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Abstract
Impairment of cognitive functions including hippocampus-dependent spatial learning and memory
affects nearly half of the aged population. Age-related cognitive decline is associated with
synaptic dysfunction that occurs in the absence of neuronal cell loss, suggesting that impaired
neuronal signaling and plasticity may underlie age-related deficits of cognitive function.
Expression of myelin-associated inhibitors (MAIs) of synaptic plasticity, including the ligands
MAG, Nogo-A, and OMgp, and their common receptor, NgR1, was examined in hippocampal
synaptosomes and CA1, CA3 and DG subregions derived from adult (12–13 months) and aged
(26–28 months) Fischer 344 × Brown Norway rats. Rats were behaviorally phenotyped by Morris
water maze testing and classified as aged cognitively intact (n=7–8) or aged cognitively impaired
(n=7–10) relative to adults (n=5–7). MAI protein expression was induced in cognitively impaired,
but not cognitively intact, aged rats and correlated with cognitive performance in individual rats.
Immunohistochemical experiments demonstrated that upregulation of MAIs occurs, in part, in
hippocampal neuronal axons and somata. While a number of pathways and processes are altered
with brain aging, we report a coordinated induction of myelin-associated inhibitors of functional
and structural plasticity only in cognitively impaired aged rats. Induction of MAIs may decrease
stimulus-induced synaptic strengthening and structural remodeling, ultimately impairing synaptic
mechanisms of spatial learning and memory and resulting in cognitive decline.
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Introduction
Cognitive decline is a common complication of aging that impacts a variety of brain
functions including processing speed, inductive reasoning, and spatial learning and memory
(Hedden and Gabrieli 2004). Impairment of these functions diminishes health-span and
decreases independence. Hippocampus-dependent spatial learning and memory is
dramatically impaired in aging subjects experiencing cognitive decline, which can be
disabling (Hedden and Gabrieli 2004). Currently, more than half of the otherwise healthy
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population over age 60 is affected by varying degrees of spatial learning and memory
impairment, which increase in prevalence and severity with common conditions such as
Type 2 diabetes, hypertension, and heart disease (Dahle et al. 2009;Okonkwo et al. 2010;Qiu
et al. 2005). As the quality and availability of health care in developed countries continue to
improve, the aged population is expected to continue to increase (Social Science Data
Analysis Network 2010;Shrestha 2006). The prevalence of age-related cognitive decline is
expected to rise concomitantly with the increase in our lifespan. As such, greater emphasis
must be placed on understanding, preventing, and treating cognitive impairment. The
neurobiological basis of n o nneurodegenerative cognitive decline, which occurs in the
absence of neuronal cell death or neuropathology (Rapp and Gallagher 1996;Rapp et al.
2002;Rasmussen et al. 1996), remains to be determined but likely involves impaired
hippocampal synaptic signaling and regulation [reviewed in (Hof and Morrison 2004)].

Impaired hippocampal function associated with aging is evident in humans (Schaie 1996),
monkeys (Rapp and Amaral 1989), rats (Rapp and Gallagher 1996), and mice (Gower and
Lamberty 1993). Alterations in neurobiologically-relevant processes, including decreased
expression of synaptic machinery, increased oxidative stress, decreased glucose metabolism,
and aberrant protein folding and trafficking are characteristic of the aging hippocampus
[reviewed in (VanGuilder and Freeman 2011)]. Although these processes are important to
healthy brain function, dysregulation of neurotransmission and synaptic plasticity is likely a
more immediate cause of cognitive impairment. Electrophysiological studies of
hippocampal function demonstrate signaling disruptions with aging and spatial learning and
memory impairment, and are consistent with unstable encoding of spatial information. This
instability manifests in decreased long-term potentiation, increased long-term depression,
and errors in activation of spatiotemporal ensemble network sequences (Barnes et al.
1997;Kumar et al. 2007;Norris et al. 1996;Rosenzweig and Barnes 2003). These
electrophysiological characteristics are associated with impaired neurotransmitter synthesis
and receptor signaling, dysregulated neuronal gene and protein expression, and atypical
synapse morphology (Burke and Barnes 2006;Liu et al. 2008;Poe et al. 2001;Shi et al.
2005).

We have previously reported the age-related downregulation of neurotransmission-
associated proteins with roles in synaptic vesicle mobilization, release, and reuptake, in
agreement with deficits of neurotransmission characteristic of hippocampal aging
(VanGuilder et al. 2010). Additionally, we have described decreased expression of proteins
that mediate activity-dependent plasticity [i.e., 14-3-3 theta (Skoulakis and Davis 1998),
CamK2α (Lu and Hawkins 2006), and PSD-95 (Vickers et al. 2006)], and increased
expression of modulators/stabilizers of neuronal and synaptic structure [i.e., MAP2 (Harada
et al. 2002), drebrin (Majoul et al. 2007), Nogo-A (Zagrebelsky et al. 2010)], in
hippocampal synaptosomes derived aged cognitively impaired rats compared to aged
cognitively intact and adult rats (VanGuilder et al. 2011b). Together with demonstrated
deficits of electrophysiological correlates of learning and memory in cognitively impaired
rodents, these data further implicate age-associated, dysregulation of synaptic plasticity in
cognitively impaired subjects as a potential basis of hippocampal dysfunction and impaired
spatial learning and memory.

In recent years, the myelin-associated inhibitors (MAIs) myelin-associated glycoprotein
(MAG), Nogo-A (neurite outgrowth inhibitor A), and oligodendrocyte myelin glycoprotein
(OMgp) have emerged as potent inhibitors of neuronal outgrowth and structural plasticity
(Akbik et al. 2011;Cafferty and Strittmatter 2006;Cafferty et al. 2010;Llorens et al. 2011).
By signaling through one of their common receptors, NgR1 (Nogo-66 receptor 1), MAIs
stabilize synaptic ultrastructure by modulating cytoskeletal rearrangements (Lee et al.
2008;Zagrebelsky et al. 2010), and suppress activity- and experience-dependent synaptic
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plasticity (Delekate et al. 2011;Raiker et al. 2010). These actions are similar to the effects of
aging on hippocampal synapses, which include decreased functional (Barnes 2003;Kumar et
al. 2007;Norris et al. 1996;Rosenzweig and Barnes 2003) and structural (Geinisman et al.
1986;Poe et al. 2001;Shi et al. 2005) plasticity consistent with impaired mechanisms of
learning and memory. Additionally, increased MAI expression is implicated in a number of
neurological conditions including ALS, AD, PD, MS, traumatic brain injury and stroke,
which are associated with deficits of cognitive function and are exacerbated with increasing
age (McDonald et al. 2011). However, the role of MAIs in non-injury-related and non-
neurodegenerative cognitive decline has not been investigated. The aim of this work was to
build on our previous finding that synaptosomal Nogo-A expression is upregulated only in
cognitively impaired aged rats (VanGuilder et al. 2011b) by assessing hippocampal
expression of MAIs in a well-characterized rodent model of cognitive decline and
identifying potential relationships between protein-level expression of these plasticity-
inhibiting factors and spatial learning and memory in individual animals.

Here, we describe protein-level induction of MAG, Nogo-A, OMgp, and NgR1 in
synaptosomes derived from whole hippocampus, and in dissected hippocampal CA1, CA3
and DG subregions, that was observed only in aged rats with cognitive impairment, and
demonstrate significant correlation of MAI expression levels with cognitive performance.
We also demonstrate axonal localization of MAI ligands and the NgR1 receptor as a
potential site of MAI-mediated suppression of functional and structural plasticity implicated
in cognitive decline.

Methods
Animals

Male Fischer 344 × Brown Norway (F1) hybrid rats (see Table 1 for cohort information,
described, in part, in references (VanGuilder et al. 2011a;VanGuilder et al. 2011b) were
purchased from the National Institute on Aging colony maintained by Harlan Industries
(Indianapolis, IN) and acclimatized in quarantine for two weeks upon arrival, as previously
described (VanGuilder et al. 2010;VanGuilder et al. 2011b). Rats were housed in laminar-
flow cages, with food (Purina Mills, Richmond, IN) and water available ad libitum, in the
OUHSC specific pathogen-free Barrier Facility. In accordance with protocols commonly
implemented in studies of aging and cognitive decline (VanGuilder et al. 2010;VanGuilder
et al. 2011b;VanGuilder et al. 2011a;Kumar et al. 2011;Gomes da Silva et al. 2010;Freeman
et al. 2009;Eckert et al. 2010;Adams et al. 2008), all rats were singly housed to minimize
potential variables, such as differing degrees of social interaction and stressful interactions
with cagemates, that can confound behavioral testing data. The Barrier Facility is
maintained on a 12-hour light/dark cycle with temperature and humidity at constant levels.
To minimize potential stress associated with handling during behavioral testing, all rats were
handled daily by laboratory personnel for two weeks prior to cognitive assessment. During
this acclimation period, rats were handled until they remained calm when picked up and held
by multiple investigators, including the experimenter performing Morris water maze testing.
Spatial learning and memory was assessed using Morris water maze testing, as described
below. One week following conclusion of behavioral phenotyping, rats were sacrificed by
decapitation without anesthesia to obviate potential acute effects of anesthetics on
downstream endpoints including quantitation of gene and protein expression. Left and right
hippocampi were individually dissected for preparation of synaptosomes [Cohort A (adult:
n=5; aged intact: n=8; aged impaired: n=7)] or dissection of CA1, CA3 and DG subregions
[Cohort B (adult: n=7; aged intact: n=7; aged impaired: n=10)]. A third cohort of
cognitively-assessed rats [Cohort C (adult: n=9; aged intact: n=10; aged impaired: n=5)] was
perfusion-fixed under ketamine/xylazine anesthesia by transcardial perfusion with 6U/mL
heparin (sodium salt) in phosphate-buffered saline (PBS) followed by 4% paraformaldehyde
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in PBS (pH 7.4). At sacrifice, all rats were examined for exclusionary criteria (e.g., pituitary
tumors, cortical atrophy, gross nephropathy) that could confound behavioral and molecular
analyses. The OUHSC animal facilities are fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care, and all animal procedures were
approved by the Institutional Animal Care and Use Committee in compliance with the
Public Health Service Policy on Humane Care and Use of Laboratory Animals and the
National Research Council's Guide for the Care and Use of Laboratory Animals.

Morris water maze testing
Hippocampus-dependent spatial learning and memory was evaluated by Morris water maze
as previously described (VanGuilder et al. 2011a;VanGuilder et al. 2011b). A round water
maze tank (diameter: 1.7m; height: 0.6m) was filled to a depth of 25cm with water rendered
opaque with non-toxic, water-based white food coloring, and was surrounded by a curtain
with fixed-position visual reference cues. A retractable escape platform (12cm2) was
submerged 2cm below the surface of the water, and a center-mounted camera mounted
above the maze pool provided visual input to an automated tracking system (Noldus
Ethovision XT, Wageningen, Netherlands) used for analysis of maze performance measures.

The escape platform location was maintained in a fixed position throughout the acquisition
phase. Task acquisition was conducted over eight days in four individual two-day blocks
(Figure 1). Each acquisition block consisted of five 60s trials performed over two days (2–3
trials/day) to avoid fatiguing the rats, with starting positions pseudo-randomized to ensure
that rats learned to associate visual cues with the escape platform location rather than
following a consistent path from a single starting location. Rats' path length to the escape
platform was the dependent measure in acquisition trials, with decreasing path length
indicating improving maze performance. Probe trials were interpolated between acquisition
blocks to increase the accuracy of cognitive assessment measures throughout maze testing,
as previously described by ourselves and others (VanGuilder et al. 2011b;VanGuilder et al.
2011a;Stranahan et al. 2011;Gallagher et al. 1993;Rapp and Gallagher 1996;Nieves-
Martinez et al. 2010;Geinisman et al. 2004;Nicholson et al. 2004).

After completion of each two-day acquisition block (i.e., after every five acquisition trials),
the escape platform was lowered to an inaccessible depth, and a probe trial was performed
[for a total of four probe trials, performed on testing days two, four, six, and eight (Figure
1)]. Rats were placed into the maze and allowed 30s to locate the escape platform location
based on the surrounding reference cues. During each probe trial, the average distance to the
platform location over the 30s trial was calculated. After the last probe trial, a composite
“mean proximity to the platform location” measure was generated by calculating the
mathematical mean of the average distance to the platform location measured in all four
probe trials for each animal. This “mean proximity” measure reflects each animal's average
performance in four individual probe trials, and is used to classify aged rats as cognitively
intact or cognitively impaired. The composite mean proximity value is also used for
statistical correlation analyses of cognitive performance and protein expression. Mean swim
velocity was also measured to ensure that motor deficits did not confound maze
performance. Memory extinction between blocks was prevented by replacing the escape
platform and allowing rats 60s to re-locate its position in the context of the surrounding
visual cues. One day following conclusion of maze testing, visual performance was
evaluated over four consecutive swim trials with the escape platform visible to ensure visual
deficits did not confound maze performance. To decrease the likelihood that molecular
alterations potentially induced with maze testing did not confound downstream biochemical
analyses, rats were sacrificed one week following conclusion of testing.

VanGuilder et al. Page 4

J Neurochem. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cognitive stratification of aged rats
Probe trial data were used to classify aged rats as cognitively intact or cognitively impaired
relative to the adult group. A composite mean proximity to the escape platform measure,
reflecting the average distance to the platform across all four probe trials, was used as the
primary measure of cognitive status, as previously described (VanGuilder et al. 2011b).
Aged rats performing within the range of adults were classified as cognitively intact, while
those with inferior performance were classified as cognitively impaired. To verify that the
probe trial performance of adult and aged, cognitively intact rats was indeed superior to that
of the aged, cognitively impaired group, individual probe trial and mean probe trial data
were analyzed by one-way ANOVA with Student Newman Keuls post hoc testing.
Cognitive stratification by probe trial performance allowed retrospective analysis of group-
based acquisition phase data. To ascertain that all rats (adult, aged cognitively intact, aged
cognitively impaired) successfully acquired the task, data were statistically analyzed across
acquisition blocks by group using oneway repeated measures ANOVA with Holm-Sidak
post hoc testing. Differences between groups in individual acquisition blocks were evaluated
by one-way ANOVA with Student Newman Keuls post hoc testing.

Synaptosome isolation
Synaptosome fractions were prepared from dissected hippocampi as previously described
(VanGuilder et al. 2010;VanGuilder et al. 2011b). Left and right hippocampi were
individually dissected into ice-cold sucrose buffer (320mM sucrose, 4mM HEPES, 1mM
Na3VO4, pH 7.4) and incubated on ice for 30min with buffer exchanged every ten minutes.
Hippocampi were homogenized in 8mL sucrose buffer with a mechanically-driven douce
homogenizer, and nuclear, cytoskeletal, and synaptosomal fractions were separated by
differential centrifugation. Synaptosome-containing fractions were resuspended in lysis
buffer for protein isolation or TRI-Reagent (Molecular Research Center, Cincinnati, OH) for
RNA isolation. Enrichment of synaptic elements and depletion of nuclear material was
confirmed by immunoblotting.

Subregion dissection
Hippocampal CA1, CA3 and DG subregions were individually dissected from left and right
hippocampi. Briefly, hippocampi were hemisected and the dorsomedial portion was further
dissected into four blocks perpendicular to the longitudinal axis. From these blocks, CA3
was isolated by cutting along the edge of the DG. CA1 and DG were isolated by cutting
along the hippocampal fissure as described previously (Newton et al. 2005;VanGuilder et al.
2011a).

Protein isolation and immunoblotting
Soluble protein was extracted by homogenizing synaptosome and subregion samples in a
detergent-based protein lysis buffer containing protease and phosphatase inhibitors (100mM
NaCl, 20mM HEPES, 1mM EDTA, 1mM dithiothreitol, 1.0% Tween20, 1mM Na3VO4, 1
Complete Mini EDTA-Free Protease Inhibitor Cocktail Tablet (Roche Applied Science,
Indianapolis, IN) for every 10 mL lysis buffer) using a bead mill (Retsch TissueLyzer II,
Qiagen, Valencia, CA). Homogenates were incubated at 4°C with gentle rocking for 15min,
and insoluble protein was removed by centrifugation (10,000 × g, 15min, 4°C). The soluble
protein-containing supernatant was collected, and protein concentrations were determined
by bicinchoninic acid quantitation (Pierce, Rockford, IL).

Protein-level expression of MAG, Nogo-A, OMgp, NgR1, and GAP-43 was determined
using standard immunoblotting methods (VanGuilder et al. 2010;VanGuilder et al. 2011b),
with the age and cognitive status of samples masked to investigators. Protein samples were
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adjusted to a concentration of 2μg/μL in protein lysis buffer and LDS sample buffer
(Invitrogen, Carlsbad, CA) in volumes sufficient to perform all immunoblot analyses and to
confirm equal protein content, from one sample preparation as previously described
(VanGuilder et al. 2010). 10μg of each prepared protein sample was denatured at 95°C prior
to SDS-PAGE separation using Criterion Tris-HCl precast 4–20% acrylamide gradient gels
(BioRad, Hercules, CA). For each sample type (synaptosome preparations, CA1, CA3, and
DG subregions) a gel containing all study samples was stained with Deep Purple total
protein stain (GE Healthcare, Piscataway, NJ) and quantitated by whole-lane digital
densitometry (ImageQuant TL, Molecular Dynamics, Sunnyvale, CA) to ensure equal
protein content between samples. Beta actin immunoblot quantitation was also performed to
confirm equal protein content. For immunoblotting, proteins were transferred to PVDF
membranes (HyBond, GE Healthcare), blocked with 5% nonfat milk in PBS containing 1%
Tween-20 (PBST), and incubated with primary antibodies (Table 2). Membranes were
washed with PBST, incubated with species-appropriate secondary antibodies (Table 2), and
visualized with enhanced chemiluminescence substrate (GE Healthcare). Immunoreactive
bands were imaged on film, digitized at a resolution of 800d.p.i., and quantitated using
automated digital densitometry software with rolling ball background subtraction
(ImageQuant TL).

Immunoblot data were normalized to corresponding whole-lane densitometric volumes of
total protein-stained gels as previously described (VanGuilder et al. 2010;VanGuilder et al.
2011b), and were statistically analyzed by one-way ANOVA with Student Newman Keuls
post hoc testing. Relationships between protein expression and cognitive performance were
evaluated by Pearson product moment correlation (normal data distributions) or Spearman
rank order correlation (non-normal data distributions) using SigmaStat 3.5 software (Systat
Software, San Jose, CA).

RNA isolation and RT-qPCR
Synaptosome and subregion samples were homogenized in TRI-Reagent using a bead mill
as previously described (Rountree et al. 2010;VanGuilder et al. 2011a). RNA was isolated
by addition of 10% BCP and standard phase separation, and was precipitated overnight at
−20°C in isopropanol. RNA was purified using the RNease Mini kit (Qiagen), and assessed
for quality and quantity by microfluidics chip (2100 Expert Bioanalyzer NanoChip, Agilent,
Palo Alto, CA) and spectrometry (NanoDrop ND1000, Thermo Scientific, Wilmington, DE),
respectively.

Gene expression levels were quantitated by RT-qPCR performed as previously described
(Brucklacher et al. 2008;Freeman et al. 2010;VanGuilder et al. 2011a), with samples de-
identified to investigators. Briefly, cDNA was synthesized from purified RNA using the
High-capacity cDNA Reverse Transcription kit (Applied Biosciences, Foster City, CA). RT-
qPCR analysis of MAG, Nogo-A, OMgp, and NgR1 was performed using TaqMan Assay-
On-Demand gene-specific primers/probe assays (Applied Biosystems) with β-actin as the
endogenous control (Table 3). Experiments were performed and analyzed with a 7900HT
Sequence Detection System (Applied Biosystems) and SDS 2.2.2 software using the 2−ΔΔCt

analysis method. Statistical analysis was performed by one-way ANOVA.

Immunohistochemical localization
Following perfusion, rats used for immunohistochemistry experiments were decapitated and
their brains extracted, hemisected sagittally, immersion-fixed in 4% paraformaldehyde (pH
7.4), and impregnated with 30% sucrose in PBS, as described previously (VanGuilder et al.
2011b). Tissues were embedded in Tissue-Tek optimal cutting temperature compound
(Sakura Finetek, Torrance, CA), frozen in isopentane on dry ice, and stored at −80°C.
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Brains from three rats from each group (adult, aged cognitively intact, aged cognitively
impaired) were de-identified to investigators prior to immunohistochemical localization
experiments and visualization by confocal microscopy. Tissues were cryosectioned (12μm;
HN 505E, Microm International, Walldorf, Germany) in the sagittal plane and sections were
collected on FisherBrand SuperFrost Plus glass slides (Fisher Scientific, Pittsburg, PA),
postfixed with 2% paraformaldehyde in PBS, and blocked with 10% donkey serum (Jackson
ImmunoResearch, West Grove, PA) in PBS containing 0.1% Triton X-100. Slides were
incubated with primary antibodies (Table 2) in blocking solution overnight at 4°C, washed
to remove unbound antibody, and incubated with species-appropriate fluorescence-
conjugated secondary antibodies (Table 2) in blocking buffer. To control for non-specific
secondary antibody signals and background fluorescence, a negative control was included
with primary antibodies omitted. Nuclei were stained with Hoechst 33258 (5μg/mL,
Invitrogen). After washing, slides were coverslipped with Aqua Poly/Mount (Polysciences,
Warrington, PA) and dried prior to imaging.

Images were acquired using a confocal laser scanning microscope (Leica TCS SP2 AOBS,
Exton, PA) equipped with UV-diode (Hoechst, 405nm), argon (488nm), and helium-neon
(546nm and 649nm) lasers. To characterize MAI expression within hippocampal subregions,
tissue sections were imaged as 1024×1024 pixel, 3.9μm series of 6 optical sections (step
size = 0.65 μm) acquired using a 20× oil-immersion objective with 2×2 line and frame
averaging to decrease noise, using identical laser settings optimized for each antibody. High-
resolution imaging of Hoechst nuclear staining and neurofilament/MAI immunoreactivity
was performed using a 63× oil-immersion objective with 2×2 line and frame averaging, with
identical laser settings optimized for each antibody. All images are presented as average
projections of z-stacks. Additional noise reduction and background subtraction were
performed using Adobe Photoshop CS4 software (Adobe Systems, San Jose, CA), with
equal adjustments applied to all images of a given antibody. 20× images of MAI distribution
within hippocampal subregions were converted to inverted grayscale to enhance contrast in
monochrome images.

Results
Behavioral stratification of adult and aged rats by Morris water maze performance

Hippocampus-dependent cognitive performance of adult and aged Fischer 344 × Brown
Norway rats was assessed by Morris water maze testing, and aged animals were assigned to
cognitively intact or cognitively impaired groups based on mean proximity to the escape
platform during probe trials as previously described (Freeman et al. 2009;VanGuilder et al.
2011b). Stratification of aged rats into cognitively intact and cognitively impaired groups
was evident in the three cohorts included in this study (Table 1). Statistical analysis
confirmed that spatial learning and memory was superior in adult and aged cognitively intact
rats compared to aged cognitively impaired rats (p<0.001, one-way ANOVA with Student
Newman Keuls post hoc testing). In the cohort used for preparation of hippocampal
synaptosomes (Cohort A, Figure 2A, left), mean proximity-to-platform measures of adult
(48±1.9 cm) and aged intact (52±2.4 cm) were significantly lower than aged impaired rats
(68±1.6cm). Similar differences were observed in the cohort used for dissection of
hippocampal subregions (Cohort B, Figure 2B, left), in which the performance of aged
impaired rats (59±0.9 cm) was significantly inferior to that of adult (48±1.1 cm) and aged
intact (48±1.4 cm) rats. The cohort used for immunohistochemical localization of target
proteins (Cohort C, Figure 2C, left) also demonstrated performance-based stratification, with
significant differences evident between the mean proximity-to-platform measures of aged
impaired (65±2.5 cm) rats and that of both adult (46±3.8 cm) and aged intact (47±3.4 cm)
rats. No differences in mean proximity to the platform location were detected between adult
and aged cognitively intact rats in any cohort.
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Retrospective analysis of group-based acquisition data demonstrated that while all groups
learned the task over the four progressive acquisition blocks in all three cohorts (repeated
measures ANOVA, p<0.05), aged cognitively impaired rats maintained longer path lengths
to the escape platform than adult and aged intact rats (Figure 2A–C, right panels).
Significantly inferior performance was evident in aged impaired rats compared to both adult
and aged intact rats at the end of task acquisition (p<0.001 to p<0.05, one-way ANOVA
with Student Newman Keuls post hoc testing), suggesting that adult and aged intact rats
learned the maze task more effectively than aged impaired rats. Inferior performance in
aged, cognitively impaired rats was not associated with decreased swim velocity (cm/s)
compared to adults or aged intact rats, as no differences in average swim speed were
apparent between adult, aged intact, and aged impaired rats in Cohort A (adult: 19 ± 1.04
cm/s; aged intact: 20.9 ± 0.62 cm/s; aged impaired: 19.2 ± 0.97 cm/s), Cohort B (adult: 19.5
± 0.91 cm/s; aged intact: 19.7 ± 0.70 cm/s; aged impaired: 19.2 ± 0.97 cm/s), or Cohort C
(adult: 20.1 ± 0.63 cm/s; aged intact: 18.9 ± 0.68 cm/s; aged impaired: 18.9 ± 0.49 cm/s).

Immunoblot assessment of myelin-associated inhibitors
Immunoblot analysis was performed to assess protein content of MAI ligands [MAG
(myelin-associated glycoprotein), Nogo-A (neurite outgrowth inhibitor A), and OMgp
(oligodendrocyte myelin glycoprotein)] and a well-characterized MAI receptor [NgR1
(Nogo-66 receptor 1)]. GAP-43 (growth-associated protein 43) was assessed as a marker of
neuronal outgrowth, and beta actin quantitation was included in immunoblot analysis as an
unchanged control. Representative bands from immunoblot analysis of these proteins are
depicted in Figure 3A. MAG immunoreactivity was apparent as a single band at
approximately 100kDa. Two Nogo-A-immunoreactive bands were evident: a very faint band
was observed at ~120kDa, and a darker, heavier band was observed at ~210kDa. Only the
210kDa band (shown) was consistently detected in all samples and at intensities suitable for
quantitation. A single OMgp-immunoreactive band was detected ~25kDa in all samples.
Multiple faint, variable bands were apparent on anti-NgR1 immunoblots, between 25kDa
and 37kDa, but were inconsistent. A prominent NgR1-immunoreactive single band (shown)
was detected at 70kDa. MAG, Nogo-A, OMgp, and NgR1 immunoblots suggested increased
protein expression in aged, cognitively impaired rats. Immunoblotting for the neuronal
regeneration marker GAP-43 produced a single band at ~45kDa and appeared to decrease in
intensity in aged rats compared to adults. Beta actin immunoblotting was performed
separately to confirm equal protein loading, and produced a single band at 42kDa that was
consistent across all animal groups. Immunoblot data were normalized to total-protein
stained gels (Figure 3B) generated from the same sample preparations as those used for
protein quantitation. No differences in total protein content were apparent between animal
groups, and whole-lane densitometry confirmed equal protein loading.

Hippocampal MAG expression is significantly upregulated with cognitive decline
Protein expression of myelin-associated glycoprotein (MAG) in synaptosomal preparations
derived from whole hippocampus, and dissected CA1, CA3 and DG hippocampal
subregions were quantified by digital densitometry (Figure 4A). In aged, cognitively
impaired rats, MAG content was increased by nearly 50% in synaptosomes (p<0.05) and
CA1 (p<0.01), and DG, and by 220% in CA3 (p<0.05), compared to aged cognitively intact
rats (one-way ANOVA with Student Newman Keuls post hoc testing). Significant elevation
of MAG was also evident in aged impaired rats compared to adults in CA1 (p<0.01), CA3
(p<0.05) and DG (p<0.05). No differences in MAG expression were detected between adult
and aged intact rats. Potential correlation between cognitive impairment and increased MAG
expression in individual rats was evaluated by Pearson (normal distributions) or Spearman
(non-normal distributions) correlation analyses (Figure 4B). Significant correlations between
MAG content and mean proximity-to-platform probe trial measures were identified in
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synaptosomes (p<0.01), and CA1 (p<0.001) and CA3 (p<0.01) subregions, indicating that
higher MAG expression in hippocampal synapses and pyramidal cell-containing subregions
is associated with poorer spatial learning and memory.

To extend our immunoblot characterization of MAG expression, immunohistochemical
localization experiments were performed (Figure 5). MAG immunoreactivity was evident
throughout the hippocampus as diffuse staining in the neuropil, and was also associated with
puncta and cellular processes in synapse-containing strata. Significant MAG
immunoreactivity was also apparent in the heavily-myelinated corpus callosum. In the
hippocampus, MAG expression appeared to be higher in the cellular processes of synapse-
and projection fiber-containing layers of CA1 (e.g., stratum lacunosum-moleculare) CA3
(e.g., stratum radiatum) and DG (e.g., polymorphic layer) than in CA1, which is consistent
with the higher degree of myelination evident in these regions in the mature hippocampus
(Meier et al. 2004). Perinuclear staining was also evident in the pyramidal cell layer of CA1
and CA3, but not the DG granule cell layer. In DG, MAG-immunoreactive processes
traversed the granule cell layer between the polymorphic and molecular layers. In agreement
with immunoblot data, hippocampal immunoreactivity to MAG was increased in tissue
sections from aged, cognitively impaired rats compared to aged intact and adult rats. Since
MAIs are expressed predominantly by myelinating oligodendrocytes ensheathing neuronal
axons, MAG immunoreactivity was co-imaged with heavy chain neurofilament (NFh) at
high magnification to provide a cytoarchitectural reference for visualization of MAG
expression at the cellular level (Figure 5, right column). MAG expression was observed in
close proximity to axons (MAG+/NFh−), as expected, with a greater density of peri-axonal
MAG immunoreactivity in CA3 and DG. A degree of colocalization of MAG and NFh was
also evident (MAG+/NFh+), suggesting that MAG may be expressed by hippocampal
neurons in addition to myelinating oligodendrocytes. Increased periaxonal immunoreactivity
was evident in CA1, CA3 and DG of aged impaired rats compared to aged intact and adult
rats (Supplemental Figure 1). Assessment of the negative control, incubated with secondary
antibodies but with primary antibodies omitted, revealed no non-specific signals and
minimal background fluorescence, demonstrating the specificity of MAI visualization
(Supplemental Figure 2).

Increased hippocampal expression of Nogo-A occurs in cognitively impaired aged rats
Immunoblot quantitation of neurite outgrowth inhibitor A (Nogo-A) content in whole-
hippocampus synaptosomes and unfractionated CA1, CA3 and DG subregions derived from
adult and aged, behaviorally phenotyped rats demonstrated significant induction of Nogo-A
protein with cognitive impairment (Figure 6A). As previously described, synaptosomal
expression of Nogo-A was increased by more than 80% (p<0.05) in aged cognitively
impaired rats compared to aged intact rats (VanGuilder et al. 2011b), but was not different
from adult rat levels. Nogo-A upregulation was also observed in CA1 (20%, p<0.05), CA3
(20%, p<0.05) and DG (40%, p<0.05) of aged impaired rats compared to aged intact rats.
Significant increases in Nogo-A content were also evident between aged impaired rats and
adult rats in CA1 (70%, p<0.001) and CA3 (35%, p<0.05), and between aged intact and
adult rats in CA1 (35%, p<0.01). Among individual animals, Nogo-A content was
significantly correlated with mean proximity-to-platform measures, demonstrating a
relationship between increased Nogo-A expression and decreased cognitive performance
(Figure 6B). Correlations were identified in whole-hippocampus synaptosome preparations
(p<0.05), CA1 (p<0.01), and CA3 (p<0.01).

Immunohistochemical visualization demonstrated Nogo-A expression throughout the
hippocampus (Figure 7). Punctate and projection-associated Nogo-A immunoreactivity was
evident throughout synapse-containing hippocampal layers, particularly in CA1 and CA3
stratum radiatum. Additionally, in agreement with previous reports (Jin et al. 2003;Zhou et
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al. 2003), nuclear Nogo-A staining was observed throughout the hippocampus, and was
concentrated in the pyramidal and granule cell layers. In aged impaired rats, enhanced
Nogo-A staining was apparent throughout all subregions compared to aged intact and adult
rats. Increased nuclear immunoreactivity was evident both in the number of Nogo-A
immunoreactive nuclei and in the intensity of nuclear staining. Similarly, in aged impaired
rats, Nogo-A immunoreactivity associated with cellular projections was both darker and
more frequently observed, particulary in CA1 and CA3. Nogo-A immunoreactivity in the
corpos callosum also appeared to be increased in aged cognitively impaired rats, in which
Nogo-A+ cells (presumably oligodendrocytes) exhibited increased somatic and projection-
associated staining. Co-staining experiments visualizing axon cytoarchitecture (NFh
immunoreactivity) and Nogo-A demonstrated NFh−, putatively oligodendrocytic, Nogo-A
immunoreactivity in processes near axons in CA1 and DG (Figure 7, right column).
Compared to aged intact and adult rats, Nogo-A staining in aged impaired rats was more
intense throughout CA3, and was observed in both NFh− and NFh+ projections
(Supplemental Figure 2), suggesting both oligodendrocytic and neuronal expression of
hippocampal Nogo-A. A subset of Nogo-A-immunoreactive nuclei in CA3 also appeared to
be neuronal, as indicated by somatic NFh immunoreactivity.

Induction of hippocampal OMgp expression occurs with age-related cognitive impairment
To assess expression of oligodendrocyte myelin glycoprotein (OMgp) in hippocampus with
advanced aging and age-related cognitive decline, immunoblot analysis of synaptosomal
preparations and CA1, CA3, and DG subregions was performed (Figure 8A). Similarly to
MAG and Nogo-A, OMgp was significantly upregulated in hippocampal samples derived
from aged cognitively impaired rats compared to adult and aged cognitively intact rats. The
greatest impairment-related induction in OMgp expression was observed in synaptosomes
derived from whole hippocampus. Compared to aged intact rats, synaptosomal OMgp in
aged impaired rats was increased two-fold (p<0.01). Interestingly, OMgp was decreased by
50% in aged intact rats compared to adults (p<0.01), although no differences in
synaptosomal OMgp expression were observed between adult and aged impaired rats and no
generalized effect of aging (i.e., all aged vs. adult) was apparent. OMgp was similarly
upregulated in CA1 (60%, p<0.05), CA3 (50%, p<0.01), and DG (25%, p<0.01) of aged
impaired rats compared to aged intact rats. Significant elevation of OMgp was also evident
in CA1 (70%, p<0.05) and DG (45%, p<0.01) of aged impaired rats compared to adults.
OMgp content was correlated to cognitive impairment in CA1 (p<0.001) and CA3 (p<0.05),
with higher OMgp expression associated with greater mean proximity-to-platform probe
trial performance measures (Figure 8B).

OMgp distribution throughout the hippocampus in adult, aged cognitively intact and aged
cognitively impaired rats was characterized by immunohistochemical localization
experiments (Figure 9). OMgp immunoreactivity was distributed throughout the
hippocampus, with concentrated areas of staining in processes and, more diffusely, in
regions surrounding OMgp-negative processes (e.g., CA3 stratum radiatum) and somata
(e.g., CA1 stratum pyramidale, DG stratum granulosum). Punctate OMgp immunoreactivity
was also observed throughout the neuropil, and was particularly evident in the stratum
radiatum and stratum oriens of CA3 in aged impaired rats. Interestingly, in the hilus of DG,
processes highly immunoreactive to OMgp were evident in aged intact and aged impaired,
but not adult, rats. In aged, cognitively impaired rats, immunoreactivity was increased in
CA1, CA3 and DG compared to adult and aged intact rats. Immunohistochemical
visualization of OMgp and NFh-immunoreactive axons demonstrated little to no
colocalization, demonstrating that hippocampal OMgp is expressed around axons,
presumably by myelinating oligodendrocytes (Figure 9, right column). At the cellular level,
diffuse OMgp staining was evident throughout the peri-axonal space. A small number of
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NFh−, OMgp-immunoreactive processes were also observed in CA3 and DG. Both diffuse
and projection-associated, periaxonal OMgp staining was increased in aged impaired rats
compared to aged intact and adult rats (Supplemental Figure 3).

NgR1 expression is upregulated with cognitive decline
The myelin-associated inhibitors MAG, Nogo-A and OMgp signal through common
receptors including the Nogo-66 receptor (NgR1). NgR1 protein expression was quantified
in hippocampal synaptosomes and subregions to identify potential regulation with aging or
cognitive decline (Figure 10A). In whole-hippocampal synaptosomes, NgR1 was increased
by 60% (p<0.05) in aged impaired rats compared to aged intact rats. NgR1 expression was
not different between aged impaired and adult rats, but was decreased by 30% (p<0.05) in
aged intact rats compared to adults. Age-related cognitive decline-associated induction of
NgR1 was observed in CA1 (30%, p<0.01), CA3 (60%, p<0.05), and DG (30%, p<0.05)
compared to aged intact rats, and in CA1 (20%, p<0.05) compared to adults. Significant
correlation of NgR1 expression levels and cognitive impairment were observed in all three
hippocampal subregions assessed (Figure 10B). In CA1 (p<0.01), CA3 (p<0.05) and DG
(p<0.05), increased NgR1 expression was associated with increased mean proximity-to-
platform measures (i.e., with decreasing cognitive performance).

Immunohistochemical assessment of NgR1 distribution in the hippocampus (Figure 11) was
performed to extend immunoblot quantitation of NgR1 protein in hippocampal subregions
and synapses. Perinuclear somatic NgR1 staining was distributed throughout the corpus
callosum, and increased in immunoreactivity with cognitive impairment. In the
hippocampus, diffuse NgR1 immunoreactivity was observed in all subregions assessed, but
was most prominent as somatic staining in the pyramidal cell layer in CA1 and CA3.
Interestingly, this immunoreactivity was enhanced in CA2. In stratum radiatum, particularly
in aged impaired rats, distinct cellular processes originating from the pyramidal cell layer
projected through the stratum radiatum to the stratum lacunosum-moleculare. In DG, NgR1
immunoreactivity was observed in granule cell and polymorphic layers, with both somatic
and diffuse, punctate staining evident. The intensity of NgR1 staining in CA1, CA3 and DG
recapitulated the quantitative immunoblot demonstration of increased NgR1 expression in
aged cognitively impaired rats. Higher-magnification visualization of NgR1
immunoreactivity demonstrated neuronal expression of NgR1, particularly in somata and
proximal axon segments of NFh-expressing neurons in DG and CA3 (Figure 11, right
column). Interestingly, in CA1, NgR1-immunoreactivity was apparent in cell bodies and
NFh− processes, although NFh+ projections were frequently observed in close proximity to
the NgR1 immunoreactive somata. Increased NgR1 immunoreactivity at the cellular level
was apparent in aged impaired rats compared to adult and aged intact rats (Supplemental
Figure 4).

Protein-level induction of myelin-associated inhibitor pathway components is not
regulated at the level of transcript content

To assess potential transcript-level regulation of increased MAG, Nogo-A, OMgp, and
NgR1 protein expression with age-related cognitive decline, mRNA expression was
quantitated by qPCR of synaptosomes prepared from whole-hippocampus and of CA1, CA3
and DG subregions (Table 3). No differences in mRNA content were observed between
aged intact and aged impaired rats, or between aged and adult rats with the exception of
Nogo-A. Nogo-A transcript levels were decreased by nearly 50% in DG of aged intact rats
compared to adults (p<0.05, ANOVA with Student Newman Keuls post hoc testing). In
agreement with a previous report of selective downregulation of Nogo-A transcript in the
aging hippocampus (Trifunovski et al. 2006), we observed a trend toward decreased Nogo-A
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mRNA in CA1 and DG of aged rats compared to adults (~25% decrease, p=0.09, two-tailed
t-test, all aged vs. adult).

GAP-43 protein expression decreases with advanced aging but not cognitive decline
To determine whether increased MAI expression is associated with decreased neuronal
sprouting, protein expression of the neuronal regeneration-associated protein GAP-43
(growth-associated protein 43) (Thompson et al. 2006b;Schmidt-Kastner et al. 1997) was
assessed by immunoblotting in both hippocampal synaptosomes and hippocampal subregion
dissections (Figure 12). GAP-43 expression was significantly decreased in all aged subjects
regardless of cognitive status, and was not differentially expressed between aged intact and
aged impaired rats. Synaptosomal GAP-43 was decreased by ~25% in both aged intact and
aged impaired rats compared to adults (p<0.01, one-way ANOVA with Student Newman
Keuls post hoc testing). In discrete hippocampal subregions dissected from aged intact and
aged impaired rats, GAP-43 protein content was decreased by ~20% (CA1, p<0.05) to more
than 30% (CA3 and DG, p<0.05) compared to expression in adults. There was no correlation
between GAP-43 expression and cognitive performance.

Discussion
Aging is a primary risk factor for impairment of cognitive functions including hippocampus-
dependent spatial learning and memory. In both humans and animal models, deficits of
spatial learning and memory manifest in only approximately half of aged subjects, indicating
that age-related alterations in hippocampal cytostructure and neurochemical composition
are, by themselves, insufficient to cause cognitive decline. We have previously reported that
neurotransmission-regulating proteins decrease in expression with aging and are not further
regulated with cognitive decline (VanGuilder et al. 2010;VanGuilder et al. 2011b).
Additionally, differential regulation of synaptic proteins with roles in functional and
structural plasticity occurs only with age-related cognitive impairment rather than as a
general effect of aging (VanGuilder et al. 2011b). Aberrant functional and structural
plasticity are characteristic of aging and cognitive decline (Boric et al. 2008;Norris et al.
1996;O'Callaghan et al. 2009;Platano et al. 2008;Poe et al. 2001;Ramsey et al. 2004;Shi et
al. 2005;Tombaugh et al. 2002;Wang et al. 2006), but the molecular mechanisms of these
deficits remain to be identified. Building on reports implicating myelin-associated inhibitors
(MAIs) in suppression of neuronal plasticity (Bongiorno and Petratos 2010;Llorens et al.
2011;Schwab et al. 2006) and extending our initial finding that hippocampal synaptic
expression of Nogo-A is increased with cognitive impairment (VanGuilder et al. 2011b), we
investigated the expression of MAI ligands (MAG, Nogo-A, OMgp) and a shared receptor
(NgR1) in a well-characterized rodent model of age-related cognitive decline.

The MAI ligands MAG, Nogo-A and OMgp are expressed by myelinating oligodendrocytes,
but also localize to neuronal plasma membranes, axons, dendrites, synaptic terminals, and
somata (Gil et al. 2006;Jin et al. 2003;Kuramoto et al. 1997;Mingorance-Le Meur et al.
2007;Raiker et al. 2010;Wang et al. 2002). In the current study, we observed MAI
expression both diffusely distributed throughout the hippocampus and in close proximity to
axons, as expected. Further, expression of Nogo-A and, to a lesser degree, NgR1, in the
corpus callosum was evident both in distinct cells and their projections, while MAG
expression was evident in numerous processes in the callosum and alveus. As expected
(Peng et al. 2011;Wang et al. 2002), NgR1 expression was evident in neuronal somata and
axons, in agreement with its function as a receptor for ligands present on adjacent myelin.
All three MAI ligands investigated (MAG, Nogo-A, and OMgp) were highly expressed in
the more heavily myelinated CA3 stratum radiatum (Meier et al. 2004). Together, this
indicates a high level of MAI expression in densely myelinated structures, in agreement with
the literature (Huber et al. 2002;Park et al. 2006;Stolt et al. 2002). Interestingly, increased
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MAG and Nogo-A immunoreactivity was also observed in axons, predominantly in CA3
stratum radiatum, and, unlike MAG and OMgp, Nogo-A was expressed in neuronal nuclei in
the pyramidal and granule cell layers. It is possible that the nuclear Nogo-A localization
reflects Nogo-B cross-reactivity, which has been previously reported in hippocampal
pyramidal cells (Huber et al. 2002), and future experiments are required to confirm the
specificity of Nogo-A staining. The function of nuclear Nogo is not yet clear, although
immunogold labeling at the electron microscopic level has demonstrated that Nogo-A is
associated with chromatin, indicating a potential regulatory role in gene transcription (Jin et
al. 2003). MAG, Nogo-A and OMgp signal through NgR1 to inhibit structural remodeling of
synapses and regeneration/outgrowth of axons (Lauren et al. 2007;Akbik et al. 2011;Llorens
et al. 2011). Additionally, Nogo-A functions in a cell-autonomous, non-NgR1-mediated
manner to regulate dendrite structure (e.g., in hippocampal pyramidal neurons) (Zagrebelsky
et al. 2010). Interestingly, we have also observed age-associated hippocampal upregulation
in axons and pyramidal cell bodies of another neuronal MAI receptor, the immunological
paired immunoglobulin receptor B (PirB) (personal communication), through which these
three ligands also signal to inhibit neuronal plasticity (Atwal et al. 2008;Llorens et al. 2011).
The functional redundancy of the MAI ligands and their convergence on two distinct
receptors, NgR1 and PirB, indicates a potential synergistic action of the MAI pathway in
nonneurodegenerative cognitive impairment that requires further characterization.

MAIs cause growth cone collapse (Chivatakarn et al. 2007;Lee et al. 2008), reduce neurite
and axon growth (DeBellard et al. 1996;Ji et al. 2008;Kottis et al. 2002;Li et al.
1996;Mingorance et al. 2005;Schwab et al. 2006), and modulate cytoskeletal remodeling
dynamics to stabilize synaptic structure (Hsieh et al. 2006;Blochlinger et al.
2001;Zagrebelsky et al. 2010). Nogo-A, however, is reported to be a more potent negative
regulator of structural plasticity than either MAG or OMgp (Cafferty et al. 2010;Li et al.
1996). This has been most clearly demonstrated through evaluation of axon growth
inhibition in single Nogo-A, double MAG/OMgp, and triple Nogo-A/MAG/OMgp knockout
mice (Cafferty et al. 2010). It is also possible that increased nuclear expression of Nogo
contributes to suppression of hippocampal plasticity by influencing expression of plasticity-
associated genes (Jin et al. 2003). NgR1 also modulates synaptic structure in the mature
CNS (Raiker et al. 2010), in part by regulating dendritic spine shape (Zagrebelsky et al.
2010) and inhibiting axon branching (Lee et al. 2008;Petrinovic et al. 2010). Over-
expression of Nogo-A is reported to downregulate expression of synaptic scaffolding
proteins and trigger synaptic disassembly (Aloy et al. 2006), while inhibition of Nogo-A
action increases axon complexity and shifts synaptic morphology to more plastic phenotypes
(Zagrebelsky et al. 2010). Pharmacological suppression of NgR1 signaling by antibody- and
peptide-based blockade of MAI binding induces formation of functional synapses and
reorganization of axon arbors (Hanell et al. 2010;Li et al. 2004;Mehta et al. 2007). Cognitive
impairment in aged subjects is associated with a preferential loss of functional high-
efficiency synapses including multiple-spine bouton and perforated phenotypes, which are
necessary for spatial learning and memory formation (Burke and Barnes 2006;Geinisman et
al. 1986;Poe et al. 2001;Shi et al. 2005). In the Fischer 344 × Brown Norway rat model of
cognitive decline used in the present studies, improvement in spatial learning and memory
through IGF-1 administration is associated with increases in hippocampal populations of
perforated and multiple-spine bouton synapses (Poe et al. 2001;Shi et al. 2005). This
suggests that inhibition of synaptic structural remodeling analogous to, and potentially
induced by, MAI action plays a key role in age-related cognitive decline.

Abnormal electrophysiological activity, including suppressed LTP and increased LTD
(Barnes et al. 1997;Barnes 2003;Norris et al. 1996) is a hallmark of aging and cognitive
decline. The functional effects of MAI signaling in the healthy and injured CNS range from
dysregulating electrophysiological correlates of activity-dependent synaptic plasticity to
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impairing learning and memory. MAI/NgR1 signaling suppresses activity- and experience-
dependent functional plasticity both in vivo and in vitro (Delekate et al. 2011;Lee et al.
2008;Raiker et al. 2010). Nogo-A in particular is consistently reported to influence synaptic
signaling strength (Bongiorno and Petratos 2010). For example, pharmacological induction
of hippocampal Nogo-A decreases NMDA receptor-dependent long-term potentiation (LTP)
(Raiker et al. 2010), while genetic deletion and antibody-based neutralization of Nogo-A
increases hippocampal LTP (Delekate et al. 2011;Lee et al. 2008). Similar, although
attenuated, effects are associated with suppression of MAG and OMgp action (Cafferty et al.
2010;Raiker et al. 2010). Likewise, genetic deletion of NgR1 enhances LTP and decreases
long-term depression (LTD) at hippocampal Schaffer collateral synapses (Lee et al. 2008),
further indicating a role of MAI-NgR1 signaling in neuronal mechanisms of cognition and
behavior.

While this is the first characterization of MAIs in age-related cognitive decline, the literature
describes a clear relationship between MAI expression and behavioral impairments.
Transgenic induction of NgR1 expression causes deficits of hippocampus-dependent swim
maze performance that is reversible through blockade of NgR1 transgene expression (Karlen
et al. 2009), suggesting a direct role of MAI signaling in spatial learning and memory.
Genetic deletion and antibody-based neutralization of MAIs, on the other hand, improves
both behavioral recovery following spinal cord lesion and functional recovery following
ischemic or traumatic brain injury (Walmsley and Mir 2007). In models of ischemic or
traumatic CNS injury affecting the brain and spinal cord, suppression of the MAI signaling
pathway increases regeneration and facilitates recovery of motor function, as assessed by
forelimb reaching tasks (Li and Strittmatter 2003;Papadopoulos et al. 2002;Seymour et al.
2005;Tsai et al. 2007;Wiessner et al. 2003). Similarly, recovery of cognitive function,
including spatial learning and memory, following stroke or traumatic brain injury is
enhanced by antagonism of NgR1 or Nogo-A (Gillani et al. 2010;Hanell et al.
2010;Lenzlinger et al. 2005;Marklund et al. 2007;Thompson et al. 2006a). The correlation
of MAG, Nogo-A, OMgp, and NgR1 protein levels in hippocampal synapses and subregions
with Morris water maze performance that we have observed suggests that a similar
relationship exists between increased MAI expression and the decreased spatial learning and
memory ability associated with cognitive decline. Induction of MAIs across CA1, CA3 and
DG may impair plasticity at multiple points of spatial learning and memory pathways (e.g.,
Schaffer collateral synapses on CA1 pyramidal cells, DG mossy fiber synapses on CA3
pyramidal cells) (Hanell et al. 2010;Huebner et al. 2011).

The regulatory mechanisms of protein-level MAI and NgR1 expression are not fully
understood; however, transcript-level expression of Nogo-A and NgR1 has been reported to
decrease in hippocampal subregions throughout development and aging (Josephson et al.
2003;Trifunovski et al. 2006). While we observed a trend toward decreased Nogo-A mRNA
expression in CA1 and DG, this trend did not reach statistical significance, and transcript
content for MAG, OMgp and NgR1 was likewise unchanged with aging or cognitive
decline, suggesting that a post-transcriptional regulatory mechanism underlies cognitive
impairment-associated induction of MAI protein expression. Interestingly, MAI and NgR1
expression is downregulated by neuronal activity (Josephson et al. 2003;Karlen et al.
2009;Trifunovski et al. 2004;Mingorance et al. 2004), Conversely, antagonism of MAI-
NgR1 signaling by infusion of antibodies and soluble decoy receptors both downregulates
MAI expression and increases neuronal activity (Weinmann et al. 2006;Zhou et al.
2003;Peng et al. 2010). This complex feedback mechanism is thought to release MAI-
mediated inhibition and facilitate structural and functional synaptic plasticity of neurons
(Karlen et al. 2009;Schwab et al. 2006). Suppression of MAI signaling in the mature brain
increases neuronal activity and exerts long-lasting improvements in behavioral and
biochemical correlates of cognitive function that persist for weeks to months following
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treatment (Seymour et al. 2005;Gillani et al. 2010;Thompson et al. 2006a;Weinmann et al.
2006;Wiessner et al. 2003). The chronic beneficial effects of suppressed MAI pathway
function may in fact reflect restoration of the regulatory balance between synaptic signaling
and MAI expression. The induction of MAG, Nogo-A, OMgp and NgR1 only in cognitively
impaired aged rats, and not age-matched cognitively intact rats, reported here may
contribute to a feed-forward cycle of decreased synaptic signaling and increased synaptic
suppression by the MAI pathway, and likely reflects deficits of neuronal activity
characteristic of hippocampal aging and cognitive impairment.

MAI-blocking interventions have been proposed as potential therapeutic approaches to
improve cognitive function following CNS injury (Cao et al. 2010;McDonald et al.
2011;McGee and Strittmatter 2003;Starkey and Schwab 2011). Together with the data
described here, this suggests that suppression of MAI signaling through pharmacological
neutralization of ligands or antagonism of the NgR1 receptor may be a promising therapy
for age-related deficits of cognitive function, particularly since MAI induction was evident
only in cognitively impaired aged rats. Correlation of MAG, Nogo-A, OMgp, and NgR1
expression in hippocampal synapses and in both pyramidal cell- and granule cell-containing
hippocampal subregions with deficits of spatial learning and memory further supports a
novel, widespread function of the MAI pathway in hippocampal dysfunction and cognitive
decline associated with aging that could be targeted by pharmacological approaches. Unlike
targeting proteins and signaling pathways generally regulated with advanced aging (e.g.,
neurotransmission-regulating proteins, immune response and inflammatory signaling
pathways) and which may serve compensatory functions not directly associated with
cognitive impairment, targeting MAIs to improve cognitive function may prove to be a more
specific approach. Since the model of cognitive decline described here replicates human
cognitive impairment with normative aging, which occurs without gross neuronal loss or
neurodegenerative damage, the potential mechanistic role of MAI induction likely involves
inhibition of synaptic plasticity (Lee et al. 2008;Raiker et al. 2010), rather than the
significant axon outgrowth observed in stroke and lesion models (Blochlinger et al.
2001;Hanell et al. 2010;Papadopoulos et al. 2002;Tsai et al. 2007). This is further supported
by the demonstration of that activity-dependent synaptic plasticity-associated protein
expression (VanGuilder et al. 2011b) and populations of high-efficiency synapses
(Geinisman et al. 1986;Nicholson et al. 2004;Poe et al. 2001;Shi et al. 2005), decrease in
models of age-related cognitive decline, while expression of the regeneration- and
outgrowth- associated protein GAP-43 is unchanged between aged intact and aged impaired
rats.

The data presented here implicate the MAI ligands MAG, Nogo-A, and OMgp, and their
shared receptor, NgR1, as a potential molecular mechanism of age-related cognitive decline
through suppression of both functional and structural plasticity of hippocampal synapses.
Induction of this inhibitory pathway likely exerts additive effects with additional cognitive
decline-associated alterations in bioenergetic metabolism, glutamate regulation, immediate-
early gene activation, and activity-related and structural synaptic plasticity (Poon et al.
2006;Rowe et al. 2007;VanGuilder et al. 2011b), among others. Future functional studies
antagonizing NgR1 signaling or MAI ligand binding are required to define the specific role
of MAIs in age-related cognitive decline. Additionally, whether the cognitive decline-
associated upregulation of MAIs inhibits the synaptic plasticity necessary for activity-
dependent synaptic strengthening, or merely reflects a response to decreased neuronal
activity (Karlen et al. 2009;Schwab et al. 2006), remains to be determined. With the known
improvements in cognitive function that occur through blocking MAI ligand expression/
action (Hanell et al. 2010;Lenzlinger et al. 2005;Marklund et al. 2007;Thompson et al.
2006a;Wiessner et al. 2003), and impairment of spatial learning and memory by transgenic
induction of NgR1 alone (Karlen et al. 2009), future studies will need to directly determine
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whether hippocampal upregulation of MAG, Nogo-A, OMgp, and NgR1 in aged,
cognitively impaired rats is a causative factor in age-related cognitive decline.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

MAI myelin-associated inhibitor

MAG myelin-associated glycoprotein

Nogo-A neurite outgrowth inhibitor A

OMgp oligodendrocyte myelin glycoprotein

NgR1 Nogo-66 receptor

LTP long-term potentiation

LTD long-term depression

CA1 Cornu ammonis area 1

CA3 Cornu ammonis area 3

DG dentate gyrus

ANOVA analysis of variance

CNS central nervous system
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Figure 1. Timecourse of behavioral testing
Upon arrival to the OUHSC Barrier Facility, rats were quarantined for two weeks, then
acclimated to handling by investigators for two weeks. Morris water maze testing was
performed in four blocks, each consisting of five acquisition trials and a probe trial
performed by a single investigator. Each block was performed over two days (~3 trials/day)
for a total of eight days of testing. After conclusion of behavioral testing, rats received a
series of three swim trials with a visible platform to test for deficits of visual function.
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Figure 2. Deficits of spatial learning and memory manifest in a subset of aged rats
Three independent cohorts of adult (12–13 months) and aged (26–28 months) male Fischer
344 × Brown Norway rats were assessed for hippocampus-dependent cognitive function by
Morris water maze testing. Based on probe trial performance (mean proximity to platform),
aged rats were classified as cognitively intact or cognitively impaired relative to the adult
group mean. In all three cohorts, statistical testing verified that the performance of both
adult and aged cognitively intact rats was significantly superior to aged impaired rats (left,
A: cohort A; B: cohort B; C: cohort C). Points represent individual animals and horizontal
bars indicate group means; ***p<0.001, ANOVA with Student Newman Keuls post hoc
testing. Retrospective analysis of segregated group acquisition data revealed that while all
groups improve performance across blocks (repeated measures ANOVA p<0.05, statistics
not shown), the acquisition performance of aged rats classified as cognitively impaired
maintained significantly longer path-to-platform lengths than adult and aged intact rats
across training blocks (right, A–C). Acquisition of aged intact and adult rats was not
different on any training block. *p<0.05, **p<0.01, ***p<0.001, one way ANOVA with
Student Newman Keuls post hoc testing.
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Figure 3. Immunoblot assessment of hippocampal MAI expression
(A) Hippocampal synaptosomes and dissected subregions were immunoblotted for the MAI
ligands MAG, Nogo-A, and OMgp and their common receptor, NgR1. MAI expression was
increased in aged, cognitively impaired rats compared to adult and aged intact rats.
Immunoblotting for the neuronal growth-associated protein GAP-43 indicated an age-related
decrease in GAP-43 expression. Actin immunoblotting was included as an unchanged
control to ensure equal loading. (B) Gels loaded with an aliquot of each sample used in
immunoblot analysis were stained for total protein content to ensure equivalent protein
amounts in all samples.
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Figure 4. Induction of hippocampal MAG expression with cognitive decline
(A) Protein-level MAG expression in aged, cognitively impaired rats was significantly
upregulated in hippocampal synapses, and CA1 and CA3 subregions compared to aged
intact rats, and in CA1, CA3 and DG compared to adults. *p<0.05, **p<0.01; one-way
ANOVA with Student Newman Keuls post hoc testing; n=5–10/group. (B) Across
individual animals, MAG expression in synaptosomes and CA1 and CA3 subregions
correlated with probe trial measures of cognitive performance, indicating a relationship
between increasing MAG protein content and decreasing spatial learning and memory
ability. **p<0.01, ***p<0.001, Pearson (normally-distributed data) or Spearman (non-
normally-distributed data) correlation; n=5–10/group.
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Figure 5. Hippocampal localization of MAG induction
MAG immunoreactivity was distributed throughout the neuropil, and was also evident in
projections and puncta, particularly in stratum lacunosum of CA1 and stratum radiatum of
CA3. Perinuclear staining was also evident in the pyramidal cell layer. MAG
immunoreactivity was increased in intensity in aged cognitively impaired rats compared to
aged intact and adult rats. High-resolution visualization of MAG immunoreactivity and
NFh-expressing axons demonstrated both periaxonal and axonal localization of MAG. Blue:
Hoechst; Green: NFh; Red: MAG.
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Figure 6. Hippocampal Nogo-A expression is increased with cognitive impairment in aged rats
(A) In aged cognitively impaired rats, Nogo-A expression was significantly increased in
synaptosomes as well as CA1, CA3 and DG subregions compared to aged intact rats, and in
CA1 and in CA3 compared to adults. *p<0.05, **p<0.01, ***p<0.001; one-way ANOVA
with Student Newman Keuls post hoc testing; n=5–10/group. (B) In whole-hippocampal
synaptosomes and CA1 and CA3, but not DG, significant correlation between Nogo-A
expression and mean probe trial proximity-to-platform measures of cognitive function were
detected. *p<0.05, **p<0.01, ***p<0.001, Pearson (normally-distributed data) or Spearman
(non-normally-distributed data) correlation; n=5–10/group.
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Figure 7. Localization of hippocampal Nogo-A
The distribution of Nogo-A protein was assessed by immunohistochemical visualization in
adult, aged cognitively intact and aged cognitively impaired rats. Punctate and process-
associated Nogo-A immunoreactivity was evident in CA1 and CA3 stratum radiatum.
Additionally, a number of Nogo-A+ nuclei were observed in the pyramidal and granule cell
layers. In aged impaired rats, Nogo-A staining in both nuclei and projections was increase
compared to adult and aged intact rats. Counterstaining with NFh demonstrated that the
majority of Nogo-A+ processes are non-axonal (putatively oligodendrocytic), although a
number of NFh+/Nogo-A+ axons were observed in CA3. Additionally, several Nogo-A+

nuclei were surrounded by somatic NFh immunoreactivity, indicating neuronal Nogo-A
expression. Blue: Hoechst; Green: NFh; Red: Nogo-A.
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Figure 8. Upregulation of hippocampal OMgp with age-related cognitive decline
(A) OMgp protein expression was significantly induced in hippocampal synaptosomes, and
CA1, CA3 and DG subregions in cognitively impaired rats compared to aged cognitively
intact rats, and in CA1 and DG compared to adults. *p<0.05, **p<0.01; one-way ANOVA
with Student Newman Keuls post hoc testing; n=5–10/group. (B) In CA1 and CA3, OMgp
expresson correlated with Morris water maze probe trial performance, demonstrating a
relationship between upregulated OMgp expression and decreased spatial learning and
memory. *p<0.05, ***p<0.001, Pearson (normally-distributed data) or Spearman (non-
normally-distributed data) correlation; n=5–10/group.
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Figure 9. Hippocampal localization of OMgp upregulation
Immunohistochemical experiments were performed to assess the localization of OMgp in
adult, aged cognitively intact and aged cognitively impaired rats. OMgp immunoreactivity
was distributed throughout the hippocampus, and was concentrated in CA3 stratum radiatum
as well as the CA1 pyramidal cell layer and DG granule cell layer. Visualization of OMgp in
the context of NFh+ axonal cytoarchitecture demonstrated that OMgp is expressed around,
but not in, axons, and localizes to projections in CA3 and DG. Blue: Hoechst; Green: NFh;
Red: OMgp.
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Figure 10. Hippocampal NgR1 expression is increased with cognitive impairment in aged rats
(A) Protein-level NgR1 expression was significantly increased in aged rats with cognitive
impairment compared to age-matched, cognitively intact rats in hippocampal synapses, and
CA1, CA3, and DG subregions. Induction of NgR1 was also observed in aged impaired rats
compared to adult rats in CA1. No generalized regulation of NgR1 content was evident with
aging. *p<0.05, **p<0.01; one-way ANOVA with Student Newman Keuls post hoc testing;
n=5–10/group. (B) NgR1 expression in individual rats correlated with probe trial measures
of cognitive performance, demonstrating a relationship between upregulated NgR1 and
decreased spatial learning and memory. *p<0.05, **p<0.01, Pearson (normally-distributed
data) or Spearman (non-normally-distributed data) correlation; n=5–10/group.
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Figure 11. Localization of increased hippocampal NgR1
The distribution of the MAI receptor NgR1 was assessed in adult, aged intact and aged
impaired rats. Diffuse NgR1 immunoreactivity was observed throughout the hippocampus,
and concentrated areas of somatic NgR1 staining were observed in pyramidal cell layer in
CA1 and CA3. Distinct cellular processes originating from the pyramidal cell layer were
highly immunoreactive to NgR1. Enhanced NgR1 immunoreactivity was evident in
hippocampus of aged cognitively impaired rats compared to adult and aged intact rats.
Higher magnification imaging of NgR1 immunoreactivity demonstrated somatic and axonal
expression of NFh+ neurons in CA3 and DG, and large NFh− somata and proximal
projections in the CA1 pyramidal cell layer. Blue: Hoechst; Green: NFh; Red: NgR1.

VanGuilder et al. Page 33

J Neurochem. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 12. Hippocampal GAP-43 expression decreases with advanced aging
Immunoblotting for the neuronal growth/regeneration-associated protein GAP-43 in
hippocampal synaptosome preparations and subregion dissections demonstrated an age-
related decrease in protein expression. Interestingly, GAP-43 expression was not different
between aged, cognitively intact and aged, cognitively impaired rats. *p<0.05, **p<0.01;
one-way ANOVA with Student Newman Keuls post hoc testing; n=5–10/group.
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