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1  |  INTRODUC TION

Alzheimer's disease (AD) is a growing public health concern in both 
the United States and the world. For Americans aged 65 or older, 
AD represents the fifth leading cause of death (“2020 Alzheimer's 

disease facts and figures,” 2020), and it is estimated that over 80 mil-
lion people worldwide will be living with some form of dementia by 
2040 with AD comprising a majority of these (Ballard et al., 2011). 
AD is broadly characterized by an irreversible progressive loss of 
cognition and memory often accompanied by anxiety-like behavior 
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Abstract
Alzheimer's disease (AD), a prevalent form of dementia, is characterized by the decline 
of cognitive abilities with age. Available treatment options for AD are limited, making 
it a significant public health concern. Recent research suggests that metabolic dys-
function plays a role in the development of AD. In addition, insulin therapy has been 
shown to improve memory in patients with cognitive decline. In this study, we report 
the first examination of body composition, peripheral insulin sensitivity, and glucose 
tolerance in relation to behavioral assessments of learning, memory, and anxiety in 
the TgF344-AD rat model of AD. Results from glucose and insulin tolerance tests 
show that female TgF344-AD rats exhibit impaired glucose clearance and reduced in-
sulin sensitivity at both 9 and 12 months of age, while males display no differences at 
9 months and even improved glucose clearance at 12 months. Results from the Morris 
Water Maze assessment of learning and memory reveal that male TgF344-AD rats 
display impairments at both 9 and 12 months of age, while female TgF344-AD rats 
only show impairments at 12 months. Furthermore, results from open field and el-
evated plus maze tests suggest that female TgF344-AD rats display increased anxiety 
at 9 months of age; however, no differences were detected in males or at 12 months of 
age. Overall, our findings suggest that impairments in metabolism, commonly associ-
ated with type 2 diabetes, occur before or simultaneously with cognitive decline and 
anxiety in a sexually dimorphic manner in the TgF344-AD rat model.

K E Y W O R D S
Aging, Alzheimer's disease, insulin, glucose, metabolism

www.wileyonlinelibrary.com/journal/acel
https://orcid.org/0000-0002-6232-2844
mailto:
https://orcid.org/0000-0002-9802-6780
http://creativecommons.org/licenses/by/4.0/
mailto:sunlab@uab.edu


2 of 11  |     SRIVASTAVA et al.

as well as the development of hallmark amyloid-β accumulation, 
hyperphosphorylated-Tau aggregation, and neuroinflammation 
within the brain (Donovan et al.,  2018; Jack et al.,  2018; Reitz 
et al., 2011). Despite a sizeable body of research targeting these hall-
marks of AD, progress in developing effective treatments has been 
limited (Kumar et al., 2015; Mehta et al., 2017), necessitating further 
research into the features of this disease.

Epidemiological studies show that adult humans with type-2 dia-
betes have a 50%–100% increased risk of developing dementia com-
pared to those without (Biessels et al., 2006) and proteomic analyses 
of AD patient brains implicate carbohydrate metabolism among the 
differently regulated pathways associated with the disease (Johnson 
et al., 2020). In addition, postmortem analysis of brain tissues from 
AD patients shows a marked reduction in insulin-like growth factor-I 
(IGF-I), IGF-II, their respective receptors, and the insulin receptor at 
both the protein and mRNA levels (Steen et al., 2005). Targeting this 
pathway shows promise, as intravenous (IV) insulin administration 
to AD patients has improved recall memory independent of blood 
glucose levels (Craft et al., 1999) and intranasal insulin administra-
tion similarly improves recall memory in some AD patients while 
navigating the risk of hypoglycemia associated with IV insulin (Craft 
et al., 2017; Reger et al., 2006, 2008). While promising, these stud-
ies also suggest that insulin-mediated improvements in AD patients 
likely depend on genetic background, as APOE-ε4 allele carriers 
did not benefit from treatment (Reger et al., 2006, 2008). In addi-
tion, the utilization of a long-acting insulin analog did not improve 
memory in AD patients when compared to placebo treatment while 
regular insulin did (Craft et al., 2017). These caveats indicate that a 
more complete understanding of the insulin/IGF signaling pathway 
dysregulation is necessary if this avenue of treatment is to be further 
pursued.

Rodent models of AD demonstrate the importance of metabolic 
deficits in the progression of the disease. Transgenic mice overex-
pressing the human APP gene display defects in peripheral insulin 
sensitivity before amyloid-β accumulation in the brain and cognitive 
decline (Hendrickx et al., 2021). Double transgenic APP/PS1 overex-
pressing mice show diminished glucose tolerance and insulin sen-
sitivity before cognitive impairment that coincides with amyloid-β 
plaque formation (Macklin et al., 2017), and 3xTg-AD mice display 
disrupted central insulin signaling along with reduced glucose toler-
ance and elevated body weight in adulthood (Velazquez et al., 2017). 
It is generally thought that AD begins years before the onset of 
dementia (Price & Morris,  1999), thus characterizing the changes 
in peripheral metabolism that occur before the onset of behavioral 
changes is of particular importance as it may be an important com-
ponent of AD progression. To this end, we employed the TgF344-AD 
transgenic rat model which expresses both mutant human amyloid 
precursor protein (APPSW) and presenilin 1 (PS1ΔE9), resulting in the 
recapitulation of age-dependent AD pathology including elevated 
soluble amyloid-β, hyperphosphorylated tau, neuronal loss, and 
gliosis as early as 6 months of age. These characteristics make the 
TgF344-AD rat model an attractive pre-clinical model of AD for the 
elucidation of early alterations in metabolism that accompany the 

disease, as transgenic mouse models generally lack one or more of 
these features (Cohen et al., 2013). In this study, we hypothesized 
that adipose accumulation and impaired glucose/insulin tolerance 
typically associated with pre-diabetes would be detectable before 
the onset of the cognitive symptoms of AD. Here, we carried out 
what we believe to be the first assessment of body composition 
analysis, glucose tolerance testing, and insulin tolerance testing in 
both sexes. We carried out these metabolic tests in conjunction with 
behavioral assessment to characterize the development of mental 
decline and metabolic dysregulation in this model of AD.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

All procedures used in this experiment have been approved by the 
National Institute of Health Office of Animal Care and Use and fol-
lowed the guidelines set by the Institutional Animal Care and Use 
Committee of the University of Alabama at Birmingham.

A pair of TgF344-AD+ breeders (wild-type females and trans-
genic males) were obtained from Dr. Terrence Town of University of 
Southern California, and these were bred to produce transgenic (Tg) 
and wild-type (WT) male and female offspring. All offspring were 
weaned at 21 days of age and tail biopsies were genotyped as previ-
ously described (Cohen et al., 2013). The rats were separated by sex 
and group housed at a density of 1–4 rats per cage in a facility that 
maintained a normal 12-h light/dark cycle with ad libitum access to 
standard rodent chow and water. Different cohorts of animals were 
used for all tests conducted at 9-month old and 12-month old in an 
effort to reduce the impacts from repeated testing. Prior to all be-
havior testing, animals were habituated to handling for 14 days and 
acclimated to the testing room for 1 h in their home cages before 
being handled.

2.2  |  Quantitative magnetic resonance

Body composition was determined using the EchoMRI Whole Body 
Composition Analyzer for rats in conjunction with EchoMRI 2018 
Body Composition Analyzer software. Unanesthetized rats were 
placed into the Body Composition Analyzer holding tube in a pros-
trate position and scanned. Data obtained included lean mass and 
fat mass. Body composition measurements were conducted by the 
University of Alabama at Birmingham Small Animal Phenotyping 
Core.

2.3  |  Glucose and insulin tolerance tests

For glucose tolerance testing, animals were fasted overnight (ap-
proximately 16 h) and injected intraperitoneally with 1 g/kg glucose 
prepared as 40% w/v in 0.9% saline solution. For insulin tolerance 
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testing, animals were fasted 4 h and injected intraperitoneally with 
7 IU/kg porcine insulin (Sigma-Aldrich) prepared as 0.03 IU/μL in 
0.9% saline solution. Tail vein blood glucose measurements were 
taken prior to injection (“minute 0”) and at time points indicated 
following injection using an AgaMatrix PRESTO blood glucometer. 
Blood glucose was compared between groups at each time point, 
and area under the curve (AUC) was analyzed to compare glycemic 
excursion for the duration of the test. For glucose tolerance test 
(GTT), incremental AUC was calculated where only values above the 
baseline glycemia we included to account for differences in basal 
glucose levels. For insulin tolerance test (ITT), net AUC was calcu-
lated where no baseline correction was made. All tests took place at 
the same time of day to avoid circadian rhythm bias.

2.4  |  Plasma collection and ELISA

Whole blood was collected from the tail vein into EDTA-coated 
tubes from 12-month-old rats with ad-lib access to standard ro-
dent chow following isoflurane anesthesia. Plasma was collected 
by centrifugation at 2000 ×g for 10 min at 4°C. Plasma insulin con-
centration was determined using a Chrystal Chem ultrasensitive 
insulin ELISA kit (catalog #90080) according to the manufacturer's 
instructions.

2.5  |  Morris water maze

The Morris water maze test was used to assess spatial learning and 
long-term memory over the span of 5 days. The apparatus used was 
a blue plastic pool that is 183 cm in diameter and was filled with 18–
20°C water. A transparent platform 10 cm in diameter was placed 
0.5 cm underneath the surface of the water in the northwestern 
quadrant of the pool. During the first 4 days, rats were subjected 
to four training trials each beginning from one of the four cardinal 
points (north, south, east, or west) of the pool. Each trial consisted of 
a rat freely searching for the platform for 2 min and concluding once 
the rat remained on the platform for 5 s. If a rat was unable to find 
the platform after 2 min, they were guided to the platform. On day 5, 
the average latency for each rat to find the platform was recorded. 
Following the four trials on this day, a probe trial was conducted 
where the platform was removed, and rats were allowed to freely 
swim for 60 s in the pool while being tracked by a motion camera at 
15 frames/s (Noldus Ethovision 14).

2.6  |  Elevated plus maze

The elevated plus maze (EPM) was used to assess anxiety-like be-
havior. The maze consisted of four 60 cm long, 10 cm wide arms lo-
cated 60 cm above the ground. Two “closed arms” of the maze were 
surrounded by 60 cm high opaque walls while the other two “open 
arms” had no walls. Each animal was placed in the center of the maze 

and allowed to freely roam for 4 min while being tracked by a motion 
camera at 15 frames/s (Noldus Ethovision 14).

2.7  |  Open field test

The open field (OF) test was also used to assess anxiety-like behav-
ior. The OF arena consists of an opaque, square Plexiglass chamber 
measuring 90 cm × 90 cm with 40 cm high walls. Rats were placed in 
the same corner to begin each trial and were allowed to roam the 
field for a 4-min period while being tracked by a motion camera at 
15 frames/second (Noldus Ethovision 14).

2.8  |  Statistical analysis

Means of two groups were compared using the unpaired two-tailed 
t-test with the welch correction applied where appropriate. Where 
group means of different genotypes and sexes were compared, 
two-way ANOVA was used with post-hoc testing applied where 
significant differences were detected. The Benjamini and Hochberg 
correction was applied to post-hoc tests. Means were considered 
significantly different at p < 0.05. Analyses were carried out and fig-
ures were generated using the R programming language.

3  |  RESULTS

Quantitative magnetic resonance was used to assess body composi-
tion in males and females at both 9 months and 12 months of age. 
No significant differences in body weight, body fat percentage, or 
lean mass percentage were detected in 9- or 12-month-old male Tg 
rats compared to WT littermates (Figure 1a–c; Male). Interestingly, 
female Tg rats had a significantly greater body weight at both 9 
(t = −2.3019, p = 0.0402) and 12 (t = −3.3787, p = 0.0046) months of 
age when compared to their WT littermates (Figure 1a; Female). This 
observed increase in body weight corresponds with disproportion-
ate adipose accumulation, as the female Tg rats displayed elevated 
body fat percentages at both 9 (t = −2.6517, p = 0.0219) and 12 
(t = −3.8238, p = 0.0019) months of age (Figure 1b; Female). The in-
creased adiposity of the female Tg rats was accompanied by a reduc-
tion in the percentage of lean mass at both 9 (t = 2.6146, p = 0.0228) 
and 12 (t = 3.1701, p = 0.0068) months of age (Figure  1c; Female). 
Taken together, this suggests that sexual dimorphism exists in the 
body composition of the TgF344-AD rat model with females accu-
mulating more adipose tissue, at least at the ages examined.

To assess glycemic control in these rats, we investigated blood 
glucose levels following a short term (4 h) and an overnight fast. 
Following a short-term fast, no differences in blood glucose were 
detected in any age or sex examined (Figure 2a). Following an over-
night fast, no differences in blood glucose were seen in 9-month-old 
rats of either sex or 12-month-old male Tg rats (Figure  2b); how-
ever, 12-month-old female Tg rats displayed elevated blood glucose 
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(t = −3.4784, p = 0.0034) following an overnight fast (Figure  2b; 
Female). This elevation in glycemia did not coincide with an increase 
in plasma insulin, as no differences in plasma insulin were detected 
between Tg and WT rats (Figure 2c).

To directly investigate the glycemic response to a glucose or 
insulin bolus and more completely examine glucose homeosta-
sis and insulin sensitivity in these rats, we carried out GTTs and 

F I G U R E  1 Altered body composition in female TgF344-AD rats. 
(a) Body weight in male and female 9-month-old and 12-month-old 
rats. (b) Body fat percentage in male and female 9-month-old and 
12-month-old rats. (c) Lean mass percentage in male and female 
9-month-old and 12-month-old rats. Data presented as mean ± SEM 
with points representing individual rats. Statistical comparison was 
performed by two-tailed t-test with the welch correction applied 
where appropriate. WT-wild-type rats; Tg-TgF344-AD rats. N = 7–8 
per group. *p < 0.05, **p < 0.01.

F I G U R E  2 Elevated fasting glycemia in 12-month-old female 
TgF344-AD rats. (a) Blood glucose in male and female 9-month-old 
and 12-month-old rats following a 4-h fast. (b) Blood glucose in 
male and female 9-month-old and 12-month-old rats following an 
overnight fast. (c) Plasma insulin measurements in 12-month-old 
ad-lib fed male and female rats. Data presented as mean ± SEM 
with points representing individual rats. Statistical comparison was 
performed by two-tailed t-test with the welch correction applied 
where appropriate. WT-wild-type rats; Tg-TgF344-AD rats. N = 6–9 
per group for glycemia data, N = 6 per group for plasma insulin data. 
**p < 0.01.
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ITTs following an overnight fast or 4-h fast, respectively. GTTs in 
9-month-old rats show no discernable differences between male 
Tg and WT rat glucose tolerance (Figure 3a), while female Tg rats 
displayed elevated blood glucose at 5, 30, and 90 min following 
an i.p. glucose challenge (Figure  3b), and significantly elevated 
(t = −3.4166, p = 0.0066) AUC at this age (Figure  3b inset). By 
12 months of age, we observed improved glucose tolerance in male 
Tg rats with the Tg rats displaying lower blood glucose levels com-
pared to WT littermates at 15, 30, and 45 min following a glucose 
challenge (Figure 3c) as well as a lower AUC (p = 0.0030; Figure 3c 
inset). In stark contrast to the males, 12-month-old female Tg rats 
continue to display impaired glucose tolerance, with significantly 
elevated glycemia at 5, 15, and 30 min following an i.p. glucose 
challenge (Figure 3d), and significantly elevated AUC (t = −3.0470, 
p = 0.0079) at this age (Figure 3d inset). ITTs revealed no difference 

in blood glucose following i.p. insulin challenge in male rats at ei-
ther age examined (Figure 3e,g) and no difference in AUC (Figure 3e 
inset, 3g inset). Both 9-month-old and 12-month-old female Tg rats 
display reduced insulin sensitivity compared to WT littermates, 
with 9-month-old Tg rats displaying elevated blood glucose 30 
and 45 min following insulin challenge and 12-month-old Tg rats 
displaying elevated blood glucose 45 and 60 min following insu-
lin challenge (Figure  3f,h). 12-month-old female Tg rats also had 
greater AUC (t = −2.3483, p = 0.0324) compared to WT littermates 
(Figure 3h inset). Taken together, the GTT and ITT data suggest that 
sex-specific differences in glucose tolerance and insulin sensitiv-
ity exist in the TgF344-AD rat model, with Tg males displaying en-
hanced glucose tolerance and unaffected insulin sensitivity as age 
advances while Tg females display impairments in both parameters 
that further decline as age advances.

F I G U R E  3 Disrupted glucose tolerance 
and insulin sensitivity in TgF344-AD rats. 
(a–d) Glucose tolerance test in overnight 
fasted 9-month-old males (a) or females 
(b) and 12-month-old males (c) or females 
(d). Insets represent incremental area 
under the curve (iAUC) analyses for the 
data presented in (a–d). (e–h) Insulin 
tolerance test in 4 h fasted 9-month-old 
males (e) or females (f) and 12-month-old 
males (g) or females (h). Insets represent 
net area under the curve (nAUC) analyses 
for the data presented in e–h. Data 
presented as mean ± SEM with points 
representing individual rats. Statistical 
comparison was performed by two-tailed 
t-test with the welch correction applied 
where appropriate. WT-wild-type rats; 
Tg-TgF344-AD rats. N = 8–10 per group 
(a–d) or 6–9 per group (e–h). *p < 0.05, 
**p < 0.01, ***p < 0.001.
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The Morris water maze was employed to assess spatial learning 
and long-term memory. At 9 months of age, there was a significant 
main effect of genotype on the rat escape latency (F = 20.1691, 
p = 0.0001). In addition, a significant interaction of genotype and 
sex was detected at this age (F = 12.8381, p = 0.0014). Post-hoc test-
ing revealed Tg males had significantly greater escape latency than 
WT males and Tg females. In addition, WT females had significantly 
greater escape latency compared to WT males at this age (p < 0.05 
all, Figure  4a; 9 months). In 12-month-old rats, a significant effect 
of genotype on the rat escape latency was detected (F = 7.2247, 
p = 0.0124). Post-hoc testing revealed a tendency for 12-month-old 
Tg males to have a greater escape latency than their WT counter-
parts; however, this failed to reach significance after correction for 
multiple comparisons (Figure 4a; 12 months). During probe trials fol-
lowing the MWM training, a significant main effect of genotype on 
the time spent in the platform area was detected in the 9-month-old 
rats (F = 4.5486, p = 0.0426), but post-hoc tests failed to detect 
significant differences between individual groups (Figure  4b,c; 
9 months). In 12-month-old rats, a significant effect of genotype 
on the time spent in the platform area was detected (F = 10.4032, 
p = 0.0034). Post-hoc testing revealed the Tg males and Tg females 
spent significantly less time in the platform area compared to WT 
littermates of the same sex, and that Tg females spent significantly 
less time in the platform area compared to WT males (Figure 4b,c; 
12 months. p < 0.05 all). Taken together, these data suggest that male 
Tg rats have impaired learning evidenced by the elevated escape la-
tency but intact spatial memory at 9 months old. By 12 months of 
age, male Tg rats display a trend for reduced learning, but signifi-
cantly impaired spatial memory as indicated by poorer probe trial 
performance. 9-month-old female Tg rats display intact learning and 
memory, as no differences from WT rats were detected in either 
metric. At 12-months old, the female Tg rat displayed no defect in 
learning, but significantly impaired spatial memory as their probe 
trial performance was worse compared to WT rats.

We used EPM testing and OF testing to characterize the anxiety-
like behavior in this model. No differences were observed in the 
amount of time the 9-month or 12-month-old male or female Tg rats 
spent in the open arms of the EPM compared to their WT litter-
mates (Figure 5a). Similarly, we did not observe any differences in 
the number of open arm entries in any group examined (Figure 5b). 
When we carried out OF testing, we detected a significant interac-
tion effect of genotype and sex on the cumulative time in the center 
of the OF in 9-month-old rats (F = 9.6933, p = 0.0049). Post-hoc test-
ing revealed that 9-month-old Tg female rats spent significantly less 
time in the center of the OF arena (p < 0.05, Figure 6a,c; 9 months). 
In 12-month-old rats, we did not detect any differences in the time 
spent in the center of the OF between any of the groups (Figure 6a,c; 
12 months). When the frequency of entering the center zone of the 
OF was analyzed in 9-month-old rats, we detected a significant 
interaction of genotype and sex (F = 4.5982, p = 0.0428). Post-hoc 
testing revealed a trend for Tg females to make fewer entries into 
the center of the OF testing arena, but this failed to reach signifi-
cance (Figure  6b,c; 9 months). In 12-month-old rats, no difference 

was detected in the number of center zone entries for any group 
examined (Figure  6b,c; 12 months). Taken together, the EPM and 
OF tests suggest that younger TgF344-AD female rats exhibit more 
anxiety-like behaviors compared to their WT littermates, but as age 
advances, this difference disappears.

4  |  DISCUSSION

Identifying peripheral metabolic defects that precede or coincide 
with the onset of cognitive decline observed in AD represents an im-
portant avenue to fully understanding this disease. In this study, we 
report the first assessment of peripheral glucose tolerance and insu-
lin sensitivity in conjunction with body composition and behavioral 
assessment in the TgF344-AD rat model. Our results show sexual 
dimorphism in the body composition, glucose/insulin homeostasis, 
and behavioral phenotype for the assessments employed. Female 
Tg rats displayed adiposity, impaired glycemic control, and increased 
anxiety-like behavior relative to their WT littermates before show-
ing impairments in learning/memory. Male Tg rats conversely display 
body composition and insulin sensitivity that is comparable to their 
WT littermates while glucose tolerance was unchanged at 9 months 
of age and even improved by 12 months of age relative to WT con-
trols. The male Tg rats also display impairments in learning/memory 
before these changes in peripheral metabolism and without display-
ing the anxious behavior seen in female Tg rats.

While reports on peripheral metabolic features in the TgF344-AD 
rat are lacking, several accounts of perturbed glucose homeostasis 
exist in mouse models of AD. Transgenic APP-expressing mouse 
models do not show alterations in glucose tolerance, and conflicting 
reports on insulin sensitivity exist with hAPP23 transgenic males dis-
playing impaired insulin tolerance at 4 months but not at 12 months 
(Hendrickx et al., 2021) while Tg2567 males and females display nor-
mal insulin sensitivity until 9 months old (Pedersen & Flynn, 2004). 
Male APP/PS1 transgenic mice display reduced insulin sensitivity 
compared to littermates at 2 months of age (Macklin et al., 2017) 
and impaired glucose tolerance at 2, 5, 9, and 13 months but not at 
15–18 months of age despite no significant changes in glycemic re-
sponse to insulin being reported at these later time points (Denver 
et al., 2018; Kim et al., 2021; Macklin et al., 2017; Mody et al., 2011). 
When glucose homeostasis in APP, PS1, and MAPT triple transgenic 
3xTg-AD mice is examined, sex-specific differences are seen in the 
glucose tolerance, with females reported to have impaired glucose 
tolerance at 6 months old while this was not seen in males (Robison 
et al.,  2020). Studies that analyze sexes separately have reported 
impaired glucose tolerance in young 1- to 3-month-old males as 
well as 17- to 18-month-old males (Griffith et al., 2019) and 10- to 
14-month-old females (Vandal et al.,  2015); however, few studies 
have been carried out metabolic analyses in both males and females 
in the same analysis, making conclusions about differential effects of 
AD in males and females difficult to draw. Our data demonstrate that 
female TgF344-AD rats display a phenotype associated with type 2 
diabetes, with elevated adiposity and impaired glucose tolerance/
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insulin sensitivity. Males however do not display this phenotype and 
even display enhanced glucose tolerance in advanced age.

Defects in mitochondria structure and function have been re-
ported in the TgF344-AD rat model, with 18-month-old Tg ani-
mals displaying irregular mitochondrial morphology and increased 

mitochondrial fragmentation in preparations of hippocampus and 
brain cortex. These irregularities also correspond to lower SOD2 
protein expression and elevated oxidative stress in these same re-
gions (Yang et al., 2022). Furthermore, ex vivo assessment of hippo-
campal mitochondria activity has shown that both 6-to-7-month-old 
and 15-to-16-month-old Tg rats display reduced capacity for oxida-
tive phosphorylation and decreased complex I activity compared 

F I G U R E  4 Reduced spatial learning and memory in TgF344-AD 
rats. (a) Latency to escape on the 5th day of Morris Water Maze 
training in male and female 9-month-old and 12-month-old rats. 
(b) Duration of time spent in the area previously occupied by the 
platform following its removal during the probe trial of the Morris 
water maze in male and female 9-month-old and 12-month-old 
rats. (c) Merged heat maps of paths during the probe trial. Platform 
area and quadrant are highlighted in the upper left heatmap. Data 
presented as mean ± SEM with points representing individual rats. 
Statistical analysis was performed by two-way ANOVA at each age. 
Post-hoc analysis was carried out by pairwise comparisons with 
Benjamini and Hochberg correction applied. *p < 0.05 following 
adjustment for multiple comparison. N = 7–8 per group.

F I G U R E  5 Elevated plus maze assessment of anxiety-like 
behavior in TgF344-AD rats. (a) Time spent in the open arms of 
the elevated plus maze for male and female 9-month-old and 
12-month-old rats. (b) Number of entries into the open arms of 
the elevated plus maze for male and female 9-month-old and 
12-month-old rats. (c) Representative traces of rat paths during the 
elevated plus maze. Vertical arms are the “open” arms; horizontal 
arms are the “closed” arms. Data presented as mean ± SEM 
with points representing individual rats. Statistical analysis was 
performed by two-way ANOVA at each age. Post-hoc analysis was 
carried out by pairwise comparisons with Benjamini and Hochberg 
correction applied. N = 7–8 per group.
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to WT controls. The older group in this study also displayed re-
duced complex II activity relative to age-matched WT controls (Viel 
et al., 2021), further demonstrating the presence of mitochondrial 
dysfunction in this model of AD. Taken together with our data, these 
demonstrate that altered metabolism, both central and peripheral, 

is a noteworthy feature in this model of AD. Further research is 
needed to demonstrate if these disruptions in metabolism directly 
influence behavioral deficits observed in this model.

Upon initial generation of the TgF344-AD rat model, cognitive de-
cline was reported in 15-month-old but not 6-month-old transgenic 
animals when the Barnes Maze was employed to assess learning and 
memory (Cohen et al., 2013). In another study where 13-month-old 
animals were assessed using the same test, no differences in maze 
escape latencies were detected between TgF344-AD rats and their 
WT littermates but reversal trials, where the maze escape route is 
changed, revealed that the Tg rats took longer to escape the maze 
and used less effective search strategies (Morrone et al.,  2020), 
indicating that as the task becomes more cognitively demanding 
deficits appear earlier in life. When Morris water maze testing, an-
other assessment of learning and memory, is employed impaired 
cognition has been reported in Tg rats aged from 6 to 24 months old 
(Rorabaugh et al., 2017; Voorhees et al., 2018). An in-depth analy-
sis of Morris water maze performance revealed that Tg rats of both 
sexes had increased escape latencies and made more path deviations 
to the escape platform by 11 months old and that Tg rats generally 
perform wider, less direct movements during their swims (Berkowitz 
et al., 2018) leading the researchers to hypothesize that Tg rats be-
come better at making wider, indirect movements during the Morris 
water maze. T-maze testing for learning and memory indicates a sim-
ilar timeline for cognitive decline, with 9- to 10-month-old Tg rats 
displaying cognitive decline (Tournier et al.,  2021). Interestingly, a 
longitudinal analysis of T-maze performance revealed no declines 
in cognition until 18 months of age in Tg animals and analyzing the 
sexes separately revealed that age had a significant effect in male 
but not female rats (Saré et al., 2020). Consistent with our data, we 
found that defects in cognition of male Tg rats occur by 9 months 
old while defects are not seen in females until 12 months of age and 
that these defects are more apparent in males. Cohen et al. (2013) 
initially reported that there were no differences in male or female 
Tg rats, and subsequent studies have either focused on a single sex 
or pooled sexes in their analysis. The cognitive differences between 
males and females reported here and by others highlight the impor-
tance of analyzing both sexes, as different assessments will likely 
uncover different aspects of the TgF344-AD rat behavior and will 
provide important insight into the differential manifestation of AD 
in male and female patients.

We also observed sex-specific differences in the anxiety-like be-
havior in the Tg rats using the OF test and the EPM. Anxiety has been 
associated with amyloid-β deposition before the cognitive decline in 
humans (Donovan et al., 2018), and elevated anxious behavior has 
been reported in the TgF344-AD rat model upon initial generation 
(Cohen et al., 2013) and in subsequent studies at ages ranging from 
4-months to 12-months old (Pentkowski et al.,  2018, 2022; Saré 
et al., 2020; Wu et al., 2020), with Tg rats displaying less movement 
in the OF and fewer open arm entries of OF tests and EPM tests, 
respectively. Interestingly, our study only revealed differences in 
the 9-month-old female Tg rats while the other groups performed 
similarly to each other. It is possible that depression-like behavior 

F I G U R E  6 Open field test reveals anxiety-like behavior in 
9-month-old female TgF344-AD rats. (a) Time spent in the center 
of the open field testing arena for male and female 9-month-old 
and 12-month-old rats. (b) Number of entries into the center zone 
of the open field testing arena for male and female 9-month-old 
and 12-month-old rats. (c) Representative traces of rat paths during 
the open field test. Data presented as mean ± SEM with points 
representing individual rats. Statistical analysis was performed by 
two-way ANOVA at each age. Post-hoc analysis was carried out 
by pairwise comparisons with Benjamini and Hochberg correction 
applied. *p < 0.05 following adjustment for multiple comparison. 
N = 6–8 per group.
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influenced our behavioral data, as depression has been reported 
in this rat model in both males and females (Tournier et al., 2021; 
Voorhees et al., 2018; Yang et al., 2022) when sucrose preference 
and forced swim tests are employed. No control for animal motiva-
tion was employed in our behavioral battery and thus differential 
effects of depression on the behavior of our groups cannot be ruled 
out as a potential confound and thus represents an important limita-
tion of our study. As we and others have reported differential meta-
bolic and behavioral features between the sexes of the TgF344-AD 
rat, investigation into differential effects of depression in this model 
represents an important avenue for future research.

Of particular note in our study is the contrast between the pe-
ripheral glucose metabolism and behavioral assessment in males and 
females, with males displaying no impairments in glucose metab-
olism and even show enhanced glucose disposal at 12 months old 
while MWM indicated spatial learning and memory was impaired. 
Females, on the other hand, display impairments in peripheral glu-
cose metabolism at both ages examined, but did not display deficits 
in spatial learning, and impairments in memory were not observed 
until 12 months. Similar discrepancies exist in examination of periph-
eral glucose metabolism in AD patients. Erythrocytes from individu-
als with AD have been shown to display elevated glycolytic activity 
compared to erythrocytes isolated from young and aged healthy 
controls (Kaminsky et al., 2013). Similarly, fibroblasts cultured from 
AD patients have shown increased capacity for glycolysis despite 
impairments in glucose uptake upon IGF-I stimulation (Sonntag 
et al.,  2017). More recently however, AD patient fibroblasts have 
shown reduced capacity for glycolysis (Bell et al., 2020). It is possible 
that differences in cell culture conditions could contribute to these 
discrepancies, as the fibroblasts displaying increased glycolytic ca-
pacity were grown glucose-containing media (Sonntag et al., 2017) 
while the report of AD fibroblasts with reduced glycolytic capacity 
employed glucose-free media (Bell et al., 2020), indicating that nu-
tritional status may be an important driver for these changes. An 
additional explanation for these conflicts may be a combination of 
analyzing male and female data together along with differences in 
experimental group composition. The report of Bell and colleagues 
(2020) employed a control group with an equal number of males and 
females, while Sonntag et al.  (2017) employed control groups with 
only a single female. These reports, in conjunction with the data pre-
sented here, indicate that perturbations in peripheral glucose me-
tabolism do exist in AD; however, they are likely context dependent 
and may hinge on factors such as sex or diet. Indeed, further study 
is necessary to determine the mechanistic relationship between spa-
tial learning/memory defects and impaired peripheral glucose me-
tabolism, if one exists.

In conclusion, we report the first assessment of body composi-
tion, peripheral glucose tolerance, and peripheral insulin sensitivity in 
the TgF34-AD rat model in conjunction with a behavioral battery to 
assess cognition and anxiety. While male Tg rats display normal body 
weight and glucose homeostasis, even showing improved glucose 
tolerance by 12 months old, female Tg rats display increased body 
weight due to increased adiposity and impaired glucose homeostasis 

at both ages tested. In contrast, male Tg rats display declines in cog-
nition at 9 and 12 months old while females did not show defects 
until 12 months old. In addition, in younger female Tg rats, we found 
evidence for increased anxiety, while this was not detected in male 
rats. Taken together, our data suggest that a type 2 diabetes pheno-
type precedes the cognitive decline in females while males display 
cognitive decline before these differences in peripheral metabolism 
are detected in the TgF344-AD model of Alzheimer's disease.

AUTHOR CONTRIBUTIONS
Liou Y. Sun conceptualized the study, oversaw overall direction, 
and secured funding. Hemant Srivastava and Akash Nagarajan per-
formed the experiments. A. Tate Lasher and Hemant Srivastava 
analyzed the data. A. Tate Lasher took the lead in writing the manu-
script. A. Tate Lasher, Hemant Srivastava, and Liou Y. Sun edited the 
manuscript. All authors provided critical feedback and helped shape 
the research, analysis, and manuscript.

ACKNOWLEDG MENTS
We thank the University of Alabama at Birmingham Behavioral 
Assessment Core and the University of Alabama at Birmingham 
Small Animal Phenotyping Core for their expertise and technical as-
sistance that helped facilitate the behavioral and physiological as-
sessments of our animals. The authors would also like to recognize 
the critical feedback and insightful comments from all members of 
the Sun Lab that helped conceive this manuscript.

FUNDING INFORMATION
This work was supported in part by the National Institute on Aging 
grants AG048264, AG057734, and AG050225 (L. Y. S.). The UAB 
Small Animal Phenotyping Core is supported by the NIH Nutrition & 
Obesity Research Center P30DK056336, Diabetes Research Center 
P30DK079626, and the UAB Nathan Shock Center P30AG050886A.

CONFLIC T OF INTERE S T S TATEMENT
All the contributing authors declared no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data supporting the findings of this study are available from the 
corresponding author upon reasonable request.

ORCID
Alexander Tate Lasher   https://orcid.org/0000-0002-6232-2844 
Liou Y. Sun   https://orcid.org/0000-0002-9802-6780 

R E FE R E N C E S
2020 Alzheimer's disease facts and figures. (2020). Alzheimers Dement. 

https://doi.org/10.1002/alz.12068
Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland, D., & Jones, E. 

(2011). Alzheimer's disease. Lancet, 377(9770), 1019–1031. https://
doi.org/10.1016/s0140​-6736(10)61349​-9

Bell, S. M., De Marco, M., Barnes, K., Shaw, P. J., Ferraiuolo, L., Blackburn, 
D. J., Mortiboys, H., & Venneri, A. (2020). Deficits in mitochondrial 
spare respiratory capacity contribute to the neuropsychological 

https://orcid.org/0000-0002-6232-2844
https://orcid.org/0000-0002-6232-2844
https://orcid.org/0000-0002-9802-6780
https://orcid.org/0000-0002-9802-6780
https://doi.org/10.1002/alz.12068
https://doi.org/10.1016/s0140-6736(10)61349-9
https://doi.org/10.1016/s0140-6736(10)61349-9


10 of 11  |     SRIVASTAVA et al.

changes of Alzheimer's disease. Journal of Personalized Medicine, 
10(2), 32. https://doi.org/10.3390/jpm10​020032

Berkowitz, L. E., Harvey, R. E., Drake, E., Thompson, S. M., & Clark, B. 
J. (2018). Progressive impairment of directional and spatially pre-
cise trajectories by TgF344-Alzheimer's disease rats in the Morris 
Water Task. Scientific Reports, 8(1), 16153. https://doi.org/10.1038/
s4159​8-018-34368​-w

Biessels, G. J., Staekenborg, S., Brunner, E., Brayne, C., & Scheltens, 
P. (2006). Risk of dementia in diabetes mellitus: A systematic re-
view. Lancet Neurology, 5(1), 64–74. https://doi.org/10.1016/s1474​
-4422(05)70284​-2

Cohen, R. M., Rezai-Zadeh, K., Weitz, T. M., Rentsendorj, A., Gate, D., 
Spivak, I., Bholat, Y., Vasilevko, V., Glabe, C. G., Breunig, J. J., Rakic, 
P., Davtyan, H., Agadjanyan, M. G., Kepe, V., Barrio, J. R., Bannykh, 
S., Szekely, C. A., Pechnick, R. N., & Town, T. (2013). A transgenic 
Alzheimer rat with plaques, tau pathology, behavioral impairment, 
oligomeric aβ, and frank neuronal loss. The Journal of Neuroscience, 
33(15), 6245–6256.

Craft, S., Asthana, S., Newcomer, J. W., Wilkinson, C. W., Matos, I. T., 
Baker, L. D., Cherrier, M., Lofgreen, C., Latendresse, S., Petrova, 
A., Plymate, S., Raskind, M., Grimwood, K., & Veith, R. C. (1999). 
Enhancement of memory in Alzheimer disease with insulin and so-
matostatin, but not glucose. Archives of General Psychiatry, 56(12), 
1135–1140. https://doi.org/10.1001/archp​syc.56.12.1135

Craft, S., Claxton, A., Baker, L. D., Hanson, A. J., Cholerton, B., Trittschuh, 
E. H., Dahl, D., Caulder, E., Neth, B., Montine, T. J., Jung, Y., Maldjian, 
J., Whitlow, C., & Friedman, S. (2017). Effects of regular and long-
acting insulin on cognition and Alzheimer's disease biomarkers: A 
pilot clinical trial. Journal of Alzheimer's Disease, 57(4), 1325–1334.

Denver, P., English, A., & McClean, P. L. (2018). Inflammation, insu-
lin signaling and cognitive function in aged APP/PS1 mice. Brain, 
Behavior, and Immunity, 70, 423–434. https://doi.org/10.1016/j.
bbi.2018.03.032

Donovan, N. J., Locascio, J. J., Marshall, G. A., Gatchel, J., Hanseeuw, B. J., 
Rentz, D. M., Johnson, K. A., Sperling, R. A., & Sperling, R. A. (2018). 
Longitudinal association of amyloid beta and anxious-depressive 
symptoms in cognitively normal older adults. The American Journal 
of Psychiatry, 175(6), 530–537.

Griffith, C. M., Macklin, L. N., Cai, Y., Sharp, A. A., Yan, X. X., Reagan, 
L. P., Strader, A. D., Rose, G. M., & Patrylo, P. R. (2019). Impaired 
glucose tolerance and reduced plasma insulin precede decreased 
AKT phosphorylation and GLUT3 translocation in the hippocampus 
of old 3xTg-AD mice. Journal of Alzheimer's Disease, 68(2), 809–837. 
https://doi.org/10.3233/jad-180707

Hendrickx, J. O., De Moudt, S., Calus, E., Martinet, W., Guns, P. D. F., 
Roth, L., De Deyn, P. P., Van Dam, D., & De Meyer, G. R. Y. (2021). 
Serum corticosterone and insulin resistance as early biomarkers in 
the hAPP23 overexpressing mouse model of Alzheimer's disease. 
International Journal of Molecular Sciences, 22(13), 6656.

Jack, C. R., Jr., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., 
Haeberlein, S. B., Holtzman, D. M., Jagust, W., Jessen, F., Karlawish, 
J., Liu, E., Molinuevo, J. L., Montine, T., Phelps, C., Rankin, K. P., 
Rowe, C. C., Scheltens, P., Siemers, E., Snyder, H. M., … Contributors. 
(2018). NIA-AA research framework: Toward a biological definition 
of Alzheimer's disease. Alzheimers Dement, 14(4), 535–562. https://
doi.org/10.1016/j.jalz.2018.02.018

Johnson, E. C. B., Dammer, E. B., Duong, D. M., Ping, L., Zhou, M., 
Yin, L., Higginbotham, L. A., Guajardo, A., White, B., Troncoso, J. 
C., Thambisetty, M., Montine, T. J., Lee, E. B., Trojanowski, J. Q., 
Beach, T. G., Reiman, E. M., Haroutunian, V., Wang, M., Schadt, E., … 
Seyfried, N. T. (2020). Large-scale proteomic analysis of Alzheimer's 
disease brain and cerebrospinal fluid reveals early changes in en-
ergy metabolism associated with microglia and astrocyte activa-
tion. Nature Medicine, 26(5), 769–780.

Kaminsky, Y. G., Reddy, V. P., Ashraf, G. M., Ahmad, A., Benberin, 
V. V., Kosenko, E. A., & Aliev, G. (2013). Age-related defects in 

erythrocyte 2,3-diphosphoglycerate metabolism in dementia. 
Aging and Disease, 4(5), 244–255. https://doi.org/10.14336/​
ad.2013.0400244

Kim, E., Nohara, K., Wirianto, M., Escobedo, G., Jr., Lim, J. Y., Morales, 
R., Yoo, S.-H., & Chen, Z. (2021). Effects of the clock modulator 
Nobiletin on circadian rhythms and pathophysiology in female mice 
of an Alzheimer's disease model. Biomolecules, 11(7), 1004.

Kumar, A., Singh, A., & Ekavali. (2015). A review on Alzheimer's 
disease pathophysiology and its management: An update. 
Pharmacological Reports, 67(2), 195–203. https://doi.org/10.1016/j.
pharep.2014.09.004

Macklin, L., Griffith, C. M., Cai, Y., Rose, G. M., Yan, X. X., & Patrylo, P. 
R. (2017). Glucose tolerance and insulin sensitivity are impaired in 
APP/PS1 transgenic mice prior to amyloid plaque pathogenesis and 
cognitive decline. Experimental Gerontology, 88, 9–18. https://doi.
org/10.1016/j.exger.2016.12.019

Mehta, D., Jackson, R., Paul, G., Shi, J., & Sabbagh, M. (2017). Why do tri-
als for Alzheimer's disease drugs keep failing? A discontinued drug 
perspective for 2010-2015. Expert Opinion on Investigational Drugs, 
26(6), 735–739. https://doi.org/10.1080/13543​784.2017.1323868

Mody, N., Agouni, A., McIlroy, G. D., Platt, B., & Delibegovic, M. (2011). 
Susceptibility to diet-induced obesity and glucose intolerance in 
the APP (SWE)/PSEN1 (A246E) mouse model of Alzheimer's dis-
ease is associated with increased brain levels of protein tyrosine 
phosphatase 1B (PTP1B) and retinol-binding protein 4 (RBP4), and 
basal phosphorylation of S6 ribosomal protein. Diabetologia, 54(8), 
2143–2151. https://doi.org/10.1007/s0012​5-011-2160-2

Morrone, C. D., Bazzigaluppi, P., Beckett, T. L., Hill, M. E., Koletar, M. 
M., Stefanovic, B., & McLaurin, J. (2020). Regional differences in 
Alzheimer's disease pathology confound behavioural rescue after 
amyloid-β attenuation. Brain, 143(1), 359–373.

Pedersen, W. A., & Flynn, E. R. (2004). Insulin resistance contrib-
utes to aberrant stress responses in the Tg2576 mouse model 
of Alzheimer's disease. Neurobiology of Disease, 17(3), 500–506. 
https://doi.org/10.1016/j.nbd.2004.08.003

Pentkowski, N. S., Berkowitz, L. E., Thompson, S. M., Drake, E. N., Olguin, 
C. R., & Clark, B. J. (2018). Anxiety-like behavior as an early en-
dophenotype in the TgF344-AD rat model of Alzheimer's disease. 
Neurobiology of Aging, 61, 169–176.

Pentkowski, N. S., Bouquin, S. J., Maestas-Olguin, C. R., Villasenor, Z. 
M., & Clark, B. J. (2022). Differential effects of chronic stress on 
anxiety-like behavior and contextual fear conditioning in the 
TgF344-AD rat model of Alzheimer's disease. Behavioural Brain 
Research, 418, 113661. https://doi.org/10.1016/j.bbr.2021.113661

Price, J. L., & Morris, J. C. (1999). Tangles and plaques in nondemented 
aging and “preclinical” Alzheimer's disease. Annals of Neurology, 
45(3), 358–368. https://doi.org/10.1002/1531-8249(19990​
3)45:3<358::aid-ana12​>3.0.co;2-x

Reger, M. A., Watson, G. S., Frey, W. H., 2nd, Baker, L. D., Cholerton, 
B., Keeling, M. L., Belongia, D. A., Fishel, M. A., Plymate, S. R., 
Schellenberg, G. D., Cherrier, M. M., & Craft, S. (2006). Effects of 
intranasal insulin on cognition in memory-impaired older adults: 
Modulation by APOE genotype. Neurobiology of Aging, 27(3), 451–
458. https://doi.org/10.1016/j.neuro​biola​ging.2005.03.016

Reger, M. A., Watson, G. S., Green, P. S., Baker, L. D., Cholerton, B., Fishel, 
M. A., Plymate, S. R., Cherrier, M. M., Schellenberg, G. D., Frey, W. 
H., 2nd, & Craft, S. (2008). Intranasal insulin administration dose-
dependently modulates verbal memory and plasma amyloid-beta in 
memory-impaired older adults. Journal of Alzheimer's Disease, 13(3), 
323–331.

Reitz, C., Brayne, C., & Mayeux, R. (2011). Epidemiology of Alzheimer 
disease. Nature Reviews. Neurology, 7(3), 137–152. https://doi.
org/10.1038/nrneu​rol.2011.2

Robison, L. S., Gannon, O. J., Thomas, M. A., Salinero, A. E., Abi-Ghanem, 
C., Poitelon, Y., Belin, S., & Zuloaga, K. L. (2020). Role of sex and high-
fat diet in metabolic and hypothalamic disturbances in the 3xTg-AD 

https://doi.org/10.3390/jpm10020032
https://doi.org/10.1038/s41598-018-34368-w
https://doi.org/10.1038/s41598-018-34368-w
https://doi.org/10.1016/s1474-4422(05)70284-2
https://doi.org/10.1016/s1474-4422(05)70284-2
https://doi.org/10.1001/archpsyc.56.12.1135
https://doi.org/10.1016/j.bbi.2018.03.032
https://doi.org/10.1016/j.bbi.2018.03.032
https://doi.org/10.3233/jad-180707
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.14336/ad.2013.0400244
https://doi.org/10.14336/ad.2013.0400244
https://doi.org/10.1016/j.pharep.2014.09.004
https://doi.org/10.1016/j.pharep.2014.09.004
https://doi.org/10.1016/j.exger.2016.12.019
https://doi.org/10.1016/j.exger.2016.12.019
https://doi.org/10.1080/13543784.2017.1323868
https://doi.org/10.1007/s00125-011-2160-2
https://doi.org/10.1016/j.nbd.2004.08.003
https://doi.org/10.1016/j.bbr.2021.113661
https://doi.org/10.1002/1531-8249(199903)45:3%3C358::aid-ana12%3E3.0.co;2-x
https://doi.org/10.1002/1531-8249(199903)45:3%3C358::aid-ana12%3E3.0.co;2-x
https://doi.org/10.1016/j.neurobiolaging.2005.03.016
https://doi.org/10.1038/nrneurol.2011.2
https://doi.org/10.1038/nrneurol.2011.2


    |  11 of 11SRIVASTAVA et al.

mouse model of Alzheimer's disease. Journal of Neuroinflammation, 
17(1), 285. https://doi.org/10.1186/s1297​4-020-01956​-5

Rorabaugh, J. M., Chalermpalanupap, T., Botz-Zapp, C. A., Fu, V. 
M., Lembeck, N. A., Cohen, R. M., & Weinshenker, D. (2017). 
Chemogenetic locus coeruleus activation restores reversal learning 
in a rat model of Alzheimer's disease. Brain, 140(11), 3023–3038.

Saré, R. M., Cooke, S. K., Krych, L., Zerfas, P. M., Cohen, R. M., & Smith, 
C. B. (2020). Behavioral phenotype in the TgF344-AD rat model of 
Alzheimer's disease. Frontiers in Neuroscience, 14, 601.

Sonntag, K. C., Ryu, W. I., Amirault, K. M., Healy, R. A., Siegel, A. J., 
McPhie, D. L., Forester, B., & Cohen, B. M. (2017). Late-onset 
Alzheimer's disease is associated with inherent changes in bio-
energetics profiles. Scientific Reports, 7(1), 14038. https://doi.
org/10.1038/s4159​8-017-14420​-x

Steen, E., Terry, B. M., Rivera, E. J., Cannon, J. L., Neely, T. R., Tavares, R., 
Xu, X. J., Wands, J. R., & de la Monte, S. M. (2005). Impaired insulin 
and insulin-like growth factor expression and signaling mechanisms 
in Alzheimer's disease–is this type 3 diabetes? Journal of Alzheimer's 
Disease, 7(1), 63–80. https://doi.org/10.3233/jad-2005-7107

Tournier, B. B., Barca, C., Fall, A. B., Gloria, Y., Meyer, L., Ceyzériat, K., 
& Millet, P. (2021). Spatial reference learning deficits in absence 
of dysfunctional working memory in the TgF344-AD rat model 
of Alzheimer's disease. Genes, Brain, and Behavior, 20(5), e12712. 
https://doi.org/10.1111/gbb.12712

Vandal, M., White, P. J., Chevrier, G., Tremblay, C., St-Amour, I., Planel, E., 
Marette, A., & Calon, F. (2015). Age-dependent impairment of glu-
cose tolerance in the 3xTg-AD mouse model of Alzheimer's disease. 
The FASEB Journal, 29(10), 4273–4284. https://doi.org/10.1096/
fj.14-268482

Velazquez, R., Tran, A., Ishimwe, E., Denner, L., Dave, N., Oddo, S., & 
Dineley, K. T. (2017). Central insulin dysregulation and energy 
dyshomeostasis in two mouse models of Alzheimer's disease. 

Neurobiology of Aging, 58, 1–13. https://doi.org/10.1016/j.neuro​
biola​ging.2017.06.003

Viel, C., Brandtner, A. T., Weißhaar, A., Lehto, A., Fuchs, M., & Klein, J. 
(2021). Effects of magnesium orotate, benfotiamine and a com-
bination of vitamins on mitochondrial and cholinergic function in 
the TgF344-AD rat model of Alzheimer's disease. Pharmaceuticals 
(Basel), 14(12), 1218. https://doi.org/10.3390/ph141​21218

Voorhees, J. R., Remy, M. T., Cintrón-Pérez, C. J., El Rassi, E., Khan, M. 
Z., Dutca, L. M., Yin, T. C., McDaniel, L. N., Williams, N. S., Brat, 
D. J., & Pieper, A. A. (2018). (−)-P7C3-S243 protects a rat model 
of Alzheimer's disease from neuropsychiatric deficits and neuro-
degeneration without altering amyloid deposition or reactive glia. 
Biological Psychiatry, 84(7), 488–498.

Wu, C., Yang, L., Li, Y., Dong, Y., Yang, B., Tucker, L. D., Zong, X., & Zhang, 
Q. (2020). Effects of exercise training on anxious-depressive-
like behavior in Alzheimer rat. Medicine and Science in Sports and 
Exercise, 52(7), 1456–1469.

Yang, L., Wu, C., Li, Y., Dong, Y., Wu, C. Y., Lee, R. H., Brann, D. W., Lin, H. 
W., & Zhang, Q. (2022). Long-term exercise pre-training attenuates 
Alzheimer's disease-related pathology in a transgenic rat model of 
Alzheimer's disease. Geroscience, 44(3), 1457–1477.

How to cite this article: Srivastava, H., Lasher, A. T., 
Nagarajan, A., & Sun, L. Y. (2023). Sexual dimorphism in the 
peripheral metabolic homeostasis and behavior in the 
TgF344-AD rat model of Alzheimer's disease. Aging Cell, 22, 
e13854. https://doi.org/10.1111/acel.13854

https://doi.org/10.1186/s12974-020-01956-5
https://doi.org/10.1038/s41598-017-14420-x
https://doi.org/10.1038/s41598-017-14420-x
https://doi.org/10.3233/jad-2005-7107
https://doi.org/10.1111/gbb.12712
https://doi.org/10.1096/fj.14-268482
https://doi.org/10.1096/fj.14-268482
https://doi.org/10.1016/j.neurobiolaging.2017.06.003
https://doi.org/10.1016/j.neurobiolaging.2017.06.003
https://doi.org/10.3390/ph14121218
https://doi.org/10.1111/acel.13854

	Sexual dimorphism in the peripheral metabolic homeostasis and behavior in the TgF344-­AD rat model of Alzheimer's disease
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Animals
	2.2|Quantitative magnetic resonance
	2.3|Glucose and insulin tolerance tests
	2.4|Plasma collection and ELISA
	2.5|Morris water maze
	2.6|Elevated plus maze
	2.7|Open field test
	2.8|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


