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ABSTRACT 

 Western society is facing a health epidemic due to the increasing incidence of dementia in 

ageing populations, and there are still few effective diagnostic methods, minimal treatment options, and 

no cure. Ageing is the greatest risk factor for memory loss that occurs during the natural ageing process, 

as well as being the greatest risk factor for neurodegenerative disease such as Alzheimer’s disease. 

Greater understanding of the biochemical pathways that drive a healthy ageing brain towards dementia 

(pathological ageing or Alzheimer’s disease), is required to accelerate the development of improved 

diagnostics and therapies. Unfortunately, many animal models of dementia model chronic amyloid 

precursor protein over-expression, which although highly relevant to mechanisms of amyloidosis and 

familial Alzheimer’s disease, does not model well dementia during the natural ageing process. A 

promising animal model reported to model mechanisms of accelerated natural ageing and memory 

impairments, is the senescence accelerated murine prone strain 8 (SAMP8), which has been adopted by 

many research group to study the biochemical transitions that occur during brain ageing. A limitation 

to traditional methods of biochemical characterisation is that many important biochemical and 

elemental markers (lipid saturation, lactate, transition metals) cannot be imaged at meso- or micro-

spatial resolution. Therefore, in this investigation we report the first multi-modal biospectroscopic 

characterisation of the SAMP8 model, and have identified important biochemical and elemental 

alterations, and co-localisations, between 4 month old SAMP8 mice and the relevant control (SAMR1) 

mice. Specifically, we demonstrate direct evidence of Zn deficiency within specific sub-regions of the 

hippocampal CA3 sector, which co-localise with decreased lipid unsaturation. Our findings also 

revealed colocalisation of decreased lipid unsaturation and increased lactate in the corpus callosum 

white matter, adjacent to the hippocampus. Such findings may have important implication for future 

research aimed at elucidating specific biochemical pathways for therapeutic intervention. 

 

  



INTRODUCTION 

 Western society is facing a health epidemic due to the increasing incidence of dementia in 

ageing populations. In 2015, dementia was the cause of a global USD $818 billion health care cost, 

which is expected to reach USD $2 trillion in 2030.1 At present there is no cure for dementia, and the 

greatest risk factor for dementia is age. Therefore, increased understanding of the biochemical and 

elemental alterations that drive the “switch” from healthy brain ageing towards degenerative pathways 

and onset of dementia, may help identify therapeutic strategies to minimise or delay dementia in the 

elderly.  

 The senescence accelerated murine prone (SAMP) mouse strain is a novel model to study the 

process of ageing, and factors that drive a “switch” from healthy ageing to dementia.2-6 The mouse 

model was a spontaneous occurrence, in a AKR/J mouse line.5, 6 Following the initial observation of 

litter mates displaying accelerated ageing, selective breeding was used to develop the SAMP8 and 

several other SAMP strains. In addition, selective breeding maintained a strain from the initial litter 

mates that do not show accelerated ageing to the same extent, the senescence accelerated murine 

resistant strain 1 (SAMR1).5, 6 Due to multiple genetic differences that occur in both SAMP8 and 

SAMR1 mice relative to the original AKR/J line, a SAMP8 / SAMR1 comparison is frequently used to 

identify biochemical and physiological mechanisms specific to the process of accelerated ageing.5, 6 

One of the major advantages of the SAMP model lies in the ability to study biochemical alterations that 

occur in the ageing brain on a drastically shortened time frame, typically 4 - 12 months, compared to 

other models, 12 - 24 months in wildtype mice, longer in rats or other rodents.2, 3, 5-8 A second favourable 

attribute, specific to the SAMP8 strain (but not all SAMP strains) is that the memory deficits and 

cognitive decline during ageing occur in the absence of gross overproduction of amyloid precursor 

protein (APP) and amyloid-β (Aβ) pathology.6, 9, 10 In other models, substantial research has been 

conducted into the mechanisms of memory loss arising from Aβ pathology and Aβ-plaque formation, 

using transgenic models that overproduce APP or Aβ by more than an order of magnitude above 

wildtype animals.11-16 Such Aβ overproduction models well familial Alzheimer’s disease, and is 

undoubtedly useful to study Aβ-plaque pathology.17 However, the transgenic models do not reflect the 

vast majority of clinical dementia cases, which occur in the elderly humans, without excessively 

elevated, lifelong cerebral APP or Aβ production.1  Modest increases in APP or Aβ production have 

been identified in the ageing human brain,18 which match well with the modest increase in APP 

production reported in ageing SAMP8 and wildtype mice.9, 10, 19-21 

 Numerous studies have characterised alterations to brain physiology and biochemistry that 

occur in the SAMP model. Many of the alterations that occur in SAMP strain reflect well the alterations 

that occur in other rodent models and in humans. Such alterations include: increased permeability of 

the blood-brain-barrier (BBB),7, 8, 22 disturbed lipid homeostasis,23 accumulation of proteinaceous 

aggregates;23 altered energy metabolism favouring lactate production.24, 25 Typically, these alterations 

are most prominent within the hippocampus, a brain structure critical for learning and memory. In 

addition to the above biochemical alterations, there is substantive evidence that accumulation of redox 

active metals occur during ageing,26-30 although this has been studied little in the SAMP8 model. Metal 

accumulation could be harmful during ageing as it catalyses free radical production through Fenton 

chemistry, driving oxidative stress, lipid oxidation and protein oxidation/aggregation.26-30  

Consequently, there is great interest in further understanding the relationship between brain metal 

homeostasis and macromolecular homeostasis during ageing, and how it may drive a switch from 

healthy brain ageing towards memory loss and dementia. 

 Although the bulk biochemical alterations that occur in the SAMP8 model have been well 

characterised, much remains unknown about biochemical and elemental alterations that occur at the 

micro- or meso-scale within distinct sub-regions of the hippocampus. The ability to directly study a 

wealth of biochemical and elemental parameters at micro- or meso-spatial resolution, without the need 



of chemical stains, was a long unfilled niche in the field of neuroscience. However, the modern 

neuroscientist has access to a suite of bio-spectroscopic imaging techniques that fill this niche, such as 

X-ray fluorescence microscopy (XFM) and Fourier transform infrared spectroscopy (FTIR). The 

techniques provide direct in situ imaging within ex vivo tissue sections, without the need for chemical 

fixation or staining, which minimises redistribution artefacts due to chemical alterations that can occur 

with non-direct measurement.31-36 Further, XFM and FTIR provide the ability to study chemical species 

that are difficult to image with more traditional methods. XFM elemental mapping has been integrated 

into numerous studies to determine ion (Cl-, K+, and Ca2+)37, 38 and metal (Fe, Cu, Zn)38-41 within the 

brain, while FTIR has been used to study cerebral lipid homeostasis,42-45 protein aggregation (including 

plaque formation) and metabolic alterations, such as lactate production.31, 39, 46 The ability to study these 

biochemical markers has been used to study the pathology of epilespy,47-50 stroke,38, 46, 51, 52 Alzheimer’s 

disease,41-44, 53-59 Parkinson’s disease,60 schizophrenia,37 multiple sclerosis,45, 61 prion disease62-64 and 

cerebral malaria.39 

 In our ongoing studies we seek to increase understanding of the biochemical and elemental 

alterations that occur during brain ageing, to help identify potential mechanistic pathways responsible 

for a switch from healthy ageing towards neurodegeneration and dementia. To do so, we have integrated 

traditional histology with XFM analysis of ions (Cl-, K+, Ca2+) and metals (Fe, Cu, Zn), and FTIR 

analysis of metabolites (lactate), lipids and protein aggregates. Herein we report our initial 

observational/phenomenological study, which was designed to characterise elemental and biochemical 

alterations within the brains of 4 month old adult SAMP8 and SAMR1 mice. We have chosen this age 

group as it reflects the earliest time point at which mild age-related cognitive decline in this model has 

been reported, preceding more substantial pathological decline later in life.3, 65 Due to the importance 

of the hippocampus for memory function, and the established involvement of the hippocampus in 

memory loss during dementia, we have focussed our studies to the hippocampus and surrounding white 

matter (corpus callosum). More specifically, alterations in lipid homeostasis and brain metabolism have 

been previously reported in SAMP8 mice, however, the exact anatomical location remained unknown. 

In this study, we have used direct bio-spectroscopic imaging (FTIR) to confirm that biochemical 

markers of altered metabolism and lipid homeostasis are present in SAMP8 mice, and further, we 

identify the anatomical locations(s) in which the alterations are most pronounced. Lastly, we have used 

XFM elemental mapping to test if altered metal levels co-localize with the observed biochemical 

alterations.  

  



RESULTS & DISCUSSION 

Study Design 

This study used a multi-modal spectroscopic approach (FTIR and XFM) to image multiple 

biochemical and elemental parameters within specific anatomical sub-regions of the hippocampus and 

surrounding corpus callosum white matter, in SAMP8 and SAMR1 mice. Analysis has been conducted 

on flash-frozen non-fixed brain tissue to preserve the chemical composition as close as possible to the 

in vivo state. FTIR spectroscopic imaging was incorporated into the analytical methodology to reveal 

biochemical distribution of lactate, and markers of lipid homeostasis, and XFM was incorporated to 

reveal elemental distribution. (P, S, Cl, K, Ca, Fe, Cu, Zn). 

Statistical Analysis 

Data in this study was parametric quantitative (XFM) and semi-quantitative (FTIR), derived 

from discrete anatomical locations within, and surrounding, the hippocampus, for two animal models 

(SAMP8 and SAMR1 strains, n = 8 replicates in each group). Therefore, data were analysed using a 2-

Way repeated measures ANOVA (animal strain [between-subjects factor] and anatomic region [within-

subjects factor]). A summary of the outcomes from the 2-Way ANOVA are presented in Table 1. Post-

hoc comparisons were undertaken in cases where a main-effect only (unsaturated lipids), an interaction 

effect (Cu and Ca) or an interaction and main effect (Zn and lactate) were found. The p-values for 

statistically significant post-hoc tests are reported in Figures 3 and 5. Corrections for multiple 

comparisons between anatomic regions was undertaken (described in methods). Post-hoc testing 

revealed that specific sub-regions of the hippocampus have different contents of Zn, lactate and 

unsaturated lipids, however, Ca and Cu, which displayed interaction effects only, were not found to be 

different between SAMP8 and SAMR1 mice within any anatomical sub-region. 

Table 1: Two-Way ANOVA Results for the Effect of Animal Strain and Hippocampal Sub-Region on Elemental 

and Biochemical Content 

Dependent Variable Main Effect 

(SAMP8 vs SAMR1) 

Main Effect 

(hippocampal sub-region) 

Interaction Effect 

P 0.0593 <0.0001 0.8403 

S 0.1391 <0.0001 0.8920 

Cl 0.0685 <0.0001 0.6280 

K 0.0622 0.0001 0.8415 

Ca 0.1144 <0.0001 0.0164 

Fe 0.0892 <0.0001 0.1034 

Cu 0.6126 <0.0001 <0.0001 

Zn 0.0064 <0.0001 <0.0001 

Lipid Ester 0.4074 <0.0001 0.7497 

Lipid Methylene 0.3273 <0.0001 0.7969 

Unsaturated Lipid 0.0007 <0.0001 <0.0001 

Lactate 0.0334 <0.0001 0.3280 

 

“Label Free” Biospectroscopic Imaging Provides Direct Analysis of Hippocampal Biochemical and 

Elemental Homeostasis 

 There is a wide breadth of published literature describing bulk biochemical alterations that 

occur during ageing, including the SAMP model. However, direct characterisation of the anatomical 

location of the biochemical and elemental alterations is lacking. Our research team is collectively 

characterising the location of biochemical and elemental alterations that occur across the full time 

course of SAMP8 and SAMR1 models, as well as wildtype strains, in addition to investigation of the 

effect lifestyle factors such as diet and exercise have on brain metabolism and metal homeostasis. In 

this investigation, we report our initial findings at a single time point (4 month old adult 



SAMP8/SAMR1 mice), reveal the anatomical location of alterations in metabolic and lipid homeostasis 

that were previously only characterised on a bulk scale. To quantify biochemical and elemental content 

of specific anatomical structures, regions of interest were defined based on classical, well defined 

hippocampal anatomy. The anatomical demarcation of hippocampal sub-regions are presented 

alongside routine haematoxylin and eosin histology in Figure 1A,B. In this study, XFM data was 

collected at the micron scale (~3 µm spatial resolution), which allowed the average elemental content 

to be determined for 20 specific hippocampal sub-regions, including the corpus callosum white matter 

that surrounds the hippocampus proper (Figure 1C). FTIR spectroscopic imaging data was collected at 

the meso-scale (25 µm spatial resolution), and therefore, biochemical alterations were quantified on a 

less resolved spatial scale, for 7 hippocampal sub-regions, including the corpus callosum white matter 

that surrounds the hippocampus proper (Figure 1D). The anatomical sub-regions and their abbreviations 

are defined in the caption of Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

FTIR Spectroscopic Imaging Does Not Reveal Evidence of Protein Aggregates, Proteinaceous 

Deposits, or Amyloid Plaques in the Hippocampus of 4 Month Old Adult SAMP8 Mice 

 Many studies report an increased incidence of protein aggregates or proteinaceous deposits in 

the brain during natural ageing, and in Alzheimer’s disease, in both humans and animal models.66-69 In 

Figure 1: Neuro-anatomy of the hippocampus is observed in routine histology, as well as XFM and FTIR 

imaging. (A) Regions of interest for which average FTIR spectra were calculated: CA1 subsector (red); CA2 

(green); CA3 (dark blue); Hilus/CA4 (Yellow); DG (black); CA3 Mossy Fibers (light blue); Corpus Calossum 

white matter (blue dashes); lateral ventricle (red dashes). Due to heterogenous cellular composition and/or the 

proximity to other cell layers, spectral blending could not be avoided for Hilus/CA4, ventricular, and CA2 

regions, for FTIR imaging. As such, these regions were subsequently excluded from the study. (B) Regions of 

interest for which average XFM elemental areal density was calculated:CC = corpus callosum; SO = stratum 

oriens; SP = stratum pyramidal; SR = stratum radiatum; SL = stratum lucidum (mossy fibers); IC = internal 

capsule; SG = stratum granulsom; SM = stratum molecular inner; SML = stratum molecular outer; SUB HCF 

= subiculum hippocampal formation; CA1  = cornus amonnis sector 1; CA2  = cornus amonnis sector 2; CA3  

= cornus amonnis sector 3, which was further subdivided into CA3 ab, and CA3 c; DG = dentate gyrus; (C) 

Representative FTIR image showing hippocampal lipid distribution, which demonstrates the ability to visually 

identify hippocampal sub-regions. (D) Representative XFM tri-colour elemental overlay of K, Fe, Zn areal-

densities. Scale bar  = 500 µm.  



the case of Alzheimer’s disease, the extra-cellular deposits are enriched in the Aβ fragment of APP, i.e., 

the Aβ-plaque, and intra-cellular deposits are enriched in hyper-phosphorylated tau.66-68 In the SAMP8 

strain, studies have shown a mild age related increase in brain APP expression in SAMP8 mice, and a 

mild age related increase in Presilin 1 (PS-1), an enzyme responsible for cleavage of the Aβ fragment 

from APP.9, 10 However, Aβ -plaques are not detected at the same time-points (4 – 12 months).10 Micro 

Aβ-plaques have been confirmed in much older SAMP8 mice (21 months of age).10 A confounding 

factor in previous work using antibodies to detect Aβ, has been the report of “Aβ-granules”,70, 71 which 

do not produce positive staining with Thioflavin S or Congo Red.70, 71 Subsequent studies have 

suggested the granules are an artefact of minute trace contamination of the anti-body. Several studies 

have since positively identified that “Aβ-granules” observed in aged mice are in fact carbohydrate 

enriched granulated deposits, stained by neo-epitopes, and are not Aβ-plaques, nor do they contain Aβ 

or APP.19, 20, 72 

 In this investigation, we have used FTIR spectroscopic imaging, a method which is gaining 

increased use in the field of neuroscience,39, 43, 48, 51, 52, 55-58, 63, 73-79 as a direct method to test for the 

presence of aggregated protein. The carbonyl moiety of amide bonds is highly sensitive to hydrogen 

bonding, which is heavily influenced by protein secondary structure. The relationship between protein 

secondary structure and carbonyl hydrogen bonding gives rise to characteristic shifts of the amide I 

band in FTIR spectra, which act as a fingerprint for protein secondary structure. We have previously 

used FTIR to characterise aggregated protein associated with amyloid plaques in the APP/PS1 model 

of Alzheimer’s disease (Figure 2A,D).41, 73 As can be seen from comparison of hippocampal tissue from 

an APP/PS1 mouse relative to SAMP8 or SAMR1 mice (Figure 2A-G), there is no evidence for the 

presence of protein aggregates in SAMP8 and SAMR1 mice, at the time point studied. These results 

are in good agreement with the literature and suggest that Aβ-plaque pathology is unlikely to be a major 

component driving cognitive decline and dementia in the SAMP8 model.10 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Evaluation of protein aggregation in APP/PS1 transgenic mice (A, D, G) and SAMP8 (B, E, G) and 

SAMR1 (C, F, I) mice, which highlights that the extensive aggregated protein deposits in APP/PS1 mice are 

absent in both SAMP8 and SAMR1 mice. (A-C) Routine H&E histology of hippocampus. (D-E) FTIR imaging 

of hippocampal lipid ester distribution, to reveal hippocampal anatomy. (G-I) Distribution of protein 

aggregates (second-derivative intensity at 1625 cm-1). White arrows highlight multiple aggregates are present 

in the hippocampus of APP/PS1 mice. Scale bar = 500 µm. 



FTIR Spectroscopic Imaging Reveals Disturbed Energy Metabolism is Most Pronounced in Corpus 

Callosum White Matter in 4 Month Old Adult SAMP8 Mice Relative to SAMR1 Mice 

 It is well established that disturbed energy metabolism and increased lactate production is a 

feature of the ageing brain, in humans and rodents.24, 80 Past work by others, in rodent models, has 

demonstrated increased brain lactate during ageing, from bulk analysis of brain homogenates using 

biochemical assay, chromatography, nuclear magnetic resonance (NMR)  spectroscopy, or magnetic 

resonance imaging (MRI).24, 25, 80  However, a limitation of biochemical assay is that the spatial 

distribution of lactate is lost during tissue homogenisation, and MRI provides a spatial resolution on the 

order of hundreds of microns, at best. Therefore, there is still ambiguity surrounding the exact brain 

locations and structures responsible of increased lactate production during ageing. 

 FTIR spectroscopy has limited chemical specificity when compared to biochemical assays or 

NMR, nor does it offer in vivo imaging, however, a spectroscopic marker sensitive to lactate in brain 

tissue exists in the mid-infrared spectroscopic range, the lactate ν(C-O) at 1127 cm-1.31, 39, 46 In this study, 

FTIR spectroscopy has been used to study the relative lactate content of the hippocampus and 

surrounding corpus callosum at a meso-scale spatial resolution of 25 µm (Figure 3 and Figure 4). The 

results highlight that in both SAMP8 and SAMR1 mice, lactate levels are highest in the pyramidal cell 

layers within the hippocampus. However, no statistically significant difference in lactate content was 

observed within hippocampal sub-regions between SAMP8 and SAMR1 mice. In contrast, a statistically 

significant increase in relative lactate content was observed within corpus callosum white matter in the 

brains of 4 month old SAMP8 mice relative to SAMR1 mice. 

 The localisation of increased lactate content within the corpus callosum white matter of SAMP8 

mice, but not the hippocampus proper, is intriguing. The cellular origin of the lactate has not been 

investigated in this study, however, it is well established oligodendrocytes have high metabolic needs 

for myelin synthesis, and disturbance of their metabolism or lipid homeostasis could manifest in lactate 

accumulation.81-84 Given the high abundance of oligodendrocytes within white matter, we tentatively 

speculate that these findings suggest disturbed oligodendrocyte metabolism in the SAMP8 strain. Our 

observation of disturbed lipid homeostasis within the corpus callosum of SAMP8 mice (discussed 

below) provides further evidence for disturbed glia homeostasis. However, further studies will be 

required to address this finding in more detail. 

 

 

 

 

 

 

 

 

Figure 3: FTIR Spectrosocpic imaging analyses of biochemical markers: unsaturated lipid olefinic groups (A); 

and lactate (B). The results for additional markers (lipid methylene groups, lipid esters) are presented in 

Supporting Information.Post-hoc t-tests were used to identify statistically significant differences between the 

SAMP8 and SAMR1 strains, n = 8 animals in each group. *p < 0.05, **p < 0.01 ***p < 0.0001, Bonferroni 

corrected for 20 multiple comparisons. Data are presented as mean ± standard deviation, p-value for lactate 

comparison = 0.0113 (corpus callosum). The anatomical location of the sub-regions are shown in Figure 1B.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

FTIR Spectroscopic Imaging Reveals Evidence of Disturbed Lipid Homeostasis in SAMP8 Mice in the 

Corpus Callosum White Matter and CA3 Pyramidal Neurons 

 Recent in vivo MRI T2 weighted imaging of rodent and human brains during ageing has 

identified early changes in specific brain white matter regions (white matter hyper-intensities) that 

coincide with the earliest signs of dementia related cognitive impairment.85-89 Such findings, confined 

to brain white matter, may suggest a role of altered lipid homeostasis in the initial stages of dementia 

development. In addition, altered lipid homeostasis within the corpus callosum has previously been 

reported by FTIR imaging in murine models of Alzheimer’s disease.42 However, few studies have been 

able to localise age-related lipid alterations to cerebral white matter, in situ, or co-localise lipid 

alterations with metabolic alterations, such as increased lactate production. Extending from the results 

discussed above for relative white matter lactate content, we used FTIR spectroscopic imaging to 

determine if lipid alterations were also present in cerebral white matter, or other hippocampal regions.  

For the first time, we have identified a reduction in markers of lipid unsaturation (decreased 

levels of lipid olefinic groups), which colocalise with increased lactate in cerebral white matter, in 4 

month old SAMP8 mice relative to age matched SAMR1 mice (Figure 3, Figure 4). In addition to the 

observation of decrease in lipid unsaturation within the corpus callosum white matter, subtle but 

statistically significant decrease in lipid unsaturation was also observed in the pyramidal neurons of the 

CA3 subsector of the hippocampus. Within the corpus callosum white matter, oligodendrocytes are the 

cell responsible for axon myelination and have an enormous metabolic capacity that is required for 

Figure 4: Representative FTIR spectroscopic imaging of markers of lipid homeostasis: total lipid esters; 

lipid methylene groups; lipid unsaturation (olefinic groups); and metabolic markers (lactate), in SAMP8 

and SAMR1 mice. A uniform intensity scale is used for each marker, allowing semi-quantitative 

comparison between SAMP8 and SAMR1 images. The images visually show the decreased lipid levels 

in corpus callosum white matter in SAMP8 mice relative to SAMR1 mice, supporting the statistically 

significant differences reported in Figure 3. Although the greatest relative lactate content was observed 

in hippocampal neuronal layers for both SAMP8 and SAMR1 mice (yellow pixels), these images reflect 

the higher relative lactate content within the corpus callosum of SAMP8 mice (light blue pixels) 

compared to SAMR1 mice (dark blue pixels). Scale bar  = 500 µm.  



ongoing myelin production and maintenance. There is substantive supporting evidence within the 

literature that oligodendrocytes under stress may utilise anaerobic metabolism to meet the energy 

demands associated myelin synthesis and repair.81-84 As such, increased lactate levels and an altered 

lipid profile in corpus callosum white matter may indicate oligodendrocyte pathology in the SAMP8 

strain. Therefore, future studies are now required to monitor the time course changes in lactate and lipid 

homeostasis in the corpus callosum over a lifelong time course in the SAMP8 and SAMR1 strains. 

 

XFM Reveals Altered Hippocampal Metal Homeostasis in SAMP8 Mice, However, Increased Levels of 

Redox Active Metals are Not Present at 4 months of Age Relative to SAMR1 Mice 

 In addition to FTIR spectroscopic imaging, XFM analyses were used to reveal elemental 

alterations that may occur concomitant with the observed biochemical changes. Numerous studies by 

others have demonstrated substantive evidence that redox active metals accumulate during ageing, 

promoting oxidative stress and macromolecular oxidation. Interestingly, despite the pronounced 

biochemical alterations observed in the corpus callosum white matter, we detected no statistically 

significant differences in elemental content in this brain region (Figure 5).  

 Surprisingly, analysis of elemental content across all other hippocampal sub-regions also failed 

to demonstrate evidence for elevated metal levels in SAMP8 mice relative to SAMR1 mice. In fact, a 

statistically significant decrease in Zn was observed in the CA3 mossy fibers (Figure 5 and Figure 6). 

Although elevated metal content was not observed, this study does not preclude the involvement of 

metals in accelerated ageing in the SAMP8 model. Firstly, this study has only investigated one time 

point, early adult mice (4 months old). It is entirely possible that although elevated metal content is not 

present at 4 months of age, metal levels will increase in SAMP8 mice at later time points, driving 

cognitive decline reported in this animal model. Alternatively, although the total metal content is not 

increased at this time point, specific pools of labile, redox active metals may have increased, which 

would not be detected by measurement of total metal content. Recently, micro X-ray absorption 

spectroscopy has been demonstrated capable of imaging metal redox states in biological systems, which 

we intend to incorporate in future SAMP8 mice studies, to investigate redox state alterations in the 

absence of alterations in total metal content. 

 The decreased Zn levels observed in the CA3 mossy fibre sub-region are intriguing, as Zn 

bioavailability holds important roles in brain function/malfunction. It is well established that Zn has an 

important neuro-modulatory role within the hippocampus, and reduced Zn levels in the mossy fibres 

correlate with impaired memory.90-92 In this investigation, we demonstrate for the first time a 

statistically significant decrease in total Zn content of the CA3 mossy fibre region in SAMP8 mice 

(Figure 3 and Figure 5), which may account in part for the cognitive deficits that are known to occur in 

these mice. Interestingly, although Zn levels have not previously been evaluated in SAMP8 mice, 

fluorescence Zn probes have provided evidence for decreased labile Zn pools in SAMP10 mice, another 

SAMP strain that experiences accelerated ageing and cognitive decline.90 Therefore, although only one 

time point has been studied so far, in addition to testing the hypothesis that metal accumulation may 

drive oxidative stress and cognitive decline during ageing, the SAMP model may serve to test an 

alternate hypothesis in future studies, specifically, that metal bioavailability is essential for memory 

function and metal deficiencies during ageing may also contribute to memory loss. At this stage it is 

not known if the decreased lipid unsaturation levels within the CA3 pyramidal neurons is related to the 

decreased Zn levels in the mossy fibres, however, future time-course studies will help elucidate the 

timeline of development for these changes during animal aging. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5: XFM analysis of hippocampal elemental areal densities for Zn (A, B), Cu (C, D) and Fe (E, 

F). The results for additional elements (P, S, Cl, K, and Ca) are presented in Supporting Information. 

Post-hoc t-tests were used to identify statistically significant differences between the SAMP8 and 

SAMR1 strains, n = 8 animals in each group. *p < 0.05, **p < 0.01 ***p < 0.0001, Bonferroni corrected 

for 20 multiple comparisons. Data are presented as mean ± standard deviation. The anatomical location 

of the sub-regions are shown in Figure 1B.  



 

 

 

 

 

 

 

 

 

 

 

  

 

XFM Reveals Distinct but Scattered Punctate Cu Deposits in SAMR1 Mice, which are Absent in SAMP8 

Mice 

On average, we detected no statistically significant difference in Cu levels across the entire 

hippocampus, or within any specific sub-region (Figure 5 and Figure 6). However, qualitatively XFM 

elemental mapping revealed the presence of numerous discrete punctate Cu hots spots within the 

hippocampus of SAMR1 mice, but not SAMP8 mice (Figure 7). Both mice strains displayed high Cu 

content in the sub-ventricular zone of the lateral ventricles, which has been reported by several authors 

in mice and rats.37, 62, 93, 94 However, in addition to Cu enriched cells along the ependymal wall and sub-

ventricular zone, there appeared to be numerous Cu enriched cells radiating from the sub-ventricular 

zone and into the hippocampus in the SAMR1 mice (Figure 7). At this stage the cellular identity of the 

Cu hotspots is not known, but will be investigated in future studies, in addition to monitoring alterations 

to Cu content within these cells, and the total number of Cu-enriched-cells, during aging. 

 

 

 

 

 

 

Figure 6: Representative XFM areal density maps (ng cm-2) of hippocampal Fe, Cu and Zn in SAMP8 

and SAMR1 mice. A uniform intensity scale is used for each element, allowing quantitative comparison 

between SAMP8 and SAMR1 images. The images visually show the alterations in metal homeostasis in 

SAMP8 mice relative to SAMR1 mice, supporting the average values presented in Figure 5. A statistically 

significant difference in Zn content was observed in the mossy fiber layer of the CA3 sub-sector of SAMP8 

mice relative to SAMR1 mice (white arrows). CA = cornus amonnis. Scale bar  = 500 µm.  



 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 

Although we can only speculate as to the origin of the observed biochemical and elemental alterations 

between SAMP8 and SAMR1 mice, this study has made an important first step in identifying a series 

of biochemical and elemental differences between adult SAMP8 and SAMR1 mice. The identified 

biochemical differences will now be monitored in a full time course study of SAMP8 and SAMR1 mice, 

from post-natal, through adolescence, adulthood and into senescence. In our current study, FTIR 

imaging has provided the first direct observation of concomitant altered lipid homeostasis and increased 

lactate levels in corpus callosum white matter. This finding may indicate altered oligodendrocyte 

function, and provides a putative physiological mechanism for the white matter hyper-intensities 

observed in T2 weighted MRI, which are becoming an important early clinical diagnostic marker of 

dementia. Surprisingly, we did not detect elevated metals concomitant with the biochemical changes in 

the corpus callosum or other hippocampal regions. However, the decreased levels of Zn observed within 

the hippocampus may contribute in part, to the memory deficits others have observed in the SAMP8 

strain. Lastly, our study further emphasises the important role that direct spectroscopic imaging 

techniques such as FTIR and XFM can hold in the field of neuroscience, as they provide direct 

localisation of important biochemical and elemental markers at the meso- and micro-scales, which is 

often not possible with more traditional techniques. 

 

 

 

 

Figure 7: Qualitative analysis of XFM elemental areal density maps (ng cm-2) reveals the presence of 

numerous punctate Cu “hotspots”, most likely cells enriched in Cu (white arrows), within the hippocampus 

of SAMR1 mice compared to SAMP8 mice. Both SAMP8 and SAMR1 mice display high Cu levels around 

lateral ventricles. Representative images are shown for 3 separate animals (a, b, c), from SAMP8 and 

SAMR1 groups. Scale bars = 100 µm. 



METHODS 

 

Animal models 

 SAMP8 (n = 8) and SAMR1 (n = 8) mice were housed in standard cages in a temperature 

controlled (21 °C) colony room on a 12/12 h light/dark cycle with standard rodent maintenance chow 

and water available ad libitum. All experimental procedures were conducted in accordance with Curtin 

University Animal Ethics Guidelines. 

The transgenic amyloid precursor protein/presenilin-1 (APP/PS1) mouse tissue for image 

comparison in Figure 2, was surplus from a larger time course study, and our previous publication.41  

Tissue Collection and Sample Preparation 

 To best preserve the in vivo biochemical and elemental content and to avoid introduction of 

chemical artefacts that can result during sample preparation, mice were anaesthetized with 

pentobarbitone (45 mg/kg), humanely sacrificed, and the brain tissue rapidly removed from the skull, 

dissected along a sagittal mid-line, and the right hemisphere plunge-flash-frozen in liquid nitrogen 

cooled isopentane.31, 33, 34 Serial 10-μm-thick coronal brain sections were cut with a cryo-microtome at 

-18 ˚C and melted onto: a silicon nitride substrate (Melbourne Centre for Nanofabrication) for XFM 

analyses; 1mm thick CaF2 substrate (Crystran) for FTIR analyses, and regular glass microscope slides 

for routine histology. The silicon nitride substrate consisted of a 10 × 10 mm2 200 µm thick silicon 

frame, and a 5 × 5 mm2 1000 nm thick silicon nitride membrane. 

Synchrotron X-ray Fluorescence Microscopy 

 Elemental mapping of tissue sections was performed at the X-ray Fluorescence Microscopy 

beamline at the Australian Synchrotron.47 These methods have been published prior (as cited in the 

following text), but are described in brief below, with citations available for original report describing 

the more detailed method. A monochromatic incident beam of energy 15.8 keV was focused to a ~1 µm 

(1-sigma) spot with a Kirkpatrick–Baez mirror pair and X-ray emissions from the sample were collected 

in event-mode using the low-latency, 384-channel Maia detector.48 Data were collected with the sample 

oriented normal to the incident beam and with the detector positioned in backscatter geometry. The 

sample was raster scanned through the beam with an effective dwell time of 0.1 ms per effective step 

(image pixel) size of 1 µm. Images were collected with a 1 µm pixel size, and post data collection 

images were processed with a 3 point moving average to increase signal to noise and enhance image 

contrast. Elemental foils (Micromatter, Canada), were scanned in the same geometry, as references for 

elemental quantification. Elemental maps of areal density were reconstructed from the full emission 

spectra with GeoPIXE v6.6j (CSIRO, Australia), using a linear transformation matrix for spectral 

deconvolution. Quantification was performed with calibration against elemental foils of known 

composition, taking into account composition and density of the silicon nitride substrate, the 

approximate composition of the sample, and air path between the sample and detector elements. The 

composition of the tissue sample was approximated as dried organic material (C22H10N2O4), with a 

density of 1.42 g cm-3, as in our previous studies.37, 41 The sample was approximated to have shrunk 

normal to its plane of sectioning, by a factor of ~3 during air-drying, to a final thickness of 3.5 µm. 

Quantitatively analysed data were extracted as TIFF files of per-pixel elemental areal density in ng cm-

2, which were then imported into ImageJ v1.48, as described previously.37, 41 

 

 

 



FTIR Spectroscopic Data Collection  

 FTIR spectroscopic images of tissue sections were collected with a Nicolet iN 10MX FTIR 

microscope, with an 8x2 pixel liquid nitrogen cooled linear array detector and 25 µm pixel size. Spectra 

were collected at 4 cm-1 spectral resolution with 16 co-added scans. A background image was collected 

under the same conditions and scanning parameters, using a blank CaF2 substrate.  

FTIR Spectroscopic Data Analysis 

 FTIR spectra were analysed with Cytospec v2.00.03 and OPUS v7.0. For analysis of relative 

aggregated protein content and relative lactate content, second-derivative spectra were calculated from 

vector normalized raw spectra (vector normalized to the amide I band, 1700 – 1600 cm-1), using a 9 

smoothing point Savitzky-Golay function. FTIR false colour images of aggregated protein and lactate 

distribution were generated from second-derivative intensity at 1625 cm-1 and 1127 cm-1, respectively. 

Analysis of lipid homeostasis was performed from images of lipid ester, lipid methylene and lipid 

olefinics, which were generated from the area under the curve of the ester carbonyl band (1755 – 1715 

cm-1) lipid methylene groups νs(CH2) (2865 – 2840 cm-1) and olefinic ν(C-H) (3025 – 3000 cm-1), using 

a linear background subtraction across the same spectral range, in non-normalised and non-derivatised 

spectra. For statistical analysis, regions of interest were calculated from FTIR images, for the 

anatomical regions described above, and the average area under the peak or second-derivative intensity 

calculated as per original image generation. 

Histology and Fluorescence Microscopy 

 Serial tissue sections were post-fixed in 10% buffered formalin (Sigma) and stained, following 

a routine haematoxylin and eosin (H&E) protocol. Microscopy images of H&E stained tissue were 

collected at 4x magnification using a Olympus Bx51 microscope with Olympus dp70 camera and 

cellSans Standard software. 

Statistical Analysis 

 The dependent variables of interest were elemental content (P, S, Cl, K, Ca, Fe, Cu, Zn) and 

biochemical content (lipid esters, lipid methylene groups, olefinic groups, and lactate). Data were 

analysed using a 2-Way repeated measures ANOVA, with strain (SAMP8 vs SAMR1) treated as a 

between-subjects factor and anatomical location (see figure caption for Figure 1) as a within-subjects 

factor. Statistically significant interactions were followed by post-hoc t-tests corrected for 20 multiple 

corrections using the Bonferroni method. Alpha was set at 0.05. Figures present the individual data 

points for each animal for each condition, along with the group mean ± standard deviation (σ). All 

statistical analysis was performed using GraphPad Prism v7.04. Post-hoc testing for differences in 

elemental or biochemical composition between anatomical regions within the same animal strain was 

not performed in this study. 

 

SUPPORTING INFORMATION 

 In addition to the findings reported in this manuscript (Fe, Cu, Zn, lactate, and unsaturated 

lipids), XFM and FTIR analyses revealed elemental distribution of P, S, Cl, K, Ca and the biochemical 

distributions of lipid esters and lipid methylene groups. Data for these variables are presented in 

Supporting Information in addition to a copy of the 2-Way ANOVA report. 

ABBREVIATIONS 

XFM = X-ray fluorescence microscopy 

FTIR = Fourier transform infrared spectroscopy 



SAMP8 = senescence accelerated murine prone, strain 8 

SAMR1 = senescence accelerated murine resistant, strain 1 
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