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Abstract 25 

We previously reported increase in leucine-rich α2-glycoprotein (LRG) concentration in cerebrospinal 26 

fluid is associated with cognitive decline in humans. To investigate relationship between LRG expression 27 

in the brain and memory impairment, we analyzed transgenic mice overexpressing LRG in the brain 28 

(LRG-Tg) focusing on hippocampus. 29 

Immunostaining and western-blotting revealed age-related increase in LRG expression in hippocampal 30 

neurons in 8-, 24-, and 48-week-old controls and LRG-Tg. Y-maze and Morris water maze tests indicated 31 

retained spatial memory in 8- and 24-week-old LRG-Tg, while deteriorated in 48-week compared with 32 

age-matched controls. Field excitatory postsynaptic potentials declined with age in LRG-Tg compared 33 

with controls at 8-, 24- and 48-weeks. Paired-pulse ratio decreased with age in LRG-Tg, while increased 34 

in controls. As a result, long-term potentiation was retained in 8- and 24-week-old LRG-Tg, whereas 35 

diminished in 48-week-old compared with age-matched controls. Electron-microscopy observations 36 
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revealed fewer synaptic vesicles and junctions in LRG-Tg compared with age-matched controls, which 37 

became significant with age. Hippocampal LRG overexpression contributes to synaptic dysfunction, 38 

which leads to memory impairment with advance of age. 39 

 40 
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 44 

Abbreviations: 45 

BBB: blood-brain barrier, LRG: leucine-rich α2-glycoprotein, LRR: leucine-rich repeats, CSF: 46 

cerebrospinal fluid, LRG-Tg: transgenic mice that conditionally overexpress LRG in the brain, 47 

GFAP: glial fibrillary acidic protein, mLRG: mouse LRG, hGFAP: human GFAP, PFA: 48 

paraformaldehyde, fEPSP: field excitatory post-synaptic potentials, PPR: paired-pulse ratio, LTP: 49 

long-term potentiation, PBS: phosphate buffered saline 50 

 51 

1. Introduction 52 

Cognitive decline is frequently associated with aging; however, the nature and severity of this decline 53 

vary considerably within a population. Thus, some clinical features are occasionally difficult to classify 54 
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into known dementia diseases such as Alzheimer’s disease. In particular, mild cognitive dysfunction 55 

appears similar to age-dependent physiological change. Aging demonstrably impairs episodic memory, 56 

which is functionally linked to the hippocampus (Sama and Norris, 2013). Age-dependent blood-brain 57 

barrier (BBB) breakdown in the human hippocampus has been reported (Montagne et al., 2015), and 58 

chronic BBB breakdown is thought to lead to the accumulation of neurotoxic proteins causing progressive 59 

neurodegeneration (Armulik et al., 2010, Toda, 2012). In the present study, the authors validated a protein 60 

that increases in expression with aging and possibly exhibits neurotoxicity, which may be involved in 61 

mild cognitive impairment.  62 

Leucine-rich α2-glycoprotein (LRG), a 38- to 50- kDa glycoprotein containing leucine-rich repeats (LRR) 63 

(Takahashi et al., 1985), was first identified in human serum in 1977 (Haupt and Baudner, 1977). The 64 

LRR family of glycoproteins provides a versatile structural framework for protein-protein interactions 65 

and serves multiple biological functions in vivo (Kobe and Kajava, 2001). LRG therefore is implicated 66 

and increasingly expressed in a variety of physiological reactions, especially in inflammation-related 67 

reactions such as early neutrophil granulocyte differentiation (O’Donnell et al., 2002), autoimmune 68 

diseases (Serada et al., 2012, Ha et al., 2014), infectious diseases (Bini et al., 1996), and other 69 

inflammatory diseases (Shirai et al., 2009, Chen et al., 2004), carcinogenesis and cancer progression 70 

(Zhang et al., 2015, Takemoto et al., 2015), and pathogenic angiogenesis (Song and Wang, 2015, Wang et 71 

al., 2013). Despite the wide array of functions that LRG performs, the pathological role of LRG in the 72 
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central nervous system has not been fully elucidated. LRG has been identified in both human cerebral 73 

cortex (Nakajima et al., 2012, Miyajima et al., 2013) and cerebrospinal fluid (CSF; Li et al., 2006, 74 

Nakajima et al., 2011). In a previous study, it was found that the LRG concentration in human CSF 75 

increases with age, or due to neurodegenerative diseases such as Parkinson’s disease with dementia, 76 

dementia with Lewy bodies, and progressive supranuclear palsy (Miyajima et al., 2013). In addition, 77 

increased LRG levels correlated with unfavorable Mini-Mental State Examination scores (Miyajima et al., 78 

2013), suggesting that LRG is implicated in age-related neurodegeneration.  79 

The aim of the present study was to investigate the mechanism by which LRG impairs cognitive function. 80 

To this end, a murine genetic construct that overexpresses LRG in the brain (LRG-Tg) was generated 81 

(Miyajima et al., 2013), and consequent transgenic mice were analyzed especially for memory function 82 

with a focus on the hippocampus, using behavioral tests, electrophysiological tests, and morphological 83 

and histological analyses. 8-week-old mice were used as a young-age model, 24-week-old mice were 84 

used as a middle age model, and 48-week-old mice were used as an old-age model. To our knowledge, 85 

this is the first study to assess the relationship between LRG expression in the hippocampus and memory 86 

function. 87 

 88 

2. Methods 89 

2.1. Animals 90 
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The generation of transgenic mice that conditionally overexpress LRG under a glial fibrillary acidic 91 

protein (GFAP) promoter has been previously described (Miyajima et al., 2013). Briefly, mouse LRG 92 

(mLRG) cDNA (BC030733, Thermo Fisher Scientific) was subcloned into a LoxP-GFP-pA-LoxP 93 

construct that was excised with KpnI and NotI. CAG-EGFP/mLRGLoxP mice were crossed with human 94 

GFAP (hGFAP)-Cre transgenic mice (B6.FVB-LRG-Tg [EIIa-Cre] C5379Lmgd/J; The Jackson 95 

Laboratory) to produce a mouse with conditional Cre-mediated transgene expression 96 

(CAG-EGFP/mLRGLoxP x hGFAP-Cre,). Transgenic mice lacking Cre recombinase were used as 97 

controls. 98 

All animal experiments were performed in accordance with the guidelines of the Laboratory Animal 99 

Experimentation Committee of the Juntendo University School of Medicine, Japan, and approved by the 100 

Institutional Animal Care and Use Committee of Juntendo University (Permit Number: 20-16). All 101 

experimental mice were group-housed with 2 – 6 mice in a cage, and maintained in a 102 

temperature-controlled and humidity-controlled facility (23 ± 1°C, 55 ± 5% humidity) on a 12-h 103 

light/dark cycle. Mice that met the following criteria were excluded from the investigation: more than 104 

20% weight loss, inability to walk/swim, LRG overexpression probed through western blotting in control 105 

mice, and lowering LRG expression in LRG-Tg.  106 

2.2. Observation of gross pathology and tissue preparation 107 

Hippocampal weights and body weights were assessed for all age groups. Following body weight 108 
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measurement, mice were lethally anesthetized, subjected to cervical dislocation, decapitated, and rapidly 109 

harvested for whole brain tissues. The hippocampus was removed from one side, weighed, placed into an 110 

RNAlater® solution (QIAGEN), and stored at 4°C until use. The remaining side of the brain was stored 111 

in 10% paraformaldehyde (PFA) at 4°C until use. 112 

2.3. Histopathological analysis 113 

Sections stored in 10% PFA were cut into 4-μm-thick slices and incubated with primary antibody, rabbit 114 

anti-LRG138 (1:100 dilution; Immuno-Biological Laboratories) overnight at 4°C. Subsequently, sections 115 

were incubated with an appropriate secondary antibody (DAKO EnVision Labeled Polymer, Peroxidase; 116 

DAKO) for 30 min at 20°C. Reactions were detected using 0.05% 3,3ʹ-diaminobenzidine 117 

tetrahydrochloride (DAB Tablet; Wako Pure Industries) as a chromogen and 0.05% hydrogen peroxide 118 

(H2O2) in phosphate-buffered saline (PBS). Sections were counterstained with Mayer’s hematoxylin, 119 

dehydrated, mounted, and examined under a light microscope (E800; Nikon). Photomicrographs were 120 

acquired using a color digital camera affixed to the microscope (Axio Cam HRc; Carl Zeiss) using Axio 121 

Vision software (version 4.7; Carl Zeiss). 122 

2.4. Western blotting analysis 123 

Hippocampi stored in RNAlater® solution were homogenized in 200 μL of lysis buffer (N-PER; Thermo 124 

Fischer Scientific) containing protease inhibitor cocktail (cOmplete ULTRA Mini EDTA-free EASYpack; 125 

Roche). The lysates were clarified by centrifugation at 15,000 rpm for 10 min and the protein 126 
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concentrations of the resultant supernatants were determined using the BCA Protein Assay Kit (Thermo 127 

Fischer Scientific). An equal amount of protein was then boiled for 5 min in EzApply loading buffer 128 

(ATTO) containing 10 mM dithiothreitol. Samples were electrophoresed on an ePAGEL 10% sodium 129 

dodecyl sulfate -polyacrylamide gel (ATTO) and subsequently transferred to a polyvinylidene difluoride 130 

membrane (Thermo Fischer Scientific) using the iBlot Dry Blotting system (Thermo Fischer Scientific). 131 

The primary antibody used was rabbit anti-LRG322 (1:100; Immuno-Biological Laboratories). 132 

Membranes were operated using the WesternBreeze® Chromogenic Western Blot Immunodetection Kit 133 

(Thermo Fischer Scientific) according to the manufacturer’s specifications. Densitometry was performed 134 

using ImageLab software (version 4.1; Bio-Rad Laboratories). 135 

2.5. The Y-maze test 136 

All behavioral experiments were performed by the same investigators, in the same laboratory, and at 137 

approximately the same time every day, 10 a.m. to 1 p.m., during the light cycle.  138 

First, spatial working memory was assessed using a Y-maze test (Chavant et al., 2010) with minor 139 

modifications. Mice were placed at the end of one arm and allowed to move freely through the maze for 8 140 

min. The total number of arm entries and alternations were recorded, wherein an entry was defined as 141 

travel of at least 4 cm into a given arm, and alternation was defined as entry into each of the 3 arms 142 

consecutively. Arm entries and path length were recorded by a computerized tracking system (Y-maze 143 

Video Tracking System version 3; Muromachi Kikai). For analyses, the percent alternation was calculated 144 
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according to the following equation: percent alternation = (number of alternations)/( total number of arm 145 

entries - 2) × 100 146 

2.6. The Morris water maze test 147 

Three days after Y-maze testing, spatial learning and memory were assessed using a Morris water maze 148 

test (Morris et al., 1982) with minor modifications. The water was maintained at a temperature of 19 ± 149 

2°C and rendered opaque by nontoxic white pigment. The pool was virtually divided into four quadrants 150 

of equal surface volume (Q1-4), and four different visual landmark cues were provided on the pool wall. 151 

During the learning trials, mice were trained to locate and climb a hidden platform that was submerged 152 

0.5 cm below the water surface in the center of the north quadrant (Q1) of the pool. For each trial, the 153 

mouse was allowed 60 s to locate the platform; after locating and climbing the platform, the mouse was 154 

left on the platform for 10 s. If the mouse failed to locate the platform within 60 s, it was manually guided 155 

to the platform and left there for 10 s at the end of the trial. The latency to reach the platform and the 156 

swim path were recorded using a Morris Water Maze Video Tracking System (version 2.2; Muromachi 157 

Kikai). All mice were subjected to three training trials per day for 9 consecutive days. Approximately 24 h 158 

after the last training trial, a probe test was conducted. In the probe test, the platform was removed and 159 

each mouse was allowed to swim freely for 90 s. The time spent in Q1 and the swim path was recorded 160 

by the computerized tracking system (Morris Water Maze Video Tracking System version 2.2).  161 

2.7. Electrophysiological phenotyping 162 
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Evoked field excitatory post-synaptic potentials (fEPSPs) were recorded in the hippocampal slices 163 

obtained from controls and LRG-Tg. Hippocampal slices (300 μm) were prepared as previously described 164 

(Miura et al., 2002). 165 

The fEPSPs were recorded using a borosilicate glass pipette filled with artificial CSF composed of (in 166 

mM) the following: 124 NaCl, 26 NaHCO3, 10 glucose, 1 NaH2PO4, 3 KCl, 1.2 MgCl2, and 2.4 CaCl2, 167 

bubbled with 95% O2 and 5% CO2, pH 7.4. The recording pipette was placed in the stratum radiatum of 168 

CA1. The fEPSPs were evoked by stimulating the Schaffer collateral/commissural pathway, wherein a 169 

glass stimulating electrode filled with 1M NaCl (resistance < 1 MΩ) was placed at a distance of 400 μm 170 

from the recording electrode. Signals were sampled at 20 kHz and filtered at 2 kHz using an Axoclamp 171 

2B amplifier (Molecular Devices), digitized with an ITC-16 data acquisition interface (HEKA Electronik; 172 

formerly Instrutech), and analyzed with Pulse 8.80 software (HEKA Elektronik). The stimulation strength 173 

was adjusted to 25–40% of the maximal fEPSP slope. In all experiments, baseline fEPSPs were evoked 174 

with short pulses (100 μs at 0.067 Hz) and recorded for at least 20 min. The paired-pulse ratio (PPR) was 175 

calculated as the quotient of fEPSPs (second slope/first slope) recorded during the paired stimulation in 176 

20- to 500-ms intervals. 177 

Long-term potentiation (LTP) was induced with high-frequency stimulation consisting of 30-100 pulses at 178 

100 Hz (baseline stimulation strength) and its magnitude was measured over a 60- min period. The 179 

formation of late-phase LTP is known to require strong stimulation (e.g., repeated tetanic stimuli) (Huang 180 
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and Kandel, 1994, Sajikumar et al., 2008). Therefore, three trains of high-frequency stimulation were 181 

applied (100 pulses at 100 Hz) at 15 s intervals, and the magnitude of the LTP was measured for 4 h. 182 

Late-phase LTP analyses were conducted in hippocampal slices of 24-week-old mice. The magnitude of 183 

LTP was expressed as the fEPSP slope normalized to the average slope of baseline recordings. 184 

2.8. Electron microscopy observation 185 

Mice were perfused with 4% PFA containing 2.5% glutaraldehyde in PBS (pH 7.4). Fixed cerebral 186 

samples were dissected out, sectioned into small pieces (3×3 mm, 1–2 mm thick), and post-fixed 187 

overnight in PBS containing 2.5% glutaraldehyde at 4°C. Ultrathin sections were observed under an 188 

HT7700 electron microscope (Hitachi High-Technologies). The numbers of synaptic vesicles and 189 

synaptic junctions per unit area (58.3 μm2 at 5000) were counted in 10 randomly selected visual fields 190 

from within the CA1 hippocampal region. 191 

2.9. Statistics 192 

All analyses were performed using SPSS version 18 (IBM). Statistical analyses were designed using the 193 

assumption of normal distribution and similar variance among groups. To assess between-group 194 

differences with regard to band intensities of western blot analyses, weight measurements, behavioral 195 

assay variables, and electrophysiological studies, two-tailed Student’s t-tests were used.  196 

2.10. Experimental design 197 

The exact number of experimental animals for each experiment is described in Supplementary Data 5. To 198 
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decide the sample number, we planned a study of independent cases and controls with 1 control per case. 199 

Prior data indicated that the probability of exposure among controls is 0.1. In case the true probability of 200 

exposure among cases is 0.6, we needed to study 13 LRG-Tg and 13 control mice. This would allow us to 201 

reject the null hypothesis that the exposure rates for case and controls are equal with a probability (power) 202 

of 0.8. The type I error probability associated with this test of the null hypothesis was 0.05. We used an 203 

uncorrected 2 statistic to evaluate the null hypothesis. A discrepancy between the number of mice in the 204 

plan and in the actual study came from the difference in the number of mice born between the control and 205 

LRG-Tg. No randomization or blinding was used in this study. As the behavioral tests were recorded 206 

using a video tracking system as described above, knowing the group allocation would not have 207 

influenced the results. 208 

 209 

3. Results 210 

3.1. LRG expression increases with age in the murine hippocampus 211 

LRG immunoreactivity was predominantly observed in the cytoplasm of neurons in the CA3 hippocampal 212 

region, and to a lesser extent, in the CA1 region (Fig. 1A). Immunohistochemical and western blot 213 

analyses showed LRG immunoreactivity increases with age in control mice (p = 0.047 to < 0.001). It is 214 

understandably that LRG expression was found to be greater in LRG-Tg than in age-matched control 215 

mice (p < 0.001, Fig. 1A, B, C). Data regarding specific band intensities are provided in Supplementary 216 
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Data 3D. 217 

3.2. Hippocampal volume is reduced in LRG-Tg 218 

Hippocampal weights were significantly reduced in LRG-Tg compared with control mice in all age 219 

groups (p < 0.001, Fig. 1D, Supplementary Data 3A). On the other hand, control and LRG-Tg body 220 

weights were similar (p = 0.055-0.532, Supplementary Data 1A, 3F), and no gross neuroanatomical 221 

anomaly was detected in LRG-Tg (Supplementary Data 1B).  222 

3.3. Spatial memory is impaired in old LRG-Tg 223 

In the Y-maze test, percent alternation was not different between control mice and LRG-Tg at 8 and 24 224 

weeks of age (p = 0.774 and 0.329, respectively), whereas that at 48 weeks of age was significantly lower 225 

in LRG-Tg than in controls (p = 0.017, Fig. 2A), suggesting that immediate spatial short-term memory 226 

was exclusively impaired in 48-week-old LRG-Tg. To confirm that the group differences in alternation 227 

were not due to variations in motor function or motivation, walking speed was measured in each group 228 

and no significant differences were observed (p = 0.104, 0.399, and 0.312, Supplementary Data 2A). 229 

In the Morris water maze test, representative pathways recorded from 48-week-old mice during the 230 

learning period are shown in Fig. 2B, which summarizes our findings showing rapid shortening of path 231 

length to reach the platform in control mice, which is less apparent in LRG-Tg. Similarly, no significant 232 

between-group differences were detected in terms of latency to reach the hidden platform in mice aged 8- 233 

and 24-weeks during the learning period (p = 0.101-0.932 and p = 0.090-0.924, respectively, Fig. 2C). 234 
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Similarly, in 48-week-old mice, no significant between-group differences were observed in the first 2 235 

days of the learning period (p = 0.066 and 0.287). However, from day 3, LRG-Tg aged 48 weeks 236 

exhibited longer latencies to reach the platform than control mice (p = 0.006-0.046, Fig. 2D), suggesting 237 

an impairment of spatial learning in 48-week-old LRG-Tg. In the probe test, when the platform was 238 

removed from the original position (Q1), the percentage of time spent in Q1 within 90 s (i.e., the entire 239 

testing time) is indicated as time in Q1 (%). The time in Q1 (%) was not different between groups at 8 240 

and 24 weeks (p = 0.691 and 0.434, respectively), suggesting retention of spatial learning memory formed 241 

in the learning period. However, at 48 weeks of age, time in Q1 (%) was significantly lower in LRG-Tg 242 

than in controls (p = 0.046, Fig. 2E, F). To confirm that group differences in escape latency were not 243 

linked to variations in swimming ability or motivation, swimming speed (cm/s) was measured in each 244 

group during the learning period (p = 0.063-0.963, Supplementary Data 2B) and the probe test (p = 0.318, 245 

0.395, and 0.238, Supplementary Data 2C); no significant differences were observed between groups. The 246 

complete dataset for the behavioral tests is provided in Supplementary Data 3B. 247 

3.4. Synaptic transmission and synaptic plasticity are impaired in old LRG-Tg 248 

Electrophysiological characterization was used to analyze possible mechanisms of memory impairment in 249 

48-week-old LRG-Tg. The fEPSPs were significantly smaller in LRG-Tg than in controls at all ages 250 

examined (p < 0.05 , p < 0.01, and p < 0.01), indicating an impairment of synaptic transmission in 251 

LRG-Tg, and these differences became evident with age (Fig. 3A). Next, the PPRs of fEPSP slopes 252 
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(second slope/first slope) following paired stimulation at intervals of 25-500 ms were calculated. At 8 253 

weeks of age, PPR values were larger in hippocampal slices obtained from LRG-Tg than in those 254 

obtained from control mice. However, PPR values increased with age in control mice, whereas those of 255 

LRG-Tg decreased. Therefore, the PPR trends were ultimately reversed at 48-weeks of age in control and 256 

LRG-Tg (Fig. 3B).  257 

To investigate the effects of LRG overexpression on synaptic plasticity, we next evaluated LTP induced 258 

by high-frequency stimulation (100 pulses at 100 Hz) of Schaffer-collaterals. The magnitude of LTP 259 

remained stable at 60 min post-stimulation in 8- and 24-week-old LRG-Tg relative to age-matched 260 

controls (p = 0.698 and 0.130, respectively). In contrast, LTP was significantly diminished 60 min after 261 

high-frequency stimulation in 48-week-old LRG-Tg compared with that of age-matched control mice, 262 

suggesting the attenuation of synaptic plasticity (p = 0.014, Fig. 3C). Regarding LTP phenotyping of 263 

8-week-old, 24-week-old LRG-Tg showed a certain difference compared with age-matched controls, 264 

which, however, was not statistically significant. Thus, we used short tetanic stimulation (30 pulses at 100 265 

Hz) to examine the subtle differences between controls and LRG-Tg in LTP threshold in 24-week-old 266 

mice. As a result, a significantly smaller magnitude of LTP was induced in 24-week-old LRG-Tg relative 267 

to that in age-matched controls (p = 0.047, Fig. 3D), suggesting that the LRG-Tg feature an increased 268 

threshold for LTP formation relative to control mice. Comparatively, no between-group difference was 269 

observed in the 4 h stability of late-phase LTP induced by three trains of high-frequency stimulation in 270 
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24-week-old mice (p = 0.324, Fig. 3E). The complete electrophysiological dataset is found in 271 

Supplementary Data 3C. 272 

3.5. Synaptic formation is impaired in LRG-Tg 273 

Electron microscopy of the CA1 hippocampal region in 10 visual fields at 5000 magnification revealed 274 

the numbers of synaptic junctions and synaptic vesicles present in the region (Fig. 4A-C). Significant 275 

differences were observed between controls and LRG-Tg, which became obvious with aging (p =0.025 to 276 

< 0.001, Fig. 4D, E). The electron microscopy data are provided in Supplementary Data 3E. 277 

 278 

4. Discussion 279 

In the present study, we focused on the hippocampus of LRG-Tg which overexpress LRG in the brain, to 280 

analyze the effect of LRG on memory function. Age-related accumulation of LRG was observed in 281 

hippocampal neurons, in both controls and LRG-Tg. Spatial memory formation was retained in control 282 

mice, even at 48 weeks of age. However, memory function was significantly impaired in 48-week-old 283 

LRG-Tg, in contrast to retention in 24-week-old LRG-Tg. These findings suggest that memory function is 284 

impaired due to abnormal LRG overexpression, and not due to the regulated amount of LRG 285 

accumulation as a part of the normal aging process. 286 

LTP induced by high-frequency stimulation (100 pulses at 100 Hz) of Schaffer collaterals was 287 

significantly diminished in 48-week-old LRG-Tg relative to that of age-matched controls at 60 min after 288 
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stimulation, whereas LTP remained stable in 8- and 24-week-old LRG-Tg. This result indicates that 289 

memory formation is impaired in 48-week-old mice only under the condition of LRG overexpression. 290 

Focusing on the subtle decline in 24-week-old LRG-Tg in LTP induced by high-frequency stimulation, 291 

LTP induced by short tetanic stimulation was used to investigate the threshold of LTP formation. 292 

Consequently, an increased threshold was identified in LRG-Tg compared with age-matched control mice. 293 

On the other hand, the 24-week-old LRG-Tg phenotype had no effect on the induction or stability of 294 

late-phase LTP induced by three trains of high-frequency stimulation. These data suggest that synaptic 295 

plasticity is impaired in LRG-Tg in response to weak stimulation, but not in response to strong 296 

stimulation, indicating mild memory dysfunction with the possibility of catching up under conditions of 297 

strong or repeated stimulation. Since LTP is considered to reflect the synaptic basis of learning and 298 

memory in hippocampal neurons (Bliss and Collingridge, 1992), such findings are consistent with the 299 

results of the probe test conducted in Morris water maze testing, in which 48-week-old LRG-Tg showed 300 

impaired spatial memory, while 24-week-old LRG-Tg retained spatial memory. 301 

Synaptic dysfunction was indicated in LRG-Tg at all ages, as evidenced by the depression of fEPSP 302 

slopes, which represent changes in the electrical potential of the post-synaptic junction. Notably, the 303 

depression became more severe with aging. However, the PPR values of controls and LRG-Tg showed an 304 

opposing tendency, when compared at 48 and 8 weeks of age. Previous studies have noted that an 305 

increased PPR value represents a decreased release probability in pre-synaptic terminals (Heinl et al., 306 
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2011). Thus, interestingly, the phenotype of PPR in LRG-Tg indicated that transmission efficiency 307 

increased with age, whereas the reverse was observed in control mice. This phenomenon might be 308 

explained as a pre-synaptic compensatory change following the severe synaptic dysfunction that worsens 309 

with age in LRG-Tg. Therefore, the electrophysiological phenotypes indicated LTP impairment in 310 

48-week-old LRG-Tg, which was suggested to be based on an increased threshold required for LTP 311 

formation. The fact that LTP induced by high-frequency stimulation was retained in 24-week-old LRG-Tg 312 

despite the fEPSP decline could be explained by a decreased PPR, indicating a compensatory increase of 313 

transmission efficiency in the pre-synaptic system. 314 

As a conclusion of the present study, LRG overexpression in hippocampal neurons contributes to memory 315 

impairment in age-advanced mice. It is related to the suppression of LTP formation attributed to 316 

age-related synaptic dysfunction indicated by the fEPSP decline and compensatory reaction suggested by 317 

the decreased PPR. 318 

Numerous studies have reported a relationship between the inflammatory response and neurodegeneration, 319 

including increased expression of cytokines, complement proteins, degradative enzymes, and adhesion 320 

molecules and increased production of reactive oxygen species along with prominent cellular activation 321 

of microglia and astrocytes (Lynch, 2014, Rampa et al., 2013, Lane et al., 2012, Sastre et al., 2011). 322 

Moreover, chronic systemic inflammation (Liu et al., 2012), as well as neuro-inflammation (Di Filippo et 323 

al., 2013, Griffin et al., 2006, O’Donnell et al., 2000, Murray and Lynch, 1998), is thought to be 324 



19 
 

responsible for the age-related LTP impairment. In the present study, we have shown that the mechanism 325 

of memory impairment as a result of LRG overexpression. Since LRG expression is reported to increase 326 

under the condition of chronic inflammation in humans, as described in the Introduction, and moreover, is 327 

considered to be induced by inflammatory cytokines (Fujimoto et al., 2015), anti-inflammatory measures 328 

have therapeutic potential for suppression of LRG accumulation leading to the preservation of cognitive 329 

function. For instance, lenalidomide, an inhibitor of tumor necrosis factor-α, suppresses LRG secretion in 330 

the bone marrow of osteoarthritis joints (Wang et al., 2017), and tocilizumab, an anti-interleukin-6 331 

receptor antibody, reduces serum LRG levels in patients with rheumatoid arthritis. Additionally, although 332 

not specific to LRG, non-steroidal anti-inflammatory drugs (Etminan et al., 2003, Kotilinek et al., 2008), 333 

control of diabetes (Kawamura et al., 2012), manipulation of suppressor of cytokine signaling protein 334 

expression (Walker et al., 2015), long chain omega-3 fatty acids (Thomas et al., 2015), and prazosin, an 335 

α1-adrenoceptor antagonist (Katsouri et al., 2013), are all reported to be involved in the mechanisms of 336 

anti-inflammatory effects leading to the suppression of neurodegeneration progression. Elucidating the 337 

relationship between anti-inflammation therapy and LRG suppression in the brain will constitute the 338 

research task now and in the future. 339 

 340 

Conclusion 341 

We posit LRG overexpression in hippocampal neurons as a precipitating factor for memory dysfunction 342 
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in later life. Age-related synaptic dysfunction and compensatory change play important roles in 343 

LRG-overexpression-related memory dysfunction.  344 
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 491 

Figures and figure legends 492 

 493 

Figure 1. Histopathological findings in the hippocampus. (A) LRG immunoreactivity in the neuronal 494 

cytoplasm in the CA1 and CA3 hippocampal region indicates age-dependent accumulation of LRG in 495 

control mice. LRG expression was higher in LRG-Tg than in age-matched control mice. (B) 496 

Representative cropped image of western blotting for LRG in 8-week-old control (n = 4) and LRG-Tg (n 497 

= 4), 24-week-old control (n = 5) and LRG-Tg (n = 7), and 48-week-old control (n = 7) and LRG-Tg (n = 498 

5) mice. (C) Quantification of the corresponding band intensities produced results similar to those 499 
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obtained from the immunohistochemical analysis. (D) The hippocampal weights measured in 8-week-old 500 

control (n = 8) and LRG-Tg (n = 8), 24-week-old control (n = 19) and LRG-Tg (n = 14), and 48-week-old 501 

control (n = 19) and LRG-Tg (n = 13) mice were lower in LRG-Tg than in control mice at all ages 502 

examined. 503 

All images displayed are representative and values are expressed as the median (interquartile range 25% 504 

and 75%) of independent experimental groups. To assess between-group differences, 2-tailed Student’s 505 

t-tests were used. ***p < 0.001. 506 

 507 

 508 

Figure 2. The findings in spatial memory testing. (A) The percentage alternation in the Y-maze test was 509 
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significantly lower in 48-week-old LRG-Tg compared with age-matched control mice, but not 510 

significantly different in 24-week-old mice: 8-week-old control (n = 6) and LRG-Tg (n = 11), 511 

24-week-old control (n = 47) and LRG-Tg (n = 18), and 48-week-old control (n = 17) and LRG-Tg (n = 512 

19). (B) The representative pathway recorded for 48-week-old mice during learning periods. The pathway 513 

observed in control mice rapidly shortened during the period, while that of LRG-Tg showed slower 514 

shortening. (C, D, E) The latency to reach the hidden platform in the probe test of Morris water maze 515 

testing; no significant differences were observed in 8-week-old (n = 6 controls and 6 LRG-Tg) and 516 

24-week-old mice (n = 36 controls and 16 LRG-Tg 16) during the period, while 48-week-old LRG-Tg (n 517 

= 13 control 13 and 9 LRG-Tg) displayed longer latencies than age-matched controls from day 3. (F) The 518 

percentage of time spent in Q1 during the entire testing time (i.e., 90 s), is indicated as ‘time in Q1 (%)’. 519 

In the probe test, time in Q1 (%) obtained from 8-week-old (n = 6 controls and 6 LRG-Tg) and 520 

24-week-old controls and LRG-Tg (n = 38 controls and 22 LRG-Tg) were not significantly different. 521 

However, time in Q1 (%) was significantly lower in 48-week-old LRG-Tg than in age-matched controls 522 

(n = 19 controls and 9 LRG-Tg). (G) The pathway recorded for 48-week-old mice during the probe test.  523 

All images displayed are representative and values are expressed as the median (interquartile range 25% 524 

and 75%) for (A) and (E) and the mean ± S.E.M. for (C) and (D) of independent experimental groups. To 525 

assess between-group differences, 2-tailed Student’s t-tests were used.* p < 0.05; **p < 0.01. 526 
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 527 

Figure 3. Electrophysiological alterations in hippocampal slices. (A) Evoked field excitatory 528 

post-synaptic potential (fEPSPs) slopes were averaged over four consecutive trials per min, normalized, 529 

and plotted against the fiber volley amplitude. fEPSP slopes were significantly reduced in LRG-Tg 530 

compared to control mice at all ages examined: 8-week-old control (n = 11) and LRG-Tg (n = 12), 531 
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24-week-old control (n = 18) and LRG-Tg (n = 18), and 48-week-old control (n = 31) and LRG-Tg (n = 532 

33). (B) Paired-pulse ratios (PPRs, second slope/first slope) in response to paired stimuli (intervals of 533 

25–500 ms) were measured following fEPSPs in the same experimental mice, and were decreased with 534 

age in LRG-Tg and increased with age in control mice. (C) The magnitude of long-term potentiation 535 

(LTP) induced by high-frequency stimulation (100 pulses at 100 Hz) was attenuated only in 48-week-old 536 

LRG-Tg and was retained approximately at the same level as controls in 8- and 24-week-old LRG-Tg 537 

mice: 8-week-old control (n = 11) and LRG-Tg (n = 11), 24-week-old control (n = 9) and LRG-Tg (n = 9), 538 

and 48-week-old control (n = 31) and LRG-Tg (n = 33). (D) LTP induced with a short tetanus (30 pulses 539 

at 100 Hz) was unstable in 24-week-old LRG-Tg relative to age-matched controls (n = 14 controls and 11 540 

LRG-Tg). (E) There was, however, no difference in the magnitude of late-phase LTP induced by repeated 541 

tetanus (3 trains of 100 pulses at 100 Hz) in 24-week-old control and LRG-Tg mice (n = 10 controls and 542 

10 LRG-Tg). 543 

Values are expressed as the mean ± S.E.M. of independent experimental groups. To assess between-group 544 

differences, 2-tailed Student’s t-tests were used.* p < 0.05; ** p < 0.01.  545 
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 546 

Figure 4. Electron microscopy observation of synaptic structures. (A) Electron microscopy (5000) 547 

enabled the identification of synaptic vesicles (pink asterisks) and synaptic junctions (green triangles) in 548 

the CA1 hippocampal region of 8- and 24-week-old (B), and (C) 48-week-old mice. (D)The numbers of 549 

junctions and (E) vesicles counted in 10 randomly selected visual fields in the CA1 hippocampal region 550 

were significantly fewer in LRG-Tg relative to control mice, in all age groups: 8-week-old control (n = 2) 551 

and LRG-Tg (n = 2), 24-week-old control (n = 2) and LRG-Tg (n = 2), and 48-week-old control (n = 2) 552 

and LRG-Tg (n = 2). 553 

All images displayed are representative and values are expressed as the median (interquartile range 25% 554 

and 75%) of independent experimental groups. To assess between-group differences, 2-tailed Student’s 555 

t-tests were used. *p < 0.05; **p < 0.01; *** p < 0.001. 556 













 

Supplementary Data 1. Gross anatomical observations in 48-week-old transgenic mice conditionally 

overexpressing LRG in hippocampal neurons (LRG-Tg) and control mice. (A) Body weight was not 

significantly different between groups. (B) No qualitative between-group differences were observed 

in the gross anatomy. The minimum scale indicates 1 mm.  

The displayed image is representative and values are expressed as the median (IQR interquartile 

range 25% and 75%) of independent experimental groups. To assess between-group differences, 

2two-tailed Student’s t-tests were used.  

 



 

Supplementary Data 2. Walking or swimming speed recorded during the behavioral tests. (A) The average 

walking speed in the Y-maze test, which did not significantly differ between groups. (B) The average 

swimming speeds during the Morris water maze learning period and (C) during the probe test, which did 

not significantly differ between groups. 

Values are expressed as the median (IQR interquartile range 25% and 75%) for (A) and (C), the mean ± 

S.E.M. for (B) of independent experimental groups. To assess between-group differences, 2two-tailed 

Student’s t-tests were used.  

 

Supplementary Data 3. The complete dataset of all of the experimental results. 

Refer the Excel sheet attached. 



Supplementary data 3

A
8-week control 8-week LRG-Tg 24-week control 24-week LRG-Tg 48-week control 48-week LRG-Tg p-value t -value

n = 8 n = 8 n = 19 n = 14 n = 19 n = 13
 Hippocampal weight (mg) Fig. 1D 21.4 (19.9-22.7) 12.4 (12.1-13.0) p < 0.001 t (10) = 11.187 21.9 (19.5-23.9) 11.8 (10.3-13.3) p < 0.001 t (10) = 6.948 19.1 (18.2-21.4) 11.2 (10.3-12.4) p < 0.001 t (23) = 8.981

B
8-week control 8-week LRG-Tg p-value t -value 24-week control 24-week LRG-Tg p-value t -value 48-week control 48-week LRG-Tg p-value t -value

n = 6 n = 11 n = 47 n = 18 n = 17 n = 9
% alternation Fig. 2A 62.7 (61.4-66.7) 61.4 (54.4-70.7) p = 0.744 t (11) = 0.335 59.1 (54.7-65.6) 60.8 (48.5-72.6) p = 0.329 t (19) = 0.816 63.3 (59.2-67.6) 46.7 (10.0-59.5) p = 0.017 t (9) = 2.938
speed (cm/s) Supp. 2A 20.5 (20.1-22.7) 17.4 (15.3-19.4) p = 0.104 t (6) = 2.310 16.9 (15.4-18.6) 16.8 (15.5-18.2) p = 0.399 t (25) = 0.996 15.4 (14.7-16.9) 18.0 (14.5-19.0) p = 0.312 t (8) = 1.078

n = 6 n = 6 n = 36 n = 16 n = 13 n = 9
day 1 54.2 ± 2.0 56.7 ± 1.8 p  = 0.370 t (10) = 0.940 52.8 ± 1.7 47.4 ± 2.5 p = 0.090 t (29) = 1.753 49.3 ± 3.9 57.2 ± 1.5 p = 0.066 t (27) = 1.916
day 2 44.4 ± 3.9 50.1 ± 2.6 p  = 0.259 t (9) = 1.200 31.6 ± 2.7 26.4 ± 3.4 p = 0.240 t (36) = 1.194 35.3 ± 2.8 41.3 ± 4.7 p = 0.287 t (21) = 1.092
day 3 33.1 ± 2.0 37.3 ± 1.5 p = 0.125 t (9) = 1.692 19.8 ± 1.9 21.5 ± 3.5 p = 0.671 t (25) = 0.430 19.6 ± 2.5 33.8 ± 4.5 p = 0.013 t (19) = 2.740
day 4 22.1 ± 3.5 28. ± 1.9 p = 0.151 t (8) = 1.590 20.5 ± 1.9 17.5 ± 2.5 p = 0.341 t (34) = 0.965 15.3 ± 2.6 32.3 ± 4.8 p = 0.006 t (19) = 3.113
day 5 15.5 ± 1.9 20.7 ± 2.1 p  = 0.101 t (10) = 1.805 19.4 ± 2.0 20.5 ± 4.8 p = 0.842 t (21) = 0.202 13.5 ± 1.9 22.1 ± 3.6 p = 0.045 t (19) = 2.141
day 6 11.7 ± 2.1 17.7 ± 3.1 p = 0.143 t (9) = 1.605 18.2 ± 2.0 17.5 ± 4.0 p = 0.877 t (23) = 0.157 12.4 ± 2.3 23.0 ± 3.9 p = 0.031 t (20) = 2.327
day 7 9 ± 2.0 12.1 ± 2.3 p = 0.317 t (10) = 1.053 14.3 ± 1.7 13.9 ± 3.5 p = 0.924 t (22) = 0.100 8.0 ± 1.2 18.1 ± 4.5 p = 0.046 t (14) = 2.193
day 8 6.3 ± 1.4 7.4 ± 1.2 p  = 0.558 t (10) = 0.607 11.4 ± 1.2 12.8 ± 3.5 p = 0.708 t (18) = 0.380 9.5 ± 1.5 18.9 ± 4.0 p = 0.041 t (16) = 2.218
day 9 5.3 ± 1.6 5.4 ± 0.8 p = 0.932 t (7) = 0.088 10.9 ± 1.3 13.0 ± 2.2 p = 0.433 t (27) = 0.797 8.5 ± 0.9 16.7 ± 3.0 p = 0.020 t (14) = 2.612
day 1 21.3 ± 0.4 20.7 ± 0.8 p = 0.515 t (7) = 0.685 22.9 ± 0.4 22.8 ± 0.8 p = 0.955 t (23) = 0.057 20.6 ± 0.4 20.8 ± 0.3 p = 0.642 t (25) = 0.470
day 2 20.8 ± 1.2 21.5 ± 1.4 p = 0.722 t (10) = 0.365 21.7 ± 0.5 22.5 ± 0.6 p = 0.367 t (33) = 0.914 19.9 ± 0.7 20.1 ± 0.4 p = 0.812 t (24) = 0.241
day 3 22.2 ± 1.9 20.5 ± 0.7 p = 0.420 t (6) = 0.866 21.3 ± 0.5 22.4 ± 0.9 p = 0.284 t (24) = 1.096 20.4 ± 0.8 20.3 ± 0.7 p = 0.920 t (25) = 0.101
day 4 20.3  ± 0.6 20.3 ± 1.0 p = 0.963 t (8) = 0.477 19.7 ± 0.3 21.5 ± 0.9 p = 0.068 t (18) = 1.942 19.6 ± 0.7 20.4 ± 0.7 p = 0.427 t (24) = 0.807
day 5 20.7 ± 1.0 20.8 ± 1.4 p = 0.951 t (10) = 0.063 20.4 ± 0.5 22.4 ± 0.9 p = 0.064 t (23) = 1.949 19.2 ± 0.6 19.1 ± 0.6 p = 0.911 t (24) = 0.112
day 6 19.5 ± 0.8 22.5 ± 2.0 p = 0.209 t (7) = 1.383 20.4 ± 0.5 22.5 ± 1.0 p = 0.090 t (20) = 1.779 18.7 ± 0.7 20.2 ± 1.0 p = 0.228 t (18) = 1.247
day 7 21.6 ± 1.5 20.4 ± 0.7 p = 0.472 t (7) = 0.761 21.2 ± 0.9 22.2 ± 1.0 p = 0.471 t (35) = 0.730 19.2 ± 0.6 20.1 ± 0.6 p = 0.326 t (23) = 1.004
day 8 11.7 ± 0.7 18.9 ± 1.3 p = 0.686 t (10) = 0.416 19.5 ± 0.5 21.3 ± 1.1 p = 0.151 t (21) = 1.492 19.0 ± 0.5 18.5 ± 0.5 p = 0.518 t (25) = 0.656
day 9 21.4 ± 1.4 19.7 ± 1.0 p = 0.542 t (7) = 0.642 20.4 ± 0.6 20.6 ± 0.7 p = 0.891 t (35) = 0.138 18.5 ± 0.6 18.9 ± 0.6 p = 0.628 t (23) = 0.491

n = 6 n = 6 n = 38 n = 22 n = 19 n = 9
time in Q1 (%) Fig. 2F 27.5 (20.8-37.4) 29.9 (22.2-39.0) p = 0.691 t (10) = 0.409 30.3 (23.4-39.5) 35.0 (29.7-39.1) p = 0.434 t (38) = 0.788 31.1 (28.7-37.2) 23.7 (22.5-29.2) p = 0.046 t (14) = 2.187
speed (cm/s) Supp. 2C 19.2 (17.8-20.3) 20.7 (19,7-22.3) p = 0.318 t (9) = 1.058 19.7 (18.8-21.0) 22.0 (19.5-22.5) p = 0.395 t (24) = 0.867 19.9 (19.0-20.7) 20.5 (20.2-21.0) p = 0.238 t (19) = 1.219

C
8-week control 8-week LRG-Tg p-value t -value 24-week control 24-week LRG-Tg p-value t -value 48-week control 48-week LRG-Tg p-value t -value

n  = 11 n = 12 n = 18 n = 18 n = 31 n = 33
0.1 mV -0.29 ± 0.04 -0.13 ± 0.04 p  = 0.017 t (21) = 2.590 -0.20 ± 0.02 -0.16 ± 0.02 p  = 0.167 t (34) = 1.414 -0.28 ± 0.02 -0.15 ± 0.01 p  < 0.001 t (62) = 5.513
0.2 mV -0.36 ± 0.05 -0.27 ± 0.03 p  = 0.131 t (21) = 1.574 -0.44 ± 0.04 -0.19 ± 0.02 p  < 0.001 t (34) = 5.590 -0.42 ± 0.03 -0.24 ± 0.02 p  < 0.001 t (62) = 4.627
0.4 mV -0.81 ± 0.08 -0.59 ± 0.05 p  = 0.028 t (21) = 2.354 -0.72 ± 0.10 -0.42 ± 0.05 p  = 0.011 t (34) = 2.683 -0.76 ± 0.09 -0.49 ± 0.06 p  = 0.009 t (62) = 2.712
0.5 mV -1.02 ± 0.05 -0.64 ± 0.04 p  < 0.001 t (21) = 5.983 -0.80 ± 0.13 -0.72 ± 0.14 p  = 0.716 t (34) = 0.366 -0.86 ± 0.07 -0.56 ± 0.05 p  = 0.001 t (62) = 3.412
0.6 mV -1.39 ± 0.20 -0.65 ± 0.06 p  < 0.001 t (21) = 5.983
0.75 mV -0.91 ± 0.08 -0.81 ± 0.10 p  = 0.440 t (34) = 0.781 -1.08 ± 0.10 -0.48 ± 0.07 p  < 0.001 t (62) = 4.846
1.0 mV -1.09 ± 0.11 -0.66 ± 0.09 p  = 0.005 t (34) = 3.025
1.1 mV -1.27 ± 0.10 -0.63 ± 0.11 p  < 0.001 t (62) = 4.252
1.3 mV -1.55 ± 0.19 -0.60 ± 0.13 p  < 0.001 t (34) = 4.127
25 ms 1.24 ± 0.06 1.38 ± 0.07 p  = 0.115 1.39 ± 0.08 1.34 ± 0.07 p  = 0.654 1.32 ± 0.04 1.20 ± 0.04 p  = 0.040
50 ms 1.33 ± 0.03 1.46 ± 0.04 p  = 0.026 1.45 ± 0.07 1.45 ± 0.07 p  = 0.989 1.42 ± 0.03 1.34 ± 0.04 p  = 0.120
100 ms 1.29 ± 0.04 1.31 ± 0.04 p  = 0.621 1.40 ± 0.05 1.33 ± 0.04 p  = 0.319 1.36 ± 0.03 1.27 ± 0.03 p  = 0.038
200 ms 1.07 ± 0.03 1.17 ± 0.03 p  = 0.023 1.21 ± 0.03 1.14 ± 0.03 p  = 0.105 1.17 ± 0.02 1.09 ± 0.02 p  = 0.012
500 ms 0.96 ± 0.03 1.09 ± 0.03 p = 0.006 1.01 ± 0.03 1.03 ± 0.04 p  = 0.731 1.00 ± 0.02 0.98 ± 0.01 p = 0.344

n = 11 n = 11 n  = 9 n  = 9 n  = 12 n  = 14
147.4 ± 14.5 140.3 ± 11.0 p  = 0.698 t (20) = 0.393 162.7 ± 11.2 136.3 ± 12.2 p  = 0.130 t (16) = 1.595 160 ± 8.5 130.4 ± 7.3 p  = 0.014 t (24) = 2.6573

n  = 14 n  = 11
135.5 ± 5.1 122.9 ± 2.1 p  = 0.047 t (23) = 2.309

n  = 10 n  = 10
193.6 ± 25.6 164.1 ± 13.1 p  = 0.324 t (18) = 1.025

*HFS: high-frequency stimulation  **STS: short tetanus stimulation

Slope (mV/ms)

PPR

time (s)

speed (cm/s)

Morris water maze, probe

Supp. 2B

Fig.
2C,D,E

HFS*

Fig. 3A

Fig. 3B

Fig. 3C

LTP (%) STS**

3 trains
of HFS

Fig. 3D

Fig. 3E

t -value

Morris water maze, learning

Y-maze

p-valuep -value t -value



D
8-week control 8-week LRG-Tg p-value t -value 24-week control 24-week LRG-Tg p-value t -value 48-week control 48-week LRG-Tg p-value t -value

n  = 4 n  = 4 n = 5 n = 7 n = 7 n = 5

23486 (20985-24068) 158342 (150670-160354) p < 0.001  t (3) = 43.699 31939 (25775-53374) 159132 (157685-16324) p  < 0.001  t (7) = 2.615 125131 (110130-134895) 272569 (255402-286752)p < 0.001 t (6) = 11.051
p  = 0.047 t (4) = 2.840 p < 0.001 t (6) = 7.362

E
8-week control 8-week LRG-Tg 24-week control 24-week LRG-Tg 48-week control 48-week LRG-Tg

n = 2 n = 2 n = 2 n = 2 n = 2 n = 2
junction (n) Fig. 4D 22.6 (22.4-23.9) 20.1(18,9-22.8) p = 0.026 t (18) = 2.420 14.0 (12.3-16.8) 10.5 (8.8-12.8) p  = 0.002 t (34) = 3.319 12.5 (12.1-15.0) 6.0 (3.8-10.3) p < 0.001 t (36) = 7.090
vesicles (n) Fig. 4E 20.9 (20.0-23.6) 19.5 (17.8-21.2) p = 0.250 t (13) = 1.205 15.0 (12.4-17.6) 12.0 (10.0-13.1) p  = 0.005 t (34) = 2.971 15.0 (13.8-16.7) 6.0 (5.1-10.4) p < 0.001 t (26) = 5.835

F

control (n  = 4) LRG-Tg (n  = 3) p -value t -value control (n  = 10) LRG-Tg (n  = 7) p -value t -value control (n  = 4) LRG-Tg (n  = 5)
21.6 (20.8-22.0) 22.7 (20.9-22.6) p = 0.915 t (3) = 0.115 22.9 (22.4-23.5) 21.7 (21.2-22.9) p = 0.055 t (13) = 1.964 25.3 (24.5-26.5) 24.3 (23.5-24.5) p = 0.164 t (6) = 1.587

control (n  = 4) LRG-Tg (n  = 5) p -value t -value control (n  = 15) LRG-Tg (n  = 4) p -value t -value control (n  = 12) LRG-Tg (n  = 5)
31.1 (29.9-33.6) 31.3 (30.9-32.3) p = 0.845 t (6) = 0.205 31.7 (30.8-32.7) 31.4 (30.5-32.3) p  = 0.532 t (6) = 0.997 32.6 (31.0-35.7) 30.8 (30.6-35.3) p = 0.242 t (15) = 1.219

48-week  Male

48-week  Female

Supp. 1A

Fig. 1C
             * 24-week control vs 48- control

8-week  Male

8-week  Female

p -valuep -value t -value t -valuep -value t -value

Body weight
(g) 24-week  Male

24-week  Female

             * 8-week control vs 24- control
LRG
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