appear to be largely conserved across the lifespan (Barnes and McNaughton
1980; Burke and Barnes 2006) aside from an increase in calcium conductance that could
contribute to altered plasticity mechanisms (Barnes et al. 2000; Landfield et al. 1978) and
increased susceptibility to dendritic remodeling and synaptic elimination (Barnes et al. 1992;
Geinisman et al. 1992). In this context, our ultrastructural analysis showed relatively
unchanged neuronal numbers during aging in A1 and V1 of both mouse strains that were
nevertheless accompanied by various signs of neuronal stress. These included the prevalence
of lysosomal inclusions, which were previously associated with protease instability,
lysosome and cellular recycling dysfunction, cytoskeletal damage, amyloid deposits and
amyloid-related neuropathology (Riga et al. 2006; Brunk and Terman 2002), and the
accumulation of morphologically intact mitochondria within neuronal cell bodies (Al-
Abdulla and Martin 1998). Together, our observations thus suggest that aged neurons may
have altered metabolic function without undergoing large scale degeneration.

The most profound age-related change that we observed concerned microglia, the resident
immune cells of the brain, which are the key mediators of neuroinflammatory processes
within the CNS in various contexts including aging (Lee et al. 2000; Prinz et al. 2011; Streit
2002; von Bernhardi et al. 2010). In particular, we found that microglia become more
numerous and tend to distribute less evenly, with an increased prevalence of direct
contiguities, suggesting an increased proliferation of microglia and/or a breakdown of the
mechanisms which maintain microglial territories and regulate immune surveillance
(Nimmerjahn et al. 2005). Aged microglia also exhibited morphological changes that were
similar to those previously described during pathological activation (Streit et al. 1999): a
general simplification of the microglial arbor with a decrease in the span of microglial
processes compared to the cell body. Our findings are supported by recent live confocal
imaging observations showing that aged microglia in retinal explants have increased density,
decreased arbor area, together with decreased total number of branch points and total
process length (Damani et al. 2011). Such morphological changes may reflect age-induced
microglial activation as suggested by the increased expression of molecular markers of
activation in the aged brain (Ogura et al. 1994; Sheffield and Berman 1998; Sierra et al.
2007), although dystrophic changes differing morphologically from microglial activation
were also reported during aging (Streit et al. 2004). Future quantitative morphological
analyses, such as those described here, could contribute to defining the exact morphological
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parameters that characterize different modes of microglial function, including activation and
dystrophy, and further refine our understanding of the nature of microglial transformation
during aging (Sierra et al. 2007). While microglial cell body size was not significantly
altered, we observed greater variation in the size of microglial somas in older animals,
suggesting that populations of aged microglia may become more heterogeneous and that
distinct types of morphological and behavioral changes may occur in parallel. This is all the
more intriguing in the context of the recent interest in defining subpopulations of microglia
(Carson et al. 2007; Lynch 2009) implementing different molecular signaling cascades on
different timescales, with pro- and anti-inflammatory functions that can exacerbate or
ameliorate neuronal injury (Kigerl et al. 2009). While the expression of both pro- and anti-
inflammatory cytokines increases with aging (Sierra et al. 2007), it is currently unknown
whether such heterogeneous microglial populations exist in the aged brain and how they
could impact age-related functional decline. In future experiments, it will be important to tie
morphological alterations with an assessment of microglial expression of cytokines,
chemokines and other functional markers in situ, to provide further insights into the
beneficial and/or detrimental effects of microglia on age-related functional decline.

Effect of Sensory Deprivation on Aged Cortical Cells

Activity-dependent plasticity in sensory subcortical and cortical areas has been extensively
studied in young animals (Rittenhouse and Majewska 2009), but the impact of age-related
sensory loss on the aging process is still not clear. The secretion of neuroprotective agents
such as growth factors is activity-dependent (Caleo and Maffei 2002), and changes in
neuronal activity induce homeostatic changes that could affect the aging process (Desai et
al. 1999; Turrigiano and Nelson 2004). In fact, many of the molecular changes observed in
aged neuronal networks can be replicated by silencing cortical neurons (Gleichmann et al.
2010), suggesting that sensory deprivation could affect neuronal function and exacerbate
age-related changes in a similar manner.

A surprising finding in our study was the increased prevalence of “dark” neurons in
deprived Al of the C57 mice undergoing age-related loss of hearing. These apparently
degenerating cells were neither necrotic nor apoptotic and contained large numbers of
lysosomal inclusions suggesting metabolic dysfunction (Riga et al. 2006). Similar dark
neurons have been described in Alzheimer’s and Huntington’s diseases (Oster-Granite et al.
1996; Turmaine et al. 2000; Yang et al. 2008) and after chronic inhibition of long-term
potentiation/cAMP-response element-binding protein (CREB) function (Valor et al. 2010).
Interestingly CREB is downregulated in various neurodegenerative diseases including
Alzheimer’s and Huntington’s, as well as during normal aging (Bach et al. 1999; Porte et al.
2008; Shimohata et al. 2000; Tomobe et al. 2007; Vitolo et al. 2002). Since this cellular
“darkening” can be reversible in certain conditions (Auer et al. 1985; Ingvar et al. 1988), it
presently remains unclear whether the “dark” neurons that we observed were undergoing
cellular stress or degeneration in the aging brain.

Our results also showed consistent effects of age-related sensory loss on microglia in both
C57 and CBA mice. Recent findings have shown that neuroimmune molecular pathways
contribute to synaptic plasticity (Boulanger and Shatz 2004), and changes in microglial
morphology and behavior have been described during visual deprivation in adolescent and
adult mice (Tremblay et al. 2010a; Wake et al. 2009) suggesting they are a general
consequence of sensory loss. While lysosomal inclusions were observed in all types of cells
except oligodendrocytes, and appear to be a normal consequence of aging (Riga et al. 2006),
aged microglia accumulated exceptionally large amounts of lysosomal inclusions, including
profiles resembling synaptic elements, in cortical areas deprived of sensory input. This
striking behavior suggests an accumulated phagocytic activity, supporting previous
observations that microglia enlarge and become filled with cellular debris during normal
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aging (Peters 2002), a phenomenon which could eventually contribute to an impairment of
their phagocytic clearance (Neumann et al. 2009). Complete loss of vision during
adolescence also resulted in increased microglial phagocytosis of synaptic elements, and in
an overall decrease in microglial motility in visual cortex (Tremblay et al. 2010a), and
similarly, a reduced velocity of individual microglial processes was recently observed with
live confocal imaging in retinal explants from aged mice (Damani et al. 2011). Microglia
were also shown to contribute to synaptic pruning during early postnatal development
(Paolicelli et al. 2011). Together these findings support a model in which quiescent
microglia contribute to restructuring neuronal circuits by eliminating synapses in an
experience-dependent manner throughout the lifespan. Future experiments involving two-
photon in vivo imaging of microglia could further explore their novel physiological role in

aging.

Lastly, our analysis also revealed ultrastructural evidence of demyeination and
remyelination in deprived sensory cortices of the C57 and CBA mice, suggesting that axonal
dysfunction and/or myelin remodeling could be exacerbated by the loss of sensory function
during normal aging. We also found increased numbers of oligodendrocytes that were often
contiguous one with another, possibly suggesting their proliferation, as previously reported
in aged rhesus monkeys (Peters and Sethares 2004). In line with these observations, myelin
remodeling was recently shown to be regulated by neuronal activity and sensory-experience
dependent plasticity (Fields 2010; McGee et al. 2005; Wake et al. 2011). Since newborn
oligodendrocytes are derived in the mature brain from oligodendrocytic progenitors sharing
few ultrastructural features with oligodendrocytes (Peters and Sethares 2004) but
specifically expressing the NG2 chondroitin sulfate proteoglycan (Trotter et al. 2010), it will
be important in subsequent experiments to examine these oligodendrocytic progenitors and
their differential changes in terms of morphology and behavior during aging and age-related
sensory loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Changes in sensitivity to acoustic and photic stimulation with increasing age in C57 and
CBA mice. A. Mean (SEM) strength in reflex inhibition (PPI) provided by a light flash
summed over 70, 110 and 160 ms before the startle noise burst. The difference in photic
sensitivity between the two strains was minimal in young mice, but the two groups separated
as performance steadily decreased in CBA mice between 4 and 19 months of age. B. Mean
strength in reflex inhibition (PPI) provided by an acoustic stimulus, a brief gap in a
background noise, summed over 60, 110 and 160 ms before the startle noise burst. The
greater sensitivity of the CBA mice to this acoustic stimulus was present even in the
youngest mice, then the difference between the groups increased with advancing age as
performance decreased between 4 and 10 months of age in C57 mice. C. Age-related
changes in hearing thresholds provided by the ABR technique. The test frequencies are
grouped as low frequency, (Lo F, Mean SEM of 3 and 6 kHz) and high frequency (Hi F,
Mean (SEM) of 24, 32, and 48 kHz). There was no significant difference between the strains
at 2 months of age, but differences emerged within the first year of life, as thresholds for the
C57 mice rapidly increased, especially at Hi F. By the end of the second year the thresholds
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for the C57 mice were beyond the intensity limits of our instruments (> 90 dB SPL) while
the thresholds for the CBA mice were minimally affected by just 10 to 15 dB.
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Figure 2.

Ultrastructural changes in neurons during normal aging and age-related sensory impairment
in C57 and CBA mice. A-D: EM images showing aged neurons that contain multiple
lysosomal inclusions (asterisks) and/or mitochondria in their perikaryal cytoplasm (m; B). In
C and D, the neurons display condensed, electron-dense cytoplasm and nucleoplasm, more
frequent ruffling of the plasma membrane, extensive invagination of the nuclear membrane
(arrow; C), and dilation of the endoplasmic reticulum (arrowheads; D), possibly suggesting
an ongoing degenerative process. D, dark neuron; M, microglia; N, neuron; O,
oligodendrocyte. Scale bars=1 um. E-G: Number of lysosomal inclusions per neuron (E),
number of dark neurons per 10,000 pum? of ultrathin section (F), and number of lysosomal
inclusions per dark neuron (G; mean + SEM). Grey lines and asterisks refer to statistical
comparisons between Al regions, black lines and asterisks to comparisons between V1
regions, and black dotted line and asterisk to comparison between Al and V1 regions. *,
p<0.05 and **, p<0.01.
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Figure 3.

Changes in density and distribution of microglia in C57 and CBA mice. A-L: low
magnification photomicrographs showing an increase in density and clumping in C57 Al
A-F, I-N: low magnification photomicrographs showing an increase in density and
clumping in Al (AC) and V1 (D-F) of the C57 in contrast to an increase in clumping
without change in density in A1 (I-K) and V1 (L-N) of the CBA. Scale bars=100 pm.
Quantification of microglial density in C57 (G) and CBA (0), and spacing index in C57 (H)
and CBA (P) mice. Statistics refer to post hoc analyses based on a 2-way ANOVA. **,
p<0.01, *** p<0.001. Statistical comparisons are illustrated as in Figure 2.
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Changes in the morphology of microglia in the C57 mouse. A—F: high magnification
photomicrographs illustrating the decline in size and complexity of processes arborization
without obvious changes in soma size in 24 mo C57 mice: Al (A-C) and V1 (D-F). Scale
bars=25 pm. Arrowheads show examples of clumped microglia. Quantification of the area
of the process arbor (G), arbor circularity index (H), morphological index (I), average soma
area (J), soma area standard deviation (SD; K), and morphological index standard deviation
(L). Statistics refer to post hoc analyses based on a 2-way ANOVA. *, p< 0.05, **, p<0.01,
*##% p<0.001. Statistical comparisons are illustrated as in Figure 2.

Glia. Author manuscript; available in PMC 2013 April 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Tremblay et al.

Page 23
CBAAL CBAVI = Al
i ® T ~ |- ; ’ " d - Arbor Area B
A T o4 £ A D % . - o G bt
. Flh » dk#
v g \ . gL e F oy —
p e Lok
T - ] e | F M
E M s » ; YA 4 g
v & 4 2 i i : g _.._..
£ ' . 5 ey
g0 B i -
e | Y c i 1 1
; " < 4 3me 2 mo 24 mu
' . " S 4
B 7 E - H Arbor Circularity Index
% FE®
.’ 1.3 £
i » . —
E » » 2 &
el > T o T
3 ‘ : hd
- g
2 » £
- g Ol
L -
.
2 ]
& |
L .y . S— 3 ma 12 mo 24 mo
A F v 4 '
C s J A
L
‘ L)
] v .
] - 4
L 8 b
2 -
= » , B
-
4 ¥
A -
'
a ¢ r — 4 4 . "
. 3mo 12 mo 24 mo
] Soma Area K SD Soma Area L 5D Morphological Index
B F e
(2] p- 1} 2 [IFFE) L
XL
00 E ome 4
i 8w g 7
200 £ o H I
Mial |
3 mo 12 mo 24 mo 3 mo 12 mo 24 mo 3 mo 12 mo 24 mo
Figure 5.

Changes in the morphology of microglia in the CBA mouse. A-F: high magnification
photomicrographs illustrating the decline in size and complexity of processes arborization
without obvious changes in soma size by 12 mo in CBA mice: Al (A-C) and V1 (D-F).
Scale bars=25 pm. Quantification of the area of the process arbor (G), arbor circularity
index (H), morphological index (I), average soma area (J), soma area standard deviation
(SD; K), and morphological index standard deviation (L). Statistics refer to post hoc
analyses based on a 2-way ANOVA. **, p<0.01, *** p<0.001. Statistical comparisons are
illustrated as in Figure 2.
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Figure 6.

Ultrastructural changes in microglia in C57 and CBA mice. A-D: Aged microglia
accumulating various types of non-cellular inclusions, including lysosomal inclusions
(asterisks), vacuoles and large vesicles (arrow; A), and lipid droplets of various sizes (arrow;
D), which could result from the phagocytic elimination of neurons or glial cells. The
microglia in C appears almost completely filled by cellular debris, akin to fat granule cells
or gitter cells. Also note the size diversity of microglial cell bodies (see A and D for
example of normal size, B and C for example of enlarged size). Immunoperoxidase staining
for the microglia-specific marker IBA1 is shown by arrowheads. M, microglia. Scale bars=1
pm. E: Number of inclusions per microglia (lysosomal inclusions, vacuoles, small to large
vesicles, lipid droplets, and cellular elements such as dendritic spines and axon terminals
(see Figure 7); mean + SEM). Statistical comparisons are illustrated as in Figure 2. *, p<0.05
and ***, p<0.001.
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Figure 7.

Changes in microglial engulfment of synaptic elements in C57 and CBA mice. A-F: Young
and aged microglia displaying cellular inclusions (in) in their cell body (C, inset in D),
proximal process (A, inset in B), or distal processes (E and F). Cellular inclusions
sometimes resembled profiles of axon terminals (“t”’; see B and D-F for examples) and
dendritic spines (“s”; E for example) with contained pockets of electron-lucent space
(arrows; D and E), suggesting the phagocytic engulfment of synaptic elements by microglia.
In F, the microglia extends a fine process (arrows) between an axon terminal that appears
completely ensheathed (“t”") and a dendrite (d), in a way reminiscent of synaptic stripping. In

all pictures, microglial profiles show an electron-dense immunoperoxidase staining for
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IBA1. M, microglia; s, dendritic spine; t, axon terminal; v, vacuole. Scale bars=1 pm for A—
D, 0.5 um for E, and 0.25 pm for F.
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Figure 8.

Ultrastructural changes in astrocytes, oligodendrocytes, and axonal myelination in C57 and
CBA mice. A and B: EM examples of aged astrocytes (A) with enlarged processes typically
surrounding a blood vessel (BV; A) or containing large accumulations of lysosomal
inclusions (B). C and D: Aged oligodendrocytes (O) devoid of lysosomal inclusions,
encountered in a pair (C) or containing electron-lucent pockets in their perikaryal cytoplasm
(arrowheads). E and F: Myelinated axons (MA) with redundant (arrows; E and F) or
ballooned (see the large electron-lucent space in the sheath of the lower right MA; F) myelin
sheaths. m, mitochondria. Scale bars=1 pm. G. Number of oligodendrocytes per 10,000 pm?2
of ultrathin section (mean = SEM). Statistical comparisons are illustrated as in Figure 2. **,
p<0.01.
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