Effects of specific DHA- and cholesterol-containing diets on cognition, cerebral hemodynamics and synaptic density in APPswe/PS1∆E9 Alzheimer mice
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Results from trials and epidemiological studies indicate that docosahexaenoic acid (DHA) may affect the development of Alzheimer’s Disease (AD). Furthermore, the addition of uridine-mono-phosphate (UMP) and other nutrients that are precursors and cofactors for membrane synthesis in the brain may potentiate the effects of DHA. We previously showed that cholesterol and DHA may affect degenerative processes in AD by influencing β amyloid production indirectly via vasculature and via changing neuronal membrane composition. We now investigated the influence of diets containing precursors and cofactors for membrane synthesis in the brain (cholesterol, DHA, UMP, choline, phosphatidylcholine, vitamins B and antioxidants) on cognition, cerebral hemodynamics and synaptic density in APPswe/PS1∆E9 Alzheimer mice. From two months of age, male wild-type and double-transgenic mice were fed either a standard control diet, a traditional cholesterol or DHA diet, a DHA diet enriched with UMP or a DHA diet enriched with UMP and a multi-nutrient combination of membrane precursors and cofactors (FortasynTM Connect). Cognition was investigated in a (reverse) Morris Water Maze; in which 6-month-old mice (n=60, group 1) were trained to find the location of an escape platform. Mice of 8 months of age were used for relative cerebral blood volume measurements using susceptibility-induced contrast MRI techniques. Synaptic density was measured in another group of 8-month-old wild-type and transgenic-mice (n=40, group 2) using synaptophysin antibody. Results showed an impairment in spatial learning and memory in Alzheimer mice, while intake of the FortasynTM Connect diet increased both learning and memory. No significant differences in cerebral blood volume or synaptic density in AD mice were found. A high cholesterol diet increased the percentage and number of synaptophysin-immunoreactive presynaptic boutons in the stratum radium, indicating a compensatory mechanism. Further research with our mouse model is needed to test long-term effects of DHA/UMP diets on vascular parameters and synaptic density.
Keywords: Alzheimer’s disease, APPswe/PS1ΔE9 transgenic mice, spatial learning, cerebral blood volume, synaptic density, DHA, cholesterol
Correspondence to: Anne Hafkemeijer, Department of Anatomy and Cognitive Neuroscience, Radboud University Nijmegen Medical Centre, PO BOX 9101, 6500 HB Nijmegen, The Netherlands. E-mail: annehafkemeijer@freeler.nl

Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative disease, is the most common cause of dementia. Millions of people are affected worldwide and because of growing life expectancy this population is still increasing. To date, the cause of AD is not resolved despite of 100 years extensive research and there are still no curative treatments available. Therefore, it is of crucial importance to determine which factors play a causal role in the development of AD and see if these are treatable. 

Neuropathologically, AD is characterized by extracellular amyloid plaques and intracellular neurofibrillary tangles that accumulate in vulnerable brain regions (Sennvik et al., 2000). The amyloid plaques consist of aggregates of extracellular loads of 8 nm filaments of small peptides called β amyloid (Aβ) (Masters et al., 1985). This is generated from Aβ precursor protein (APP) by subsequent beta- and gamma-secretase mediated cleavage. Alternatively, APP can be cleaved by alpha- and gamma-secretases, precluding the production of Aβ (Kang et al., 1987). Neurofibrillary tangles are composed of aggregates of abnormally hyperphosphorylated tau protein, occurring both in neuronal cell bodies and in axons and dendrites (Hatanpaa, Brady, Stoll, Rapoport, & Chandrasekaran, 1996). Early in the course of AD, specific brain regions like forebrain and medial temporal lobe structures as hippocampus and amygdala are affected first by neurodegeneration (Beach et al., 2000). While most cases of AD occur sporadically, in 5% of all Alzheimer’s patients heredity plays a role. Genes involved in this early-onset AD are genes for Aβ metabolism; the Aβ precursor protein (APP) gene and the presenilin 1 and 2 (PS1 and 2) genes. 

This knowledge has led to the “amyloid cascade” hypothesis, in which Aβ deposition is seen as the primary pathway leading to neurodegeneration and AD (Masters et al., 1985). However, this hypothesis is still under debate. First of all, the majority of AD cases are not due to genetic mutations in genes involved in Aβ metabolism. Secondly, there are conflicting results about the neurotoxicity of Aβ deposition in vivo (Bishop & Robinson, 2002) and it has been found that many non-demented persons show large amounts of AD pathology (Davis, Schmitt, Wekstein, & Markesbery, 1999). Nowadays, more and more consensus is reached about vascular disorders being major risk factors for AD leading to the “vascular” hypothesis (de la Torre, 2004). Vascular-related risk factors for AD (i.e. hypertension and atherosclerosis) could cause impaired cerebral perfusion, indicating that cerebral hypoperfusion may play an important role in the onset of AD. More and more evidence comes forward that cerebral ischemia plays an important role in development of AD; furthermore animal studies suggest that cerebral ischemia leads to increased production of Aβ (de la Torre, 2000b, 2002). This proposes that aging in combination with a vascular risk factor which further decreases cerebral perfusion promotes energy crisis, Aβ formation, neurodegeneration, cognitive impairment and AD.
Our western population is not only getting older, but has also developed a less healthy lifestyle with high cholesterol and low fish oil diets. Increased cholesterol is a risk factor for the development of vascular diseases; so influencing vascular risk factors via diet and lifestyle may influence AD development. Indeed a correlation exists between AD pathology and cholesterol intake (Hooijmans et al., 2007). On the other hand, omega-3 fatty acids (n3) from fish oil will beneficially influence cardiovascular disease by decreasing blood pressure (Geleijnse, Giltay, Grobbee, Donders, & Kok, 2002) and atherosclerosis formation (von Schacky & Harris, 2007). The way cholesterol and n3 influence the AD pathology is still a topic of extensive debate. The “cerebral hypoperfusion” hypothesis states that high levels of cholesterol can lead to a compromised vasculature and decreased cerebral perfusion (de la Torre, 2006). Hypoperfusion will lead to structural microvascular changes, disruption of the blood brain barrier, lowered energy metabolism and finally to the formation of plaques and neuronal cell death (Farkas & Luiten, 2001; Velliquette, O'Connor, & Vassar, 2005; Zlokovic, 2005). On the other hand, fatty acids derived from fish oil, can be effective in the prevention of hypertension and hypertension-associated vascular pathology (de Wilde, Farkas, Gerrits, Kiliaan, & Luiten, 2002; Farkas, de Wilde, Kiliaan, & Luiten, 2002). So it could be hypothesised that fish oil can protect against cognitive decline and Aβ accumulation, by improving the cerebrovascular conditions. Cerebral perfusion is not the only mechanism via which cholesterol and fish oil may influence the AD pathology. Another hypothesis is the “membrane fluidity” hypothesis. Both cholesterol and n3 fatty acids like docosahexaenoic acid (DHA), are important components of the phospholipid bilayer of neuronal cell membranes and can affect membrane function by modulating the activity of membrane bound enzymes (Hashimoto, Hossain, & Shido, 2006). High levels of n3 fatty acids will increase the fluidity of cell membranes and this will lead to a down-regulation of the production of Aβ and the formation of senile plaques (Hashimoto, Hossain, Shimada, & Shido, 2006; Wolozin, 2004). On the other hand, high serum cholesterol levels will decrease the fluidity of cell membranes and this will lead to altered protein metabolism and increased plaque formation (Refolo et al., 2000; Wolozin, 2001, 2004). However, an earlier study of our group failed to find any increase of brain cholesterol levels in mice fed a high cholesterol diet (Hooijmans et al., 2009). Cholesterol is not able to cross the blood brain barrier suggesting that dietary cholesterol may not directly affect Aβ production by influencing membrane fluidity. Furthermore, for the membrane formation, phospholipids such as phosphatidylcholine (PC) are needed. Necessary components for PC synthesis are DHA, uridine and choline. Some studies indicate that addition of uridinemonophosphate (UMP), choline, and other nutrients that are precursors and cofactors for membrane synthesis in the brain, will increase the synthesis of PC (Cansev, Watkins, van der Beek, & Wurtman, 2005) and may potentiate the effects of DHA (Wurtman, 2008). 
Taken together, these data indicate that high levels of DHA, UMP and other nutrients that are precursors and cofactors for membrane synthesis in the brain, may affect the development of AD in a positive way. On the other hand, cholesterol has a negative effect on peripheral and cerebral hemodynamics, deposition and clearance of Aβ, neuronal dysfunction and neurodegeneration. We previously showed that DHA and cholesterol may affect degenerative processes in AD by influencing Aβ production indirectly via vasculature and via changing neuronal membrane composition (Hooijmans et al., 2009). Beside these traditional cholesterol and DHA diets, we now investigated the influence of diets containing DHA, UMP, choline, phosphatidylcholine, vitamins B and antioxidants which are precursors and cofactors for membrane synthesis in the brain, on cognition, cerebral hemodynamics and synaptic density in 8-month-old APPswe/PS1∆E9 Alzheimer mice (APP/PS1). These double transgenic mice, overexpressing human mutant Aβ precursor protein (APP) and presenilin-1 (PS1), have shown to exhibit AD neuropathology (Spires & Hyman, 2005; Wirths et al., 2002). From 2 months of age, male wild type and APP/PS1 mice are fed with either a standard control diet, a traditional cholesterol or DHA diet, a DHA diet enriched with UMP or a DHA diet enriched with UMP and a multi-nutrient combination of membrane precursors and cofactors (Fortasyn™ Connect). The influence of diets on the Alzheimer pathology will be investigated with spatial learning tests, relative cerebral blood volume (rCBV) measurements and immunohistochemical (IHC) procedures. We expect that supplementation of DHA can affect spatial memory and learning by influencing rCBV and synaptic density in a transgenic mouse model for AD. Furthermore, we expect that UMP and other nutrients that are precursors and cofactors in membrane synthesis potentiate these effects of DHA. 
Materials and methods 



Animals and diets

The APPswe/PS1∆E9 breeder mice were obtained from Johns Hopkins University, Baltimore, MD, USA (D. Borchelt and J.Jankowsky, Department of Pathology). A colony was bred and established at the Central Animal Facility at the Radboud University Nijmegen Medical Center, The Netherlands. In short, mice were created by co-injection of chimeric mouse/human APPswe and human PS1∆E9 vectors. Genotyping by DNA isolation, polymerase chain reaction and gel electrophoresis, is used to detect the APPswe gene and to determine the genotype of the mice.  

Male APP/PS1 transgenic and wild type littermates were assigned to different diet groups, which varied with respect to the composition of the fats and the additions in the diets. A complete overview of the sources and contents in the experimental diets is available in supplemental Table S1. Apart from that, the remaining components in all diet groups are the same as used in standard rodent chow, with casein, sucrose, dextrose, filaments and a vitamin/mineral mix (AIN-93). Feeding diets started at age of 2 months. To exclude weight differences induced by diet, the body weights of the mice were determined three times; at age of 3-4, 5-6 and 8-9 months. Mice used for behavioral analyses and MRI experiments (group 1, n=60) were fed either 1) (STD); a standard control diet, 2) (DHA/UMP); a docosahexaenoic (DHA) diet containing 0,4% DHA enriched with uridine-mono-phosphate (UMP) or 3) (DHA/UMP+); a DHA diet with UMP, choline, phosphatidylcholine, vitamins B and antioxidants which are precursors and cofactors for membrane synthesis (Fortasyn™ Connect). Transgenic and wild type mice used for immunohistochemistry (group 2, n=40) were fed either 1) (STD); a standard control diet, 2) (TWD); a cholesterol diet containing 1% cholesterol, a high percentage of saturated fatty acids (SFA), a low percentage of polyunsaturated fatty acids (PUFA) and a high n6/n3 ratio 3) (DHA); a DHA diet containing 0,4% DHA, a low percentage of SFA, a high percentage PUFA and a low n6/n3 ratio. 
In total two groups of mice were used; group 1 (n=60) for behavioral analyses and MRI experiments and group 2 (n=40) for immunohistochemistry. Supplemental Table S2 shows the number of mice used in each experiment. Some data were excluded from further analyses due to technical errors. Throughout the experiments the animals from group 1 were socially housed (2-3 mice per cage), while animals from group 2 were individually housed in a controlled environment, with room temperature at 21° C and an artificial 12:12 h light:dark cycle (lights on at 7 a.m.). Animals received food and water ad libitum. The experiments were performed according to Dutch federal regulations for animal protection and were approved by the Veterinary Authority of the Radboud University Nijmegen Medical Center.    

Behavioral analysis
Behavioral testing of the animals was performed at 6 months of age (Table S2). Spatial learning and memory abilities were investigated in both a Morris Water Maze (MWM) and a reverse MWM. During all tests the same researcher was present and always located at the same position in the room. 

Morris Water Maze (MWM) 

Mice were placed in a black pool (104 cm diameter) filled with water (21-22 ˚C; made opaque by addition of milk powder) at different starting positions (figure 1). The mice were supposed to find the location of a submerged escape platform (8 cm diameter, 1 cm below the water surface) using distant visual cues in the room. These spatial cues were present on the four walls in the test room at a distance of 0.5 meter. The platform, covered with a gauze for extra grip, was located in the middle of the north east (NE) quadrant. To facilitate video camera tracing, white tape was taped along the top and inside perimeter of the pool. 

Acquisition: mice were trained to find the location of the hidden escape platform in four acquisition trials/day for four consecutive days (days 1-4). The latency time (sec) to find the platform was measured. The maximal swimming time per trial was 120 sec, mouse had to stay on the platform for 30 sec and the inter-trial interval was at least 60 min. Starting positions were consecutively south (S), north (N), east (E) and west (W). After swimming the mice were place back in their home cages. A paper towel was available inside the cage for additional drying.
Probe: all mice performed a single probe trial at 60 min following the last trial on day 4, in which the platform was removed from the swimming pool. The starting position was south. Mice were allowed to swim for 120 sec and the time spent swimming and searching in each quadrant was recorded. 
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Reverse Morris Water Maze (rMWM)

Four days after the MWM probe trial, a simplified reverse MWM session was performed in the same pool in which the platform location was changed to SW. In this procedure, new learning capacity was investigated; earlier locations need to be encoded in the long-term memory. Memory retrieval needs to be selective for the most recently learned location, introducing an episodic like component in the spatial memory task (de Bruin, Sanchez-Santed, Heinsbroek, Donker, & Postmes, 1994). 

Acquisition: these sessions were performed similar to the standard MWM sessions, except that starting positions were; E, W, S, N for acquisition and the target quadrant was SW. All mice get 4 trials/day for 2 consecutive days (day 5 and 6) to find the new location (maximal swimming time 120 sec; 30 sec on the platform; inter-trial interval 60 min). 
Probe: all mice performed a single probe trial, a 60 min following the last trial on day 6, in which the platform was removed from the SW quadrant of the swimming pool. The starting position was east. Mice were allowed to swim for 120 sec and the time spent swimming and searching in each quadrant was recorded. 
Analysis of behavioral tests

Parameters measured for the acquisition trials were: latency time (sec) to find the platform; and for the probe test: time spent (sec) in each quadrant, number of crossings of the former platform location (platform crossings), total swimming distance and mean swimming velocity. A video camera, installed above the swimming pool, registered all swimming mice. The computer analysis program, Ethovision 3.1, was used for further analysis of the data.  

Relative cerebral blood volume measurements

To assess differences in brain vasculature, relative cerebral blood volume (rCBV) was determined in 8-month-old mice (Table S2) with a susceptibility-induced contrast MRI technique using Ultra Small Particles of Iron Oxide (USPIO) as blood-pooled contrast agent. All mice received an intravenous tail vein catheter for injection of 0.3 ml USPIO (0.24 mg USPIO in total; 0.2 ml pure Sinerem (Guerbet Laboratories, France) diluted in 4.8 ml NaCl 0.9%). During the MR experiments mice were anesthetized with 1.5 - 2% isoflurane (Abott, Cham, Switzerland) in a mixture of O2 and N2O (2:1) through a nose cone. The respiration rate, monitored with a respiration cushion as sensor, was maintained between 25 and 125 rpm. The body temperature was maintained between 35.5 and 38°C, using an air heater and monitored with a rectal temperature probe. The tail is covered with 3 pieces of tissue to prevent burning by the heater. Body temperature and breathing of the animal was monitored using the computer program PC SAM. 

Previous studies have shown that magnetic susceptibility effects caused by USPIO can be used to assess relative blood volume within tissues (Dennie et al., 1998; Kennan, Zhong, & Gore, 1994). The USPIO contrast agent remains intravascular for a prolonged period of time and highly enhances the transverse water proton MR relaxation rates (R2*). In particular, the enhancement in the ΔR2* after administration of USPIO, is proportional to the blood volume. The MR measurements were performed on the 7 T ClinScan. An elliptical shaped surface coil, placed on the head, was used for excitation and signal reception. The image acquisition started with three gradient-echo scout images for slice positioning. Thereafter, multi-slice gradient-echo imaging was performed prior to and 1 minute after administration of the injection   with  USPIO  (figure 2).  To   create  these
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multi-slice gradient-echo images a repetition time (TR) of 50 ms and six echo times (TE) started with 2.92 ms, followed by 5.13, 7.28, 9.40, 11.51, 13.57 ms were used. Further imaging parameters were: field of view (FOV) 30 x 30 mm, slice thickness 0.16 mm, flip angle of 10 degrees and 1 average per image. 
For each animal, pixel-by-pixel ΔR2* maps (figure 2) were obtained with the formula: ΔR2*=(1/TE)log(Sopre/Sopost), where TE is the mean echo time, and So the signal amplitude pre-USPIO (Sopre) and post-USPIO (Sopost), in the gradient echo images. The mean ΔR2* were calculated by drawing a Region of Interest (ROI) on the ΔR2* maps and averaging the values of all pixels within the ROI. To assess the blood volume, ROIs that included the entire brain or the hippocampus were drawn on the images. These ROIs are based the mouse brain atlas of Franklin and Paxinos 1997. The change in ΔR2* in the entire brain and hippocampus is proportional to the rCBV in these regions. All algorithms were implemented in Matlab (Mathworks, Natick, MA, USA).

Immunohistochemical procedures

8-months old mice (Table S2) were transcardially perfused (after blood sampling via heart puncture) starting with a 0.1M phosphate buffered saline (PBS) followed by Somogyi's fixative (4% paraformaldehyde, 0.05% glutaraldehyde and 0.2% picric acid in 0.1M phosphate buffer (PB), pH=7.3). Following transcardial perfusion fixation, mice were decapitated and brains were removed from the skull. The entire brain was postfixed via immersion fixation for 15 hours at 4°C in Somogyi's fixative and subsequently stored in PBS with natriumazide at     4 °C. Before cutting, brain tissue was cryoprotected by immersion in 30% sucrose in PB at 4 °C for 24 hours. Series of 40 μm coronal sections were cut through the brain using a sliding microtome (Microm HM 440, Walldorf, Germany) equipped with an object table for freeze sectioning at −60 °C. 

Synapses were visualized with anti-synaptophysin antibody (monoclonal mouse anti-synaptophysin clone SY38 MAB5258, Chemicon Internation Inc., Temecula, CA, USA) using one subseries of brain sections per animal. Immunohistochemistry was performed using standard free-floating labeling procedures and was carried out using the Vector Mouse on Mouse (M.O.M.) kit (Vector Laboratories, Burlingame, CA, USA) to minimize cross reactivity between the mouse secondary antibody and mouse tissue. All steps were carried out on a shaker table at room temperature unless otherwise stated. Briefly, first the sections were rinsed three times with 0.05M phosphate buffered saline (PBS) for 10 minutes. 0.3% H2O2 in 0.05M PBS is used as endogenous peroxidase blocker, after 30 minutes the slices were rinsed three times with 0.05M Tris-buffered saline (TBS, pH=7.5). The sections were incubated with M.O.M. mouse IgG blocking reagent (1:25 in 0.05 M TBS with 0.3% Triton-X-100, TBS-T, pH=7.5) for two hours at room temperature, followed by rinsing with 0.05M TBS. The slices then were incubated in the M.O.M. solution (2:25 in TBS-T) and after 15 minutes this solution is removed. The sections are incubated overnight in the primary antibody mouse anti-synaptophysin (1:6000 in M.O.M. solution diluted in TBS-T) at 4 °C. After rinsing off the antibody with 0.05M TBS, a secondary antibody M.O.M. biotin anti-mouse IgG (1:2500 in M.O.M. solution diluted in TBS-T) is added for 90 minutes, followed by rinsing with 0.05M TBS. The sections were transferred to a solution containing Vector ABC-Elite (1:800 diluted in TBS-T, Vector Laboratories, Burlingame, CA, USA) for 90 minutes. After rinsing with 0.05M TBS, synaptophysin was visualized by incubation with 3-3’diaminobenzidin tetra hydrochloride with Ammonium nickel sulphate as an intensifier (DAB-Ni solution, pH=7.6). The reaction is stopped by TBS. All slices were stained in one session to minimize differences in staining intensity. All stained sections were mounted on gelatin-coated slides (0.5% gelatin and 0.05% chrome-alun), dried overnight in a stove at 37°C, dehydrated in alcohol series, cleared with xylol and mounted in Entellan. 

Quantification:

To determine the percentage and number of synaptophysin-immunoreactive presynaptic boutons (SIPB’s) in the inner and outer molecular layer (IML, OML) of the dentate gyrus, the stratum lucidum (SL) and radiatum (SR), the gyrus cinguli (GC) and the prelimbic area (PRL), appropriate sections were digitalized using the Neurolucida System (Stereo Investigator), equipped with a 100x oil immersion objective and a 10x projection lens. These regions were chosen because of their large amyloid load in humans and transgenic mice and their importance in learning and memory. A contour was drawn along the borders of the different subregions (figure 3-5). Brain regions were based on the mouse brain atlas of Franklin and Paxinos 1997. All measurements were performed double blind by two investigators. SIPB’s were quantified by image analysis using AnalySIS-pro software (Soft Imaging System, Münster, Germany). All settings were kept identical for all analyses and background levels were equalized using a threshold. A ROI was defined for every photomicrograph. To correct for irregularities in illumination in the microscopic field, shading correction was performed. To selectively enhance weak differences in contrast, a differential contrast enhancement filter was applied. To eliminate noise signal and to differentiate between artifacts and specific SIPB’s, particles were classified based on size. Particles ranging between 0.1-4.5 µm2 were considered to be normal sized SIPB’s (Mulder et al 2007). Particles smaller than 0.1 µm2 and larger than 4.5 µm2 were excluded for analyses.  
Statistical analysis

Data are expressed as mean±SEM and were analyzed using repeated measures and multivariate ANOVA using the SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA). Repeated measures ANOVA was used for acquisition phases (latency time) of (reverse) MWM. Multivariate ANOVA's were conducted with between group factors genotype and diet to analyze probe tests (time spent in each quadrant, platform crossings, total swimming distance and mean swimming velocity) and to elevate differences in cerebral blood volume and in percentage and number of synaptophysin. If overall analysis revealed a significant difference, separate groups were analyzed post hoc by using Tukey’s HSD test. Statistical significance (*) was set at p≤ 0.05, trend (#) was set between p=0.10 and p=0.05.
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Results 




Body weight

All mice were weighted three times; at 3-4, 5-6 and 8-9 months of age. Body weight was not affected by genotype or diet. Overall mean body weight was 27.2 ± 0.3 g for 3-4 months old mice, 28.7 ± 0.2 g for mice of 5-6 months of age and 29.9 ± 0.4 g for mice of 8-9 months old mice. 
Behavioral analysis
Morris Water Maze
The MWM is used to examine spatial learning, i.e. the ability of individual mice to orientate in a novel environment using surrounding distal cues. Spatial learning was analyzed during acquisition phases in which the animals have to locate a submerged escape platform; spatial memory was analyzed during the probe test, in which the platform was removed from the maze. Acquisition: Both 6-month-old APP/PS1 and wild type mice showed a learning effect in the acquisition phase, which was revealed by a decrease in latency across trials (p<0.001). However, transgenic mice need significant more time to find the platform than their wild type littermates (Figure 6A, p=0.001). APP/PS1 and wild type animals on DHA/UMP+ diet tended to have a lower latency time compared with these mice on standard diet (Figure 6B, p=0.053). APP/PS1 mice showed no significant diet effects (Figure 6C). Probe: Memory performance was determined by the number of crossings of the former platform location. Wild type mice have significant more platform crossings compared with APP/PS1 animals (Figure 6D, p=0.016). The diet groups did not differ on memory performance in the MWM. Furthermore, no diet or genotype effects were found in time spent in each quadrant. Both total swimming distance and mean velocity are not affected by genotype or diet.  
Reverse Morris Water Maze

In the reverse MWM, new learning capacity was investigated. This task requires selective memory retrieval of the newly learned location of the platform and contains therefore an extra episodic component (de Bruin et al., 1994). Acquisition: Both APP/PS1 and wild type animals learned to find the platform during the acquisition phase of the reverse MWM (p<0.001). Genotype and diet groups did not differ on learning performance. 

Probe: Transgenic and wild type mice showed the same amount of platform crossings. However, APP/PS1 and wild type mice on DHA/UMP+ diet, showed significant more platform crossings compared to mice on standard diet (Figure 6E, p=0.047). Furthermore, no genotype or diet differences were found in time spent in each quadrant. There are no differences in total swimming distance or mean velocity during the probe test of the reverse MWM for both genotypes and for the different diets.
Relative cerebral blood volume measurements

Changes in ΔR2* relaxation after injection of ultra small particles of iron oxide (USPIO) was measured. Percentage of ΔR2* relative to wild type mice on standard diet is a measure for rCBV. Preliminary data of 8-month-old mice showed no significant differences in rCBV in either the total brain or hippocampus between wild type and APP/PS1 animals (Figure 7A). In the total brain and hippocampus no differences were observed in rCBV between STD and DHA/UMP+ diet (Figure 7B). Mice did not show differences in rCBV between STD, DHA/UMP and DHA/UMP+ diets.     
Synaptic density

Percentage and number of SIPB’s between 0.1 and 4.5 µm2 was measured in inner and outer molecular layer (IML, OML) of the dentate gyrus, stratum lucidum (SL), stratum radiatum (SR), gyrus cinguli (GC) and prelimbic area (PRL) of 8-month-old transgenic and wild type mice. No differences in percentage SIBP’s were found between APP/PS1 and wild type animals in any of the measured brain regions (Figure 8A). Also no genotype effects for number of SIBP’s were found. APP/PS1 and wild type mice on a high cholesterol diet showed a significant higher percentage of SIPB’s in the SR, but not in other brain regions, compared with mice on STD or DHA diet (Figure 8B, p=0.001). This result was also found in number of SIPB’s (data not 
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shown, p=0.030). APP/PS1 animals on STD, DHA or TWD diet did not show differences in percentage or number of SIBP’s in any of the measured regions.
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Discussion

APP/PS1 mice as a model for AD
APPswe/PS1ΔE9 mice have been generated as a model to investigate pathology associated with Alzheimer’s disease (Spires & Hyman, 2005; Wirths et al., 2002). In the present study, we used this model to examine the early effects of cholesterol, DHA, UMP and other nutrients that are precursors and cofactors in membrane synthesis in the brain on spatial learning and memory, hemodynamic parameters and synaptic density. The most obvious and first-appearing clinical sign of Alzheimer’s disease is memory impairment. For AD research, a mouse model featuring this characteristic early in the course of disease is very useful. Our 6-month-old APP/PS1 mice exhibit impaired spatial learning and memory compared to their wild type littermates, which is in accordance with previous research (Arendash et al., 2001; Hooijmans et al., 2009; Lalonde, Kim, Maxwell, & Fukuchi, 2005; Savonenko et al., 2005). At the age of 6 months, APP/PS1 mice already show slightly impaired spatial reverse learning. In the reverse task, earlier locations need to be encoded in the long-term memory. Memory retrieval needs to be selective for the most recently learned location, introducing an episodic like component in the spatial memory task (de Bruin et al., 1994). Since episodic memory impairment is a major characteristic in AD (Locascio, Growdon, & Corkin, 1995; Small, Mobly, Laukka, Jones, & Backman, 2003) our results in APP/PS1 mice resemble the problems that are present in AD patients. 
In the probe tests, we found no increased preference for the quadrant of the former platform in both transgenic and wild type mice. It could be hypothesized that mice, instead of spatially learning the platform location, develop a specific search strategy. To find the location, mice for instance swim in loops through the entire maze until the platform is found. However, decreases in latency time during the acquisition trails, indicating that mice indeed spatially learn the location of the platform instead of improve the searching strategy. Furthermore, the amount of platform crossings in the probe test, indicating spatially memory. To study long-term memory a 24 hour phase between the last learning trial and probe test is suggested (Vorhees & Williams, 2006). However, in our study the time in between was merely one hour, which means that we measured recent recall rather than long-term memory in both probe tests. 
We showed that diets containing DHA, UMP and other nutrients that are precursors and cofactors in membrane synthesis in the brain, improve spatial learning and memory in our 6-month old mice. This indicates that higher amounts of omega-3 fatty acids, or more specific the amount of DHA in the diet, cause better performance in hippocampus dependent spatial memory tests. The finding that a DHA containing diet improves spatial memory in APP/PS1 mice, is confirmed by others (Calon et al., 2004; Cole & Frautschy, 2006; Hooijmans et al., 2009). In addition, several studies in AD patients have already shown that DHA intake may improve cognition (Kotani et al., 2006; Morris et al., 2003; van Gelder, Tijhuis, Kalmijn, & Kromhout, 2007). However, in a study of Oksman and colleagues spatial learning and memory in mice is not influenced by DHA diets (Oksman et al., 2006). This could be explained by the fact that they studied mice 4 months on diet and it could be suggested that DHA benefits take a longer supplementation time to establish their effects. The increased performance in learning and memory in our 6 months old mice could be due to the supplementation of UMP and other precursors and cofactors for membrane synthesis in the brain, which reinforce the DHA effects. Components like uridine, phosphatidylcholine, choline, vitamins B and antioxidants are essential for new neuronal membrane synthesis and thus may potentiate the effect of DHA by neurogenesis (Wurtman, 2008).
Cerebral hypoperfusion

As stated in the “cerebral hypoperfusion” hypothesis, high levels of n3 fatty acids like DHA, could be effective in the prevention of hypoperfusion and hypertension (de Wilde et al., 2002; Farkas et al., 2002). Enhanced vasoconstriction, possibly mediated by Aβ deposition in the vasculature (Shin et al., 2007)   and    enhanced  hypoperfusion    may 
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impact vascular responses, leading to cerebrovascular dysfunction, neuronal loss and degeneration and cognitive decline (de la Torre, 2000a). The mechanisms underlying this beneficial effect of DHA are not totally elucidated. Some studies has shown that n3 fatty acids are able to improve vascular conditions via decreasing atherosclerosis (Okuda et al., 2005; von Schacky & Harris, 2007) and improve the condition of cerebrocortical capillary walls (de Wilde et al., 2002; Farkas et al., 2002). It could be hypothesised that fish oil can protect against cognitive decline and Aβ accumulation, by improving the cerebrovascular conditions. Indeed, we found a protection from DHA against cognitive decline in APP/PS1 mice. However, on the basis of our results, it is not clear if this improved learning is due via vascular changes. We used the changes in ΔR2* relaxation before and after injection of USPIO to measure the amount of blood in the total brain and the hippocampus. We were not able to demonstrate the positive effects of DHA dietary intake on cerebral perfusion, compared to a standard diet in our 8-month-old mouse model. However, our group previously showed in 15-month-old APP/PS1 mice on DHA diet an increase in rCBV (Hooijmans et al., 2009). In addition, rCBV in hippocampus, a structure involved in spatial memory, was correlated with memory performance (Hooijmans et al., 2009). Furthermore, several studies have  reported  hemodynamic alternations in 
AD patients (Ruitenberg et al., 2005; Schreiber, Doepp, Spruth, Kopp, & Valdueza, 2005) and another patient study has reported a correlation between cognitive status and degree of cerebral hypoperfusion (Farkas et al., 2002). In our study the mice are probably too young and too short on diet to obtain differences in rCBV. Furthermore, the number of mice used for our MR experiments is probably too small. In near further these preliminary results will be completed and it is likely that a much larger group of 8-month-old mice will show significant results. Another improvement to study AD related hypoperfusion of the brain could be the measurement of cerebral blood flow (CBF). It has been shown that CBF diminishes with age (Kawamura et al., 1993) and that the effects are even more pronounced in AD patients (Farkas & Luiten, 2001). The small blood volume in the mouse brain and the quick recirculation of the blood makes these measurements extremely difficult with contrast based imaging techniques. Further research with our newly installed 11.7 Tesla MR scanner would be suggested to solve these practical problems. To learn more about the blood vessel quality, immunohistochemical studies with inflammatory markers as for example CD45, CD68 and CD106 are suggested. Measurement of blood pressure could be used to provide some other clues to test the vascular hypothesis.      
Compensatory mechanism for impaired synaptic function
We have shown that free-floating labeling is a useful tool to detect synaptophysin in presynapses. To eliminate noise signal and to differentiate between artifacts and specific SIPB’s, particles smaller than 0.1 µm2 and larger than 4.5 µm2 were excluded for analyses (Mulder et al 2007). SIPB’s in the prelimbic area, hippocampus and gyrus cinguli were used to determine the percentage and number of presynapses. The hippocampal dentate gyrus OML is an area known to be affected early in the course of AD (Gomez-Isla et al., 1996; Van Hoesen, Hyman, & Damasio, 1991). Indeed the total number of synapses in the human dentate gyrus outer molecular layer is decreased in AD compared to subjects with no cognitive impairment (Heinonen et al., 1995; Masliah, Terry, Alford, DeTeresa, & Hansen, 1991; Scheff, Price, Schmitt, & Mufson, 2006). Others show that neuronal loss and loss of synaptic connectivity also occurs in other important structures of mouse hippocampus (Mulder et al., 2004; Rutten et al., 2005). These results support the idea that synapse loss may be an early event in the disease process. However, in our 8-month old APP/PS1 mice we were not able to demonstrate a decrease in the number of synapses. Moreover, unpublished results of our group show an increase in presynapses in the inner and outer molecular layer and the stratum radiatum (p=0.018, p=0.002, p=0.025 respectively) of 15-month-old APP/PS1 mice compared with wild type littermates. These contradictory results indicate a compensatory mechanism for impaired synaptic function in AD. It could be hypothesised that loss of afferents over time, trigger a compensatory plasticity response that could replace some of the lost synaptic contacts, enlarge existing synapses or create new ones and these reactions would beneficially enhance an appropriate signal. This hypothesis is in line with several studies that have reported AD-related plasticity as a compensatory response early in the disease process (Geddes & Cotman, 1989, 1991; Geddes et al., 1985). 
If the hypothesis of a compensatory mechanism is true, we could expect a deteriorated AD pathology in mice fed a high cholesterol diet. Indeed, we found an increase in percentage and number of synaptic boutons in mice on a TWD diet compared with mice on a DHA or standard diet, indicating an increase in presynapses in mice fed a high cholesterol diet. Our group earlier showed an impaired cerebral blood flow (Hooijmans et al., 2007) induced by a high cholesterol TWD diet. We hypothesize that a high cholesterol intake may cause hypoperfusion, inducing ischemia, fortifying the AD-related compensatory mechanism. 

To provide a clue to the nature of the compensatory mechanism, it would be extremely interesting to know more about the neuron functionality and whether or not different subtypes of synapses are changing in AD. Immunohistochemical studies with Neuronal Nuclei (NeuN), brain-derived neurotrophic factor (BDNF) and Ki-67 protein could be used to test proliferation. NeuN reacts with most neuronal cell types and could be used as a neuronal specific nuclear protein to determine the amount of neurons while BDNF could be used to study the production of new neurons. Ki-67 protein, strictly associated with cell proliferation, is an excellent marker to determine the growth fraction of a given cell population. 

In summary, APPswe/PS1ΔE9 mice have been generated as a model to investigate pathology associated with Alzheimer’s disease and our results in these double transgenic mice indeed resemble the problems that are present in AD patients. It could be hypothesised that n3 fatty acids protect against cognitive decline and Aβ accumulation by improving cerebrovascular conditions. We indeed found a protection from DHA against cognitive decline in our APP/PS1 mice. However, on the basis of our results, it is not clear if this improved learning is due to an alternation in vasculature. High cholesterol diets influence vasoconstriction and hypoperfusion but also increases the percentage of presynapses in the stratum radiatum, indicating compensatory mechanisms for impaired synaptic function in neurodegenerative diseases. 

These findings could have significant implications for public health as impaired vascular conditions can be improved by lifestyle changes. To provide more evidence for the vascular hypoperfusion hypothesis, further research on influences of diets in APP/PS1 mice is necessary. 
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wt = wild type, tg = transgenic, rCBV = relative cerebral blood volume, IHC = immunohistochemistry








Table S2: Number of mice used in each experimental group.








Table S1: Sources and contents of fatty acids in the experimental diets in group 1 (behavioral and MRI group) and group 2 (immunohistochemistry group).





Figure 3: place of the contours in the PRL (red). 








Figure 2: Gradient-echo images before (upper left) and after (upper right) administration of the blood-pooled contrast agent USPIO. 


Left; ΔR2* map, colors indicating the amount of blood in each of the different brain areas. 








Figure 1: MWM swimming pool, made opaque by the addition of milk powder. Submerged escape platform at the North-East quadrant, starting position in this figure was south. 








Figure 4: place of the contours in the SR (green), OML (red), IML (yellow) and SL (blue). 








Figure 5: place of the contours in the GC (blue). 
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Figure 6: Spatial learning and memory was measured in (reverse) Morris Water Maze in APP/PS1 and wild type mice. A) Acquisition MWM, genotype effects; mean latency time to find the platform. Both APP/PS1 and wild type mice show a learning effect (p<0.001), although transgenic mice need significant (p=0.001) more time to find the platform. B) Acquisition MWM, diet effects; both transgenic and wild type mice on STD or DHA/UMP+ diet show a learning effect. The DHA/UMP+ diet tend to have a positive effect on the latency time (p=0.053). C) Acquisition MWM, diet effects in APP/PS1 mice. APP/PS1 mice on different diets learn to find the platform. There are no significant diet effects. D) Probe test MWM, genotype effects; number of platform crossings of wild type mice are significant (p=0.016) higher compared with transgenic mice. E) Probe test, rMWM; number of platform crossings of transgenic and wild type mice on DHA/UMP+ diet are significantly higher (p=0.047) compared with STD. 

















Figure 8: Percentage of synaptophysin-immunoreactive presynaptic boutons (SIPB’s) (0.1-4.5 µm2) in inner and outer molecular layer (IML, OML), stratum lucidum (SL), stratum radiatum (SR), gyrus cinguli (GC) and prelimbic area (PRL) of APP/PS1 and wild type mice. A) Genotype effects are not found in one of the brain areas. B) APP/PS1 and wild type mice on a high cholesterol diet (TWD) have a significant (p=0.001) higher percentage SIPB’s in the stratum radiatum compared with mice on standard (STD) and DHA diet.  
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Figure 7: Preliminary data. Relative cerebral blood volume (rCBV) in the total brain and hippocampus of APP/PS1 and wild type mice. Changes in ΔR2* relaxation after injection of ultra small particles of iron oxide (USPIO) is measured. Percentage of ΔR2* relative to wild type mice on standard diet is a measure for rCBV. A) No genotype effects in both total brain and hippocampus are found. B) In both total brain and hippocampus no differences are observed in rCBV between STD and DHA/UMP+ diet. 








