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Abstract 
 

 Most researchers have long focused on linkage between type 2 diabetes (T2D) and the increased 

risk of Alzheimer’s disease (AD) but have often overlooked whether AD modulates T2D. Investigating 

the reciprocal interaction between two complex diseases provides perspectives on the mechanistic linkage.  

The endeavor, however, confronts challenges without a robust rodent model that develops T2D and AD 

as the animal ages. Cross breeding a T2D rat with a hemizygous TgF344AD  +/- rat that contains the 

mutant human amyloid precursor protein (APPsw) and the presenilin 1 (PS1ΔE9) genes has produced  a 

new T2D-AD +/-  rat model. The T2D-AD +/-  rat expresses both the T2D and AD phenotypes as the 

animal ages.   As AD progresses, the time to T2D onset decreases, and the diabetes severity increases.  

Hyperpolarized NMR experiments using dynamic nuclear polarization (DNP) show that T2D and T2D-

AD rats share a common metabolic impairment in the brain pyruvate dehydrogenase (PDH) activity as 

reflected in the NMR determined decline in the bicarbonate/lactate (bic/lac) ratio.  The bic/lac ratio 

decreases in both T2D and T2D-AD brain.  AD exacerbates the decline of the bic/lac ratio.   

  

 

 

 

 

Keywords: Diabetes, Alzheimer’s Disease, Dementia, Brain, Metabolism, NMR, Hyperpolarized NMR, 

Dynamic Nuclear Polarization, Pyruvate Dehydrogenase.  

Abbreviations:  T2D, type 2 diabetes; AD, Alzheimer's disease; EDTA, ethylenediaminetetraacetic acid; 

DNP, dynamic nuclear polarization.  
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INTRODUCTION 

 Many epidemiological studies have shown that type 2 diabetes (T2D) increases the risk of 

Alzheimer’s disease (AD) [1-6]. Such an overlay of insulin insensitivity on AD poses a fundamental 

physiology question, since T2D typically involves the pancreas, liver, and muscle [7]. Even though the 

brain has insulin receptors and insulin can cross the blood brain barrier, the metabolic impact of insulin 

resistance on brain metabolism and AD pathogenesis defies any easy explanation [8-13]. The focus on the 

unidirectional impact of T2D on AD overlooks the reciprocal interaction of AD on T2D, which 

underscores the complex physiological interaction between T2D and AD.  Indeed, studies on transgenic 

AD mouse models have shown that AD can promote hyperglycemia, a characteristic sign of diabetes [14, 

15].  

To better understand the metabolism dysregulation of T2D and T2D linked AD (T2D-AD) requires 

the aid of a convenient model that exhibits T2D and AD as the animal ages. Although rodents do not 

spontaneously develop AD, researchers have created an AD rat model by microinjecting into the egg an 

amyloid precursor protein (APP) and a human presenilin 1 (PS1) gene [16-18]. The resultant transgenic, 

hemizygous Fischer rat (TgF344AD +/-) expresses APP and PS1, shows neuronal loss, produces soluble Aβ 

oligomers, and shows cognitive impairment [19, 20]. It tracks the human inflammatory pathology more 

accurately than the corresponding mouse model and recapitulates the progressive sequence of human AD 

pathology [19, 21-24]. The TgF333AD +/- rats develop AD after 16 mos of age [19]. 

Cross breeding a TgF344AD +/- rat with the UCD_T2DM rat model has created a new T2D-AD 

+/- rat [25]. The UCD_T2DM rat model derives from the cross breeding of an obese Sprague Dawley (OSD) 

rat with a Zucker Diabetic Fatty (ZDF) rat to produce an offspring that displays as the animal ages adult-onset 

obesity, insulin resistance in the pre-diabetic state, which progresses to overt diabetes with ß-cell dysfunction, 

and fasting as well as  non-fasting hyperglycemia.  The animal, however, retains leptin signaling.  The T2D 

progression parallels the one observed in humans.  For the T2D-AD -/- and T2D-AD +/- rats, the body 

weight measurement, glucose assay, and insulin measurement affirm that they exhibit the T2D phenotype 

[19, 25]. In addition, the T2D-AD +/- rats expresses the AD transgenes as genotype analysis confirms, 

exhibits amyloid plaque by 9 mos of age, and performs very poorly on cognitive tests.  A subsequent report 

will detail how T2D impacts AD.  The current study examines how AD affects T2D.  

With the growing presence of AD, the time to T2D onset decreases, while the T2D severity 

increases.  The reciprocal interaction suggests that AD and T2D share a common metabolic dysregulation. 

In the brain, dynamic nuclear polarization (DNP) NMR experiments using [1-13C]-pyruvate (pyr) 

precursor have mapped the metabolism in the Control (CRL), T2D-AD -/-, and T2D-AD +/- rats and have 

shown a common metabolic impairment in the pyruvate dehydrogenase (PDH) activity [26, 27]. Relative 

to control metabolism, the presence of T2D decreases markedly the PDH activity as reflected in the 

bicarbonate (bic) to lactate (lac) ratio. With AD in the T2D-AD +/- rat, PDH activity decreases further.  

The NMR experiments identify PDH as a common source of glucose oxidation impairment in both the 

T2D and T2D-AD brain [28-30].   

As AD progresses, the increasing Abeta (Aβ) that characterizes AD progression also appears in 

the circulatory system.  Aβ in the peripheral system can accelerate T2D onset/progression.  Adding Abeta 

(Aβ) 1-40 to the isolated mitochondria from the spontaneously diabetic Goto-Kakizaki (GK) rat depresses 

oxidative phosphorylation [31].  Studies have also shown that amyloid deposit, often termed islet amyloid 

pancreatic peptide (IAPP), appears in the β pancreatic islet as a hallmark of T2D.  Indeed, IAPP damages 

the insulin producing cells to induce hyperglycemia [32].  

Although the precise mechanism affecting the reciprocal interaction of AD and T2D remains 

presently uncertain, the T2D-AD +/- rat model will facilitate researchers’ effort to clarify the underlying 

mechanism linking AD and T2D, especially as it pertains to peripheral role of Aβ.  
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MATERIALS AND METHODS 

 

ANIMAL MODEL 

 

Animals  

 Cross breeding a T2D rat with a hemizygous TgF344AD +/- rat containing “Swedish” mutant 

human APP (APPsw), PS1 (human presenilin-1 with mutant exon 9, PS1ΔE9), and the mouse prion 

promoter (mPrnp) produced in filial generation 9 the colony founders that expressed the transgenes and 

exhibited a non-fasting plasma glucose level greater than 250 mg/dL at 3 months of age, the T2D-AD +/- 

rat model [19, 25, 33].  The T2D-AD -/- rat displayed only the T2D phenotype. 

  The T2D-AD -/-, and the T2D-AD +/- rats were bred, housed, and maintained at the UC Davis 

Animal Facility in Meyer Hall. Because the AD transgenes appeared only in one chromosome, the (+/-) 

designation denoted the hemizygosity. The symbol -/- indicated the absence of the AD transgenes. 

Because the T2D-AD rats derived from a Sprague-Dawley (SD) rat line, a SD rat served as the control.  

 All experiments were conducted in compliance with protocols approved by the Institutional 

Animal Care and Use Committee (IACUC). Because the male and female rats did not share identical 

obesity, weight, and diabetes incidence profiles, the initial study focused on male rats.  

   

DNA Extraction and Genotyping 

 A 2-mm ear punch tissue was collected from three-week-old rodents using a hand-held ear punch 

tool (Fine Science Tools, Heidelberg, Germany). The tissue DNA was extracted using the AccuStartTM II 

Mouse Genotyping Kit (Quantabio, Beverly, Massachusetts). The DNA was either stored at -20°C or kept 

on ice and used in the polymerase chain reaction (PCR). 

 The genotyping procedure used the ear tissue extract and followed a modified protocol 699 from 

the Rat Regional Resource Center (RRRC) at the University of Missouri to confirm the AD transgene 

integration. The AD transgenes originated from the TgF344-AD +/- rat model, which was derived from a 

Fischer 344 (F344) rat co-injected with APPsw and PS1ΔE9 genes[19]. The amyloid beta (Aβ) precursor 

protein (hAPP) gene with the Swedish mutation (K595N/M596L) was driven by mPrp. The PS1ΔE9 gene 

was also driven by mPrp[19, 33]. Cergentis (Utrecht, Netherlands) confirmed the two transgenes 

integrated at the identical genome site in the TgF344AD_+/- and the T2D-AD +/- rats (data not shown). 

 Genotyping used 4 primers: 1) mPrp F sequence: 5’-CCT CTT TGT GAC TAT GTG GAC TGA 

TGT CGG-3’ 2) mPrp R sequence: 5’-GTG GAT ACC CCC TCC CCC AGC CTA GAC C-3’ 3) APP F 

sequence: 5’-CCG AGA TCT CTG AAG TGA AGA TGG ATG-3’4) PS1 F sequence: 5’-CAG GTG 

GTG GAG CAA GAT G-3’ (Integrated DNA Technologies, Coralville, IA). Working solutions of 10 µM 

primer were formed by diluting the 100 µM stock primer solution in nuclease-free water. Solutions were 

stored at -20°C. 
  

Polymerase Chain Reaction (PCR) 

 Sterile RNase- and DNase-free filter pipette tips were used in the PCR and other steps. The 2X 

Taq PCR Master Mix with dye (APExBIO, Houston, TX) contained all PCR components, except the 

primers, and template DNA. DNA samples were diluted 1:100 in 10 mM Tris/0.1 mM EDTA pH 8.0. 

PCR components were mixed in 0.2 mL PCR tubes. One PCR reaction mix contained 12.5 μL of 2X Taq 

PCR Master Mix with dye; 0.5 μL of 10 mM mPrp F, mPrp R, APP F, and PS1 F; 9.5 μL of nuclease-free 

water (Biologix USA, Camarillo, CA); and 1 μL of 1:100 diluted DNA. The PCR reactions used a 

GeneAmp® PCR System 9700 (Applied Biosystems, Foster City, CA) and followed the cycle parameters:  

(a) 94°C for 2 min, (b) 94°C for 30 s, (c) 55°C for 30 s, (d) 68°C for 1 min, (e) repeat steps (a)-(d) 29 

times for 30 cycles total, (f) 68°C for 5 min, and (g) 4°C hold.  
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Gel Electrophoresis 

 The 5X Tris-borate-EDTA (TBE) buffer was prepared by dissolving 54 g of Tris, 27.5 g of boric 

acid, and 4.65 g of Na+-EDTA dihydrate into 800 mL of Millipore water, which was brought up to 1L. 

Aliquots of 5X TBE buffer were mixed with an appropriate amount of Millipore water to make 1X TBE 

buffer.  Dissolving 1 g of low electroendosmosis (EEO) agarose (Genesse Scientific, El Cajon, CA) and 

10 mL of 5X TBE buffer into 39 mL of Millipore water formed a 2% TBE gel. The mixture was heated 

until the agarose dissolved.  Once the solution became clear, 2.5 μL of ethidium bromide (Sigma-Alrich, 

St. Louis, MO) was added.  The mixture was poured into a 7 × 8 cm DNA Plus Mini Agarose Gel System 

(USA Scientific, Ocala, FL). Two 10-well combs were inserted and removed after the gel had solidified 

60 min later. The gel tank was filled with 350 mL of 1x TBE buffer. 

 To create the DNA ladder, 5 μL of a standard (PureViewTM) with 50-1,500 base-pairs (Azura 

Genomics, Raynham, MA) was added to the first gel well. 10-15 μL of PCR reaction samples were added 

into the remaining wells. The electrophoresis ran at 70 volts for 45 min. An FBTI-614 Ultra-Violet (UV) 

Transilluminator (Fisher Scientific, Waltham, MA) enabled the visualization of the gel bands. Lanes were 

analyzed for the appearance of APP, Prp, and PS1 bands at 400, 799, 1,300 bp, respectively. 

 

HISTOLOGY 

 

Amyloid 

 Rat brains were rapidly isolated and bisected into hemispheres. One hemisphere was fixed in 4% 

paraformaldehyde (PFA) before routine processing and paraffin embedding for histochemical analyses. 

The remaining hemisphere was weighed, snap frozen, and homogenized in 2 mL of ice-cold lysis buffer 

(Cell Signaling Technology Danvers, MA) supplemented with 1 mM phenylmethylsulfonyl fluoride for 

biochemical analyses. 

 Tissues were fixed in 10% neutral buffered formalin at room temperature for 24 h, then placed 

in 70% ethanol until processing, which was normally within 24 h. A Tissue-Tek VIP auto-processor 

(Sakura, Torrance, CA) was used to process tissues that were then embedded in Paraplast (melting 

temperature 56–60°C), sectioned to 4 μm, and mounted on glass slides. Tissues were further processed in 

a tissue cassette starting with 70% alcohol for 2 h, then transferred to 100% alcohol for another 2 h. 

 Antigen retrieval was performed for 20 min with formic acid (88-91%). Slides were blocked with 

normal goat serum, then incubated with a rabbit monoclonal anti-beta-amyloid, 17-24 antibody (Clone 

[4G8], Catalog number 800701) overnight at room temperature in a humidified chamber, followed by a 

biotinylated goat anti-mouse secondary antibody (1:1000). The Vectastain ABC Elite Kit and a 

Diaminobenzidine Peroxidase Substate Kit (Vector Labs, Burlingame, CA) were used for amplification 

and visualization of signals, respectively [34]. ImageJ (NIH) analyzed quantitatively the digitized 

micrographs to determine the distribution of amyloid in different brain regions. 

  

COGNITIVE PERFORMANCE TEST 

 

Barnes Maze Description 

 The Barnes maze tested the hippocampal-dependent spatial learning and memory of rat subjects. 

A previous study utilized it to test the cognitive performance of the TgF344-AD +/- rat with the AD 

transgenes [19]. The Barnes maze comprised of a black circular platform, 165 cm in diameter, mounted 

on a rotating pedestal, 118.9 cm over the ground. Along the periphery were 20 evenly spaced holes, each 

11.5 cm in diameter. The holes were separated from each other by 11 cm and were 5 cm from the maze 

edge. One hole led to a dark, recessed chamber (escape box). The remaining 19 holes led directly to the 

ground. 

 A black box was used to cover the rat in the maze center at the beginning of the trial. On the 

ceiling were bright overhead lights, which could be turned on and off via a switch. On the side of the 
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ceiling were switch-controlled side lights. The maze was separated from the computer and testers by a 

black curtain. 

 On test days, all three walls surrounding the maze contained white cardboard cue cards. 

Specifically, the wall facing the black curtain contained a square. The wall to the left of the curtain 

contained a T-shaped picture, and the wall to the right of the curtain contained a sideways hourglass 

picture. A video camera (Polestar II EQ610, EverFocus Electronics, New Taipei City, Taiwan) was 

suspended 144.4 cm above the maze. A desktop computer located near the testers, beyond the black 

curtain, contained the EthoVision (Noldus, the Netherlands) software, which recorded rat movement via 

the camera. 

 

Barnes Maze Habituation 

 Three days prior to the Barnes maze test, experimenters handled each rat for 10 min every day 

to familiarize the animal with human touch. On day 1, rats in a cage were brought into the testing room. 

The cages were placed on a side table for 5 min to allow the rats to acclimate. Each rat was then placed 

on the maze in ambient light for 10 min. The maze had no escape box, and the wall had no cue cards. 

The rat was allowed to freely explore the maze. If the rat fell off the maze, it was placed back onto the 

maze and allowed to complete its 10 min exploration. After the exploration period, the rat was returned 

to its cage. The maze was immediately cleaned with 10% chlorhexidine diacetate (Nolvasan), before the 

next rat was placed on the maze. 

 

Barnes Maze Behavioral Testing 

 The testing started on day 2 and lasted until day 6. At the beginning, rats in their cage were 

brought to the testing room and acclimated for 5 mins. The escape box was placed under 1 hole, and cue 

cards were placed on the appropriate walls. A rat was placed onto the center of the maze, where it was 

promptly covered by a black Plexiglas box. No light could penetrate the box. The rat remained there for 

the initial period of 60 sec. During this period, bright overhead lights were turned on, and white noise 

was activated. After the initial period, the box was raised by one experimenter, who reached in from 

beyond the curtain to remove the box. He/she promptly stepped behind the closed curtain around the test 

area. A second experimenter immediately clicked the “Record” button on the EthoVision software. All 

experimenters remained silent in the room during the trial. The rat had 90 sec to find the escape hole. 

 If the rat did not find the escape hole in 90 sec, the experimenter led the rat to the escape box 

where it stayed for 15 sec. Whether the rat found the escape box on its own or was guided to the escape 

box, each rat remained in the escape box for 15 s at the end trial period. While the rat was in the escape 

box, the bright overhead lights were turned off, and the white noise machine was inactivated. A second 

trial then started with the same protocol. If the rat fell off the platform, the trial was terminated. The rat 

was still led to the escape box, before another trial started. This procedure was repeated 3 times for a 

total of 4 trials per rat per day. 

 Before the testing of each rat, the maze was cleaned with 10% Nolvasan to remove any olfactory 

cues from the previous rat. Singly housed rats were returned to their home cage after the trials. The same 

procedure was performed on days 2-6. 

 

Barnes Maze Analysis 

 The escape latencies (time for the rat to enter the escape box) of the T2D-AD rats were analyzed 

for all trial days using Excel (Microsoft, Redmond, WA, USA). The analysis of the video recording 

quantified the search strategies: direct, serial, and random. These strategies evaluated spatial memory 

and cognitive ability[35]. Search strategies fell into 3 categories: 1) random: animals moved across the 

platform in no detectable pattern; 2) serial: animals sequentially checked openings at the periphery of 

the maze; and 3) direct: animals moved directly to the escape box or traveled to the hole adjacent the 
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escape box, then to the escape box. A chi-square analysis after collapsing data across all trials evaluated 

the distribution of the search patterns [35, 36]    

 

METABOLIC AND PHYSIOLOGICAL PROFILE 

 

Fasting Glucose  

Rats were fasted for up to 14 h overnight and 300 μL of fasting blood was collected from tail tips 

of non-anesthetized rats into Microvette® CB 300 blood collection tubes with potassium-EDTA (Sarstedt, 

Nümbrecht, Germany). Samples were kept on ice and centrifuged at 1,500 RCF and 4°C for 10 min. 

Plasma was stored at -80°C. Samples were thawed on ice for fasting glucose and insulin measurements. 

Glucose standards of 100, 200, 300, 400, and 500 mg/dL were prepared by dissolving β-D-glucose (ICN 

Biomedicals Inc., Aurora, OH) into appropriate amounts of water. Fasting glucose was measured using 

an enzymatic assay. 3 μL of a standard or plasma was mixed with 300 μL of Glucose Oxidase Liquid 

Reagents (Pointe Scientific, Canton, MI) and incubated at 37°C for 5 min. A VMax® Kinetic Microplate 

Reader (Molecular Devices, San Jose, CA) read at glucose output signal at 490 nm.     

 

Non-Fasting Glucose  

Rat tail tips were pricked with a lancet and 6 μL of whole blood was obtained. The non-fasting 

glucose was measured with a glucose test strip and a TD-4116 glucometer (Metene, Santa Clara, CA).     

Diabetes onset was assigned, when measured non-fasting blood glucose concentrations reached 250 

mg/dL.   

 

Insulin 

Fasting insulin was measured using a rat/mouse insulin ELISA (EZRMI-13K) from Millipore 

Sigma (Burlington, MA) [37-39]. Sample insulin was added to plate-wells coated with monoclonal mouse 

anti-rat insulin antibodies. Biotinylated polyclonal antibodies were added to wells. Unbound material was 

washed away. Horseradish peroxidase was added to wells. Free enzyme conjugates were washed away. 

Quantification of antibody-enzyme conjugates was measured from the peroxidase activity with 3,3’,5,5’-

tetramethylbenzidine (TMB). A BioTek Synergy H1 Multimode Reader (Agilent Technologies, Santa 

Clara, CA) assessed the enzyme activity by measuring the absorbance at 450 nm corrected with the 

absorbance at 590 nm. The corrected 490 nm absorbance was directly proportional to sample insulin 

concentrations, which could be interpolated from a reference curve in the same assay with a known rat 

insulin standard. 

 

HYPERPOLARIZED NMR 

 
13C Substrate Preparation  

 For each hyperpolarized experiment, 54 μL of 15.5 M [1-13C] pyruvate (Sigma Aldrich) mixed 

with 15 mM trityl radical AH11141(GE Healthcare) was polarized between 3-4 hours in a SPINLab 

system (GE Healthcare) and dissolved using a 16 g solution of 40 mM tris (hydroxymethyl 

aminomethane), 100 mg/L ethylenediaminetetraacetic acid (EDTA), and 50 mM NaCl. The resulting 125 

mM pyruvate (pyr) solution was neutralized with 640 μL of 125 mM NaOH buffer. 2.5-3.0 mL of this 

solution, adjusted to maintain a dose of 1 mmol/kg body weight, was used in the experiments to acquire 

data in a clinical 3T PET/MR scanner (GE Healthcare). 

  

Data Acquisition  

 The animals were anesthetized using 2–3% isoflurane in ~1.5 L/min oxygen and catheterized in 

tail vein for intravenous administration of the hyperpolarized substrate. At the start of the experiment, a 

sterile ophthalmic lubricant was applied to the eyes to prevent corneal drying. Throughout the session, 
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animal vital signs including respiration, heart rate, temperature, and oxygen saturation, were monitored 

and respiration was consistently maintained at ~60 breaths per minute by regulating the isoflurane level. 

A warm water blanket placed underneath the animal was used to regulate the body temperature. 

 A custom-built birdcage RF coil (inner diameter 95 mm) tuned to the 1H resonance was used to 

excite and acquire proton MR images. A single-shot fast spin echo (FSE) sequence was first used to 

acquire 10 slices each in the axial, coronal and sagittal planes (TR/TE = 1492/38.6 ms; 5 mm slice 

thickness; 0.47 mm in-plane resolution) for localization. A dual-echo T2-weighted FSE sequence 

(TR/TE1/TE2 = 5000/11.3/ 56.7 ms; 2 mm slice thickness; 0.25 mm in-plane resolution; 256x256 matrix 

size; 8 echo train length; 25 slices; 8 min 5 s scan time) in the axial plane was used to determine the slice 

placement in the center of the brain for 13C MRS acquisition. The B0 field was optimized with linear shim 

currents to be spatially homogeneous in the slice of interest by minimizing the linewidth of the 

unsuppressed water signal from a position-resolved proton spectroscopy sequence. 

 For the 13C data acquisition, a custom-made 13C surface coil (40 mm diameter) was used to acquire 

data from an axial slice at the center of the brain. An 8 M 13C urea phantom placed on the head of the rat 

was used to calibrate the flip angle by adjusting the transmit gain to obtain maximum signal from the 

phantom for a 90°-flip angle. Hyperpolarized [1-13C] pyruvate solution was injected at a rate of 0.25 mL/s 

into the animal through the tail vein catheter and the spectral data acquisition began at the start of injection. 

A slice-selective free induction decay (FID) pulse and acquire sequence (excitation bandwidth = 2.2 kHz, 

pulse width = 1.8 ms, slice thickness = 10 mm, receiver bandwidth = 5000 Hz, N = 2048, flip angle = 10°, 

TR = 3 s) centered at [1-13C] pyruvate resonance was used to acquire the carbon spectrum every 3 s for a 

total of 4 min. scan time (80 temporal data frames). 

 

Spectral reconstruction and metabolite analysis  

 Custom-developed signal processing scripts in MATLAB (MathWorks, MA, USA) were used for 

data processing and model fitting. The FID data were apodized with 5 Hz Gaussian line broadening, zero‐

filled by a factor of four, and fast Fourier transformed to obtain the spectra. Zero‐order and first‐order 

phase corrections were performed on the spectra, and the metabolite time courses were calculated by 

integrating the [1-13C] pyruvate, [1-13C] lactate, [1-13C] alanine, and [1-13C] bicarbonate peaks in 

absorption mode. The total carbon (tC) signal was derived by summing the area under peaks (AUP) over 

the interval in which the bicarbonate signal was detectable. The metabolite ratios of pyruvate/lactate, 

pyruvate/bicarbonate, and lactate/bicarbonate were then computed. 

  

Statistical Analyses 

 Data were reported as means ± standard error of the mean (SEM). All statistical analyses were 

performed using Microsoft Excel (Microsoft, Redmond, WA). Graphs were generated with SigmaPlot 10 

(Grafiti LLC, Palo Alto, CA). Differences were considered significant if the p-values were less than the 

alpha value of 0.05.  The statistical analysis also used two-tailed Student’s t-test with Bonferroni 

correction, ANOVA with Tukey correction, and a modified Kaplan-Meier survival analysis followed by 

a log-rank test[40, 41]. The Barnes maze search strategy analysis used a chi-square analysis on collapsed 

data across all trial days[35]. 

 

RESULTS 

 

 Agarose DNA gel electrophoresis following polymerase chain reaction assayed for the presence 

of PS1, Prp, and APP in the T2D-AD -/- and T2D-AD +/- brains, fig 1. The far-left lane contained the 

DNA ladder. All rats exhibited the Prp gene band at 799 bp. Only the T2D-AD +/- rats displayed the AD 

genes: PS1 and APP gene bands at 1,300 and 400 bp, respectively. The T2D -/- rat showed only the Prp 

band.  
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 A histological assay showed the presence of Aβ plaque of 9 mos T2D-AD -/- and T2D-AD +/- 

brains, fig 2.  The T2D-AD -/- brain had no Aβ plaques, while the T2D-AD +/- brain displayed a significant 

amount. Image J quantified the Aβ plaques, fig 3, and showed the Aβ plaque distributed in percent of 

positive plaque area as follows: hippocampus (3.81±0.16), thalamus (1.68±0.13), and cortex (0.21±0.04). 

The Aβ plaques located primarily in the hippocampus, table 1. 

 The escape latencies of the T2D-AD -/- (n = 18) and T2D-AD +/- (n = 18) in the Barnes Maze test 

differed dramatically, fig 4. Over the course of 6 days, the T2D-AD -/- rats displayed a decreasing escape 

latency. In contrast, the T2D-AD +/- rats showed no significant change in escape latency, table 2. A 

statistically significant difference in the latencies between T2D-AD -/- and T2D-AD +/-   occurred on day 

5 and 6.  

Assessing the use of direct, random, and serial search strategies also revealed a marked difference 

in the T2D-AD -/- and T2D-AD +/- rats, fig 5 and table 3.  The T2D-AD -/- rats used a direct strategy 

more than T2D-AD +/- rats.  The T2D-AD +/- rats employed predominantly a random strategy.  A chi-

square analysis of the collapsed data across all trials revealed a significant difference in the distribution of 

search patterns between T2D-AD -/- and T2D-AD +/- rats.   

No rat model used primarily the serial search strategy: T2D-AD -/- (day 2, 11%; day 6, 5%); T2D-

AD +/- (day 2, 5%; day 6, 12%). However, the T2D-AD -/- rat increasingly used the direct strategy to find 

the escape hole: T2D-AD -/- (day 2, 2%; day 6, 42%). In contrast, the T2D-AD +/- rat never shifted 

significantly to the direct strategy (day 2, 5%; day 6, 12%). Instead, it relied almost exclusively on a 

random strategy.     

From 1 to 9 mos of age, the T2D-AD -/- and the T2D-AD +/- rats the body weights ranged from 

114 to 577 g, fig 6 and table 4.  At 5 mos of age, the T2D-AD -/- and the T2D-AD +/- rats’ weights began 

to deviate.  The T2D-AD +/- rats weighed significantly less than the T2D-AD -/- rat.  

 A modified Kaplan-Meier survival analysis followed by a log-rank test indicated a significant 

difference in the diabetes incidence between T2D-AD -/- and T2D-AD +/- rats, fig 7. A non-fasting 

glucose level of >250 mg/dl marked the threshold of diabetes. T2D-AD -/- rats displayed the 50% time 

point for diabetes incidence at 137±5 days (n=78), while the T2D-AD +/- rats developed the corresponding 

time point at 101±3 days (n=102). T2D-AD +/- rats exhibit diabetes 36 days earlier for the T2D-AD -/- 

rats. 

  The non-fasting glucose profiles of the T2D-AD -/- (n=12-68) and T2D-AD +/- rats (n=12-91) 

referenced to the months before or after diabetes onset of the T2D-AD -/- rat showed the glucose level 

profile, fig 8 and table 5.  After the T2D-AD -/- diabetes onset, the glucose level began to rise.   The T2D-

AD +/- rats exhibited a similar profile, but diabetes onset occurred 1 month earlier.  Glucose level rose at 

onset and remained high. Linear regressions on the data at -1, 0, and 1 months show T2D-AD -/- and T2D-

AD +/- that the T2D-AD +/- rat non-fasting glucose level increased 1.6 times faster than the corresponding 

glucose level in the T2D-AD +/- rat.   

  The fasting glucose profiles for the T2D-AD -/- rats (n = 7-21) and T2D-AD +/- (n = 8-25) 

referenced to the months before or after diabetes onset of the T2D-AD -/- rat as 0 mos showed no 

significant glucose level change before diabetes onset, fig 9 and table 5. With the T2D-AD -/- rats, the 

glucose level did not change significantly until 2 mos after diabetes onset.  For the T2D-AD +/- rats, 

glucose level increased 1 mo after diabetes onset.  The T2D-AD +/- rat showed glucose rising 1.6 times 

faster than the T2D-AD -/- rat.  

 In the fasting insulin profiles, the T2D-AD -/- (n=4-10) and the T2D-AD +/- (n=3-10) rats 

referenced to the diabetes onset of the T2D-AD -/- rat at 0 mos differed significantly, fig 10 and table 5.   

For the T2D-AD -/- rat, insulin rose at diabetes onset to 3.84±0.42 ng/ml and remained at the same level 

for an additional month.  2 months after onset, the insulin began to crash.  4 months after onset insulin 

level reached to 0.73±0.18 ng/ml. In contrast, the T2D-AD +/- insulin reached its maximum level, 4.42 

ng/ml at its diabetes onset.  1 month post onset, insulin dropped immediately to 1.66 ng/ml ±0.23.  4 

months after onset, the insulin level crashed to 0.37 ng/ml ±0.13.  
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 The 2 min averaged of the 13C NMR signals revealed the metabolite distribution and enzyme 

kinetics in CRL (n = 3), T2D-AD -/- (n = 7), T2D-AD +/- (n = 8) brain, fig 11 and table 6.    In comparison 

to the CRL rat and the total carbon signal (tC), lac/tC increased from 0.109±0.006 (CRL) to 0.146±0.008 

(T2D-AD-/-) to 0.212±0.013 (T2D-AD +/-). Ala/tC also increased from 0.051±0.004 to 0.076±0.008 to 

0.078±0.004. However, bic/tC decreased from 0.018±0.002 to 0.011±0.001 to 0.009±0.001. Relative to 

the CRL, the presence of T2D lac/tC increased by 34% and ala/tC by 49%. In the presence of T2D and 

AD, lac/tC increased by 94% and ala/tC increased by 53%. Bic decreased correspondingly from 

0.018±0.002 to 0.011±0.001 to 0.009±0.001. Bic level dropped by 39% in T2D-AD -/- and by 50% in 

T2D-AD +/-. 

 In comparison to the control (CRL), bic/lac ratio decreased from 0.164±0.012 (CRL) to 

0.075±0.005 (T2D-AD-/-) to 0.042±0.004 (T2D-AD +/- rat), fig 12. Relative to the CRL, the bic/lac ratio 

dropped 54% in T2D-AD -/- and 74% in T2D-AD +/-.  T2D-AD +/- brain showed the most precipitous 

drop.    

 

DISCUSSION  

 

 

T2D with an AD Overlay 

 The T2D-AD +/- rat provides a unique model to interrogate the interaction T2D and AD. It 

expresses the APP and PS1 genes and displays the AD phenotype. Moreover, both the T2D-AD -/- and 

T2D-AD +/- rats show a progressive change in the diabetes as the animals age, consistent with previous 

reports [19, 25].  The T2D-AD -/- rat, however, does not spontaneously develop amyloid plaque and does 

not display any AD characteristics.   

 With the expression of the AD genes, the T2D-AD +/- shows an abundance of amyloid plaque at 

9 mos of age. According to previous studies, the TgF344AD +/- the amyloid burden appears only after 16 

mos of age [19].  The presence of T2D accelerates brain amyloid formation. In the presence of brain 

amyloid, the T2D-AD +/- rat exhibits an impaired cognitive ability.  The escape latency of the T2D-AD -

/- rat decreases from day 2 to day 6 in the Barnes maze trial (from 89 s to 74 s).  In contrast, the T2D-AD 

+/- rat also shows no change in the escape latency and no detectable capacity to learn the maze. AD 

significantly impairs the cognitive ability of the T2D-AD +/- rat.  In contrast, the T2D-AD -/- rat does not 

show any cognitive impairment.  

 Evaluating the three distinct escape strategies also reveals the AD-induced impairment. The 

random, serial, and direct strategies characterize the escape search as follows: 1) random: animals move 

back and forth across the platform with no discernible pattern toward the escape compartment, 2) serial: 

animals sequentially check each opening at the periphery of the maze to find the escape hole, and 3) direct: 

animals directly travel to the escape hole. Previous studies have used fractional changes in the direct 

strategy as cognitive performance assessments [35, 36].  Indeed, the contrasting escape search patterns of 

the T2D-AD -/- and the T2D-AD +/- rats support the escape latency analysis and confirm the AD induced 

cognitive impairment.    

 

AD Impact on T2D 

 Studies usually focus on the impact of T2D on AD pathogenesis and have often overlooked the 

physiological impact of AD on T2D onset/progression. Indeed, the body weight profile hints that AD 

affects T2D. Both T2D-AD -/- and T2D-AD +/- rats have similar body weights until 5 mos of age. 

Between 6 and 9 mos of age, the T2D-AD +/- body weight falls significantly below the corresponding 

T2D-AD -/- body weight. 

 The diabetes incidence profile confirms that T2D-AD +/- rats exhibit an earlier diabetes onset than 

the T2D-AD -/- rats. Instead of 137 days in the T2D-AD -/- rats, the 50% diabetes incidence onset date 

decreases to 101 days in the T2D-AD +/- rat.   The glucose profiles corroborate. With the non-fasting 
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glucose assay, the T2D-AD +/- rat displays a diabetes onset 1 month earlier than the T2D-AD -/- rat. With 

the fasting glucose profile, the T2D-AD +/- rats, glucose level has already risen 1 month before the onset 

of diabetes in the T2D-AD -/- rat.  Moreover, the T2D-AD +/- glucose level rises more rapidly and 

maintains a level well above the corresponding glucose level in the T2D-AD -/- rat.    

 Analyzing the T2D-AD +/- and T2D-AD -/- insulin profile also reveals that AD accelerates the 

onset of diabetes. The T2D-AD +/- insulin peaks one month earlier than the T2D-AD -/- rat.  One month 

after diabetes onset, T2D-AD +/- insulin level drops to 37% of the peak value. 2 months after diabetes 

onset, insulin drops to 15% of its peak value.  In contrast, insulin level one month after diabetes onset does 

not change significantly in T2D-AD -/- rat.  2 months after diabetes onset, insulin decreases to less than 

30% of its peak value. The T2D-AD +/- rat shows a much faster rise and fall of insulin than the T2D-AD 

-/- rat [25]. The diabetes incidence, glucose, and insulin profiles all point to AD accelerating diabetes 

onset/progression.   

 Previous studies have observed that AD induces glucose intolerance and have posited an amyloid 

linkage [14, 15, 42].  In T2D, the presence of IAPP, often termed amylin, damages the insulin producing 

cells in the pancreas [32].  Amylin, a 37 amino acid peptide, shares many pathological features with β-

amyloids (Aβ) and facilitates amyloid formation in brain [43]. With the addition of Aβ 1-40 to isolated 

mitochondria of the spontaneously diabetic Goto-Kakizaki (GK) rat, oxidative phosphorylation decreases 

sharply [31]. The present study shows that the AD induced T2D extends well beyond glucose intolerance 

and affects the onset/progression of T2D.   Although the precise mechanism affecting the reciprocal 

interaction of AD and insulin insensitivity remains presently uncertain, the T2D-AD +/- rat model will 

help researchers clarify the role by which AD exacerbates T2D, especially with respect to the role of 

peripheral Aβ.  

 

T2D and AD Brain Metabolism 

 Insulin insensitivity stands as a central characteristic of T2D. How insulin insensitivity affects the 

brain remains unclear. Orthodox physiology focuses on the insulin action in pancreas, liver, muscle, and 

fat cells and asserts that the brain always takes a constant cut of the available glucose [13]. Consequently, 

insulin insensitivity should not have a prominent role controlling glucose or oxidative metabolism in brain. 

Yet, insulin can cross the blood brain barrier, can penetrate the circumventricular organs, including 

the arcuate and ventromedial nuclei of the hypothalamus, and can enter the cerebrospinal fluid [8-12]. The 

brain has insulin receptors. Whether the T2D brain has an insufficient amount of insulin reaching the 

cerebrospinal fluid (CSF) or suffers from insulin resistance poses a critical question in physiology [2, 4, 

5, 44, 45]. 

Studies have indicated that AD brain displays an altered metabolism, especially with respect to 

glucose oxidation [28, 46].  Although glucose delivery to the brain remains constant, insulin may still alter 

the metabolic pathways and diminish the available energy required for learning and memory formation 

[3, 4]. The simplistic approach in augmenting insulin through intranasal insulin or stimulating insulin with 

glucagon-like peptide-1 agonist (GLP-1), such as liraglutide, seems like an easy therapeutic approach to 

mitigate T2D-linked AD. However, studies have unsuccessfully shown that intranasal insulin improves 

AD memory function in patients [47, 48]. Other studies administering liraglutide, a (GLP-1) agonist that 

binds the GLP-1 receptor to stimulate insulin secretion has failed to show consistent efficacy [49-52]. 

AD can also impair glucose oxidation in the T2D brain arising from a deficient astrocyte to neuron 

lactate shuttle (ANLS).  PET and functional magnetic resonance imaging (fMRI) observations have 

delineated metabolism in the astrocyte vs neuron to account for the observed ratio of the cerebral oxygen 

metabolism rate (CMRO2) over the cerebral glucose metabolism rate (CMRglc), CMRO2/CMRglc or OGI, 

which falls below its theoretical value of 6. Pellerin and Magistretti have proposed a model that 

compartmentalizes glycolysis primarily in the astrocytes, which uptake glucose and produce lactate [53, 

54].   Astrocytes then release lactate as a fuel source for the neurons. Lactate provides the fuel for neuron 

oxidative phosphorylation, which couples directly with the glutamate neurotransmission cycle (Vcycl) 

http://en.wikipedia.org/wiki/Insulin
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between astrocytes and neurons [55].  After neuron firing, the glutamate in the postsynaptic cleft enters 

the astrocytes where it gets converted to glutamine for transport back to the neurons for the next Vcycl.  A 

deficient ANLS coupling to Vcycl provides an explanation in of OGI discrepancy and suggests a 

mechanistic basis for how AD exacerbates the bioenergetics of the T2D brain.   

 

DNP and Pyruvate Dehydrogenase Activity 

 Hyperpolarized DNP NMR experiments suggest a shared metabolic dysregulated pathway in T2D 

and the AD brain.  Because of the enhanced sensitivity, DNP can observe the rapid enzymatic conversion 

of pyruvate to lactate, alanine, and bicarbonate. These conversions reflect the glycolytic activity in the 

cytosol of lactate dehydrogenase (LDH) and alanine transaminase (ALT), and the oxidative activity in the 

mitochondria of pyruvate dehydrogenase (PDH), which critically regulates the TCA cycle flux and 

oxidative phosphorylation. The reactions catalyzed by LDH and ALT form lac and ala, respectively, while 

the reaction catalyzed by PDH releases CO2, which in the cell forms bicarbonate. Bic then reflects PDH 

activity, while lac and ala reflect primarily the LDH and ALT activities.   

  Relative to the CRL brain, bic formation in T2D-AD -/- and T2D-AD +/- brain decreases by 39% 

and 50%, respectively. A falling bic level reflects a declining PDH activity. T2D inhibits PDH activity. 

T2D in the presence of AD inhibits PDH even further. A decreased PDH activity suggests an impaired 

oxidative phosphorylation. Given the decreased PDH activity, the rising pyruvate pool should then 

enhance lac and ala formation. Indeed, relative to the CRL brain, T2D-AD -/- and T2D-AD +/- brains 

produce 34% and 94%, respectively, more lactate/tC than the control brain. In the case of ALT activity, 

T2D-AD -/- and T2D-AD +/- brains also increase ala formation by 49% and 53%, respectively.  

 Indeed, the bic/lac metabolite ratio captures the distinct metabolism transition from CRL to T2D 

and T2D-AD. Relative to CRL, the bic/lac ratio in T2D-AD -/- brain decreases 54%.  The ratio in T2D-

AD +/- brain decreases 74%. Preliminary data indicate that bic/lac ratio in TgF344AD +/- brain, which 

only expresses the AD phenotype, decreases 46%.  As such, the bic/lac ratio shows that T2D in the 

presence of AD will severely impair brain metabolism. Further studies must now clarify the regulatory 

mechanism and how to use the bic/lac ratio as a biomarker of T2D, AD, and T2D-AD.  

 Invoking an impaired ANLS to explain the observed PDH change provides one explanation. A 

competing glycogen sparing glucose (GSG) model provides a more satisfying explanation [56]. In the 

glycogen shunt model, the use of the astrocyte glycogen during neuron firing spares glucose for use in the 

neurons. Indeed, steady state 13C MRS experiments with [1-13C] glucose and [2-13C] acetate have noted 

that elderly patients exhibit decreased VTCA and Vcycle in the neurons [57].  13C NMR studies have already 

reported that insulin insensitivity in T2D decreases glycogen synthesis in human skeletal muscle [58]. 

Presumably the insulin insensitivity in T2D will also decrease the glycogen pool in brain.  Indeed, studies 

have also shown that AD decreases glycogen synthase kinase (GSK) activity in brain. Consequently, the 

decreasing glycogen pool size in brain and muscle along with the GSG model provides a common 

mechanistic explanation of the complex interplay between AD and T2D.   

 

Linking AD to Peripheral T2D Interaction 

Researchers have postulated both an amyloid cascade and a mitochondria cascade theory to explain 

AD pathogenesis[59-61]. One posits amyloid plaque initiates AD, while the other focuses on mitochondria 

dysfunction as the primary driver. Studies have detected that insulin insensitivity indeed decreases glucose 

uptake in T2D brain and alters mitochondrial function, which then exacerbates neuroinflammation and 

promotes AD pathogenesis [62-65]. Moreover, amylin, a pancreatic β-cell hormone co-secreted with 

insulin forms pancreatic amyloid in T2D and synergistically interacts with brain amyloid β (Aβ) pathology 

in both sporadic and familial Alzheimer’s disease (AD) [66]. How AD affects T2D, however, remains 

largely unexplored.  Nevertheless, researchers have shown that Aβ 1-40 can impair mitochondria function 

in diabetes [31]. As AD progresses, the circulatory level of Aβ 1-40 does indeed increase [67].  Whether 

Aβ 1-40 or other Aβ fragments influences the course of diabetes poses a provocative question.  
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Conclusion 

 The development of the T2D-AD +/- rat model expressing APP and PS1 and T2D opens a unique 

opportunity to explore the interaction of AD on T2D onset/progression. AD accelerates the 

onset/progression of T2D. DNP NMR has observed that AD further depresses the T2D brain PDH activity 

as reflected in the bic/lac ratio. With AD, T2D the overall diabetes onset decreases, while its progression 

worsens.  The present study has introduced a novel model and an experimental approach to better 

understand the biochemical mechanism underlying the T2D and AD interaction.    
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Table 1 

 

Percent of Region with Aβ plaque 

 

Brain region T2D-AD +/- 

Hippocampus 3.81%±0.16%* 

Cortex 1.68%±0.13%* 

Thalamus 0.21%±0.04%* 

 

 

A one-way repeated measures ANOVA with Tukey’s HSD post-hoc test indicates the plaque distribution 

varies significantly between the hippocampus, cortex, and thalamus. Data are shown as mean ± SEM.  The 

* mark denotes statistical difference with p<0.05.  
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Table 2 

Barnes maze escape latencies 

 

Day T2D-AD -/- T2D-AD +/- 

2    89.0±0.6 90.0±0.0  

3    84.1±2.0 88.4±1.1 

4  83.7±2.0 89.3±0.8 

5  76.1±2.8* 89.8±0.2 

6  74.1±2.6* 89.6±0.4 

 

 

Barnes maze escape latencies for T2D-AD rats for days 2-6 of testing.   The * mark denotes statistical 

difference (p <0.05) between the T2D-AD -/- vs T2D-AD +/- latencies.   
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Table 3 

Barnes maze search strategies 

 

 

Rat Search strategy Day 2 Day 3 Day 4 Day 5 Day 6 

T2D-AD -/- 

Direct 2% 14% 17% 38% 42% 

Random 87% 75% 74% 58% 53% 

Serial 11% 11% 9% 4% 5% 

T2D-AD +/- 

Direct 2% 10% 22% 9% 3% 

Random 93% 83% 75% 88% 85% 

Serial 5% 8% 3% 3% 12% 

 

Barnes maze search strategies for T2D-AD rats in days 2-6 of testing. Data are shown as the percentage 

of trials where rats use direct, random, and serial search strategies.  
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Table 4 

Body Weight of T2D-AD Rats 

 

Age, mos T2D-AD -/- T2D-AD +/- 

1 115±1 114±2 

2 376±3 383±3 

3 538±5 547±3 

4 577±14 597±14 

5* 636±9 577±15 

6* 639±10 558±7 

7* 599±21 529±12 

8* 553±15 497±7 

9* 577±16 513±8 

 

 

Body weight (in grams) of T2D-AD rats from 1-9 mos of age. For T2D-AD -/- rats (n= 13-99) show a 

significant weight difference from the T2D-AD +/- rats (n=10-90) starting at month 5. Data are shown as 

mean ± SEM. The * mark denotes statistical difference with p<0.05. 
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Table 5 

Glucose and Insulin Levels 

 

 Fasting insulin, ng/mL Fasting glucose, mg/dL Non-fasting glucose  

mg/dL 

Months   T2D-AD -/- T2D-AD +/- T2D-AD -/- T2D-AD +/- T2D-AD -/- T2D-AD +/- 

-4.0  0.22±0.13    166±6 

-3.0 0.11±0.04 0.43±0.14  99±3 166±5 182±6 

-2.0 0.43±0.10 1.85±0.33 104±2 110±5 180±4 198±5 

-1.0 1.92±0.34 4.42±0.34 113±5 110±5 204±5 357±9 

0.0 3.84±0.42 1.66±0.23 117±6 211±24 281±5 511±9 

1.0 4.01±0.28 0.68±0.09 111±5 314±26 394±11 561±12 

2.0 1.22±0.38 0.49±0.06 183±18 399±13 457±21 581±8 

3.0 0.82±0.28 0.37±0.13 282±27 463±23 475±22  

4.0 0.73±0.18  319±22    

 

Glucose and insulin levels of T2D-AD -/- and T2D-AD +/- rats. The diabetes onset references at 0 month 

when T2D-AD -/- rat non fasting glucose level exceeds 250 mg/dl. Data are shown as mean ± SEM 
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Table 6 

Metabolite Distribution with [1-13C] Pyruvate Precursor   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Metabolite distribution, metabolite ratio, and relative metabolite production rate after the 

injection of hyperpolarized [1-13C]-pyruvate in the control (n = 3), T2D-AD -/- (n = 8), and T2D-AD +/- 

(n = 7) rats. Data are shown as mean ± SEM.    

 

 

Metabolite/tC SD T2D-AD -/- T2D-AD +/- 

Lac/tC 0.109±0.006 0.146±0.008 0.212±0.013 

Ala/tC 0.051±0.004 0.076±0.008 0.078±0.004 

Pyr/tC 0.774±0.008 0.715±0.017 0.661±0.011 

Bic/tC 0.018±0.002 0.011±0.001 0.009±0.001 

Ala/lac 0.479±0.064 0.522±0.054 0.381±0.040 

Pyr/lac 7.161±0.468 5.016±0.351 3.211±0.262 

Bic/Lac 0.164±0.012 0.075±0.005 0.042±0.004 
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Figure Captions 

 

 
Figure 1  

Agarose DNA gel electrophoresis following polymerase chain reaction (PCR) of PS1, PrP, and APP genes. 

The far-left lane contains the DNA ladder. Both the T2D-AD -/-, T2D-AD +/- rats exhibit the Prp band at 

799 bp. Only the T2D-AD +/- rat displays the PS1 and APP bands of the AD genes at 1,300 and 400 bp, 

respectively.   

 

Figure 2    

Histology of 9 mos brain:  A) T2D-AD -/- and B) T2D-AD +/- shows that T2D-AD -/- rat shows no sign 

of Aβ. Only T2D-AD +/- brain has Aβ.     

 

Figure 3    

Histogram of the positive areas of the Aβ plaque in different regions of 9 mos rat brain:   A one-way 

repeated measures ANOVA with Tukey’s HSD post-hoc test indicates the plaque distribution varies 

significantly between the hippocampus, cortex, and thalamus in T2D-AD +/- rats (F2,12 = 235.45, p = 

2.35×10-10). It also confirms significant plaques difference between the hippocampus and the cortex (p = 

6.83×10-8), the hippocampus and the thalamus (p = 1.70×10-10), and the cortex and the thalamus (p = 

3.80×10-6). The * mark indicates statistical significance.    

 

Figure 4  

Barnes maze escape latencies for T2D-AD rats for days 2-6 of testing:  A mixed two-way repeated-

measures ANOVA, with strain (T2D-AD -/-, T2D-AD +/-) as the between-subjects factor and day (2-6) 

as the within-subjects factor shows significant difference with respect to strain (F1,28 = 16.27, p = 3.84×10-

4), day (F3,90 = 5.74, p = 9.60×10-4), and strain × day (F3,90 = 6.18, p = 5.58×10-4) on the latencies of T2D-

AD -/- and T2D-AD +/- rats.   A two-tailed t-test assuming unequal variances with the Bonferroni 

correction indicates significant difference on day 5 (t(14) = -3.26, p = 2.87×10-2) and day 6 (t(14) = -4.40, 

p = 3.02×10-3).  For T2D-AD -/- and T2D-AD +/- rats, n = 15. Data points are shown as mean ± standard 

error of the mean ± SEM.  The * mark indicates statistical significance.    

 

Figure 5  

Barnes maze search strategies for T2D-AD rats (n=15) for days 2-6 of testing. Histograms show the 

percentage of trials the rats used direct, random, and serial search strategies: A) T2D-AD -/- and B) T2D-

AD +/- rats.  Chi-square analysis of collapsed data across all trials reveals a significant difference in the 

distribution of search patterns between T2D-AD -/- and T2D-AD +/- rats (χ2 = 16.13, df = 2, p = 3.15×10-

4). 

 

Figure 6    

Body weight (in grams, g) of T2D-AD rats from 1-9 months of age: The weights range from 115-577g.  

A two-tailed t-test assuming unequal variances with Bonferroni’s correction indicates significant 

differences in the body weights between T2D-AD -/- and T2D-AD +/- rats at mos 5 (t(37) = 3.41, p = 

1.72×10-2). A two-tailed t-test assuming equal variances with Bonferroni’s correction confirms at mos 7 

(t(25) = 3.15, p = 3.79×10-2). The number of rats in a month used to create the body profile ranges from 

n=10-99.  Data shown as mean ± SEM. The * mark indicates statistical significance.    
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Figure 7 

Modified Kaplan-Meier analysis of diabetes incidence as determined from non-fasting glucose level >250 

mg/dl: The log-rank tests reveal a significant difference in the 50% point of diabetes incidence in the T2D-

AD -/- (solid line) and T2D-AD +/- (dotted line) rats (χ2(df = 1, n = 192) = 23.21, p = 1.45×10-6).  Surviving 

rats developed diabetes (T2D-AD -/-, 91.9% (91/99); T2D-AD +/-, 96.8% (90/93)). A significant 

difference in the age of diabetes onset appeared in the T2D-AD -/- and T2D-AD +/- rats (t(151) = 5.41, p 

= 2.46×10-7). The T2D-AD +/- rat displays an average age of diabetes onset about a month earlier than 

the T2D-AD -/- rat.    

 

Figure 8 

Non-fasting blood glucose of T2D-AD -/- rats (solid line) and T2D-AD +/- rats (dashed line) before and 

after the onset of diabetes referenced to the T2D-AD -/- rat diabetes onset as 0: A two-tailed t-test assuming 

unequal variances with the Bonferroni correction indicates a significant difference in the glucose level of 

the 2 rat models at the age of onset of diabetes of the T2D-AD -/- rat at 0 mos (t(133) = -23.24, p = 

8.12×10-48).  At the age of onset of diabetes for the T2D-AD +/- rats a similar significant difference in the 

glucose level occurs (t(132) = -15.20, p = 5.98×10-30).  For T2D-AD -/- rats, n = 36, 58, 68, 52, 42, 23, 

and 12, respectively. For T2D-AD +/- n = 11, 50, 81, 88, 91, 28, and 12, respectively. Linear regressions 

of the data at -1, 0, and 1 months for the T2D-AD -/- and the T2D-AD +/- rats show non-fasting glucose 

level rising at 95 mg/dL/month (R2 = 0.98) and 156 mg/dL/month (R2 = 0.99). Data points are shown as 

mean ± SEM. 

 

Figure 9 

Fasting blood glucose of T2D-AD -/- rats (solid line) and T2D-AD +/- rats (dashed line) before and after 

the onset of diabetes referenced to the T2D-AD -/- rat diabetes onset as 0: A two-tailed t-test assuming 

unequal variances with the Bonferroni correction indicates significant difference in the glucose level of 

the 2 rat models starting at the age of onset of diabetes of the T2D-AD -/- rat at 0 mos (t(17) = -3.84, p = 

9.09×10-3).  For T2D-AD -/- rats, n = 10, 21,17, 13, 12, 14, and 7, respectively. For T2D-AD +/- rats, n = 

10, 25, 21, 16, 16, 19, and 8, respectively. Linear regressions of the data at 0, 1, 2, 3, and 4 months shows 

fasting glucose levels of the T2D-AD -/- and T2D-AD +/- rats rising at 57 mg/dL/month (R2 = 0.92) and  

89 mg/dL/month (R2 = 0.99), respectively. Data points are shown as mean ± SEM. 

 

Figure 10  

Fasting insulin concentrations of the T2D-AD -/- rats (solid line) and T2D-AD +/- rats (dashed line)  

before and after the onset of diabetes referenced to the diabetes onset of the T2D-AD -/- rat as 0:  A two-

tailed t-test assuming equal variances with the Bonferroni correction indicates significant differences in 

the insulin level of the 2 rat models at the age of onset of diabetes of the T2D-AD -/- rat at 0 mos (t(14) = 

4.59, p = 3.39×10-3) and at the age of onset of diabetes of the T2D-AD +/- rat  at -1 mos (t(18) = -5.19, p 

= 4.96×10-4).  For T2D-AD -/- rats, -3, -2, -1, 0, 1, 2, 3, and 4 months before and after the age of onset of 

diabetes, n = 4, 7, 10, 8, 8, 4, 5, and 4, respectively. For T2D-AD +/- rats, the corresponding -3, -2, -1, 0, 

1, 2, 3, and 4 months, n = 4, 7, 10, 10, 8, 8, 9, and 3, respectively Data points are shown as mean ± SEM. 

 

Figure 11  

A representative set of 2 min time averaged 13C spectra after injection of hyperpolarized [1-13C]-pyruvate: 

A) Control, B) T2D-AD -/-, and C) T2D-AD +/-.  Spectra show signals corresponding to lactate, pyruvate-

hydrate, alanine, pyruvate, and bicarbonate.  

 

 



 23 

Figure 12 

Histogram of bic/lac ratio in control, T2D-AD -/-, and T2D-AD +/- rat brains: A one-way between subjects 

ANOVA indicates the bic/lac ratio varies significantly between the control, T2D-AD -/-, and T2D-AD +/- 

rats (F2,15 = 84.04, p = 7.09×10-9). Tukey's HSD test indicates that the bic/lac ratio differs significantly 

between the control and the T2D-AD -/- rats (p = 2.42×10-7), the control and the T2D-AD +/- rats (p = 

4.34×10-9), and the T2D-AD -/- and the T2D-AD +/- rats (p = 7.75×10-4). Data are shown as mean ± SEM. 

The * mark indicates statistical significance.    
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