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Supplementary Materials and Methods

Experimental cohort
In this study, three different cohorts were used: male C57BL/6 mice with food restriction (cohort 1: vehicle group, n = 16; metformin group, n = 16), male 3xTg-AD mice with food restriction (cohort 2: vehicle group, n = 14; metformin group, n = 12), and female 3xTg-AD mice without food restriction (cohort 3; vehicle group, n = 6; metformin group, n = 5). For cohorts 1 and 2, water was provided ad libitum throughout the experiment, while food and water were provided ad libitum to cohort 3. The mice of cohorts 1 and 2 were used for the behavioural experiments. Their weight was maintained at 85–90% of their average free-feeding weight. All behavioural experiments were conducted once a day for 5–7 days a week. Cohort 3 was used for the molecular experiments. For each behavioural task, the mice that did not achieve the performance criteria were excluded. Due to the hippocampal shrinkage, one mouse in the vehicle group was excluded from western blot analysis, and one mouse in the metformin group was excluded from immunohistochemistry analysis.

Apparatus
All behavioural training and test sessions were conducted in standard Bussey–Saksida mouse touchscreen chambers (Campden Instruments Ltd., Loughborough, UK) for 5–7 days a week described elsewhere [1]. The apparatus consisted of four standard modular testing chambers housed within a sound- and light-attenuating box (Campden Instruments Ltd.). A 3-W house light, tone generator, ventilating fan, and an IR camera are present in the box. The trapezoidal-shaped testing chamber consisted of a metal frame, Perspex sidewalls, and a stainless-steel grid floor (20 × 18 × 24 cm, Campden Instruments Ltd.). A touch-sensitive screen (12.1-inch; resolution, 800 × 600) and a reward receptacle (magazine) with a 3-W light bulb for illumination and an infrared beam for head entry detection were fitted at the front and rear sides of the chamber, respectively. Infrared beams were assembled around the testing chamber to detect the subjects’ movements. The front infrared beam was 6 cm away from the screen, and the rear beam was 3 cm away from the magazine. The magazine was attached to a reward dispenser filled with the strawberry milkshake (Seoul Strawberry Milk®; SeoulMilk Dairy Cooperative, Seoul, Republic of Korea) and provided 20 µL of reward per trial. In front of the touchscreen, a black Perspex mask was placed. This study used three different masks owing to the task specificity. For the FR, PR, and 5-CSRT tasks, a 5-window mask was used. For the PAL task, a 3-window mask was used. For the VD and reversal tasks, a 2-window mask was used. ABET II Touch software and Whisker Vehicle software (Campden Instruments Ltd.) were used to control the system and collect data.

Shaping
Before conducting the behavioural assessment, the mice were acclimated to the facility and the researcher for 1 week. Pretraining started after food restriction and was conducted as previously described [1-3]. The mice were habituated to the testing chamber environment for 20 min for at least 2 days. Before the onset of each session, 200 μL of reward was manually placed in the magazine aperture. When all mice consumed the reward for 2 consecutive days, they were subjected to the pretraining sessions. The mice were then trained for the initial touch training (ITT) to associate the stimuli-off on the screen with the reward. The white square stimulus was presented in the middle of the 5-window mask. After 30 s, the stimulus disappeared with the tone, and the 20-μL reward was delivered with the magazine illumination. When the mice collected the reward by putting their head into the magazine, the subsequent trial commenced after a 5-s inter-trial interval (ITI). If the mice emitted a response to the stimulus prior to offset, a triple amount, 60 μL, of reward was delivered. After the mice completed 30 trials within 60 min for 1 day, they were subjected to must-touch training (MTT) to associate the response to the stimulus with the delivery of the reward. The mice had to touch the stimulus to earn 20 μL of the reward. In this training, a 5-s ITI was provided between trials. When the mice completed 30 trials within 60 min for 1 day, they were subjected to the FR and PR tasks. After the FR and PR tasks, the mice were trained for must-initiate training (MIT) to initiate trials by nose-poking the magazine to break the infrared beam. The stimulus randomly appeared on one window of the 5-window mask. After touching the stimulus and reward collection, the magazine was illuminated after 5 s of ITI, which indicated the onset of the new trial. The mice had to complete 30 trials within 60 min for 2 consecutive days.

Fixed ratio (FR) and progressive ratio (PR) schedule
The FR and PR task procedures were adapted from the general procedure described elsewhere [4-6]. After the mice completed the series of pretraining sessions, they performed the FR task. The mice had to perform the FR task within 60 min. The stimulus was presented in the middle of the 5-window mask until the mice responded (Fig. 1C). Between the trials, 4.5 s of ITI was provided. At first, the mice performed FR1 sessions for 30 trials, requiring one screen touch to get a single reward with the tone and magazine illumination. After completing FR1 sessions for 1 day, the mice were subjected to FR2 (15 trials, two screen touches for a single reward), FR3 (10 trials, three screen touches for a single reward), and FR5 (30 trials, five screen touches for a single reward) sessions in the given order. To prevent overtraining and match the acquisition levels of all mice, they received a reminder session once a week when one mouse accomplished the criterion faster than other mice. When all mice completed the FR5 for 2 consecutive days, the baseline was set with FR5 sessions for 2 consecutive days. After setting the baseline, the mice were subjected to FR5-uncapped (FR5-UC) sessions. These sessions lasted for 60 min without the limit of trial numbers. FR5-UC sessions were conducted on two separate days by matching the weight of the mice between sessions. The mice performed the PR 4 sessions for 3 consecutive days after the FR task. The number of screen touches to get a single reward was gradually increased by 4 (e.g., 1, 5, 9, 13, …) in the PR4 sessions. Each session of the PR task was terminated either within 60 min or 5 min without any movement.

5-Choice serial reaction time (5-CSRT) task
The 5-CSRTT task procedure was adapted from the general procedure described elsewhere [2, 7]. After completing the MIT, the mice performed the 5-CSRT task for 60 trials within 60 min per day. The stimulus was presented in one window of the 5-window mask in a pseudo-random manner (Fig. 1F). Each trial began with the illumination of the magazine. The mice nose-poked the magazine for initiating the trial. After 10 s of delay, the mice had to respond to the stimulus during stimulus duration (SD) and limited hold (LH). When the mice touched the stimulus or blank window, it was recorded as an accurate response (correct for the stimulus and incorrect for the blank window). When they did not touch the screen, it was recorded as an omission. When the mice touched the screen during the delay period, it was recorded as a premature response. When the mice touched the screen after touching the stimulus or blank window, it was recorded as a perseverative response. After responding to the stimulus, the reward was delivered with tone and magazine illumination. However, after touching the blank window or omitting the response, the 10-s time-out period with house light extinguishment was commenced as punishment. There was a 20-s ITI between each trial. The SD was initially set to 32 s, and the following LH was set to 7 s. When the mice accomplished the criterion of the 5-CSRT task (completion of 60 trials within 60 min; for 6-month-old C57BL/6 and 8-month-old 3xTg-AD mice: accuracy ≥80% and omission ≤20% for 2 consecutive days; for 22-month-old C57BL/6 mice: accuracy ≥75% and omission ≤25% for 2 consecutive days) on each SD, they were subjected to sessions with gradually reducing SDs (16 s, 8 s, 4 s, and 2 s). To prevent overtraining and match the acquisition levels of all mice, they received a reminder session once a week when one mouse accomplished the criterion faster than other mice. When all mice completed the criterion in 2 s SD, the baseline was set at 2 s SD for 2 consecutive days. After setting the baseline, the mice performed a within-session probe test for 4 consecutive days, at 60 trials within 60 min per day. Four different SDs (2.0 s, 1.5 s, 1.0 s, and 0.5 s) were presented in a pseudo-random manner to increase attentional demands.

Paired associates learning (PAL) task
The PAL task procedure was adapted from the general procedure described elsewhere [8]. The dPAL task was initially set to 24 trials, and the number of trials was gradually increased to 72 trials (24, 36, 48, 60, and 72) when all mice completed the designated trials for 2 consecutive days. The mice performed the task with the designated trials for 60 min per day. In the dPAL task, one of six trial types with two different line-shaped stimuli was pseudo-randomly presented on the screen (Fig. 1L). On the 3-window mask, one location showed the correct stimuli (S+) that matched the location, another showed incorrect stimuli (S-), and the other remained blank. Each trial started with the illumination of the magazine. The mice nose-poked the magazine for initiating the trial. The stimuli were presented without a delay period. When the mice responded to the correct stimulus, the reward was delivered with the tone and the magazine illumination. The next trial commenced after a 15-s ITI. However, when the mice responded to the incorrect stimulus, a 5-s time-out period with house light extinguishment and a 5-s ITI were given, and correction trials commenced until the mice responded to the correct stimulus. When the group’s average accuracy was higher than 80% (for 12-month-old C57BL/6 and 11-month-old 3xTg-AD mice) or 75% (for 22-month-old C57BL/6 mice), they were moved to the sPAL task. In the sPAL task, the same stimulus was presented on two spatially different windows (Fig. 1O). One location was correct (S+), while the other was incorrect (S+). After performing the dPAL task (60 trials) without the correction trials for 2 consecutive days within 60 min, the mice performed the sPAL task (60 trials) without the correction trials for 3 consecutive days; each trial had to be completed within 60 min. The purpose of the sPAL task is to elucidate whether the mice performed the dPAL task with object-location associative memory or conditional rule such as “if AC, select the left; if BC, select the right.” sPAL retention sessions were conducted once a week for 3 weeks after the sPAL task.

Visual discrimination (VD) and reversal task
The VD and reversal task procedures were adapted from the general procedure described elsewhere [9-11]. The mice performed 30 trials within 30 min per day. On the 2-window mask, two different stimuli were presented pseudo-randomly (Fig. 2L). Regardless of the location, one stimulus was correct (S+), and the other was incorrect (S-). When the mice touched the correct stimulus, the reward was delivered with tone and magazine illumination. However, when they touched the incorrect stimulus, a 5-s time-out period and house light extinguishment were given, and correction trials were commenced until the mice responded to the correct stimulus. There was a 20-s ITI between each trial. When the mice achieved the criterion of the VD task (accuracy ≥80% for two consecutive days), the baseline was set for 2 consecutive days. To prevent overtraining and match the acquisition levels of all mice, when one mouse accomplished the criterion faster than others, they received a reminder session once a week. After the baseline was set with the VD task, the mice performed the reversal task. In this task, the correct (S+) stimulus of the VD task was reversed to incorrect (S-), and the incorrect (S-) stimulus of the VD task was reversed to correct (S+) (Fig. 2O). Except for the stimuli shift, the process of the reversal task was identical to the VD task. When a mouse achieved the criterion of reversal task (accuracy ≥80% for 2 consecutive days), it was subjected to the reversal retention session. Each mouse performed one retention session 10 days after the last reversal session.

Western blot analysis
Dissected hippocampi were homogenized with lysis buffer containing 20 mM Hepes (pH 7.0), 1 mM EDTA, 1 mM EGTA, 10 mM KCl, 1.5 mM MgCl2, 250 mM sucrose, phosphatase inhibitors, and protease inhibitors (Complete, EDTA-Free Protease Inhibitor Cocktail; Roche, Indianapolis, IN, USA) at a concentration of 10 µL per 1 mg wet weight of hippocampal tissue. The homogenates were incubated for 15 min on ice with vortexing every 2–3 min; then, the samples were centrifuged at 8,000 ×g and 4°C for 30 min. After collecting the supernatants from the homogenates, the concentrations of proteins were quantified using DC assay (Bio-Rad Laboratories, Hercules, CA, USA). Each sample with 20 µg protein was separated on electrophoresis using 8% or 10% SDS-polyacrylamide gel at 70 V for 3.5 h and transferred onto polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Burlington, MA, USA) at 30 V for 16 h. The membranes were washed with tris-buffered saline (TBS; 50 mM Tris-HCl, 140 mM NaCl; pH 7.3) containing 0.1% Tween-20 (TBST), and nonspecific binding was blocked with 5% skim milk in TBST for 60 min at room temperature (RT). After blocking, the membranes were incubated with primary antibodies (1:1,000–1:5,000) overnight at 4°C. After washing with TBST, the membranes were incubated with secondary antibodies and conjugated with horseradish peroxidase (1:5,000–1:10,000) for 60 min at RT. After washing with TBST, enhanced chemiluminescence solution (Amersham™ ECL™ western blotting detection reagent; GE Healthcare, Piscataway, NJ, USA) was applied to the membranes to detect target protein bands using a luminescent image analyzer (ImageQuant LAS 4000 mini; GE Healthcare). The intensities of detected target protein bands were normalized to that of β-actin. The antibodies used are listed in Supplementary Table 3.

Immunohistochemistry
The brain hemispheres were freshly embedded with an optimal cutting temperature (OCT) compound in a cryomold (Sakura Finetek, Torrance, CA, USA) and frozen. Fresh frozen brains were cut into 15-µm coronal sections on a cryostat (Leica biosystems Buffalo Grove, IL, USA). The sections containing the cortex and hippocampus were immediately placed on gelatin-subbed slides and stored at -80°C until further analysis. The sections were airdried overnight and fixed with phosphate-buffered saline (PBS) containing 4% paraformaldehyde for 10 min at RT. The sections were permeabilized with PBS containing 0.3% Triton X-100 for 60 min and blocked with PBS containing 5% bovine serum albumin (BSA) and 0.3% Triton X-100 for 1 h. The sections were incubated with an antibody against D56D2 (1:100; Cell Signaling Technology, Danvers, MA, USA) diluted in PBS containing 2% BSA and 0.3% Triton X-100 overnight at 4°C. After washing with PBS, the sections were incubated with a secondary antibody (1:100; Goat-anti-rabbit; Jackson Immunoresearch Lab, Inc., West Grove, PA, USA) diluted in PBS containing 2% BSA for 60 min at RT. All sections were washed with PBS and counterstained with 6-diamidino-2-phenylindole (DAPI; 1:2,000; Sigma-Aldrich) in PBS. The slides were mounted with Vectashield mounting medium (Vector Lab, Inc., Burlingame, CA, USA) and covered by a coverslip. The immunoreactivity was observed under a fluorescence microscope (Olympus, Tokyo, Japan). The antibodies used are listed in Supplementary Table 3.
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