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			ABSTRACT

		

		
			Most small-animal studies of Alzheimer’s disease (AD) involve rats and mice, yet the tree shrew (Tupaia belangeri) is in many respects more similar to primates than rodents are. To demonstrate the feasibility and usefulness of using the tree shrew as an AD model, we examined how well the model recapitulates features of the disease. Injecting animals intraperitoneally with d-galactose to induce acute senility, and then injecting them with β amyloid fragment 1-42 and ibotenic acid into the bilateral hippocampus led to significant learning and memory deficits in the Morris water maze test. Pathology analysis of treated animals showed obvious gliosis and neurofibrillary tangles in the cerebral hippocampal area. These results suggest that the tree shrew can recapitulate the major features of AD pathogenesis. To provide the basis for further studies with this new animal model, we used high-throughput sequencing to analyze changes in the hippocampal transcriptome induced by injection of the three AD agents. These results open the door to new small-animal studies of AD that complement and extend studies in rodents and primates.
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			INTRODUCTION

			

			Alzheimer’s Disease (AD) is a devastating neurodegenerative disease that poses an increasing health burden worldwide, and a cure remains out of sight (Ikram and DeCarli, 2012). Since the disease currently can be diagnosed definitively only after death, studies in animal models of AD provide the only way to obtain in vivo information about disease onset and progression. Primates such as macaque and rhesus monkeys provide good model systems (Darusman et al., 2014; Kimura et al., 2003; Okabayashi et al., 2015; Pahl et al., 2013; Park et al., 2015; Vardigan et al., 2015), but such studies require significant time, expense and facilities. In addition, ethical concerns restrict the size of such studies to relatively few animals. To avoid these disadvantages, many researchers rely on rat and mouse models (Bader Lange et al., 2010; Cummings et al., 2015; Li et al., 2015; Martino Adami et al., 2015; Zahedi et al., 2015), but neocortical structures differ between rodents and humans. This may help explain why most drugs developed in rodent studies fail to show satisfactory efficacy in humans. While a few non-primate animal models of AD have been developed, including cats, dogs, pigs and chickens (Neus Bosch et al., 2015; Vite and Head, 2014; Zhang et al., 2015; Sondergaard et al., 2012; Yan et al., 2015), none of these models perfectly recapitulates all pathological changes in AD. Thus new animal models are needed, particularly small animals that may be more similar to humans than rodents are. 

			The tree shrew, Tupaia belangeri, which belongs to the Tupaiidae of Scandentia and is found primarily in China, Vietnam and Burma, attracted the attention of biomedical researchers when it was initially thought to be the only non-primate that could be infected by hepatitis virus. Genetic studies indicate that the tree shrew is more closely related to primates than rodents are (Fan et al., 2013; Song et al., 2012; Lind-Blod-Toh et al., 2011; Hallström and Janke, 2008), with a larger brain and more advanced nervous system than those of rats. Much is already known about tree shrew biology, and the animal has gradually attracted attention for its potential as a model of human nervous system diseases. It has not yet been analyzed in detail for its usefulness as a model of AD. 

			If the tree shrew can be demonstrated to be a good AD model, it would provide numerous advantages over primate and rodent models. Its smallness and high fertility make it a much more efficient and cost-effective experimental system than primates. Since tree shrews and rats are similar in overall size and head shape, the same stereotaxic apparatus for rats can be used for tree shrews. To probe the feasibility and usefulness of the tree shrew as an AD model, we examined the behavior and pathology of animals treated with the combination of d-galactose, β amyloid fragment 1-42 and ibotenic acid. We assessed the behavioral and pathology properties of the treated animals in the same way that rat models of AD are assessed. We also screened the hippocampal transcriptome for changes in gene expression resulting from experimental AD induction. The results of this study should help lay the foundations for using the tree shrew as a small-animal AD model to complement studies in rodents and primates. 

			

			MATERIALS AND METHODS

			

			Animals

			Male tree shrews (n = 30) aged three months and weighing 120±10 g were obtained from the Kunming Medical University Laboratory Animal Center (animal license No. SCXK Yunnan 2013-0002). All animal manipulations and experiments were carried out at the Laboratory Animal Center of Guangxi Medical University (animal license no. SYXK Guangxi 2014-0002). 

			

			Reagents and instruments

			β amyloid 1-42 peptide (Aβ1-42), ibotenic acid (Ibo), and d-galactose (d-gal) were purchased from Sigma (St.Louis, USA). Aβ1-42 was dissolved to a concentration of 2 g/L in sterilized saline and incubated for 72 h at 37 °C to form condensed state. The following major instruments were used: stereotactic frame (RWD68002, Shenzhen RWD Life Science, Shenzhen, China), Morris water maze (built in-house by Guangxi Medical University), microsyringe (Shanghai Anting Microsyringe Factory, Shanghai, China); and electronic balance (ML204, Mettler-Toledo, Shanghai, China).

			

			Animal group allocation

			The 30 tree shrews were divided randomly into saline, blank and treatment groups (n = 10 in each). Blank animals did not undergo any surgical procedures, while the treatment group was injected with three AD-inducing agents as described for rats (Jia et al., 2015). Saline animals underwent the same procedures as the treatment group, except that saline was used instead of AD-inducing agents. 

			

			Establishment of AD model

			Animals in the treatment group received daily intraperitoneal injections of d-Gal (50 mg/kg−1) for 30 days in order to induce senility. On day 31, animals were anesthetized by intraperitoneal injection of 1% sodium pentobarbital (2 mL/kg-1) and immobilized in a rat stereotactic frame. The skin was cut along the central parietal scalp to expose the sagittal suture. Beginning from the intersection of the sagittal suture and biauricular line, the skull was drilled 3.3 mm forward at a distance of 5 mm on both sides. Then the stereotactic instrument was used to stab the microsyringe needle vertically through the opening to a depth of 10 mm into the brain. The needle was then inserted slowly at a constant speed for 5 min until the needle tip arrived at the hippocampus. A mixture of 10 μg Aβ1-42 and 10 μg Ibo dissolved in 5 μL of saline was injected slowly over 15 min. The needle was left in place for 10 min to prevent fluid pull-back, then it was pulled out slowly; the incision was sutured and sterilized with 75% ethyl alcohol. Animals in the saline group were treated in the same way, except that saline was used instead of d-Gal, Aβ1-42 or Ibo.

			The appearance, eating and drinking patterns, and locomotor activity of animals was carefully monitored after intracerebral injection. At 4 weeks after injection, behavioral tests were performed. Finally, animals in the treatment and saline groups were anesthetized by intramuscular injection of ketamine (100 mg/kg-1) at 25°C in the laboratory. Brain tissue was immediately removed and immersed in liquid nitrogen, then stored at 
-80°C. 

			

			Morris water maze

			The learning and memory abilities of treated animals were compared with those in the saline and blank groups using the classical Morris water maze. The Morris water maze system comprised a circular basin maze filled with water (diameter, 150 cm; depth, 60 cm), a platform under the water (height, 30 cm; radius, 5 cm) and a video analysis system for on-line digital image acquisition and off-line image analysis. Images were collected using a camera positioned 3 m above the center of the pool. The pool was evenly divided into four quadrants (NE, SE, SW and NW), which were conspicuously labeled in the middle of the wall within each quadrant. The platform was made of pure black plastic and placed in the middle of the desired quadrant. The water level in the pool was 0.5 cm above the platform. The water in the basin was colored white using milk powder to render the platform invisible. The water was maintained at a temperature of 21±0.5°C. The lighting in the room was maintained constant, with no direct illumination of the pool, and noise in the room was kept to a minimum.

			During initial adaptation, tree shrews were put in the water with their head facing the pool wall, and they were guided to the underwater platform. All animals were placed randomly at starting points positioned at the north, south, east and west ends of the pool. The time required for the animal to find the platform was recorded; if the time exceeded 75 sec, the animals were guided to the platform and forced to stay there for 10 sec. Animals were trained in this way twice daily for seven consecutive days. Only those who swam well and found the platform easily by themselves were used for behavioral tests (see next section). After each training run, animals were immediately dried with towels and an electric hair dryer to prevent hypothermia. 

			Navigation tests, each lasting 75 sec, were carried out between 8:30 and 10:00 a.m. on four consecutive days. The animal was gently placed in the pool with its head facing the pool wall randomly at one of four positions (north, south, east and west). The time needed to find and climb onto the platform was recorded, allowing calculation of escape latency and swimming speed. Animals that found the platform were forced to stay there for 10 sec in order to adapt to the platform and the surroundings. If animals did not find the platform within 75 sec, the computer stopped tracking and recorded the escape latency as 75 sec, and the experimenter guided the animals to the platform, where they were forced to stay for 15 sec. After each test, animals were immediately dried with towels and an electric hair dryer to prevent hypothermia.

			On the second day after navigation tests, a so-called “probe test” was conducted in which the platform was removed and animals were ramdonly placed at the four positions in the pool (north, south, east and west) facing the pool wall. The animals were allowed to swim for 90 sec, and the frequency with which they crossed over the area where the platform had previously been located was recorded. This frequency provided an index of spatial memory.

			

			Pathology analysis

			After behavioral testing, animals were anesthetized by intraperitoneal injection of 1% sodium pentobarbital (0.15 mL/100 g), and then fixed as follows. The chest was opened from the xyphoid, the animal was intubated into the aorta via the left ventricular, and rapidly perfused with 100 mL saline to flush out blood. Then the animal was perfused with 500 mL 4% paraformaldehyde, and brain tissue was removed and fixed immediately in 4% neutral formalin. Tissue was sectioned, embedded in paraffin and stained with hematoxylin-eosin for morphological examination. Sections were impregnated with Bieloschsky silver to detect neurofibrillary tangles.

			

			High-throughput sequencing of the hippocampal transcriptome 

			After behavioral testing, animals in the treatment and saline groups were anesthetized by intramuscular injection of ketamine (100 mg/kg) at 25 °C in the laboratory. Brain tissue was removed, flash-frozen in liquid nitrogen, and stored at -80 °C. Hippocampal tissue was isolated from frozen brain tissue (see previous section) and total RNA (10 μg) was extracted using the RNeasy Micro kit (Qiagen, cat. No. 74004). This RNA was converted into a cDNA library using the RNeasy Micro kit (Cat#74004, QIAGEN) according to the manufacturer’s instructions. 

			High-throughput sequencing was conducted using the platform of Shanghai Biotechnology and the HiSeq 2500 sequencer (Illumina). Paired-end software (Illumina) was used to perform 2 x 100-nt multiplexing. Routine methods were used to analyze the RNA-seq transcriptome of tree shrews in the treatment and saline groups, including preprocessing, fragment assembly, database annotation, differential expression analysis, gene ontology (GO) function classification, Cluster of Ortholog Genes (COG) classification, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapping, and analysis of GO functional classes and KEGG pathways enriched for differentially expressed genes. Unqualified reads containing sequencing primers were removed, and fragments were spliced de novo using the scaffolding contig algorithm of CLC Genomics Workbench 6.0.4 (Brautigam et al., 2011; Garg et al., 2011; Jia et al., 2015) and the parameters Word-size=45 and Minimum contig length>=300. The spliced sequence at this stage, termed the primary UniGene sequence, was spliced again using CAP3 EST software, generating a final UniGene sequence set. The first splicing was performed with loose splicing parameters; the secondary splicing, with strict parameters.

			The final UniGene spliced sequence set was translated into protein using trEMBL+swissprot and compared with the UniProt library (release 2013.04) using BLASTX. Sequence annotation and comparison were performed using a significance threshold of E <10-5. 

			With this final UniGene spliced sequence set serving as reference, reads of each sample were mapped to measure UniGene coverage of each sample. The expression level of reads was quantitated using the following formula for reads per kb per million (RPKM): 
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			Where, transcription reads is the number of reads covering the entire UniGene; transcription length is the length of the UniGene; total assembly reads in run is the total number of reads involved in splicing the sample.

			

			The RPKM of each sample was determined and compared with the total expression level as an internal standard; the difference was assessed for significance using Fisher’s test. The DEGseq analysis package was used to determine genes differentially expressed between the treatment and saline groups, using the screening criteria of P < 0.05 and fold-change ≥1.5.

			

			Functional classification of differentially expressed hippocampal genes

			All differentially expressed hippocampal genes were mapped to GO classification terms, the number of genes in each term was counted, and then the terms enriched in differentially expressed genes compared to the whole genome were identified using a hypergeometric test: 
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			Where, N is the number of genes with GO annotations; n, the number of differentially expressed genes within N; M, the number of all genes annotated as specific GO term; and m, the number of differentially expressed genes annotated as specific GO term. GO terms enriched in differentially expressed genes were those associated with a Bonferroni-corrected P ≤ 0.05. GO functions were determined by applying the blast2GO algorithm to the UniProt annotation results. Sequences were assigned to one of three GO categories: molecular function, cellular components, and biological processes.

			

			COG functions were determined by comparing UniGenes and the CDD library using rpstblastn. This algorithm predicts COG functional classification based on the five best results for a threshold of E < 10-5. KEGG mapping of the final UniGene spliced sequence was performed using the online KEGG KAAS tool (http://www.genome.jp/tools/kaas/).

			

			Statistical analysis

			All results were expressed as mean±SD and statistical tests were performed using SPSS 19.0 (IBM, Chicago, IL, USA). Pair-wise comparisons were assessed for significance using the least-squares difference tests if the data showed homogeneous variance; otherwise, the Games-Howell test was used. Comparisons among more than two groups were assessed using one-way analysis of variance (ANOVA). A two-sided P < 0.05 was defined as the threshold of significance.

			

			RESULTS

			

			Escape latency during training in the Morris water maze 

			During the 7-day training period, the blank and saline groups showed similar training profiles, with escape latency gradually decreasing to similar extents and at similar rates in the two groups (Fig. 1). In contrast, the treatment group showed significantly longer escape latency than the blank group from day 3 onwards, and longer latency than the saline group from day 4 onwards. 
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			Fig. 1. Latency of three groups tree threw in navigation test. The learning schedule of the blank group and the saline group are similar, and there is no significant difference between the two groups as their latency periods decrease with time extension. The latency period of the treatment group was obviously longer than that of the blank group from the third day with significant difference (P<0.05), and such condition occurred comparing with the control group from the fourth day.

			

			Table I.- Performance of tree shrews in the probe test.

			

			
				
					
					
					
				
				
					
							
							Group

							

						
							
							Crossings of target quadrant

						
							
							Swimming speed (cm/s)

						
					

					
							
							Treatment

						
							
							1.33±1.32ab

						
							
							15.21±6.75

						
					

					
							
							Saline

						
							
							3.15±1.98

						
							
							14.87±7.56

						
					

					
							
							Blank

						
							
							4.11±1.95

						
							
							15.37±6.74

						
					

				
			

			

			Values are mean ± SD for each group of 10 animals.a P < 0.05 vs. the blank group; b P < 0.05 vs. the saline group.

			

			Probe test in the Morris water maze

			All three animal groups showed similar swimming speed. Both the blank and saline groups showed a similar tendency to search within the quadrant where the platform had been located earlier. In contrast, the treatment group tended to search at random (Table I). 
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			Fig. 2. Histopathology in tree shrew hippocampus sections stained using hematoxylin-eosin. Representative sections are shown from: A, blank group; B, saline group; C, treatment group. Arrows indicate gliosis.
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			Fig. 3. Histopathology in tree shrew hippocampus sections impregnated with Bieloschskysilver. Representative sections are shown from: A, blank group; B, saline group; C, treatment group. Arrows indicate neurofibrillary tangles.

			

			Pathology analysis in the hippocampus

			Hematoxylin-eosin staining of hippocampal sections from tree shrew revealed no apparent histopathology in blank and saline animals, but gliosis in treated animals (Fig. 2). Similarly, Bieloschsky silver impregnation revealed no clear pathology in the blank and saline groups, but neurofibrillary tangles in the treatment group (Fig. 3).

			

			Differential expression of hippocampus genes after AD induction

			A total of 44,430,000 clean reads were obtained and spliced to generate the initial UniGene sequence set. ESTs were switched together to generate the final UniGene sequence set, comprising 104,504,006 bp and 99,463 counts. The average sequence length was 1,050 bp, and N50 was 1,695 bp (Table II). Analysis of the length distribution in the final UniGene sequence set (Fig. 4) showed that 33,576 sequences were 400-600 bp long, accounting for 33.8% of all UniGenes; 21,353 were 200-400 bp, accounting for 21.5%; and 12,862 were 400-600 bp long, accounting for 12.9%. 

			 

			Table II.- Statistics of UniGene sequence assembly of the tree shrew hippocampal transcriptome.

			

			
				
					
					
					
					
				
				
					
							
							Parameters

						
							
							Contigs

						
							
							Initial 

							UniGene

						
							
							Final 

							UniGene

						
					

					
							
							Counts (n)

						
							
							116,654

						
							
							100,872

						
							
							99,463

						
					

					
							
							Total length (bp)

						
							
							104,313,695

						
							
							104,610,822

						
							
							104,504,006

						
					

					
							
							N25 (bp)

						
							
							3,229

						
							
							3,945

						
							
							4,001

						
					

					
							
							N50 (bp)

						
							
							1,384

						
							
							1,650

						
							
							1,695

						
					

					
							
							N75 (bp)

						
							
							567

						
							
							633

						
							
							645

						
					

					
							
							Average length (bp)

						
							
							894

						
							
							1,037

						
							
							1,050

						
					

					
							
							Max length (bp)

						
							
							21,469

						
							
							23,750

						
							
							23,750
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			Fig. 4. Frequency distribution of UniGene sequence lengths. Length interval of UniGenes on the horizontal axis, 400 representing length below 400; Counts of UniGenes at each length intervalon the vertical axis, over 2000bp sorted as a category.
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			Fig. 5. COG functional classification of the final UniGene sequence set generated from the tree shrew hippocampal transcriptome.UniGene classifies the COG functions, compares UniGenes and CDD library by rpstblastn, takes the five best results of E-value < 1e-5 to forecast the classification of COG functions, and map it to different classification of COG. 19305 counts of Unigene were annotated into 25 kinds of COG sorts. The COGs _categories figure indicated the COG sorts distribution of UniGene. T, signal transduction mechanisms: Cytoskeleton: General function prediction only: Transcription; U, Intracellular trafficking, secretion, and vesicular transport; A, RNA processing and modification; O, Posttranslational modification, protein turnover, chaperones; W, Extracellular structures: Function unknown: Cell cycle control, cell division, chromosome partitioning: Translation, ribosomal structure and biogenesis: Inorganic ion transport and metabolism; I, Lipid transport and metabolism: Replication, recombination and repair: Chromatin structure and dynamics; E, Amino acid transport and metabolism; C, Energy production and conversion; G: Carbohydrate transport and metabolism; Q, Secondary metabolites biosynthesis, transport and catabolism; M, Cell wall/membrane/envelope biogenesis; F, Nucleotide transport and metabolism; V, Defense mechanisms; Y, Nuclear structure; H, Coenzyme transport and metabolism; N: Cell motility.

			

			Functional classification of differentially expressed hippocampal genes 

			After translating the UniGene nucleotide sequences into protein sequences and comparing them with the UniProt library, a total of 63,708 UniGene sequences were annotated using the GO function (Fig. 7).

			To further uncover the range of hippocampal genes expressed in tree shrew, we classified the final UniGene sequence set in terms of COG functional classification. In the end, we were able to assign 19,305 sequences to a total of 25 COG functional classes (Fig. 5). 

			After functionally classifying the genes identified from the tree shrew hippocampal transcriptome, we analyzed which gene functions were under- and overexpressed following experimental induction of AD using d-Gal, Aβ1-42 and Ibo. We plotted relative transcript levels in the saline group against levels in the treatment group (Fig. 6). This analysis identified a total of 125 genes differentially expressed between the saline and treatment groups, of which 74 were up-regulated in the treatment group and 51 were down-regulated.

			Next we clustered the differentially expressed genes according to their GO functional class (Fig. 8). These results suggest that AD in tree shrews is associated with up-regulation of numerous cellular processes in the hippocampus, including glycolysis, toxin response, carbohydrate processing, cellular projections, as well as with activity of 6-phosphofructokinase and M-band. 

			 To complement the GO and COG functional classification of differentially expressed hippocampal genes, we also analyzed up- and down-regulated genes based on KEGG pathways (Fig. 9). 
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			Fig. 6. Differential expression of hippocampal genes in tree shrews treated with saline or treated with d-Gal, Aβ1-42 and Ibo to induce AD. The correlation degree of the two samples can be checked. If the correlation is low, it suggests problems in modeling or experiment. The red points are up-regulated differential genes; green points are down regulated differential genes.
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			Fig. 7. GO functional classification of the final UniGene sequence set generated from the tree shrew hippocampal transcriptome. These sequences were assigned to the three functional classes of molecular_function (12,676), biological_process (32,082) and cellular_component (18,950).

			

			The highest proportion of differentially expressed genes was involved in retinol metabolism, followed by fructose, mannose and galactose metabolism. These results suggest that glucose and retinol metabolic pathways are dysregulated in the tree shrew model of AD.

			The parallel analysis of how differentially expressed hippocampal genes distributed across GO and KEGG categories led us to identify several UniGenes up- or down-regulated following AD induction that are likely to be associated with multiple metabolic pathways. These genes included hexokinase 1(HK1), major histocompatibility complex, class I, B(HLA-B), heat shock protein family A (Hsp70) member 1A(HSPA1A), phosphofructokinase, platelet(PFKP), gamma-aminobutyric acid (GABA) A receptor(Gabrd), period circadian clock 3 (PER3), adaptor-related protein complex 2, beta 1 subunit(AP2B1), heat shock protein family A (Hsp70) member 5(HSPA5), prodynorphin(PDYN). These genes may therefore be candidate genes that drive the onset and/or progression of AD in tree shrew.

			[image: Picture8.jpg]

			

			Fig. 8. Distribution of differentially expressed hippocampal genes in tree shrew across different GO functional classes following AD induction. FDR (false discovery rate).

			

			DISCUSSION

			

			The present study provides pathology and behavioral evidence that tree shrews injected with d-gal, Aβ1-42, and Ibo can recapitulate several features of AD and may therefore make a good small-animal model for studying onset and progression of the disease. This triple combination of AD-inducing agents has been used in rat models of AD and macaque models (Darusman e al., 2014; Jia et al., 2015); this combination was chosen instead of a single inducing factor in an effort to trigger more of the complex pathology of AD. This tree shrew model, like other damage-based animal models of AD (Schliebs and Arendt, 2011), may provide information complementary to that obtained using aged animal models and transgenic animal models. 

			Tree shrews in our treatment group showed a significant deficit of learning and memory in Morris water maze tests. Such deficits can occur as a result of brain trauma during the microinjection procedure, but we can exclude this possibility because a group microinjected with saline showed similar performance as a blank group that was not microinjected. Furthermore, AD induction in tree shrew did not affect its swimming speed in water, further arguing against generic brain trauma. Our results suggest that tree shews can show AD-like behavioral symptoms, justifying further work in this area. In addition, blank and saline tree shrews in our probe test behaved similarly to rats (Zahedi et al., 2015), despite the fact that tree shrews have been domesticated for just over 30 years. This highlights the feasibility of using the tree shrew as a complement to rat models of AD.

			Pathology examination of tree shrews in our treatment group revealed gliosis and neurofibrillary tangles that were absent from the blank and saline groups. This pathology is consistent with that reported for rat and macaque models (Darusman e al., 2014; Jia et al., 2015) of AD. These features overlap substantially with those of human AD, which include selective deletion of cholinergic neurons and synapses in the frontotemporal lobe and hippocampus, senile plaques, and neurofibrillary tangles (St. George-Hyslop and Petit, 2005). In this way, our pathology studies support the behavioral experiments suggesting that tree 
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			Fig. 9. Distribution of differentially expressed hippocampal genes in tree shrew across different KEGG pathways following AD induction.

			

			shrew can recapitulate many of the features of human AD, potentially making it a good disease model.

			As a first step toward demonstrating the feasibility of identifying genes and proteins involved in AD onset and pathogenesis, we performed high-throughput sequencing of the hippocampal transcriptome and identified numerous genes up- or down-regulated following combination treatment with d-gal, Aβ, and Ibo. These genes participate in a broad array of functions, based on GO and COG classification analyses, suggesting that AD involves the dysregulation of numerous cellular pathways. One intriguing finding is abnormal glucose and retinol metabolism in the treatment group, raising the possibility that this dysregulation causes an inflammatory response in the hippocampus, which may be associated with AD. 

			CONCLUSION

			

			The intraperitoneal injection of D-Gal results in acute aging. One-time low injection of A β1-42 and Ibo  mixture in bilateral hippocampus can result in the formation of SP and NFT in nerve tissues and the declines of tree shrew in learning ability and memory. Tree shrew is therefore an ideal replication AD model. Our findings present several testable hypotheses for future studies examining the potential role of specific genes and metabolic pathways in AD. These results open the door to new small-animal studies of AD that complement and extend studies in rodents and primates.
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ABSTRACT

Most small-animal studies of Alzheimer’s disease (AD) involve rats and mice, yet
the tree shrew (Tupaia belangeri) is in many respects more similar to primates than
rodents are. To demonstrate the feasibility and usefulness of using the tree shrew
as an AD model, we examined how well the model recapitulates features of the
disease. Injecting animals intraperitoneally with p-galactose to induce acute senility,
and then injecting them with § amyloid fragment 1-42 and ibotenic acid into the
bilateral hippocampus led to significant learning and memory deficits in the Morris
water maze test. Pathology analysis of treated animals showed obvious gliosis and
neurofibrillary tangles in the cerebral hippocampal area. These results suggest that
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neurodegenerative disease that poses an increasing
health burden worldwide, and a cure remains out of sight
(Ikram and DeCarli, 2012). Since the disease currently
can be diagnosed definitively only after death, studies
in animal models of AD provide the only way to obtain
in vivo information about disease onset and progression.
Primates such as macaque and rhesus monkeys provide
good model systems (Darusman ef al., 2014; Kimura et
al., 2003; Okabayashi ef al., 2015; Pahl ef al., 2013; Park
etal.,2015; Vardigan et al., 2015), but such studies require
significant time, expense and facilities. In addition, ethical
concerns restrict the size of such studies to relatively few
animals. To avoid these disadvantages, many researchers
rely on rat and mouse models (Bader Lange ef al., 2010;
Cummings et al., 2015; Li et al., 2015; Martino Adami et
al., 2015; Zahedi et al., 2015), but neocortical structures

animal models of AD have been developed, including
cats, dogs, pigs and chickens (Neus Bosch et al., 2015;
Vite and Head, 2014; Zhang et al., 2015; Sondergaard et
al.,2012; Yan ef al., 2015), none of these models perfectly
recapitulates all pathological changes in AD. Thus new
animal models are needed, particularly small animals
that may be more similar to humans than rodents are.

The tree shrew, Tupaia belangeri, which belongs
to the Tupaiidae of Scandentia and is found primarily
in China, Vietnam and Burma, attracted the attention of
biomedical researchers when it was initially thought to be
the only non-primate that could be infected by hepatitis
virus. Genetic studies indicate that the tree shrew is more
closely related to primates than rodents are (Fanezal., 2013;
Song et al., 2012; Lind-Blod-Toh ef al., 2011; Hallstrém
and Janke, 2008), with a larger brain and more advanced
nervous system than those of rats. Much is already known





OEBPS/Images/Image49292814_fmt.png





OEBPS/Images/Picture2_fmt.png





OEBPS/Images/Picture5_fmt.png
100
J

10

01

Percent’

oc ization

Bosive (egsien st 32‘»‘&.-
m

moass

Eggg 55 ?§'§5§5§§§§§'§E‘au‘aiaigfﬁﬁiiﬁiﬁ?ﬁﬁ
3

Eggi.g : g-;zl aé Sg 3‘5 sagee’ §§§ ;g;gggg;ﬂég
A é Hi z§,§§

g szg L

metabolic process
developmental process
reguiaton of mlecy T
thmic. mgv“m
reguiation of
ucleic acid binding
protein binding i3

biological_process cellular_component | molecular_function

counts

huuumu:

1
99463

T
9946





OEBPS/Images/Picture1_fmt.png
lantencye)

@
3

s
8

w
3

20

10

d1

d2

d3 da ds
times)

— treatment == saline == blank

dé

d7





OEBPS/Images/Image49292813_fmt.png
RPKM Transcription reads 10°
Transcription length x Total assembly reads inrun *





OEBPS/Images/Picture6_fmt.png
(COGs Function Categories

LBECGAQMFVYHN

TZRKUAOWS D)





OEBPS/Images/Picture7_fmt.png
ange: 1.

15

10

-10

ANVS 2Mm

® Up-regulated R*=0815
Doun-reguiated p<2ze-ie
* Not Diffs
53
T T T T T
-10 0 [ 10 15

Log2 2M






OEBPS/Images/Picture8_fmt.png
Bergmann gial cell iferentation
internode region of axon
long-term synaptic potentation

positive regulation of Schwann call prolferation
eguiation of nevrotransmter uptake
positive regulation of dendritic spine development

positive reguiation of muscie coil dferantation
do actvty
intermeciate flament-based process
Glycolysis

6-pnosphofructokinase actity
intermediate fiament organization
fructose 6-phosphate metabolic process
reguiation of musci cail dfferentation
&-phosphofructokinase comple
L-factate dehydrogenase aciiity

GUTP diphosphatase activi

astrocyte development

structural constituent of myelin sheath

GO term

positive regutation of pratein export from nucieus
positive reguiation of synapse structural plasticlty

sodium channel regulator activty

cellular response o extracellular SimuUS

coll body

nucleocyioplasmic transport

Lositive reguiation of protein serinefthreonine kinase actiity

ibose posphate diphosphokinase acivit
negative regulation of neuron projection development
ceilutar carbohydrate metabolc process

cell periphery

reguiation of protein binding

1o of protein locakzation

=Lg(FDR)
o 05 10 15 20 25
L L






OEBPS/Images/Picture4_fmt.png
o

contig counts

400

1000 1200 1400 1600
Length

>2k





OEBPS/Images/Picture3_fmt.png





OEBPS/Images/Picture9_fmt.png
inol metabolism
Fructose and mannose metabolism
aiactose metabolism
tomycin biosynthesis
Giycolysis / Gluconeogeness
Butirosin and neomycin biosynthesis
Antigen processing and presentation
Protein export
cadian thythm - iy
Cell adhesion molecules (CAM
osphate pathway
ic reticulum
ototransduction
athogen interaction
Circadian thythm
rse environments
nane metabolism
ugar metabolism
Legionellosis
Carbon fxation in photosynthetc organisms.

Starch and sucrose metabolism
Blosyniness of amino aciés

docrine and other factor-reguiated calcium reabsorption
Carbohydrate digestion and absorption

Endocytos's

Nicotine addiction

simplex infection
tamine addiction
Barr vius infection
Carbon metabolism

Neuroactive ligand-receptor nteraction
s of secondary metaboltes
Base excision repair

Protein processing in end

Prant-

Microbial metabolism in d
M

Anino sugar and nucieot

PATHWAY_DES

Ribosor
thway

gic synapse

Retrograde endocannabinod signaing
Osteociast differentation

Influenza A
Spliceosome.






