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Abstract 

 

Neuroglial activation is a typical hallmark of ageing within the hippocampus, and correlates 

with age-related cognitive deficits. We have used quantitative immunohistochemistry and 

morphometric analyses to investigate whether systemic treatment with the Neural Cell Adhesion 

Molecule (NCAM)-derived peptide FG Loop (FGL) specifically alters neuroglial activation and 

population densities within the aged rat hippocampus (22 months of age). A series of 50µm 

paraformaldehyde/acrolein-fixed sections taken throughout the dorsal hippocampus (5 animals 

per group) were immunostained to detect astrocytes (GFAP and S100ß) and microglial cells 

(CD11b/OX42 and MHCII/OX6), and analyzed using computerised image analysis and optical 

segmentation (Image-Pro Plus, Media Cybernetics). FGL treatment reduced the density of 

CD11b+ and MHCII+ microglia in aged animals, concomitant with a reduction in 

immunoreactivity for these phenotypic markers. FGL treatment also markedly reduced GFAP 

immunoreactivity within all hippocampal subfields in aged animals, without exerting an 

appreciable effect on the density of S100ß+ cells. These results demonstrate that FGL can 

indeed regulate neuroglial activation and reduce microglial cell density in the aged 

hippocampus, and support its potential use as a therapeutic agent in age-related brain disorders. 
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Introduction 

 

Ageing is associated with impairments in hippocampal function (Barnes, 1988; Murray and 

Lynch 1998), an altered neuroinflammatory response (Conde and Streit, 2006; David et al., 

1997; Sheng et al., 1998), and an increased likelihood of developing neurodegenerative 

diseases. 

 

The underlying neuroinflammatory response, typified by neuroglial (astrocyte and microglial) 

activation and increased pro-inflammatory cytokine production, has been correlated to a deficit 

in synaptic plasticity and impairment in hippocampal-dependent tasks. (Clarke et al., 2008; 

Frautschy et al., 2001; Griffin et al., 2006; Lynch and Lynch, 2002; Lynch, 2004; 2009). 

Reducing neuroinflammation within the brain of aged animals rescues some of these deficits. 

For example, inhibiting either glial cell activation (Griffin et al., 2006) or limiting the 

concentration of the major pro-inflammatory cytokine IL-1ß (Frautschy et al., 2001; Lynch et 

al., 2007) attenuates age-associated deficits in cognitive function. Pharmacological interventions 

targeting neuroinflammation would therefore be expected to minimise the heightened 

vulnerability of the brain in ageing. 

 

Previous work from our group has shown that the NCAM-derived peptide, FGL, can act as a 

novel anti-inflammatory agent in models of ageing and age-related diseases, restoring cognitive 

function and averting neuropathology (Downer et al., 2010; Cambon et al., 2004; Klementiev et 

al., 2007; Neiiendam et al., 2004; Popov et al., 2008; Skibo et al., 2005; Stewart et al., 2010). 

NCAM plays an important role in the nervous system in development, plasticity and learning 

and memory (Berezin et al., 2000; Cavallaro et al., 2002; Cremer et al., 1994; Crossin and 

Krushel, 2000; Luthl et al., 1994). The NCAM signalling transduction cascade is initiated by 

direct interaction of NCAM with fibroblast growth factor receptor (FGFR), expressed on both 

neurons and glial cells (Berezin and Bock, 2004; Kiselyov et al., 2003; Walmond et al., 2004). 

FGL is a 15 amino acid peptide synthesised from the interconnecting loop region of the second 

fibronectin type III module in the extracellular domain of NCAM, which interacts with the 

binding site of FGFR1 (Berezin and Bock 2010; Hansen et al. 2010; Kiselyov et al., 2003; 

Walmond et al., 2004). FGL has been shown to activate FGFR1 on neurons and glia, mimicking 

the heterophilic interaction between NCAM and FGFR1 (Walmond et al., 2004). 

 

The aim of the present study was to investigate whether systemic treatment with FGL in vivo 

alters astrocyte and microglial activation states and population densities within the aged rat 

hippocampus. Our results show that FGL treatment significantly reduced the density of 

MHCII/OX6+ and CD11b/OX42+ microglia as well as immunoreactivity for these cellular 
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markers within the hippocampus of aged animals. FGL treatment also markedly reduced 

astrocytic GFAP immunoreactivity within all hippocampal subfields in aged animals, but did 

not appreciably affect astrocytic S100ß+ cell density estimates. Neuroglial activation is believed 

to contribute towards age-related cognitive dysfunction. Our results provide persuasive evidence 

that FGL can attenuate glial cell activation and reduce microglial cell density in the aged brain. 

The potential for FGL to improve or to prevent age-related cognitive decline therefore warrants 

further investigation. 

 

Materials and Methods 

 

Animals 

Male Wistar rats aged 4 months (250-350g) or 22 months (450–550 g) supplied from Harlan 

UK, were reared under specific pathogen-free conditions until they arrived in Trinity College 

Dublin, where they were housed in pairs under a 12-h light schedule at ambient temperature 

controlled between 22°C and 23°C. Animals were maintained under veterinary supervision 

throughout the study. There was no evidence of any disease, including any former history of 

infection, amongst the colony investigated. Healthy (young and aged rats) were used in this 

study. Experiments were performed under a license issued by the Department of Health 

(Ireland) and in accordance with the guidelines approved by the local ethical committee at 

Trinity College Dublin. 

 

Treatment 

Animals were injected subcutaneously with 8 mg/kg FGLL (5 mg/ml solution in sterile water) or 

with the same volume of vehicle (sterile water), on alternate days, receiving 10 doses in total, 

the first on experimental Day 1 and the last on Day 19. The FGL peptide was sourced from 

Polypeptide Laboratories (Hillerod, Denmark) (Klementiev et al., 2007). Purity was estimated 

by HPLC and MALDI-TOF MS (VG TOF Spec E, Fisons Instruments, Beverly, MA, USA). 

The injected form of the peptide is dimeric and consists of two FGL monomers linked at the N-

terminal. This dimeric form was previously selected for clinical development (Anand et al., 

2007). The dose and route of administration was based on previous publications (Downer et al., 

2010; Secher et al., 2006). Previous studies, using the same treatment regime described here, 

demonstrated that FGL crossed the blood–brain barrier within 10 min of injection and remained 

detectable in the cerebrospinal fluid (CSF) for up to 5 hours (see for example, Secher et al., 

2006). Blood plasma levels of FGL were up to 10-fold higher than in CSF during the first 2 

hours after administration (Secher et al., 2006). On Day 20 rats were prepared for light 

microscopic examination. 
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Tissue preparation and processing for light microscopy 

Animals were deeply anesthetised with urethane (1.5 g/kg), perfused transcardially with 100mL 

of physiological saline, followed by 100 mL of 3.5% paraformaldehyde and 3.75% acrolein in 

0.1M phosphate buffer (pH 7.4) at room temperature. After perfusion, the brains were removed 

from the skull, post-fixed and placed in 0.1M phosphate buffer solution. Forebrain blocks, 

which included the dorsal anterior hippocampus, were marked to allow subsequent 

identification. A consecutive series of 50µm-thick coronal sections, cut using a vibratome from 

the right dorsal anterior hippocampus (bregma co-ordinates -1.80mm to 4.16mm; Paxinos and 

Watson, 2007), were collected for light microscopic examination. Five separate series of 

sections (taking every sixth section, averaging around ten sections per series) were selected for 

each animal; one series for volume estimation, and the other four series for 

immunohistochemical staining. 

 

Light-microscopy: volume estimation 

The volume of the right dorsal anterior hippocampus in control and FGL treated animals was 

determined by quantitative light microscopy using the Cavalieri method (Pakkenberg and 

Gundersen, 1997) as described elsewhere in relation to hippocampus (Popov et al., 2004; 

Stewart et al., 2005). In brief, rostrocaudal sections from right dorsal anterior hippocampus of 

each animal (taking every sixth serial section) were mounted onto glass slides and stained with a 

solution of 0.1% Toluidine Blue in 0.1 M PB (pH 7.4) for 2 min. Stained sections were viewed 

at low magnification using a Nikon E600 digital photomicroscope. Digital images were 

captured electronically and displayed on a computer screen. For each animal (n=5-6 per group), 

the total volume of the right dorsal anterior hippocampus was subsequently derived by 

multiplying the calculated mean surface area by the section thickness (t=50 µm) and the total 

actual number of sections (n) in which the right dorsal anterior hippocampus occurred. 

 

Immunohistochemical staining of rat brain sections 

Four separate series of 50 µm-thick sections taken throughout the extent of the right dorsal 

anterior hippocampus (averaging ten sections per animal, n=5 animals per group) were 

immunostained in entire batches with antibodies raised against GFAP (rabbit anti-GFAP, 

1:1000, Dako), and S100ß (rabbit anti-S100ß , 1:8000, Dako) to detect astrocytes, and with 

antibodies raised against CD11b (mouse anti-rat CD11b, clone OX42, 1:400, Abcam) and 

Major Histocompatibility Complex Class II (mouse anti-rat MHCII, clone OX6, 1:100, Abcam) 

for microglia. Sections were rinsed overnight at room temperature in a solution of phosphate 

buffer (PB: 0.1M, pH 7.4) and treated for 30 minutes with [0.26M] sodium borohydride 

(NaBH4). After rinsing, sections were immersed for 1 hour in endogenous peroxidase blocking 

solution (10% methanol in deionised water, to which 3% hydrogen peroxide solution was 
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added). Sections were then incubated with 10% normal horse serum (for OX-42 and OX-6) or 

swine serum (for GFAP and S100ß) containing 0.01% Tween 20, for a period of 2 hours and 

then transferred to primary antibody solution made up in 1% normal horse/swine serum with 

0.01% Tween 20, and incubated overnight on a shaker at room temperature. Sections were 

rinsed three times with PB and transferred to a solution containing secondary antibody (for 

microglial markers OX-42 and OX-6: biotinylated horse anti-mouse 1:100, Abcam; for 

astrocyte markers GFAP and S100ß: biotinylated swine anti-rabbit 1:200, Dako) for 2 hours. 

Sections were rinsed three times with PB and incubated for 1 hour with avidin-biotin-

horseradish peroxidase solution (Vectastain Elite ABC kit; Vector Laboratories) in PB 

containing 0.01% Tween 20. After washing, immunoreactivity was visualised with 3,3.-

diaminobenzidine (DAB) chromogen, and 0.05% hydrogen peroxide. Sections were processed 

in entire batches for each antibody (cell marker). Development with the chromogen was timed 

and applied as a constant across batches to limit technical variability (in immunodetection) 

before progressing to quantitative image analysis (see Brey 2003). The reaction was terminated 

by rinsing sections in distilled water. Finally, sections were mounted onto gelatin-coated glass 

slides, progressed through a graded series of alcohols (dehydrated), cleared in xylene and 

coverslipped with PerTex mounting medium. Negative control sections were included where the 

primary antibody was omitted and replaced either with blocking serum (10% normal horse or 

swine serum) or biotinylated secondary antibodies alone (horse anti-mouse or swine anti-

rabbit). Immunoreacted sections were viewed with a Nikon light microscope. 

 

Image analysis and cell density measurements 

Immunoreactivity for glial cell markers GFAP, CD11b (OX42) and MHC-II (OX6) was 

measured by quantitative image analysis (optical segmentation) using Image-Pro Plus software 

(Media Cybernetics, Europe), as previously described (Leuba et al. 1998; Milnerwood et al. 

2006; Pontikis et al. 2004; Rezaie et al. 2005), with each marker analyzed blind with respect to 

grouping. Immunoreactivity for each cell marker was assessed within the corpus callosum 

(which served as an internal reference) and within the dentate gyrus/hilus, CA3 and CA1 

subfields of the hippocampus (spanning the stratum pyramidale, and partially the stratum oriens 

and stratum radiatum on either side) (Paxinos and Watson 2007). A survey of immunoreacted 

tissue sections was performed independently to verify specific immunoreactivity in each series 

of sections subsequently progressed to quantitative image analysis. Briefly, non-overlapping 

RGB images were digitally captured at random within the defined areas from each section in the 

series, providing a systematic survey of each region throughout the dorsal hippocampus for each 

animal within a group. Images were captured via a digital camera (JVC KY-F75V) mounted 

onto a Nikon Microphot-FX microscope (Nikon UK Ltd) using a x20 objective and neutralizing 

grey filters. All parameters including the lamp intensity, digital camera setup, microscope and 
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video calibration were held constant. A minimum of 30 microscopic fields were analysed per 

region, per animal. Individual microscopic fields measured 295µm x 220µm, giving a total area 

of 1.947mm
2
 examined for each hippocampal subfield per animal (n=5 animals per group). 

Optical segmentation of immunoreacted profiles was analysed using Image-Pro Plus 

morphometric image analysis software (version 5.0, Media Cybernetics) as previously described 

(Milnerwood et al. 2006; Pontikis et al. 2004; Rezaie et al. 2005). 

 

Quantitative immunohistochemistry, using computerised image analysis and optical 

segmentation techniques (or densitometric analysis), is an established procedure used in modern 

clinical and experimental histopathology (Brey et al., 2003; Campuzano et al., 2008; Cotter et 

al., 1997; Kokolakis et al., 2008; Peretti-Renucci et al., 1991; Wang et al., 2009; Zehntner et al., 

2008), with strong test-retest reliability, that allows comparative analysis of immunostained 

sections (captured as images) to be made in different laboratories (Brey et al., 2003; Dobson et 

al., 2010). Commercially available image analysis programmes, such as used here (see Xavier et 

al. 2005), are an aid to standardise interpretation. A correlation between immunohistochemical 

staining and protein levels has also been shown independently using Western blot and 

immunoassays (see Brey 2003). There are a number of ways to measure the „level‟ of 

immunohistochemical stain (Brey et al., 2003; Mize et al., 1988). In this study we examined the 

area of tissue stained with DAB (percent area), defined as the area of the image classified as 

stained with DAB, divided by the total image area. Given that nuclear stains often confound the 

results of imaging techniques, the „pure‟ DAB stain was analysed giving optimal results. We 

applied rigorous staining protocols, outlined above, to ensure consistency of immunostaining, 

and accuracy of image analysis. The procedure has been previously described (Milnerwood et 

al. 2006; Pontikis et al. 2004; Rezaie et al. 2005). A semi-automated RGB histogram-based 

protocol (specified in the image analysis programme) was employed to determine the optimal 

segmentation (threshold setting) for immunoreactivity for each antibody. 

 

Briefly, each RGB image was processed using a constant „colour-cube‟ segmentation setting, 

with a threshold selected that most accurately defined foreground immunostaining for each 

antibody (corresponding to the averaging of the highest and lowest immunoreactivities within 

the sample population), and this optimal segmentation (threshold setting) was then applied as a 

constant to all subsequent images analyzed for this antibody. Furthermore, the specificity of the 

detection method was also verified manually by monitoring the analysis as it progressed, per 

region, per animal. Immunoreactive profiles were discriminated in this manner to determine the 

specific immunoreactive area (the mean RGB value obtained by subtracting the total mean RGB 

value from non-immunoreacted value per defined field). Macros were subsequently recorded to 

transfer the data to a spreadsheet for subsequent statistical analysis. Data were separately plotted 
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as the mean percentage area of immunoreactivity per field (denoted “% Area”) ± standard error 

of the mean (SEM) for each region and grouping. 

 

Areal cell density values (number of cells/mm²) (see also Dalmau et al., 2003; Savchenko et al., 

2000) were calculated for S100ß+, CD11b(OX42)+ and MHCII(OX6)+ glial cells within each 

of the hippocampal subfields, based on cell counts made in the same 1-in-5 series of 

immunoreacted tissues sections that underwent quantitative image analysis described above. 

The analysis was carried out in a systematic manner; for each cell marker, a minimum of 30 

non-overlapping RGB images (microscopic fields using a x40 objective) were captured 

randomly within each hippocampal subfield across an average of ten sections per animal, giving 

a minimum area of 0.504mm
2
 analysed per subfield, per animal (n=5 animals per group). 

S100ß+, CD11b, MHCII cell somata and processes could be reliably discriminated in these 

images. To obtain cell density estimates, only cell somata identified within the confines of each 

image were manually counted. Partially intersected cell somata were not counted if present (e.g. 

located at edges of each image). For each hippocampal subfield, cell density values were 

determined by dividing the total cell number across all images by the total area analysed in mm
2
 

(see Dalmau et al., 2003; Savchenko et al., 2000). Cell counts within tissue sections 

immunoreacted with GFAP could not be reliably determined owing to section thickness 

resulting in a dense pattern of labelling of astrocyte processes, particularly in aged animals that 

obscured cell somata. In contrast, astrocytic cell somata were prominently labelled with S100ß, 

and these sections were therefore progressed to cell density measurements as described. Data 

were plotted as total cell counts per unit area examined (number of cells/mm
2
) ± SEM.  

 

mRNA expression analysis (GFAP, S100ß)  

RNA was extracted from hippocampal tissue (4 month and 22 month old animals treated with 

vehicle or FGL, n=5-6) using a NucleoSpin RNAII isolation kit (Macherey-Nagel Inc., 

Germany) according to the manufacturer.s instructions. RNA concentrations were equalized to 

1µg prior to cDNA synthesis using a High Capacity cDNA RT Kit (Applied Biosystems, UK) 

according to the manufacturer‟s instructions. Equal concentrations of cDNA were used for RT-

PCR amplification. Real-time PCR primers were delivered as “Taqman® Gene Expression 

Assays” containing forward and reverse primers, and a FAM-labelled MGB Taqman probe for 

each gene (Applied Biosystems, UK) as described previously (Downer et al., 2009). The assay 

IDs for the genes examined were as follows: GFAP (Rn00566603_m1), S100ß 

(Rn00566139_m1). Gene expression was calculated relative to the endogenous control samples 

(ß-actin; #4352340E, Applied Biosystems, Foster City, CA) to give a relative quantification 

(RQ) value (2
–DDCT

, where CT is threshold cycle). 
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Statistical analysis 

Graphs were prepared using Prism 5.0 software, and data analysed using the Statistical Package 

for the Social Sciences program (SPSS version 17, SPSS Inc., Chicago, USA). One- way 

analysis of variance (ANOVA) was used with criterion p<0.05 to assess group differences, 

followed by Tukey.s unequal N honest significant differences test (for immunoreactivity, 

volume and cell density estimates). Two-way ANOVA was used with criterion p<0.05, applying 

Bonferroni‟s post hoc test to assess differences between groups for mRNA expression levels. 

 

Results 

 

Hippocampal volume 

The mean total (right) dorsal hippocampal volume in aged vehicle-treated rats was 9.69 ± 0.47 

mm
3
 (mean ±s.e.m, n=5) and in FGL treated aged rats, it was 9.89 ± 0.65 mm

3
 (mean ± s.e.m, 

n=6), showing no significant differences between treatments (p=0.807). In young vehicle-

treated rats the total (right) dorsal hippocampal volume was 11.30 ± 0.47mm
3
 (mean ± s.e.m, 

n=5), and for young FGL-treated rats the right dorsal hippocampal volume was 8.56 ± 0.41 mm
3
 

(mean ± s.e.m, n=6). Because this difference was significant (p>0.05), the cell density values 

for young FGL-treated rats shown in Figure 4 (see Fig. 4B, 4D, 4F), should be interpreted with 

caution (since treatment-related volume changes could contribute to density differences). 

However, there were no hippocampal volume differences associated with treatment in aged rats, 

and cell density data for aged (FGL and vehicle-treated) animals are presented in Figure 5 (see 

Fig. 5B, 5D and 5F). 

 

Morphologic and phenotypic changes in astrocytes and microglia with age 

Figures 1 and 2 show age-related changes in morphology and phenotype of GFAP+ (Fig. 1A-H, 

Q,R) and S100β+ (Fig. 1I-P,S,T) astrocytes, CD11b+ (Fig 2. A-H,Q,R) and MHCII+ (Fig2. I-

P,S,T) microglia within the corpus callosum and hippocampus of rats treated with vehicle alone. 

The pattern of staining of glial cell markers was considerably less intense in younger animals 

for GFAP, CD11b and MHCII (e.g. for GFAP, compare Fig. 1A,C,E,G,Q (4months) with 

B,D,F,H,R (22 months); for CD11b compare Fig. 2A,C,E,G,Q (4months) with B,D,F,H,R (22 

months); and for MHCII compare Fig. 2I,K,M,O,S (4 months) with J,L,N,P,T (22 months). 

Upregulation of the intermediate filament GFAP in astrocytes, is typically associated with an 

increase in the activation state of these cells (Amenta et al., 1998; Geinisman et al., 1978; 

Hughes and Lantos, 1987). In aged animals, GFAP+ astrocytes exhibited thicker processes, and 

hypertrophic cell somata while maintaining their stellate morphology. These cells were widely 

and uniformly distributed throughout the hippocampus in aged animals (Fig. 1R).  
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S100ß is a calcium-binding protein, known to be expressed by all types of astrocytes; it 

prominently labels astrocyte cell somata within the CNS (Rothermundt et al., 2003; Sen and 

Belli, 2007, Savchenko et al., 2002). We have used S100ß labelling because it specifically 

identifies „all populations‟ of astrocytes (including fibrous and protoplasmic, resident as well as 

activated), allowing us to reliably look at „total‟ astrocyte population dynamics. S100ß is known 

to be expressed by GFAP+ cells (Rothermundt et al., 2003; Sen and Belli, 2007). Levels of both 

markers have been shown to increase following activation of astrocytes (Himeda et al., 2006; 

Pelinka et al., 2004; Yasuda, 2004), although differences have also been noted in expression 

dynamics/profiles (Savchenko et al., 2002; Yasuda et al., 2004). We found no appreciable 

change in S100ß immunoreactivity within the hippocampus in aged (compared to young) 

animals, see Fig. 1I,K,M,O,S (4 months) with 1J,L,N,P,T (22 months). 

 

De novo expression or upregulation of MHC class II molecules on microglia is taken as a 

specific indicator of the immune „activation state‟/antigen-presenting capability of microglial 

cells (Ogura et al., 1994; Rozovsky et al., 1998). CD11b (present on both activated and non-

activated resident microglia – Lawson et al., 1990; Ogura et al., 1994) was used to further 

specify alterations in microglia activation status. In our samples, the CD11b antibody 

consistently labelled process-bearing perivascular and parenchymal microglia cells within the 

dorsal anterior hippocampus and overlying corpus callosum (Fig. 2A-H,Q,R). We did not see 

any evidence of infiltrating cells (monocytes, macrophages, granulocytes or natural killer cells) 

within the areas investigated in any of the animals including aged animals. As expected, 

relatively little MHCII staining was observed within the hippocampus of younger animals (Fig. 

2I,K,M,O,S), the most intense staining being confined to the corpus callosum (Fig. 2I). The 

pattern of staining in aged animals was much more intense and widespread, with a clear increase 

in MHCII+ staining within the corpus callosum (Fig. 2J), CA3 (Fig. 2N) and DG/hilus (Fig. 

2P), but little reactivity within the CA1 subfield (Fig. 2L,T). Remarkably few MHCII+ cells 

were found within the CA1 subfield of the hippocampus at both ages (Fig. 2S,T). By 

comparison, CD11b staining was more intense and widespread within the hippocampus (see 

Fig. 2R) at 22 months of age, including within the CA1 (Fig. 2D), as well as the CA3 (Fig. 2F) 

of aged animals. Comparative differences in immunolabelling with MHCII and CD11b could 

either reflect changes in population densities of microglia, or dynamic changes in expression of 

these cellular markers by a stable population of resident cells (i.e. a change in the functional 

activation state of microglia, regionally). In aged animals, MHCII+ and CD11b+ microglia 

displayed more prominent cell bodies, with thickened processes, frequently adopting a more 

„bushy‟ ramified morphology (see Fig. 2F,J,N,P). Occasionally senescent microglial cells, as 

defined by Streit (2006) could be identified with dystrophic processes, showing some extent of 

structural deterioration in aged animals, but these were rarely encountered (not shown). 
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Analysis of mRNA levels within hippocampal tissue revealed a significant age-related increase 

in GFAP mRNA (***p < 0.001; 2-way ANOVA; aged versus young vehicle-treated animals; 

Fig. 3A). S100ß mRNA also showed a modest age-related increase (***p<0.001; 2-way 

ANOVA; aged versus young; Fig. 3B). MHCII mRNA levels were previously shown to 

increase with age (*p<0.05; aged versus young vehicle-treated animals; Downer et al., 2009), 

mirroring the increase in MHCII immunoreactivity found in the present study. 

 

Effects of FGL treatment on astrocyte and microglial cell responses in the hippocampus 

Figures 4 and 5 highlight the effects of systemic treatment with FGL on astrocyte and microglial 

responses within the hippocampus in young (Fig. 4) and aged (Fig. 5) animals. 

 

(i) FGL down-regulates GFAP immunoreactivity within the young and aged hippocampus 

GFAP immunoreactivity was significantly reduced within the hippocampus and corpus 

callosum of young (4 month-old; Fig. 4A) and aged (22 month-old) animals treated with FGL 

(Fig. 5A; see also Fig. 1B',D',F',H',R'), with the exception of the CA1 subfield, which showed 

no significant change in older animals when examining group effects (Fig. 5A). Changes in the 

morphology of astrocytes were apparent: FGL-treated astrocytes adopted much thinner, and 

lengthened processes compared to their vehicle-treated counterparts (see for example Fig. 

1D',F',H'). Analysis of GFAP mRNA levels within hippocampal tissue revealed a similar 

response to treatment with FGL, with a significant reduction in GFAP mRNA expression in 

aged animals (+p<0.05; 2-way ANOVA; aged vehicle-treated versus aged FGL-treated; Fig. 

3A). 

 

(ii) FGL has no effect on S100 + cell density in young and aged animals 

The immunostaining pattern for S100 , highlighting the prominent labelling of astrocyte cell 

bodies, is presented in Fig. 1I-P,J',L',N',P'). FGL treatment had no significant effect on S100ß+ 

cell density within any of the hippocampal areas examined in 4-month-old (Fig. 4B) and 22-

month-old animals (Fig. 5B). Likewise, no clear qualitative change in cell numbers could be 

observed when visually inspecting sections (see for example, Fig. 1L,N,P and L',N',P'). FGL 

also failed to alter S100ß mRNA expression levels either in young or in aged animals (Fig. 3B). 

These observations were in stark contrast to the effect of FGL on microglia presented below. 

 

(iii) FGL markedly reduces MHCII immunoreactivity within the aged hippocampus 

CD11b and MHCII immunoreactivity were significantly reduced (by 2-7 fold) within the 

hippocampus and corpus callosum of 22 month old animals treated with FGL, both qualitatively 

(Fig. 2B',D',F',H',R' and Fig. 2J',L',N',P',T') and quantitatively (Fig. 5C,D). CD11b 

immunoreactivity was also reduced within the hippocampus of younger animals treated with 
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FGL (Fig. 4C), but the effects on MHCII immunoreactivity were not so clear at this age 

(although a small, opposite effect was noted within the DG/hilus; Fig. 4E). 

 

(iv) FGL markedly reduces microglial cell density within the aged hippocampus 

FGL treatment significantly lowered the mean MHCII+ cell density (around 2-fold) within the 

hippocampus of 22 month old animals (Fig. 5F). MHCII+ cell density values remained low, and 

were not significantly altered within the CA1 area (Fig.5F). Although mean cell density values 

for CD11b were reduced following FGL treatment in aged animals, these did not reach 

statistical significance (Fig. 5D). FGL treatment had no significant effect on mean CD11b+ and 

MHCII+ cell densities within the hippocampus of young animals (Fig. 4D,F). 

 

Discussion 

 

This study has investigated changes in microglial and astrocyte population densities, 

morphology, and phenotype within the hippocampus of aged compared with young rats, and 

assessed whether any age-related changes might be modulated by treatment with the NCAM-

derived peptide, FGL. Using quantitative morphometric analyses, we have provided evidence in 

situ of widespread activation of glial cells within the dorsal hippocampus of aged rats, which is 

attenuated following treatment with FGL. These morphological data extend molecular and 

physiological observations concerning the neuroprotective and anti-inflammatory activities of 

FGL (Downer et al., 2010). 

 

Age-related changes affecting astrocytes and microglia within the hippocampus 

Our data indicate similar morphological responses in astrocytes and microglia within the dorsal 

hippocampus with age. Resident populations of astrocytes markedly upregulated GFAP and 

underwent morphological transformation to a more „activated‟ state by 22 months (Fig.1 A-H). 

Microglia also underwent morphological transformation and this, together with the robust 

upregulation of CD11b in the CA1 and CA3 (Fig. 2,D,F,R) and MHC class II immunoreactivity 

within the CA3 and DG/hilus (see Fig. 2N,P,T), highlights an increase in the activation status of 

these cells in 22 month old rats. Like previous authors (Ogura et al., 1994; Rosovsky et al., 

1998) we would consider the use of MHCII, as in our study, to represent a more appropriate 

discriminator of the microglial activation status, since this is differentially upregulated within 

the hippocampus with age (see Fig. 2). The comparatively low levels of MHCII 

immunoreactivity and minimal presence of MHCII+ cells within the CA1 area (Fig. 2K,L,S,T) 

is intriguing, particularly as this region is known to be selectively vulnerable in ageing and age-

related diseases (Mueller et al., 2007). This novel observation and underlying mechanisms will 
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need to be explored in future studies (e.g. MHCII+ microglia could represent a subpopulation of 

resident cells, with distinct functional properties). 

These results extend previous in vivo observations showing age-related activation of microglia 

(Htain et al., 1994; Lawson et al. 1990; Ogura et al., 1994) and astrocytes (Amenta et al., 1998; 

Bronson et al., 1993; David et al., 1997; Geinisman et al., 1978; Hughes and Lantos, 1987; 

Mandybur et al., 1989; Sturrock, 1980), accompanied by increased numbers of MHCII+ 

microglia within the brain (Ogura et al., 1994; Perry et al., 1993). GFAP protein and mRNA 

levels are also known to become elevated in aged rodent brains (see Fig. 3A; Goss et al. 1991; 

Kohama et al. 1995; O‟Callaghan and Miller 1991; Nichols et al., 1993). Earlier studies noted 

similar age-related changes in morphological characteristics of astrocytes to those we have 

described (i.e. cells becoming more „fibrous‟ in nature). Although astrocytes undergo age-

related morphological transformation, former studies have found little or no age-related change 

in the density of these cells (Bjorklund et al., 1985; Geinisman et al., 1978; Landfield et al., 

1977; Lindsey et al., 1979; Ling and Leblond 1973), including two more recent stereological 

studies (Bhatnagar et al., 1997; Long et al., 1998). With age therefore, the primary astrocytic 

change appears to be hypertrophy (an increase in fibrous character as shown by up-regulation of 

GFAP, reflecting an increase in the „activation status‟ of astrocytes), rather than hyperplasia. 

 

It is the basal, yet sustained, production of pro-inflammatory cytokines by activated neuroglial 

cells (e.g. higher expression of IL-1ß by aged microglia) that is thought to impact on brain 

ageing and cognitive processes. Microglial functions in particular are considered to change 

progressively from neuroprotective to neuroinflammatory and neurotoxic during ageing 

(Sawada et al., 2008; Sierra et al., 2007; von Bernhardi et al., 2010). Astrocytes and microglia 

derived from aged (24-month old) rat brains also demonstrate higher activation states in tissue 

culture, with microglia expressing higher levels of MHCII and astrocytes expressing higher 

levels of GFAP (Rozovsky et al., 1998). Microglia derived from healthy aged animals (i.e. ex 

vivo) display specific changes in their functional status, with increased mRNA expression of 

both pro-inflammatory (TNF-a, Il-1 ß, IL-6) and anti-inflammatory cytokines (IL-10, TGF-ß1) 

(Sierra et al., 2007). Such glial cell changes do not occur in isolation, but in the context of 

increased cellular stress responses (or deficiencies in cellular coping mechanisms), that are 

associated with ageing (Amenta et al., 1998; von Bernhardi et al., 2010). Collectively, glial cell 

activation in parallel with such physiological changes, has largely (although not exclusively, see 

for example Conde and Streit, 2006) been viewed as detrimental, contributing towards the 

cognitive decline seen in old age (von Bernhardi et al., 2010), and therefore a potential target for 

preventive treatment or „prophylactic‟ therapy. 
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FGL attenuates age-related astrocyte activation but has no effect on astrocyte cell 

density in the hippocampus of aged animals 

Systemic treatment with FGL effectively reduced the activation state of astrocytes (GFAP 

mRNA expression and immunoreactivity) within the dorsal hippocampus and corpus callosum 

of aged animals (with the exception of the CA1 subfield which showed no change at 22 months) 

(Fig. 5A). This effect could be mediated directly through binding of FGL to FGF receptors 

(primarily FGFR1 and FGFR2) on astrocytes, since the FGFR ligand FGF-2 (bFGF) has been 

shown to reduce GFAP mRNA and protein levels in astrocyte cultures maintained in vitro, and 

to inhibit the TGF-ß1-mediated increase in GFAP expression (Reilly et al., 1998). Astrocytes 

contain high levels of FGFR1 and FGFR2 mRNA (Gonzalez et al., 1995). Within the 

hippocampus, astrocytes are the primary source of FGFR1 and FGFR2 expression (Chadashvilli 

and Peterson, 2006). This suggests a role for the FGFR as a means for controlling progressive 

astrogliosis during ageing. However, the relationship of these findings to regional expression or 

functionality of FGFR on astrocytes within the hippocampus remains to be explored. 

 

S100ß is a calcium-binding protein, known to be expressed by all types of astrocytes; it 

prominently labels astrocyte cell somata within the CNS (Rothermundt et al., 2003; Sen and 

Belli, 2007, Savchenko et al., 2002). We used S100ß labelling because it specifically identifies 

„all populations‟ of astrocytes (including fibrous and protoplasmic, resident as well as 

activated), allowing us to reliably look at „total‟ astrocyte population dynamics. We found that 

FGL treatment had no effect on S100ß+ cell density within the dorsal anterior hippocampus in 

either young (Fig. 4B) or aged (Fig. 5B) animals. This suggests that FGL has little impact on 

astrocytic proliferation, reported to be induced by FGF2 in a number of studies (Gomez-Pinilla 

et al., 1995; Chadashvili and Peterson, 2006; Jin et al., 2003; Yoshimura et al., 2001), and could 

indicate that FGL acts via a different intracellular signalling pathway to that activated by FGF2 

in astrocytes. FGL treatment also failed to alter S100ß mRNA levels in aged animals (Fig. 3B). 

 

FGL attenuates age-related microglial activation and significantly reduces microglial 

cell density in the hippocampus of aged animals 

Systemic treatment with FGL markedly reduced microglial activation (as determined by CD11b 

and MHCII immunoreactivity) within the dorsal hippocampus and callosal white matter of aged 

animals (see Fig. 5C,E and Fig. 2R',T'). These findings were in agreement with a previous 

report which showed that treatment with FGL reduced MHCII mRNA levels within the 

hippocampus of 22 month-old rats (Downer et al., 2009). In the present study, the total volume 

of the dorsal hippocampus did not differ significantly in 22 month-old animals treated with 
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vehicle or FGL (p=0.807), so total hippocampal cell density measurements were not affected by 

volumetric changes between groups in these aged animals. We found that treatment with FGL 

significantly reduced MHCII+ (Fig. 5F) microglial cell density in aged animals. MHCII+ cell 

density was reduced by about 2 fold in the CA3 and DG/hilus (Fig. 5F). FGL therefore exerted a 

potent regulatory effect on the resident innate immune cells of the brain in ageing. Microglia, 

like astrocytes, have also been shown to express FGFRs (FGFR1-4; Liu et al., 1998; Presta et 

al., 1995), and upregulate FGFRs when activated (e.g. FGFR1; Liu et al., 1998). FGL could 

therefore exert its effects directly via FGFR1. 

 

An alternative explanation is that FGL exerts its suppressive effects on glial cell activation 

indirectly. Apart from glial cells, FGFR expression can also be demonstrated widely on 

neurons, including within the hippocampus (e.g. FGFR1 and FGFR2; Gonzalez et al., 1995). 

There is evidence to indicate that FGL promotes neuronal expression of CD200 (Downer et al., 

2009), known to be a key regulator of microglial activation within the nervous system (Biber et 

al., 2007). FGL also enhances release of IL-4 from glial cells (Downer et al., 2010) and this too 

may act as a downregulatory signal for microglial activation and may inhibit microglial 

proliferation (Kloss et al., 1997). However, since the route of administration of FGL was 

systemic, the fact that FGL might additionally be acting outside the nervous system to alter 

circulating levels of pro-and anti-inflammatory cytokines that may subsequently access the 

brain and influence glial cell responses, cannot be entirely excluded at present (see for example 

Godbout et al., 2005). Although it is clear that FGL attenuates microglial activation and reduces 

microglial density, the functional status of these cells, in particular their neuroinflammatory as 

opposed to neurotrophic and neuroprotective properties (Biber et al. 2007; Conde and Streit, 

2006) will need to be examined further in vivo. 

 

Our results provide convincing evidence to support a role for FGL in inhibiting age-related glial 

cell activation within the aged brain. FGL has been shown to restore cognitive function, 

enhance memory and avert neuropathology in models of ageing and age-related diseases 

(Downer et al., 2010; Cambon et al., 2004; Klementiev et al., 2007; Neiiendam et al., 2004; 

Popov et al., 2008; Skibo et al., 2005; Stewart et al., 2010). Together with its anti- inflammatory 

properties (Downer et al., 2009; Downer et al., 2010) our data highlight the potential for FGL to 

combat age-related changes in the brain, warranting further investigation into its therapeutic 

potential to alleviate age-related cognitive dysfunction. The evidence so far supports a potential 

therapeutic role for FGL in the aged brain. Given our observation that hippocampal volume 

estimates were reduced following treatment of young rats with FGL, the effect of FGL on the 

brain at younger stages still needs to be explored. The biological relevance of these volumetric 

differences is at present unclear, but could indicate specific effect(s) on developmental 
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trajectories that need to be taken into account when considering FGL treatment as a therapeutic 

strategy. 
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Figure 1. FGL treatment modulates astrocyte activation (morphology and phenotype) in 

the aged hippocampus 

 

Micrographs showing GFAP and S100β (astrocyte) immunoreactivity, detected using a 

standardized immunohistochemical protocol, within the corpus callosum (CC) and hippocampus 

of young (4 month-old) and aged (22 month-old) rats treated with vehicle (A-H, I-P, Q-T), and 

following treatment with FGL in an aged animal (B',D',F',H',R' and J',L',N',P',T'). High power 

micrographs (A-H) and lower power micrographs (Q,R) demonstrate clearly that GFAP 

immunoreactivity is upregulated in older (B,D,F,H,R) compared to younger (A,C,E,G,Q) 

animals within all subfields examined. Age-related changes in the morphologies of astrocytes 

can also be observed, with GFAP+ astrocytes displaying thicker, and more stout processes. 

S100β immunoreactivity showed little appreciable change in older (J,L,N,P,T) compared to 

younger (I,K,M,O,S) animals. Treatment with FGL lowered GFAP immunostaining within the 

hippocampus and corpus callosum at 22 months. The response was particularly evident in the 

corpus callosum (B,B'), CA3 (F,F'), and DG (H,H'). S100ß immunostaining was not noticeably 

affected by treatment with FGL at 22 months (J',L',N',P',T'). The scale bar in (T') represents 

65µm in A-P' and 733µm in Q-T'. Abbreviations: CC (corpus callosum), CA1 (hippocampal 

CA1 area), CA3 (hippocampal CA3 area), DG (dentate gyrus/hilus of the hippocampus).  
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Figure 2. FGL treatment modulates microglial activation (morphology and phenotype) in 

the aged hippocampus 

 

Micrographs showing CD11b and MHCII (microglial) immunoreactivity, detected using a 

standardized immunohistochemical protocol, within the corpus callosum (CC) and hippocampus 

of young (4 month-old) and aged (22 month-old) rats treated with vehicle (A-H, I-P, Q-T), and 

following treatment with FGL in an aged animal (B',D',F',H',R' and J',L',N',P',T'). High power 

micrographs (A-H and I-P) and lower power micrographs (Q,R and S,T) demonstrate that 

CD11b and MHCII immunoreactivity is upregulated in older (R,T) compared to younger (Q,S) 

animals within the hippocampus. Age-related changes in the morphologies of microglia can also 

be observed, with MHCII+ and CD11b+ microglia adopting a bushy appearance (the former 

phenotype only rarely encountered within the CA1 area: K,L). Note also the differential 

phenotypic response of microglia with age, particularly in the CA1 and the DG/hilus (compare 

C,D with K,L and G,H with O,P). Lower power photographs (Q-T) show coronal sections taken 

through the dorsal hippocampus of 22 month old rats, immunostained for CD11b (Q,R) and 

MHCII (S,T). Note the widespread distribution of CD11b+ microglia (R) compared to the 

selective distribution of MHCII+ microglia within the CA3, DG/hilus and corpus callosum (T) 

at 22 months. Treatment with FGL dramatically lowered MHCII (L',N',P',T') and CD11b 

immunostaining (D',F',H',R') within the hippocampus at 22 months of age. The scale bar in (T') 

represents 65µm in A-P' and 733µm in Q-T'. Abbreviations: CC (corpus callosum), CA1 

(hippocampal CA1 area), CA3 (hippocampal CA3 area), DG (dentate gyrus/hilus of the 

hippocampus). 
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Figure 3. FGL exerts differential effects on GFAP and S100  mRNA expression levels in 

the aged hippocampus 

 

Analysis of mRNA expression levels, isolated from hippocampal tissue at 4 and 22 months of 

age, revealed a significant (nearly 3-fold) increase in GFAP mRNA levels with age (A) 

(***p<0.001; 2-way ANOVA), and a relatively mild increase in S100ß mRNA expression (B) 

(***p<0.001; 2-way ANOVA). FGL treatment partially reversed the age-related increase in 

GFAP mRNA (+ p<0.05 aged vehicle-treated versus aged FGL-treated) (A), but had no 

significant effect on S100ß mRNA expression (B). 
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Figure 4. Effect of FGL treatment on astrocyte and microglial responses (phenotype and 

population densities) within the hippocampus of young rats 

 

Quantitative analysis of GFAP, CD11b and MHCII immunoreactivity within the corpus 

callosum and hippocampus of rats treated with vehicle or FGL at 4 months of age is shown in 

(A,C,E). The graphs show mean percentage immunoreactivity (% Area) per microscopic field, 

determined by optical segmentation (as outlined in the Materials and Methods). FGL treatment 

significantly reduced GFAP immunoreactivity within the hippocampus in 4 month-old animals 

(A). CD11b immunoreactivity was also significantly lowered within the hippocampus (C), but 

there was no appreciable effect on MHCII immunoreactivity in the CC, CA1, or CA3 (although 

the DG/hilus showed a slight increase) at this age (E). The effect of FGL treatment on S100 +, 

CD11b+ and MHCII+ cell density (number of cells/mm
2
) is shown in (B,D,F). Treatment with 

FGL did not alter S100  cell density (B), and had no statistically significant effect on either 

CD11b+ (D) or MHCII+ (F) cell densities within the hippocampus at 4 months of age.  

Abbreviations: CC (corpus callosum), CA1 (hippocampal CA1 area), CA3 (hippocampal CA3 

area), DG (dentate gyrus/hilus of the hippocampus), Total (mean total hippocampal value). Data 

are plotted as mean values ± SEM (n=5 animals per group). A minimum of 30 individual 

microscopic fields were analysed per region, per animal (see Materials and Methods). Asterisks 

denote statistical significance as follows: (*) p<0.05, (**) p<0.01, (***) p<0.001. NS: not 

significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 28 

Figure 5. FGL modulates astrocyte and microglial responses (phenotype and cell density) 

within the aged rat hippocampus 

 

Quantitative analysis of GFAP, CD11b and MHCII immunoreactivity within the corpus 

callosum and hippocampus of rats treated with vehicle or FGL at 22 months of age is shown in 

(A,C,E). The graphs show mean percentage immunoreactivity (% Area) per microscopic field, 

determined by optical segmentation (as outlined in the Materials and Methods). FGL treatment 

significantly reduced GFAP immunoreactivity within the hippocampus in 22 month-old animals 

(with the notable exception of the CA1 area) (A). CD11b immunreactivity was also 

significantly lowered within the corpus callosum and hippocampus (C). MHCII 

immunoreactivity was significantly lowered within the corpus callosum, CA3 and DG (by 2-7 

fold) following FGL treatment at 22 months, but minimal within the CA1 area in both treated 

and vehicle groups (E). The effect of FGL treatment on S100ß+, CD11b+ and MHCII+ cell 

density (number of cells/mm
2
) is shown in (B,D,F). Treatment with FGL did not alter S100  

cell density (B), and had no statistically significant effect on CD11b+ cell density (D), but did 

specifically reduce the mean MHCII+ cell density (up to 2-fold) within the CA3 and DG/hilus 

(F) in aged animals. Abbreviations: CC (corpus callosum), CA1 (hippocampal CA1 area), CA3 

(hippocampal CA3 area), DG (dentate gyrus/hilus of the hippocampus), Total (mean total 

hippocampal value). Data are plotted as mean values ± SEM (n=5 animals per group). A 

minimum of 30 individual microscopic fields were analysed per region, per animal (see 

Materials and Methods). Asterisks denote statistical significance as follows: (*) p<0.05, (**) 

p<0.01, (***) p<0.001. NS: not significant. 
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Ojo et al Highlights 

 

 Quantitative morphometric methods and  image analyses have shown the 

remarkable ability of a neural cell adhesion molecule mimetic  (FGL) 

administered subcutaneously to attenuate a major feature of ageing, glial cell 

activation  

 FGL treatment significantly reduced the density of CD11b+ and MHCII+ 

microglia in aged animals, concomitant with a reduction in immunoreactivity for 

these phenotypic markers 

 
 


