The influence of DHA enriched diets on vascular factors in mouse models for Alzheimer’s Disease
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Abstract: 
AD is one of the most common neurodegenerative diseases in the industrialized world, and at the moment there is no available cure for the disease. In recent years preventive interventions have come into focus. In specific, dietary interventions utilizing polyunsaturated fatty acids such as Docosahexanoic acid (DHA) have booked promising results. Given the close relation between AD risk factors and development and other neurovascular disorders, it is hypothesized that the influence of DHA enriched diets works primarily by improving cerebral blood vessel health. In this experiment, the influence of putative diets supplemented with either DHA or cholesterol on cognitive performance and cerebral perfusion are investigated for both the classical AD model, APP/PS1 mice, as well as for two models of vascular factors in AD, the ApoE4 and ApoE KO mice at 10-12 months of age. Our results show the predicted cognitive impairments of APP/PS1 and ApoE4, but not for ApoE KO mice. Cerebral perfusion is found to be impaired in all three transgenic genotypes, most notably in the APP/PS1 and ApoE KO mice. No consistent effects of our dietary intervention are found. From this we conclude that ApoE4 and ApoE KO mice are a valid model for vascular AD factors. We also conclude that  the effects of preventive dietary interventions are not yet visible at the early stages of disease progression.
Introduction

Alzheimer’s Disease

Alzheimer’s Disease (AD) is one of the most common neurodegenerative diseases in western society. An estimated 15 million people worldwide suffer from AD at this time (Alz. Org. 2009). In the coming decades, increases in the average life expectancy will arguably lead to an even greater impact of AD on our society. The incidence rate of AD in the US was 411.000 cases in the year 2000 (Alz. Org. 2009), a figure that is estimated to increase to 615.000 in the year 2029. AD is  characterized by neuronal dysfunction and neuronal atrophy, leading to steep cognitive decline in patients as the disease progresses. In the past decades, several underlying mechanisms thought to be causing these symptoms have been suggested. The most familiar mechanisms are based on the hallmark AD pathology, namely neurofibrillary tangles and amyloid plaques (DeKosy, 2003).  
Neurofibrillary tangles (NFTs) consist of hyperphosphorylated tau protein, which under normal conditions is used in the construction of microtubules. In pathological conditions, tau protein becomes hyperphosphorylated, leading to aggregated tau fibrils which are deposited intracellularly. Deposition of NFT’s have been correlated with the amount of cognitive decline observed during the development of AD (Arriagada et al, 1992). 
Amyloid-β is the main component of extracellular deposits of amyloid aggregates. Amyloid-β (Aβ) is produced in the enzymatic cleavage of amyloid precursor protein (APP) by β- and γ-secretases (Menon et al., 2009). The resulting Aβ monomers can aggregate to form extracellular plaques of Aβ. Recently it is proposed that small soluble Aβ monomers may be the most neurotoxic form (Welsh et al., 2007). 
Taken together, the NFTs and Aβ plaques were considered to be the leading cause of cell death and cognitive degeneration in AD patients. However, several recent studies have come to question the causal role of the abovementioned factors, due to several observations concerning AD pathology and Aβ load (e.g. de la Torre, 2004). For instance, Aβ plaques have also been found in healthy individuals, whilst AD patients do not necessarily show Aβ depositions in the early stages of the disease onset. Also, Aβ load is not strongly correlated with severity of the neuropathology or the development of the cognitive decline amongst patients. In fact, looking at the risk factors for AD development, it has been brought forward that vascular factors might also be an influential causal factor related to AD pathology (Scheibel et al, 1989). 

Vascular factors in AD

Recent evidence from MRI studies suggests that AD patients show cerebral hypoperfusion, especially in hippocampal regions where neuropathology is primarily found (Johnson et al, 2005; Ruitenber et al., 2005). Both cerebral blood flow (CBF) and volume (CBV) are diminished in AD patients, and onset of these changes might even precede cognitive decline and neuropathology (Hirao, 2005). Epidemiological studies show strong correlations between AD prevalence and other diseases related to vascular problems, such as atherosclerosis, cerebral amyloid angiopathy (CAA), cerebral hypo/hypertension, diabetes and general cerebral ischemia (de la Torre, 2004).  


These observations have led to the formulation of the vascular AD hypothesis; this hypothesis is centered on the notion that impaired vessel quality will lead to impaired perfusion of the neuronal tissue, eventually leading to ischemia and cell death (Bell and Zlokovic, 2009). Specifically, the deposition of cholesterol in the blood vessel walls greatly impedes flexibility of the blood vessel membranes, and impedes the flow of O2 and other nutrients across the blood vessel walls.  Similar studies have also established links between vascular decline and an increase in Aβ load (Bell and Zlokovic, 2009). The accumulation of cholesterol on extracellular membranes has been shown to cause APP to align differently across the membrane, leading to more γ-secretase activity and therefore to more Aβ production (Wolozin et al., 2006; Clifford et al., 2007). Since the accumulation of Aβ in the vessels will in turn decrease the diffusion of oxygen and nutrients across vessel wall membranes, this accumulation might spark a downward spiral of decreasing vessel quality and increasing Aβ burden. 
Genetic risk factors
The main known genetic risk factor for the development of AD is the presence of the ApoE4 allele (de Torre, 2004). The ApoE gene codes for the Apolipoprotein E, which is the most common lipoprotein in the brain. ApoE is involved in endocytosis, transport and clearance of lipids, such as cholesterol, thereby playing an essential role in lipid metabolism in the brain (Kim et al., 2009). The ApoE gene comes in three distinct alleles, the expression of which influences the efficiency of ApoE functioning. The ApoE4 allele has shown to be significantly less effective in cholesterol transportation than the other ApoE alleles. Presence of ApoE in the endothelium of the cerebral blood vessels suggests a role for ApoE in the removal of extracellular cholesterol from the bloodvessel walls, and expression of the ApoE4 allele has also been linked to vascular deficits such as Cerebral Amyloid Angiopathy (CAA) or atherosclerosis (Bell & Zlokovic, 2009; Belinson & Michaelson, 2009). Next to these findings, ApoE has also been identified as a chaperone for Aβ, playing a role in the removal of Aβ from the extracellular space before it aggregates into plaques. The ApoE4 allele in specific seems to bind less effectively to Aβ, thereby causing a higher plaque burden in carriers of this allele (Donahue and Johnson, 2008). 

Taken together, these findings suggest an important role for vascular factors in the development of AD, and a specific role for the ApoE gene in linking vascular factors and classic hallmark AD pathology. These findings also explain why AD seems to be most prevalent in Western countries, since the relatively high intake of cholesterol in Western diets greatly increases the threat to the cerebral vasculature, which is also visible in the high prevalence of other vascular disorders in Western countries. 
Dietary components as preventive treatment


Research until now has offered no promising leads for possible cures for AD, which has caused a developing interest in possible preventive treatments for AD. Specific successes in delaying and preventing the onset of AD as well as decreasing the impact of AD pathology on the brain have been booked with the addition of docosahexaenoic acid (DHA) to the diet of AD patients. This effect has been shown both in humans (Freund-Levi et al., 2009; Scheltens et al., 2010; Barberger-Gateau et al., 2006) as well as in a mouse model of AD (e.g. Hooijmans et al., 2008). These studies have shown improved cognition and delayed development of AD symptoms after sustained DHA administration. DHA is a long chain poly unsaturated fatty acid of the omega-3 family, and a primary component of lipid membranes. Studies have shown positive effects of DHA on membrane fluidity and resulting neuronal connectivity (Oksman et al., 2006). Removal of cholesterol from neural membranes and blood vessel walls improves neural functioning and cerebral perfusion, thereby countering the negative effects of impaired cerebral vasculature on the development of AD pathology. Since cerebral ischemia is linked to an increase in Aβ production, the improved vessel quality will arguable also have an inhibiting effect on Aβ production (Calon, 2004). The production of Aβ can also be down-regulated after chronic DHA administration through the upregulation of the LR11 neural sorting protein, which regulates APP processing (Ma et al, 2007; Calon et al, 2004). 

This study will continue along these lines of research, further investigating the preventive effects of DHA enriched diets on the cerebral perfusion and cognitive decline in three relevant mouse models. 
Current research
Given the observed links between vascular factors and the development of AD pathology, we expect that improvements in the vascular status will also have an inhibiting effect on the expression of hallmark AD lesions, thereby slowing the cognitive decline associated with AD development. In order to test these expectations, we use several transgenic mouse models. 

The first model we use is the APPswe/PS1ΔE9 mouse genotype, which is the standard animal model for AD research (e.g. Borchelt et al., 1997). This model expresses a human mutation of the APP gene, causing the formation of Aβ plaques already at 4-6 months of age and related AD pathology and cognitive decline. A deletion of the ninth exon of the human presenilin 1 (PS1) gene is also associated with an increased risk of early AD development (Jankowsky, 2001). 
Our second mouse model has a knock in of the human ApoE4 allele (+/+), whilst the third has a full ApoE knockout (-/-). As compared to wild-type mice, these models have more difficulty with the clearance of cholesterol from blood vessel membranes and therefore often display impaired vasculature. Also these models show an increased risk of developing atherosclerosis. Together these latter two models serve as a model representing vascular pathology. 

We expect that the addition of omega 3 polyunsaturated fatty acids to the dietary composition for these mice will influence the development of the vascular pathology, Aβ load and the cognitive decline in these mouse models. To test this, we have developed several distinct diets. 
The first diet has been enriched with DHA and other ingredients important for neural membrane synthesis and maintenance (see method section), this diet will be referred to as the Fortasyn diet. We expect this diet to have a beneficial effect on the vasculature of the mice, thereby promoting better cerebral perfusion and thereby combating the cognitive decline caused by AD pathology. In order to further investigate the  influence of lifestyle and diet, we have also added a diet enriched with cholesterol and saturated fatty acids, representing the relatively unhealthy diet enjoyed in most of the western countries. This diet will be referred to as the cholesterol diet. We expect the cholesterol diet to have the opposite effects on cerebral vasculature and the development of pathology from the Fortasyn diet. The third diet is a standard rodent chow control diet, and will be referred to as control. 
Mice from each of the three genotypes as well as healthy control mice will be subjected to the three distinct diets, leading to a total of twelve experimental groups. The mice will be put on diet at two months of age, and subjected to the diet continuously for seven to nine months before being tested. The cognitive performance of these mice will be tested by means of the Morris Water Maze (MWM), which tests learning speed and visuospatial memory performance. Brain vasculature will be examined using contrast enhanced MRI techniques, giving an accurate measure of the cerebral blood volume (CBV) of the mice. 
Hypotheses


Firstly, we expect that mice expressing the APP/PS1 genes, as well as mice carrying the ApoE4 allele and mice with the full ApoE knockout will show impaired cognitive performance and impaired cerebral vasculature as compared to the wild-type mice. 
Of the three genotypes we expect the APP/PS1 mice to show the most impairments in vasculature and cognition, since Aβ accumulation will be both neurotoxic and lead to rigidity of the bloodvessel walls. We expect the ApoE KO mice to have more severe problems in the transport of cholesterol than the ApoE4 mice, since the ApoE4 mice still possess a partially functioning Apolipoprotein. Therefore we expect the vasculature of the ApoE KO mice to be more impaired due to cholesterol accumulation than in the ApoE4 mice and we expect this to also lead to greater cognitive impairments. 
Secondly, we expect that mice on the Fortasyn diet will show increased cognitive performance as compared to the control fed mice. We expect that the mice on cholesterol diet show the opposite effects. We also expect the mice on Fortasyn diet to show improved cerebral perfusion as compared to the control animals. Here too, we expect mice on cholesterol diet to show decreased measurements for these factors. 
Methods
Animals and Diets

Four distinct genotypes of male mice were included in this study, namely C57BL6/J wild-type mice and three strains based on this wild-type. The first transgenic strain used is the double-transgenic APPswe/PS1dE9, carrying a mutation on the APP695 gene expressing a human Aβ domain along with mutations K595N and M596L as well as a human PS1 gene with a deletion of the ninth exon. Animals for the current study were bred at the Central Animal Facility of the Radboud University by using male APP/PS1 mice and female C57BL6/J wild-type mice (11  generations), generating both APP/PS1 and wild-type offspring. The second transgenic genotype are ApoE4 mice, originally obtained from Taconic Transgenic Models (Hudson, NY, USA). This is a strain where the murine ApoE gene is replaced with the human ApoE4 allele. The animals for the current study were also bred at the Central Animal Facility by using both male and female ApoE4 mice. The third transgenic strain is the B6.129P2-Apoetm1Unc/J mouse, originally obtained from Jackson Laboratories (Bar Harbor, USA). These mice were bred in the central animal facility from male and female ApoE knockout animals. 

In total 110 mice were used, of which 30 where wild-type animals, 20 APP/PS1 mice, 31 ApoE4 mice and 29 ApoE KO mice. At two months of age, mice from all genotypes were separated into distinct groups and put on one of the three putative (isocaloric) diets, and remained on these diets throughout the experiment.  
The first diet we used was enriched with DHA, uridine monophosphate, choline, anti-oxidants and vitamins; this diet served as the experimental manipulation in this research (FortasynTM Connect). The second diet used served as a model for a Typical Western Diet (TWD), containing 1% of added cholesterol, and 44% of saturated fatty acids. The last diet served as a standard control, consisting of regular rodent chow. Diets will be referred to as Fortasyn, cholesterol and control respectively from here on. 

The mice were housed in small groups with between one and five littermates. They were kept under constant conditions in a twelve hour light/dark cycle (lights on at 7 a.m.), and food and water were available ad libitum. All experiments were in accordance with Dutch animal experimentation laws, and approved by the Veterinary Authority of the Radboud University Nijmegen (RU-DEC). 
Morris Water Maze
When the mice were between 9 and 11 months of age, the Morris Water Maze (MWM) test was executed. The MWM is a test of both learning capacity and of visuospatial memory. First, the mouse has to learn the position of a hidden platform by means of visual cues. The hidden platform is positioned just under the surface of an opaque liquid (in this case water with added milk powder) in a round basin that is 104 centimetres in diameter. The visual cues consist of four variously coloured shapes that are attached to the wall at 50 centimetres from the basin at the four main angles of the basin. The mouse is introduced into the basin at different points, and therefore has to learn the location of the platform in the basin by learning the specific relative positions of all the visual cues. The latency time till the mouse finds the platform is used as a dependant measure for the learning capacity of the mouse. The length of the trial is two minutes maximum, or till the mouse finds the platform. In either case, the mouse consequently spends 30 seconds on the platform to properly learn its location.  

Secondly, the MWM has a probe phase testing the short term visuospatial memory of the mice. After four days of four trials a day, the platform is removed from the basin to review the search behaviour of the animals during the two minute trial (probe trial),  the dependant measures used are the time spent in the correct quarter of the basin, the time spent on the previous platform location and the total distance the mouse swims during the trial. 

Reverse Morris Water Maze
Three days after the probe trial of the regular MWM, the mice return to the pool for another two days of four trials a day. However during these latter trials the platform is placed in the opposite quadrant of the basin, therefore measuring how quickly the mice adjust and once again learn the new location of the platform. Once more these two days are concluded with a Probe-trial for each mouse. 
Cerebral Blood Volume

 Contrast enhanced MRI was used to compute the relative Cerebral Blood Volume (CBV) of the mice at approximately 12 months of age. Measurements were performed using a 7 Tesla Clinscan magnet with horizontal bore (BIOSPEC BC 70/30 USR Bruker, Karlsruhe, Germany) equipped with a 21 cm inner diameter self-shielded gradient system, interfaced to a Siemens console. Signal transmission and reception was achieved with an elliptical (15x11 mm) shaped surface coil (ClinScan SUC 300 1H RATBR, Bruker, Karlsruhe, Germany).

In order to get an estimate of the blood volume, the mice were outfitted with an intravenous tail cannula and brought under anaesthesia with 1.5-2.0% isoflurane in a mixture of oxygen and N2O (2:1) . Injection of superparamagnetic contrast agent USPIO (Ultra Small Particles of Iron Oxide, AMI-277, Sinerem®, Guerbet Laboratories, France) enabled the comparison of relaxation times (R2*) in the blood before and after injection. For each animal, pixel-by-pixel ΔR2* maps were obtained by the formula:

ΔR2* ≤(1/TE) log (Sbef / Saft)

Where S the signal amplitude before-CA (Sbef ) and after-CA (Saft). Since USPIO cannot cross the Blood Brain Barrier, only the signal originating from within the neural vascular system is significantly altered after injection with the contrast agent.

The resulting contrast images will provide an accurate overview of the amount of blood inside the brain, the cerebral blood volume. An algorithm for the analysis of the histogram of the ΔR2* images was implemented in MatLab (Mathworks, Natick, MA, USA) to distinguish between micro- and macrovasculature. 

The following MR parameters were applied: FOV of 30(30(30 mm ; slice thickness of 0.8mm, 16 slices per slab, 4 averages per image; three echotimes (TE) between 9.2 and 13.57ms; repetition time (TR)  3000ms; Flip angle 10 degrees.
Statistical Analysis
All statistical analyses were performed using the SPSS 16.0 software package for Microsoft windows XP. Resulting data are expressed as mean ± SEM.  
The APP/PS1 genotype and the ApoE4 and ApoE KO genotypes model distinct factors of AD pathology and development. Therefore we expect differential effects of these genotypic manipulations on the behaviour and blood volume of these animals, as well as different interactions between our dietary intervention and these genotypic manipulations. In order to keep the comparisons informative, the effects of genotypic and dietary manipulations were analysed separately for a comparison including WT and APP/PS1 animals, a comparison including WT and ApoE4 animals and a final comparison including APP/PS1, ApoE4 and ApoE KO animals. Within each of these three comparisons the effect of genotype and the effect of diet on MWM performance and CBV measures were investigated. 
MWM acquisition results were analyzed using the repeated measures ANOVA for each comparison, with  time as a within subject factor, diet and genotype as between subjects factor,  and the time the mice took to first find the platform (Platform Time) as the dependant variable. The probe trials of the (r)MWM were analyzed for each comparison using multivariate ANOVA’s with diet and genotype as between subject factors. Dependant variables for the probe trial were: Total distance moved, time spent in the platform area, time spent in the correct quadrant (quadrant preference) and the latency to first reach the platform area (platform latency). 

CBV measurements too were analyzed with multivariate ANOVA’s for each comparison, with diet and genotype as between subject factors. Dependant variable for the CBV is the difference in relaxation time (∆R2*) for the entire signal (total vasculature) and separated measures for signal derived from micro- and macrovasculature. All statistical significance levels were set at p≤0.05.
Results

Results Morris Water Maze 


Due to the development of xantomata, the group of ApoE knockout mice on cholesterol diet were not able to swim properly and therefore were removed from the behavioural part of the experiment. As a result all comparisons that include the ApoE knockout mouse do not include a cholesterol diet group. 
Acquisition

No differences in the shape or height of the learning curves were observed between the genotype and diet groups during the acquisition phase of the MWM. The shape of the learning curve is related to the relative decrease in searching time on each consecutive day, the height of the learning curve is related to the absolute time the mice take to find the platform. The absence of differences in search time indicates all genotype and diet groups learn to find the hidden platform equally well (p≤0.001) (see Figure 1.). 
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Probe

When comparing performances of WT and APP/PS1 mice, APP/PS1 mice spent less time in the correct quadrant (which is the NE quadrant in the MWM and the SW quadrant in the rMWM) than their WT littermates (p≤0.001) (see Figure 2.). When looking at the latency to first reach the previous location of the hidden platform, we also see that APP/PS1 mice took significantly longer than the WT mice (p≤0.019). Within the comparison between WT and APP/PS1 mice, no effect of genotype on the total distance moved during the trial were found, nor did we see any effects of diet within this comparison. 
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When comparing WT and ApoE4 mice, both genotypes showed a preference for the NE quadrant, but no differences between the genotypes were found when considering the whole trial. However, when considering only the first 30 seconds of the trial, the ApoE4 mice spent significantly less time in the NE quadrant than the WT (p≤0.019). No effects of genotype on the time spent in the platform area came to light. Also, within this comparison, no differences between the distinct diets have been found. However, several interaction effects between diet and genotype have been discovered. ApoE4 mice on cholesterol diet are significantly slower and travel less distance during the two minute trial as compared to WT’s on cholesterol (p≤0.001). Also, WT mice on Fortasyn diet required significantly less time to find the hidden platform then ApoE4 mice on Fortasyn diet (p≤0.033) (see Figure 3.). 
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In the comparison of the WT with the ApoE4 and ApoE KO mice (these comparisons include only Control diet and Fortasyn diet groups), it becomes apparent that only the WT and ApoE KO mice have memorised the platform location, spending significantly more than 25% of their time in the NE quadrant (p≤0.001 for both genotypes), whilst the ApoE4 mice no longer show a significant preference for any quadrant. A direct comparison between genotypes showed that ApoE4 mice spend significantly less time in the NE quadrant than the WT mice do (p≤0.049), indicating impaired memory. When investigating the diet effects of these groups, it was found that the mice on the Fortasyn diet move less distance during the two minute trial than the control fed mice do. Within this comparison, no effects of genotype or diet on the time spent in the platform area or the time to first reach the platform area were found.

Results Reverse Morris Water Maze 

Acquisition

Within the comparison of the learning curves of the WT and APP/PS1 mice during the reverse MWM trials, a significant time*genotype interaction effect was established (p≤0.015). Post hoc tests reveal that the WT mice showed a learning effect; whilst APP/PS1 mice kept performing at the same level over time (see Figure 5). 
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A comparison was made between the acquisition times of all genotypes only on the control diet, to establish the basic effect of genotype on the learning capacity, without dietary interference. Within this comparison, a significant time*genotype interaction effect was detected (p≤0.019). Post hoc tests reveal that WT, and ApoE KO mice learn to find the platform faster during the trials of the second day compared to the first day (p≤0.009, p≤0.018 respectively). A trend was found for the ApoE4 mice (p≤0.098). Only the APP/PS1 mice were actually slower to reach the platform on the second day, therefore showing no learning effect (p≤0.224). (see Figure 6.)
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Probe

From the comparisons between WT and APP/PS1 mice, several genotype effects as well as several diet effects and also one diet*genotype interaction came to light. First, APP/PS1 mice spend less time in the platform area during the probe trial than WT mice (p≤0.038, see Figure 7.). Also, APP/PS1 mice were more active than WT mice, showing a significantly greater distance moved during the trial (p≤0.038).
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When looking at the diet effects within the comparisons between APP/PS1 and WT mice, we saw that mice on the Cholesterol diet take significantly longer to first reach the platform location, resulting in a higher Latency to Platform area time (p≤0.041, see Figure 8.). It is also found that mice on the Fortasyn diet were less active during the probe trial, and moving significantly less than the Control fed mice (p≤0.001). 
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Last, when comparing the probe trials of WT and APP/PS1 mice, we found a diet*genotype interaction effect on distance moved. Post hoc tests indicate that APP/PS1 mice on control diet were significantly more active than WT mice on control diet . Within this comparison between WT and APP/PS1 mice we found no effects of genotype or diet on the time spent in the correct (SW) quadrant.
In the comparison between WT and ApoE4 mice, only an interaction effect is found. In particular, we see a Diet*Genotype interaction on the total distance moved (p≤0.016). Post-hoc tests show this effect is due to ApoE4 mice on cholesterol being significantly less active than the WT mice on cholesterol (see Figure 9.). 
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Results Cerebral Blood Volume measurements


As we did with the behavioural data we  compared data from the wild-type animals to APP/PS1 mice, as well as WT’s versus ApoE4 and WT versus ApoE4 versus ApoE KO mice. Within each of these comparisons we made the distinction between the CBV data acquired from three volumes of interest (VOI’s), namely the entire brain, the hippocampal region and the cortex region. Within each regions we also differentiated between the CBV signal obtained from the total- , the macro-  and the microvasculature. 

In the comparison between WT and APP/PS1 mice several genotype and diet effects were found. First, the APP/PS1 mice show a trend for decreased R2* CBV signal in the macrovasculature of the total brain region as compared to the WT mice (p≤0.073). In the total brain region it was also found that the Fortasyn group showed a  lower R2* signal then the Cholesterol diet group (p≤0.033). This effect was  present for both the micro-  (p≤0.049) and macrovasculature (p≤0.064). 
Genotype differences between WT and APP/PS1 were also found in the hippocampal VOI, where signal obtained from both the total R2* (p≤0.036) as well as the micro- (p≤0.026, see figure 10) and the macrovasculature (p≤0.028) was decreased in the APP/PS1 mice. A diet effect was established in the microvasculature within the hippocampal VOI (p≤0.022), post hoc tests reveal that the Cholesterol fed mice show  increased CBV signal in the microvessels as compared to the Control fed (p≤0.042) and Fortasyn fed mice (p≤0.031, see figure 11).
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 In the cortical VOI similar genotype differences were found in the total R2* signal (p≤0.028) and in the micro- (p≤0.054) and macrovasculature (p≤0.071). Diet effects were observed in the cortical VOI too, where the Cholesterol groups showed increased CBV signal as compared to the Fortasyn group once more, both in total R2* signal (p≤0.011), as well as in the micro- (p≤0.027) and macrovasculature (p≤0.049). 
In the second comparison between WT and ApoE4 mice, no significant effects were discovered. Two comparisons indicated a trend for a genotype effect, where the ApoE4 mice seem to show less signal strength than the WT mice in the macrovasculature. These trends were found in both the total brain (p≤0.087) and the cortical VOI (p≤0.093).  

The last comparison included the WT, the ApoE4 and the ApoE KO mice. This comparison rendered significant genotype results in the total brain, hippocampal and cortical VOI’s. Within the total brain it was found that ApoE KO mice show less signal then WT mice (Total vasculature R2*: p≤0.013 (see figure 12); microvasculature: p≤0.029 and macrovasculature: p≤0.001). ApoE KO mice also show a trend for less CBV signal in the total brain region than ApoE4 (p≤0.076). Within the hippocampal VOI a signal difference was only found within the macrovasculature, once again the ApoE KO show a smaller signal then the WT animals do (p≤0.012). Within the cortical VOI the WT mice show a greater effect than ApoE KO mice over total vasculature (p≤0.028), microvasculature (p≤0.048) and macrovasculature (p≤0.006). Also the ApoE4 mice show a greater activation than ApoE KO mice in the total and microvasculature (p≤0.028; p≤0.017 respectively). No diet effects were observed within this comparison.
[image: image12.emf]0,0

20,0

40,0

60,0

80,0

100,0

120,0

Wild type ApoE4 ApoE KO

WT vs ApoE4 vs ApoE KO -genotype effect

Total Brain -Total Vasculature

ΔR2*

*


Discussion 

 
In this study we investigated the influence of DHA and Cholesterol enriched diets on the development of cognition, blood vessel condition and AD pathology in several distinct mouse models of vascular dementia and AD. In this section of the paper we will discuss the results found with the different tests and methods, subsequently we will revisit the hypothesis and draw the relevant conclusions from this research. 
We will start by reviewing the results from our behavioural tests, followed by a section covering the MRI results. Last we will draw our final conclusions and offer suggestions for further research.  

Cognitive performance

When considering the learning speed of the different groups, no effects of diet or genotype were found in either instances of the MWM and the rMWM. The learning curves of the distinct dietary and genotype groups did not differ from one another. Therefore we cannot conclude that any of our groups differ in their capability to learn to find the hidden platform. 
The probe trials of the MWM and the rMWM gave us an insight into how well the mice remembered the location of the platform after they have learned to find it. From the probe trial we conclude that the APP/PS1 mice spend less time in the correct quadrant of the basin and less time on the platform location than the WT mice. Also the ApoE4 mice spend less time in the correct quadrant, but this effect was restricted to the first 60 seconds of the trial. Next to the total time spend over the platform area; the APP/PS1 mice were also slower to initially reach the previous location of the platform in the probe trials. Taken together, these effects indicate that the APP/PS1 and ApoE4 mice are impaired in their visuospatial memory as compared to the normal WT mice, and therefore are not able to remember the location of the hidden platform as well. When comparing the impairments found for the two transgenic genotypes, it also becomes apparent that APP/PS1 mice have more and greater impairments than the ApoE4 mice, indicating different degrees of memory impairments. 
The effect of our diets on memory performance of the mice was found only in the probe of the reverse MWM, and was restricted to the comparison including the APP/PS1 and WT mice. Within this comparison, between groups effects of diet on memory performance were found, these effects show that mice on Cholesterol diet require more time to reach the previous location of the hidden platform as compared to the mice on the Control diet. This indicates that in these cases the mice exposed to the cholesterol diet show impaired visuospatial memory abilities. Within all behavioural tests no effects of the Fortasyn diet on memory performance were detected. 
The cholesterol and Fortasyn diets were found to influence the general activity of the APP/PS1 and ApoE4 mice in several comparisons within both the regular and reverse probe trials of the MWM. However, these effects can tell us little if anything about the memory performance of these animals, since their general movement patterns might be due to other physical impairment caused by nonspecific interactions between the genetic manipulations and the dietary interventions. Therefore these effects may be unrelated to general cognitive performance. However, by incorporating general activity measurements as factors in our statistical designs (total distance moved), we have examined if these factors have an influence on other dependant measures. Since we find no interaction effects between measures of general activity and measures of cognitive performance, we can conclude that the effects of our genotypes and diets on dependant measures of cognitive performance are not mediated by the physical condition of our animals, therefore controlling for these intervening effects of our experimental manipulations. 
In summary, the behavioural tests conducted during this experiment show us some of the predicted cognitive impairments amongst the APP/PS1 and ApoE4 genotypes, while no cognitive decline was found for the ApoE KO mice. In general, our findings support the cognitive impairments predicted in our first hypothesis, and provides support for the validity of the APP/PS1 and ApoE4 models. The unexpected outcomes connected to the ApoE KO mice may very well be related to stressful conditions they’ve experienced before or during the testing. During the experimental period all animals were inadvertently exposed to environmental noise at irregular intervals. In previous research, it is consistently found that under normal conditions ApoE KO mice score worse than normal WT mice on several cognitive tests, amongst which the MWM (for an overview, see: Champagne et al., 2002). However, several researchers have reported opposite findings concerning the cognitive performance ApoE KO under stressful conditions (e.g. by Gordon et al., 1996; Zhou et al., 1998). Further systematic studies by Grootendorst et al. (2001a, 2001b) found the ApoE KO mice to perform better on cognitive tests like the MWM after exposure to environmental stress to such a degree that ApoE KO mice excelled their WT littermates.  These findings might indicate why the ApoE KO mice performed as well as their WT counterparts, whilst the APP/PS1 and ApoE4 mice did show the expected cognitive degeneration usually associated with AD and vascular pathology.
We found some of the expected negative effects of cholesterol on cognition we predicted; however, we do not find any beneficial effects of the Fortasyn diet on learning or memory performance. The mice on Fortasyn diet perform equally well as the regular control diet, which is contrary to the expectations proposed in our second hypothesis. In the past studies utilizing similar dietary enrichment as our Fortasyn diet we have shown predictable results on the cognition of WT and APP/PS1 animals from 8 to 15 months of age (Hooijmans et al., 2009; Oksman et al., 2006). Since our mice were tested at 7-9 months of age it is feasible that the effects of DHA enriched diets are only visible after more prolonged exposure. Another explanation for the absence of diet effects might lie in the presence of disturbing factors during testing. During the period of behavioural testing construction work at the central animal facility caused visible stress and disturbance for the animals. This might have influenced the results of the memory tests, since stress is known to disrupt the formation of new memories (Luine et al., 1994). When looking at the standard errors of our measurements compared to the standard errors of the previous research in our group (Hooijmans et al., 2009), it is arguable that stress lead to a greater variance within our test scores. Also we cannot be sure if the effect of stress will influence the distinct genotypes and diet groups in a uniform fashion, possibly leading to the unexpected test outcomes. 
Blood Volume

From the CBV measurements we can infer the relative amount of blood that is present in several cerebral regions of interest. This gives a good measure of the static perfusion of the tissue, and any effect of disease development on the capacity of the vasculature will show up in these results. Also the effect of our diets on the vascularisation will be visible through the CBV. 

The comparisons between the transgenic genotypes and the wild-types show a decrease in the CBV for the APP/PS1 and ApoE KO mice and a trend for the ApoE4 mice. We can infer from these data that our transgenic mouse models suffer from impaired cerebral perfusion, although the degree of impairment varies between the genotypes. The APP/PS1 mice seem to have the most extensive impairments, since effects are found in both cortex and hippocampus, and in both the micro- and macrovasculature. The ApoE4 and ApoE KO mice show differences restricted mainly to the cortical areas of the brain. Whilst the ApoE KO mice show problems in both the micro- and microvasculature, the ApoE4 mice seem to have only slightly diminished perfusion within the macrovasculature. 

These findings are in full agreement with our hypothesis; the APP/PS1 mice show AD related pathology that is characterized by starting its degeneration of the vasculature in the hippocampal region and gradually spreading outward to the cortex (Menon et al., 2009). The results of our CBV measurements confirm this pattern of disease development. Of the ApoE4 and ApoE KO models we expected the ApoE KO mice to have the largest problems with the cerebral perfusion due to extensive problems with lipid clearing. The results indicate that the knockout model indeed suffers damage to both the micro- and macrovasculature, whilst the ApoE4 model that retains some Apolipoprotein E activity shows minor impairment only in the macrovessels of the cortex. These findings in general confirm the expectations formulized in Hypothesis 1, that the APP/PS1, ApoE4 and ApoE KO genotypes all have impaired cerebral perfusion. 
The dietary effects on the CBV measurements are less conform our expectations. In fact, we do not find any positive effects of our Fortasyn diet on the cerebral perfusion. The only diet effects we found were restricted to the comparison including the APP/PS1 and WT groups. This diet effect is caused by a lower amount of CBV signal in the Fortasyn group as compared to the Cholesterol group. It remains difficult to interpret this effect, since none of the groups differ significantly from the control group, therefore we cannot definitely assume which of the diets is the causal factor behind this difference. Evidence from previous research with similar diets may shed light on the temporal sequence of effects derived from administration of the DHA in diets. In specific, Hooijmans et al (2009) have researched the effects of DHA enriched diets on the cerebral perfusion as measured by CBV at different ages. These findings showed that at 15 and 18 months of age, mice fed with a DHA enriched diet indeed show increased CBV signal as compared to the WT mice.  However, at 8 months, the opposite pattern of results was obtained. At 8 months it was found by Hooijmans et al. that mice fed with the DHA diet showed a decrease in CBV as compared with control diet. This effect was specific for only the APP/PS1 mice.  Since our mice have been tested at 12 months, it is likely that we would find effects intermediate between those found previous studies at 8 and those found at 15 and 18 months of age. Our results show no effective decrease in the CBV signal between Fortasyn fed and control mice, but do show a significant decrease in the Fortasyn group as compared to the cholesterol fed mice. It seems from these data that DHA enriched diets will lead to a decrease of CBV in young mice, which gradually shifts to the increase in CBV we found in older mice.  From the temporal pattern of the influence of DHA we saw in previous experiments we may conclude that at 12 months the beneficial effects of the DHA has not yet fully begun to influence the structure and functioning of the cerebral vasculature.
Even though the results of our dietary interventions seem to be in line with the observations presented by previous research, it still remains unexplained why the effects of Fortasyn are only visible at a later age, and why there initially seems to be a dip in the cerebral perfusion specifically in the APP/PS1 mice exposed to the Fortasyn diet. It is likely that the effects of the Fortasyn diet will become more pronounced when the impairments in the vasculature also become greater, since DHA is involved in the maintenance and clearance of cholesterol from the vessel walls. In other words, we expect the effect of DHA to become stronger at later ages, which is in line with the current and previous findings. The decrease of CBV in APP/PS1 mice on Fortasyn at 12 months and earlier remains unexplained at this point, and future research should be aimed at unravelling the mechanisms that cause this counterintuitive early effect in this genotype. 
Research by the group of Meyer et al. (2008) has carefully mapped the changes in microvasculature that occur specifically during the early stages of AD pathology in the APP/PS1 mouse model. Their findings suggest that before the onset of the majority of hallmark AD lesions, the microvasculature of APP/PS1 mice undergoes drastic reconfiguration, possibly to compensate for the perfusion impairments that strike this genotype during aging. These reconfigurations of the microvasculature architecture will have a negative effect on the Cerebral Blood Flow, at least on the short term. These observations could provide an explanation why the DHA enriched diets seems to be impairing the CBV between 8 and 12 months, whilst it is beneficial after that age. We suggest that DHA might enhance the microvascular reconfiguration, leading to even greater impairments of perfusion on the short term, but offering benefits when the new vascular architecture starts compensating for the tissue loss at later stages of the disease development. However, at this point the exact influence of DHA on the morphology of the microvasculature is not yet fully investigated, a subject towards which future research will be directed. 
Relations between Blood Volume and Cognitive performance

When looking at the pattern of results derived from the cognition and blood volume data, it is possible to investigate how cerebral-vascular factors influence the development of symptoms in AD. The results form the ApoE4 mouse model demonstrates that an inefficiently functioning cholesterol transport protein causes both cognitive impairments as well as decreased cerebral perfusion. The results from this model therefore strongly suggest that cognitive performance is highly dependant on a properly functioning vascular system. Strong impairments in both the cerebral perfusion and cognitive performance in APP/PS1 mice further strengthen this point, especially so since the addition of cholesterol to the diet of these mice further decreases their cognitive performance. The unexpectedly high cognitive performance of the ApoE KO model makes it difficult to fully interpret the correlation between vascular status and cognitive performance in this experiment, since their impaired vasculature does not lead to impaired cognitive performance. However, results from immunohistochemical and magnetic resonance spectroscopy (MRS) measurements from the same animals that are currently being processed seem to provide further evidence that cerebral vascular status is related to healthy neuronal functioning in all mice models, and specifically that cerebral vascular status is related to Aβ load in APP/PS1 animals (D. Jansen, personal communication, July 10, 2010). 

These findings therefore strongly suggest that a prominent influence of cerebral perfusion on the development of symptoms in AD models, although further experiments are required to fully elucidate the causal mechanisms underlying this connection. 
Conclusions

In our first hypothesis it was stated that we expect impaired cognitive performance and impaired cerebral perfusion in the APP/PS1, ApoE4 and ApoE KO genotypes as compared to the healthy wild-types. The performance of our mice in the (reverse) Morris Water Maze and the Cerebral Blood Volume measurements largely confirmed these expectations. We indeed found impaired memory performance in the APP/PS1 and ApoE4 mice, and impaired measures of cerebral perfusion in the APP/PS1, ApoE4 and ApoE KO mice. The lack of visible cognitive impairments in the ApoE KO mice could very well be attributed to an interfering factor, in this case environmental noise that was present during the experimental periods. 
Our second hypothesis stated that we expect improved cognitive performance and cerebral perfusion in those mice that were fed the Fortasyn diet. We expected worst performance and perfusion in the Cholesterol mice. The results of our (reverse) Morris Water Maze and the Cerebral Blood Volume measurements mostly did not confirm these expectations. We did find a negative effect of cholesterol on cognitive performance, but we did not find a positive effect of Fortasyn diet on either measurement. We have also found a lower CBV signal for mice on Fortasyn as compared to mice on Cholesterol diet. From these and previous data we conclude that DHA enriched diets are not yet effective at the age of 8-12 months at which our mice were tested. We offer possible explanations for the pattern of results displayed by this and previous studies, but we suggest future research into the temporal pattern of the influence of DHA on development of vascular pathology in the APP/PS1, ApoE4 and ApoE KO genotypes.
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Figure 1. Latency to Platform time for WT APP/PS1, ApoE4 and ApoE KO mice. Only measures from Control fed mice included in this graph. No significant differences in the shape and height of the learning curve indicate all  genotypes initially learn to find the platform equally well. 





Figure 2. Relative Time spent in correct (NE) quadrant  for WT and APP/PS1 mice. Significant difference between the genotypes indicate APP/PS1 mice spend less time in the correct NE area than the WT mice. 





Figure 3. Time spent in the NE quadrant  for WT and ApoE4 mice for every 30second interval of the trial. A significant effect of Genotype in the first 30 seconds  indicates ApoE4 mice spend less time in the NE quadrant during the start of the trial than WT do.  





Figure 4. Latency to Platform time for WT and ApoE4 mice. A significant interaction effect of Diet*Genotype indicates ApoE4 mice on Fortasyn diet take significantly longer time to find the platform area than WT mice on Fortasyn diet. 





Figure 5. Relative Latency to Platform time for WT and APP/PS1 mice. A significant interaction effect of Time*Genotype indicates WT mice take significantly less time to find the platform area on the second day compared to the first day, whilst APP/PS1 mice retain a constant performance.  








Figure 7. Relative Total Platform time for WT and APP/PS1 mice. A significant effect of Genotype indicates APP/PS1 mice spend significantly less time in the platform area than WT mice. 





Figure 8. Latency to Platform time for WT and APP/PS1 mice. A significant effect of diet indicates that mice on Cholesterol diet take significantly more time to find the platform area than Control fed animals. 





Figure 9. Relative Distance Moved  for WT and ApoE4 mice. A significant interaction effect of Diet*Genotype indicates ApoE4 mice on Cholesterol move significantly less distance during the trial than the WT on Cholesterol diet.   





Figure 10. Relative Delta R2* measures  for WT and APP/PS1 mice in the hippocampal VOI. A significant effect of Genotype indicates APP/PS1 mice have significantly less CBV in the microvessels than the WT animal.





Figure 11.Relative  Delta R2* measures  for WT and APP/PS1 mice in the hippocampal VOI. A significant effect of Diet indicates mice on Fortasyn have significantly less CBV  in the microvessels than the Cholesterol and Control fed animals.





Figure 12. Delta R2* measures for WT, ApoE4 and ApoE KO mice. A significant effect of Genotypes indicates the ApoE KO mice have significantly less CBV than the WT animals.





Figure 6. Relative Latency to Platform time for WT , APP/PS1, ApoE4and ApoE KO mice. A significant interaction effect of Time*Genotype indicates WT, ApoE4 and ApoE KO mice take significantly less time to find the platform area on the second day, whilst APP/PS1 mice do not enhance their performance.  
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