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ABSTRACT. Diabetes mellitus (DM) and obesity are associated with neurodegenerative diseases 
such as Alzheimer’s disease and psychiatric disorders such as major depression. In this study, we 
investigated pathophysiological changes in the brains of female Spontaneously Diabetic Torii 
(SDT) fatty rats with diabetes and obesity. Brains of Sprague-Dawley (SD), SDT and SDT fatty 
rats were collected at 58 weeks of age. The parietal cortical thickness was measured and the 
number of pyramidal cells in the hippocampal cornu ammonis 1 and 3 (CA1 and CA3) and the 
number of granule cells in the dentate gyrus (DG) regions were counted. The area of glial fibrillary 
acidic protein (GFAP) positivity in CA1, CA3 and DG regions were measured. The parietal cortical 
thickness and the number of cells in CA3 and DG regions of SDT and SDT fatty rats did not show 
obvious changes. On the other hand, in the CA1 region, the number of cells in SDT rats and SDT 
fatty rats was significantly lower than that in SD rats, and that in SDT fatty rats was significantly 
lower than that in SDT rats. The GFAP-positive area in SDT fatty rats was significantly reduced 
compared to that in SD rats only in the DG region. Preliminarily result showed that the expression 
of S100a9, an inflammation-related gene, was increased in the brains of SDT fatty rats. These 
results suggest that female SDT fatty rat may exhibit central nervous system diseases due to 
obesity and DM.
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Diabetes mellitus (DM) and obesity are one of the risk factors for neurodegenerative diseases, in which neurological and mental 
functions are impaired due to degeneration and shedding of the central nervous system (CNS), and for psychiatric diseases, in 
which social functioning is impaired due to significant bias in emotions and behavior based on them [3, 6, 22, 35]. Impairment of 
brain structure and function has been shown to be related to several factors, including oxidative stress, neuroinflammation, and 
neuronal apoptosis in diabetes [44, 47]. Morphological abnormalities such as brain atrophy and cell death in Alzheimer’s disease 
(AD) patients have been reported in several studies using MRI and postmortem brain studies [10, 33]. In addition, preclinical 
studies have observed volume loss in the forebrain cortex and hippocampus, neurodegeneration, and increased amyloid β42 in 
streptozotocin (STZ)-induced diabetic rats [46]. Moreover, the expression of amyloid precursor protein and phosphorylated tau has 
been reported in a rat model of type 2 DM in which diabetes induced by STZ after rearing on high fat, glucose, and protein diet 
[48]. Turning to psychiatric disorders, the prevalence of DM is increased in patients with schizophrenia [15], while the incidence 
of depression is higher in diabetic patients [36]. Epidemiological studies have also reported a bidirectional association between 
depression and diabetes [12]. In animal models, immobility time, a marker of depression, was increased in STZ-induced diabetic 
rats in a forced swimming test [5], and in Flinders Sensitive rats, a genetic model of depression, a high-fat diet caused abnormal 
behavior related to depression [1]. Thus, numerous clinical and preclinical studies suggest that diabetes is closely associated with 
cognitive dysfunction and mental disorders.

Spontaneously Diabetic Torii (SDT) fatty rat is a model for the development of the three major complications of diabetes: 
nephropathy, retinopathy, and neuropathy [17, 20, 27, 30]. Recently, SDT fatty rats have been shown to be a potential model 
for depression [38]. Since diabetes is observed from a young age in this model, it is expected that this model may exhibit 
neurodegenerative and psychiatric diseases seen in other animal models of diabetes. Previously, we reported that parietal cortical 
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thickness and hippocampal pyramidal cells in cornu ammonis 1 and 3 (CA1 and CA3) regions were reduced in the brain at 58 
weeks of age in obese and diabetic male SDT fatty rats [26]. Female SDT fatty rats showed obvious hyperinsulinemia compared 
with male SDT fatty rats [37], and we thought that severe insulin resistance might cause some changes in the brain of female SDT 
fatty rats, so we investigated the pathophysiological changes in the brain of female SDT fatty rats in the present study.

MATERIALS AND METHODS

Animals
In this study, 10 female SDT rats and 10 female SDT fatty rats (both from Clea Japan, Tokyo, Japan) were used. SDT rat is a 

spontaneously diabetic strain of the Sprague-Dawley (SD) rats [42], and loci for glucose intolerance have been identified [28]. 
The SDT fatty rat was established by inserting the leptin gene into the genome of the SDT rat [29]. Moreover, age-matched 10 
female SD rats (Clea Japan) were also used as control animals. The experiment was conducted in strict compliance with our own 
Laboratory Guidelines for Animal Experimentation and was approved by the Institutional Animal Care and Use Committee of 
Central Pharmaceutical Research Institute of Japan Tobacco Inc. Rats were housed in a climate-controlled room (temperature 23 ± 
3°C, humidity 55 ± 15%, 12 hr/12 hr light-dark cycle). A basal diet (CRF-1, Oriental Yeast, Tokyo, Japan) and sterilized water were 
provided ad libitum. Initially, 10 SDT fatty rats were provided, but 4 out of 10 died by 58 weeks of age. Therefore, the remaining 6 
rats were assigned to 4 rats for biochemical parameter measurements and morphological studies, and 2 rats for mRNA analysis. In 
the previous study using male rats, morphological changes in the brain were observed at 58 weeks but not at 32 weeks [26], so the 
following measurements were performed at 58 weeks of age.

Measurement of biochemical parameters
At 58 weeks of age, body weights and biochemical parameters such as plasma glucose, and blood hemoglobin A1c (HbA1c), 

insulin, triglyceride (TG), total cholesterol (TC) were measured. Blood samples were collected from the right subclavian vein 
under unanesthetized, non-fasting and overnight fasting conditions. Plasma glucose, HbA1, TG, and TC were measured using the 
commercial kits (Roche Diagnostics, Basel, Switzerland) and an automatic analyzer (HITACHI Clinical analyzer 7180; Hitachi, 
Tokyo, Japan). Plasma insulin levels were measured using the rat insulin enzyme-linked immunosorbent assay (ELISA) kits 
(Morinaga Institute of Biological Science, Yokohama, Japan).

Tissue sampling
For pathological specimen preparation, brains were collected from all rats for the morphological analyses at 58 weeks of age. 

Three days after blood sampling, rats were anesthetized with isoflurane and transcardially perfused with 0.1 M phosphate-buffered 
saline (PBS) and 4% paraformaldehyde using a perfusion device, and the brain was collected. For mRNA analysis, remaining rats 
were transcardially perfused with 0.1 M PBS under isoflurane anesthesia, and brain samples collected were stored at −80°C until 
analysis.

Preparation of tissue specimen
Brain blocks at approximately −1.50 to −3.00 mm from the bregma were created using a rodent brain matrix (Neuroscience, 

Tokyo, Japan), and paraffin-embedded brains using standard techniques were sliced (5 µm) at approximately −3.30 mm from 
the bregma while referring to the brain map. Brain sections were stained with hematoxylin-eosin (HE) and Nissl. In addition, 
immunostaining for a glial fibrillary acidic protein (GFAP) was performed. After deparaffinization and rehydration, sections 
were treated with L.A.B. solution (Polyscience, Niles, IL, USA) for 20 min at room temperature to retrieve antigen. Sections 
were incubated with 0.3% hydrogen peroxide for 15 min at room temperature to block endogenous peroxidase activity, and 
then incubated with primary antibody (anti-GFAP rabbit monoclonal antibody, 1:100, Abcam, Cambridge, UK) for 2 hr at room 
temperature. The sections were incubated with a secondary antibody labeled with horseradish peroxidase for 30 min at room 
temperature and immunoreaction was developed with the StayBlack/HRP reaction solution (Abcam).

Morphometric analyses
HE- and Nissl-stained sections were digitally photographed using an optical microscope and images were saved. Measurements 

of parietal cortex thickness, hippocampal pyramidal cell count in CA1 and CA3 regions, and granule cell count in dentate gyrus 
(DG) region were performed according to the previously described method [26]. Left and right parietal cortical thicknesses were 
measured using HE-stained sections and left and right mean values were calculated. Nissl-stained sections were used to count 
pyramidal cells in the left and right CA1 and CA3 regions and granule cells in DG region. Using image processing software, Image 
J (NIH; https://imagej.nih.gov/ij/), the number of cells with clear nuclear borders and boundaries in each of the 3 locations per unit 
area (6 locations on each side) was counted for each section using a blinded method. The unit area was set to 50 × 150 μm for both 
the CA1, CA3 and DG regions. The number of cells was taken as the average value of 6-unit areas. GFAP immunostained sections 
were used to measure GFAP positive areas. In hippocampal CA1, CA3, and DG, the percentage of GFAP positive areas in a single 
field of view (approximately 0.54 mm × 0.72 mm) was automatically measured by Image J. 2 sections per animal, left and right 
area per 1 section, were acquired and averaged (4 locations in total per animal).
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mRNA from real-time reverse-transcriptase-polymerase chain reactions
The mRNA measurement was performed in the same way as our previous report [26]. Total RNA was extracted from whole 

brain of rats at 58 weeks of age using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 
protocols. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using a High-Capacity cDNA Reverse 
Transcription Kit with an RNase Inhibitor (Applied Biosystems, Foster City, CA, USA). The reaction mixture was incubated for 
10 min at 25°C, 2 hr at 37°C, and 5 min at 85°C. Real-time PCR quantification was performed in a 10 μl reaction mixture on a 
QuantStudio 7 Real-Time PCR system (Applied Biosystems). The reaction mixture contained 1 × TaqMan Universal PCR Master 
Mix II (Applied Biosystems), 20 ng of synthesized cDNA, and 0.9 μM primers/0.25 μM probes or TaqMan primers/probe mix 
(TaqMan Gene Expression Assays, Applied Biosystems). Cycle parameters were 10 min at 95°C, followed by 40 cycles of 15 sec 
at 95°C and 1 min at 60°C. The expression of the following genes was confirmed using TaqMan Gene Expression Assays: β-actin 
(Rn00667869_m1), S100 calcium-binding protein A9 (S100a9) (Rn00585879_m1), heat shock 70kD protein 1A (HSP70-1a) 
(Rn04224718_u1), HSP70-1b (Rn02532795_s1), nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NF-κB) 
(Rn01399572_m1), tumor necrosis factor (TNF)-α (Rn99999017_m1), insulin-like growth factor-1 (IGF-1) (Rn00710306_m1), and 
caspase 3 (Rn00563902_m1). Each relative change in gene expression level was calculated using the 2-ΔΔCt method [25].

Statistical analyses
Results were expressed as means ± standard deviations. Statistical analyses of differences between groups were performed using 

an one-way ANOVA with Tukey post hoc test. Differences were defined as significant when P<0.05.

RESULTS

As mentioned above, in this experiment, 10 SD, SDT and SDT fatty rats were provided each, but 4 out of 10 SDT fatty rats 
died by the age of 58 weeks, so the remaining six rats were assigned to 4 rats for biochemical parameter measurements and 
morphological studies, and 2 rats for mRNA analysis, respectively.

At 58 weeks of age, the mean body weights of SD, SDT, and SDT-fat rats were 
567.1 g (n=5), 399.8 g (n=5), and 607.6 g (n=4), respectively. Plasma glucose 
levels in SDT rats and SDT fatty rats were significantly higher than in SD rats 
under non-fasting conditions, but not overnight fasting condition. HbA1c was 
significantly higher level in SDT rats and SDT fatty rats compared with SD rats, 
with or without overnight fasting. Insulin levels were significantly higher in SDT 
fatty rats than in SDT rats, but it was similar among the three groups; both SDT 
rats and SDT fatty rats showed hyperglycemia but no obvious increase in insulin 
levels. The TG and TC levels were higher in SDT fatty rats than in SD and SDT 
rats, although the differences may or may not be significant due to the large inter-
individual variability (Table 1).

There was no difference in the thickness of the parietal cortex between the 
groups (Fig. 1); the thickness of SD rats, SDT rats, and SDT fatty rats was 0.984 
mm (n=5), 1.030 mm (n=5), and 0.988 mm (n=4), respectively. The number of 
cells in CA1 region of SDT and SDT fatty rats was significantly (P<0.01) lower 
than that of SD rats, and even significantly (P<0.01) lower in SDT fatty rats than in 
SDT rats. There were no statistically significance in the number of cells in CA3 and 
DG region between the groups, but the number of cells in the DG region of SDT 
fatty rats tended to be lower (P=0.051) than that of SD rats (Fig. 2). The number 
of cells in the CA1, CA3, and DG regions was 26.8 ± 0.7, 20.8 ± 0.8 and 61.9 ± 
1.9 in SD rats (n=5), 23.8 ± 0.7, 19.9 ± 1.2 and 61.6 ± 2.3 in SDT rats (n=5), and 
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Table 1. Biochemical parameters during non-fasting and overnight fasting in Sprague-Dawley (SD), Spontaneously Diabetic Torii 
(SDT) and SDT fatty rats at 58 weeks of age

Condition Strain N Body weight Plasma glucose Plasma insulin HbA1c Triglyceride Total cholesterol
(g) (mg/dl) (ng/ml) (%) (mg/dl) (mg/dl)

Non-fast SD 5 567.1 ± 55.3 121.6 ± 5.9 2.5 ± 1.0 3.2 ± 0.1 502 ± 338 131 ± 37
SDT 5 399.8 ± 77.9 523.6 ± 204.2** 1.7 ± 2.1 7.1 ± 2.4** 343 ± 115 84 ± 5
SDT fatty 4 607.6 ± 174.3# 455.5 ± 232.1* 4.1 ± 2.8 6.9 ± 2.2** 2,413 ± 1,842*,# 542 ± 462 #

Fast SD 5 – 139.6 ± 12.8 1.5 ± 0.5 2.1 ± 0.2 331 ± 314 122 ± 37
SDT 5 – 163.6 ± 43.1 0.6 ± 0.3 7.5 ± 3.5* 113 ± 33 66 ± 6
SDT fatty 4 – 158.0 ± 31.5 2.0 ± 1.1 # 7.2 ± 3.4* 2,323 ± 2,415 508 ± 382*,#

Data represent means ± standard deviation (n=4 to 5). Body weights after fasting were not measured. Non-fast: normal breeding condition, Fast: overnight 
fasting condition. *P<0.05, **P<0.01 vs. SD rats, #P<0.05 vs. SDT rats.

Fig. 1. Parietal cortical thickness in female 
Sprague-Dawley (SD) rats, Spontaneously 
Diabetic Torii (SDT) rats, and SDT fatty rats 
at 58 weeks of age. Data represent means ± 
standard deviations (n=4 to 5). There were no 
significant differences between the groups.
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21.9 ± 0.9, 20.1 ± 0.9, and 57.8 ± 2.6 in SDT fatty rats (n=4), respectively.
The sites of measurement of GFAP positivity in the hippocampal CA1, CA3, and DG regions (0.54 mm × 0.72 mm) were shown 

in Fig. 3B. In the CA1 and CA3 regions, there was no obvious difference between the groups. On the other hand, in the DG region, 
the GFAP-positive area in SDT fatty rats was significantly (P<0.05) reduced compared to SD rats, and the GFAP-positive rate in 
the DG region was 6.9 ± 1.6% in SD rats (n=5), 5.8 ± 1.5% in SDT rats (n=5), and 3.5 ± 1.0% in SDT fatty rats (n=4) (Fig. 3A).

Since there were only two SDT fatty rats, the data can only be supplementary, but we measured changes in mRNA expression 
related to inflammation in the brain at 58 weeks of age in each group. In SDT fatty rats (n=2), mRNA expression of S100a9, a 
calcium-binding protein, was increased in the brain compared to SD or SDT rats (n=5) (statistical analysis not performed) (Fig. 4). 
SDT rats also showed a slight upward trend of S100a9.

DISCUSSION

Previously, we reported that parietal cortical thickness and hippocampal pyramidal cells in CA1 and CA3 regions were 
reduced in the brain at 58 weeks of age in obese and diabetic male SDT fatty rats [26]. Since female SDT fatty rats show obvious 
hyperinsulinemia compared to male SDT fatty rats [37], we hypothesized that severe insulin resistance could be induced in the 
brain of female SDT fatty rats, and we investigated the pathophysiological changes of the brain in non-obese SDT rats in addition 
to female SDT fatty rats.

In male rats, a decrease in the thickness of the cerebral cortex, decreased the number of neurons in the CA1 and CA3 regions, 
and an increase in inflammation-related genes have been observed in male SDT fatty rats compared to male SD rats [26]. For 
instance, the number of neurons in the CA1 region was 27.4 ± 1.4 in SD rats and 22.3 ± 1.1 in SDT fatty rats (Data from reference 
No. [26]). However, no changes other than a decrease in the number of neurons in the CA1 region of the hippocampus were 
observed in female SDT fatty rats, suggesting that there may be sex differences in the effects on the brain. Clinical studies have 
reported that the volume of the hippocampus in males is smaller than in females and is particularly pronounced after 60 years old 
[18]. The male brain may be more susceptible to various influences such as diabetes and stress, while the female brain may be 
more robust than the male brain. On the other hand, women are said to have a higher incidence of AD, although there may be the 
influence of a very complex system of endocrine and susceptibility differences [31]. The CA1 region of the hippocampus has been 
reported to have a reduced density of CA1 neurons in AD patients after dementia and stroke [11]. Furthermore, the CA3 region 
has been reported to be vulnerable to aging, and the number of cells per unit area decreases with aging [45]. In addition, a decrease 
in the number of granule cells in the DG has been reported in an animal model of diabetes [8]. In the present study, there was no 
apparent effect on the number of pyramidal cells in the CA3 region or granule cells in the DG region in SDT rats and SDT fatty 
rats. However, the number of pyramidal cells in the CA1 region, which has been associated with dementia as described above, was 
decreased in SDT rats and SDT fatty rats, suggesting that there may be some effect on the hippocampus related to memory.
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Fig. 2. The number of cells in hippocampal cornu ammonis (CA) 1, CA3, and dentate gyrus (DG) regions of female Sprague-Dawley (SD) 
rats, Spontaneously Diabetic Torii (SDT) rats, and SDT fatty rats at 58 weeks of age. Illustrative example of the CA1 region in SD rats (A), 
SDT rats (B) and SDT fatty rats (C). Number of cells in the CA1, CA3 and DG regions (D). Data represent means ± standard deviations (n=4 
to 5). **P<0.01 and #P<0.05; significantly different from SD rats group and SDT rats group, respectively.
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Fig. 3. Glial fibrillary acidic protein (GFAP) positive area in hippocampal cornu ammonis (CA) 1, CA3, and dentate gyrus (DG) regions of 
Sprague-Dawley (SD), Spontaneously Diabetic Torii (SDT), and SDT fatty rats at 58 weeks of age. The % of GFAP-positive area (A) and 
the site used for analysis (B). Data represent means ± standard deviations (n=4 to 5). #P<0.05; significantly different from SD rats group. 
Illustrative example in CA1 (C, F, I), CA3 (D, G, J), and DG region (E, H, K) in SD rats (C–E), SDT rats (F–H), and SDT fatty rats (I–K). 
Bar in (B)=500 µm, bar in (C) to (K)=100 µm.

Fig. 4. Changes in mRNA levels in Sprague-Dawley (SD), Spontaneously Diabetic Torii (SDT), and SDT fatty rat brains at 58 weeks of 
age. Data represent means ± standard deviations (n=2 to 5). Statistical analyses were not performed due to the small number of cases.
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It has been reported that female SDT fatty rats at a young age show insulin resistance [37]. Although insulin resistance in these 
rats at higher weeks of age was less pronounced, the hyperglycemic state was maintained. Since a significant neuronal decrease 
was also observed in the CA1 region of non-obese SDT rats, sustained hyperglycemia may contribute to the decrease in neurons in 
the CA1 region. It has been reported that neuronal loss by apoptosis may be related to the duration of diabetes in BB/W rats with 
spontaneous type 1 diabetes [24]. In addition, TG and TC tended to be higher in female SDT fatty rats. While increased TG and TC 
have been reported to be associated with AD [2], there is also a report that the causal relationship between high TC and AD has not 
been confirmed [32]. The relationship between dyslipidemia and dementia is not certain and controversial. However, dyslipidemia 
is a risk factor for the development of cerebral infarction [21] and may cause vascular dementia [4]. In the present study, we did 
not observe any decrease in cortical thickness, which may indicate cerebral atrophy. However, future detailed studies are needed 
to investigate the relationship between organic changes in cerebral blood vessels, the presence of infarct foci, and TG and TC 
metabolism in blood and the brain.

In the present study, the results of the expression of GFAP, a brain astrocyte marker, suggest that astrocytes in the DG region 
may be reduced in SDT fatty rats. It has been reported that astrocytes in the DG are increased in streptozotocin-induced diabetic 
rats and NOD mice [19, 40]. In addition, in ob/ob mice with knock-in β-amyloid, GFAP is decreased at 6 months of age but 
increased at 18 months of age, indicating that astrocytes may be activated by obesity and diabetes in addition to aging [43]. On 
the other hand, a decrease in GFAP-positive cells has been reported in the hypothalamus of STZ rats and the suprachiasmatic 
nucleus of the anterior hypothalamus of type 2 diabetic patients [14, 23]. These findings indicate that the pathogenesis of diabetes 
is related to neurosecretion and circadian rhythm. It has also been shown that SDT fatty rats have impaired circadian rhythms and 
dysregulated melatonin secretion [39] and that GFAP-responsive astrocytes in the hippocampus are reduced in the postmortem 
brains of patients with major depression [7]. Therefore, the reduction of GFAP in the DG observed in SDT fatty rats may be related 
to circadian rhythms, depression, and other CNS disorders other than cognitive function.

In this study, although the results are preliminary, the expression of S100a9, an inflammation-related gene, was observed in the 
brains of female SDT fatty rats as well as male SDT fatty rats [26]. S100a9 has been reported to be involved in AD and depression 
[34, 41]. Furthermore, S100a9 expression has been found in AD patients and genetically modified AD animal models, suggesting 
that S100a9 expression may be involved in the pathology of AD [13]. It has been reported that S100a9 is also expressed in animal 
models of major depressive disorder [16] and is significantly higher in the dorsolateral prefrontal cortex of schizophrenia patients 
[9], suggesting that S100a9 is associated not only with dementia but also with psychiatric disorders such as depression. Although 
SDT fatty rats are hyperglycemic and obese models and thus may be exposed to chronic inflammation and stress, no increase in 
TNF-α or HSP70 was observed in this study. Since the present results are preliminary due to the small number of cases, further 
studies on gene expression changes in the brain are needed.

Although the results of this study suggest that SDT fatty rats may be used as a model animal for various CNS dieases, many 
issues remain to be addressed. A more detailed study of the characteristics of this rat brain, including sex differences, may lead to 
future applications in CNS diseases.

POTENTIAL CONFLICTS OF INTEREST. The authors declare no conflict of interest.

REFERENCES

 1. Abildgaard, A., Solskov, L., Volke, V., Harvey, B. H., Lund, S. and Wegener, G. 2011. A high-fat diet exacerbates depressive-like behavior in the 
flinders sensitive line (FSL) rat, a genetic model of depression. Psychoneuroendocrinology 36: 623–633. [Medline]  [CrossRef]

 2. Agarwal, M. and Khan, S. 2020. Plasma lipids as biomarkers for Alzheimer’s disease: a systematic review. Cureus 12: e12008. [Medline]
 3. Akomolafe, A., Beiser, A., Meigs, J. B., Au, R., Green, R. C., Farrer, L. A., Wolf, P. A. and Seshadri, S. 2006. Diabetes mellitus and risk of 

developing Alzheimer disease: results from the Framingham Study. Arch. Neurol. 63: 1551–1555. [Medline]  [CrossRef]
 4. Appleton, J. P., Scutt, P., Sprigg, N. and Bath, P. M. 2017. Hypercholesterolaemia and vascular dementia. Clin. Sci. (Lond.) 131: 1561–1578. 

[Medline]  [CrossRef]
 5. Aswar, U., Chepurwar, S., Shintre, S. and Aswar, M. 2017. Telmisartan attenuates diabetes induced depression in rats. Pharmacol. Rep. 69: 

358–364. [Medline]  [CrossRef]
 6. Casanova, F., O’Loughlin, J., Martin, S., Beaumont, R. N., Wood, A. R., Watkins, E. R., Freathy, R. M., Hagenaars, S. P., Frayling, T. M., 

Yaghootkar, H. and Tyrrell, J. 2021. Higher adiposity and mental health: causal inference using Mendelian randomization. Hum. Mol. Genet. 30: 
2371–2382. [Medline]  [CrossRef]

 7. Cobb, J. A., O’Neill, K., Milner, J., Mahajan, G. J., Lawrence, T. J., May, W. L., Miguel-Hidalgo, J., Rajkowska, G. and Stockmeier, C. A. 2016. 
Density of GFAP-immunoreactive astrocytes is decreased in left hippocampi in major depressive disorder. Neuroscience 316: 209–220. [Medline]  
[CrossRef]

 8. Fazeli, S. A., Gharravi, A. M., Ghafari, S., Jahanshahi, M. and Golalipour, M. J. 2008. The granule cell density of the dentate gyrus following 
administration of Urtica dioica extract to young diabetic rats. Folia Morphol. (Warsz) 67: 196–204. [Medline]

 9. Foster, R., Kandanearatchi, A., Beasley, C., Williams, B., Khan, N., Fagerhol, M. K. and Everall, I. P. 2006. Calprotectin in microglia from frontal 
cortex is up-regulated in schizophrenia: evidence for an inflammatory process? Eur. J. Neurosci. 24: 3561–3566. [Medline]  [CrossRef]

 10. Frölich, L., Blum-Degen, D., Bernstein, H. G., Engelsberger, S., Humrich, J., Laufer, S., Muschner, D., Thalheimer, A., Türk, A., Hoyer, S., 
Zöchling, R., Boissl, K. W., Jellinger, K. and Riederer, P. 1998. Brain insulin and insulin receptors in aging and sporadic Alzheimer’s disease. J. 
Neural Transm. (Vienna) 105: 423–438. [Medline]  [CrossRef]

 11. Gemmell, E., Bosomworth, H., Allan, L., Hall, R., Khundakar, A., Oakley, A. E., Deramecourt, V., Polvikoski, T. M., O’Brien, J. T. and Kalaria, R. 
N. 2012. Hippocampal neuronal atrophy and cognitive function in delayed poststroke and aging-related dementias. Stroke 43: 808–814. [Medline]  
[CrossRef]

330–337, 2022

http://www.ncbi.nlm.nih.gov/pubmed/20888697?dopt=Abstract
http://dx.doi.org/10.1016/j.psyneuen.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33457117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17101823?dopt=Abstract
http://dx.doi.org/10.1001/archneur.63.11.1551
http://www.ncbi.nlm.nih.gov/pubmed/28667059?dopt=Abstract
http://dx.doi.org/10.1042/CS20160382
http://www.ncbi.nlm.nih.gov/pubmed/28189098?dopt=Abstract
http://dx.doi.org/10.1016/j.pharep.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/34270736?dopt=Abstract
http://dx.doi.org/10.1093/hmg/ddab204
http://www.ncbi.nlm.nih.gov/pubmed/26742791?dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2015.12.044
http://www.ncbi.nlm.nih.gov/pubmed/18828102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17229104?dopt=Abstract
http://dx.doi.org/10.1111/j.1460-9568.2006.05219.x
http://www.ncbi.nlm.nih.gov/pubmed/9720972?dopt=Abstract
http://dx.doi.org/10.1007/s007020050068
http://www.ncbi.nlm.nih.gov/pubmed/22207507?dopt=Abstract
http://dx.doi.org/10.1161/STROKEAHA.111.636498


T. MAEKAWA ET AL.

336J. Vet. Med. Sci. 84(3): 330–337, 2022

 12. Golden, S. H., Lazo, M., Carnethon, M., Bertoni, A. G., Schreiner, P. J., Diez Roux, A. V., Lee, H. B. and Lyketsos, C. 2008. Examining a 
bidirectional association between depressive symptoms and diabetes. JAMA 299: 2751–2759. [Medline]  [CrossRef]

 13. Ha, T. Y., Chang, K. A., Kim, J., Kim, H. S., Kim, S., Chong, Y. H. and Suh, Y. H. 2010. S100a9 knockdown decreases the memory impairment and 
the neuropathology in Tg2576 mice, AD animal model. PLoS One 5: e8840. [Medline]  [CrossRef]

 14. Hogenboom, R., Kalsbeek, M. J., Korpel, N. L., de Goede, P., Koenen, M., Buijs, R. M., Romijn, J. A., Swaab, D. F., Kalsbeek, A. and Yi, C. X. 
2019. Loss of arginine vasopressin- and vasoactive intestinal polypeptide-containing neurons and glial cells in the suprachiasmatic nucleus of 
individuals with type 2 diabetes. Diabetologia 62: 2088–2093. [Medline]  [CrossRef]

 15. Holt, R. I. G., Peveler, R. C. and Byrne, C. D. 2004. Schizophrenia, the metabolic syndrome and diabetes. Diabet. Med. 21: 515–523. [Medline]  
[CrossRef]

 16. Ikubo, K., Yamanishi, K., Doe, N., Hashimoto, T., Sumida, M., Watanabe, Y., El-Darawish, Y., Li, W., Okamura, H., Yamanishi, H. and Matsunaga, 
H. 2017. Molecular analysis of the mouse brain exposed to chronic mild stress: The influence of hepatocyte nuclear factor 4α on physiological 
homeostasis. Mol. Med. Rep. 16: 301–309. [Medline]  [CrossRef]

 17. Ishii, Y., Ohta, T., Sasase, T., Morinaga, H., Ueda, N., Hata, T., Kakutani, M., Miyajima, K., Katsuda, Y., Masuyama, T., Shinohara, M. and 
Matsushita, M. 2010. Pathophysiological analysis of female Spontaneously Diabetic Torii fatty rats. Exp. Anim. 59: 73–84. [Medline]  [CrossRef]

 18. Jack, C. R. J. Jr., Wiste, H. J., Weigand, S. D., Knopman, D. S., Vemuri, P., Mielke, M. M., Lowe, V., Senjem, M. L., Gunter, J. L., Machulda, M. 
M., Gregg, B. E., Pankratz, V. S., Rocca, W. A. and Petersen, R. C. 2015. Age, sex, and APOE ε4 effects on memory, brain structure, and β-amyloid 
across the adult life span. JAMA Neurol. 72: 511–519. [Medline]  [CrossRef]

 19. Jahanshahi, M., Golalipour, M. J. and Afshar, M. 2009. The effect of Urtica dioica extract on the number of astrocytes in the dentate gyrus of 
diabetic rats. Folia Morphol. (Warsz) 68: 93–97. [Medline]

 20. Katsuda, Y., Sasase, T., Tadaki, H., Mera, Y., Motohashi, Y., Kemmochi, Y., Toyoda, K., Kakimoto, K., Kume, S. and Ohta, T. 2015. Contribution 
of hyperglycemia on diabetic complications in obese type 2 diabetic SDT fatty rats: effects of SGLT inhibitor phlorizin. Exp. Anim. 64: 161–169. 
[Medline]  [CrossRef]

 21. Khan, U., Porteous, L., Hassan, A. and Markus, H. S. 2007. Risk factor profile of cerebral small vessel disease and its subtypes. J. Neurol. 
Neurosurg. Psychiatry 78: 702–706. [Medline]  [CrossRef]

 22. Kuan, Y. C., Huang, K. W., Lin, C. L., Hu, C. J. and Kao, C. H. 2017. Effects of metformin exposure on neurodegenerative diseases in elderly 
patients with type 2 diabetes mellitus. Prog. Neuropsychopharmacol. Biol. Psychiatry 79 Pt B: 77–83. [Medline]  [CrossRef]

 23. Lechuga-Sancho, A. M., Arroba, A. I., Frago, L. M., García-Cáceres, C., de Célix, A. D. R., Argente, J. and Chowen, J. A. 2006. Reduction in the 
number of astrocytes and their projections is associated with increased synaptic protein density in the hypothalamus of poorly controlled diabetic 
rats. Endocrinology 147: 5314–5324. [Medline]  [CrossRef]

 24. Li, Z. G., Zhang, W., Grunberger, G. and Sima, A. A. 2002. Hippocampal neuronal apoptosis in type 1 diabetes. Brain Res. 946: 221–231. [Medline]  
[CrossRef]

 25. Livak, K. J. and Schmittgen, T. D. 2001. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) 
Method. Methods 25: 402–408. [Medline]  [CrossRef]

 26. Maekawa, T., Ohta, T. and Kume, S. 2018. Pathophysiological abnormalities in the brains of Spontaneously Diabetic Torii-Lepr fa (SDT fatty) rats, a 
novel type 2 diabetic model. J. Vet. Med. Sci. 80: 1385–1391. [Medline]  [CrossRef]

 27. Maekawa, T., Tadaki, H., Sasase, T., Motohashi, Y., Miyajima, K., Ohta, T. and Kume, S. 2017. Pathophysiological profiles of SDT fatty rats, a 
potential new diabetic peripheral neuropathy model. J. Pharmacol. Toxicol. Methods 88: 160–166. [Medline]  [CrossRef]

 28. Masuyama, T., Fuse, M., Yokoi, N., Shinohara, M., Tsujii, H., Kanazawa, M., Kanazawa, Y., Komeda, K. and Taniguchi, K. 2003. Genetic analysis 
for diabetes in a new rat model of nonobese type 2 diabetes, Spontaneously Diabetic Torii rat. Biochem. Biophys. Res. Commun. 304: 196–206. 
[Medline]  [CrossRef]

 29. Masuyama, T., Katsuda, Y. and Shinohara, M. 2005. A novel model of obesity-related diabetes: introgression of the Lepr(fa) allele of the Zucker 
fatty rat into nonobese Spontaneously Diabetic Torii (SDT) rats. Exp. Anim. 54: 13–20. [Medline]  [CrossRef]

 30. Matsui, K., Ohta, T., Oda, T., Sasase, T., Ueda, N., Miyajima, K., Masuyama, T., Shinohara, M. and Matsushita, M. 2008. Diabetes-associated 
complications in Spontaneously Diabetic Torii fatty rats. Exp. Anim. 57: 111–121. [Medline]  [CrossRef]

 31. May, M. 2016. Sex on the brain: unraveling the differences between women and men in neurodegenerative disease. Nat. Med. 22: 1370–1372. 
[Medline]  [CrossRef]

 32. McFarlane, O. and Kędziora-Kornatowska, K. 2020. Cholesterol and dementia: a long and complicated relationship. Curr. Aging Sci. 13: 42–51. 
[Medline]  [CrossRef]

 33. Moran, C., Beare, R., Phan, T. G., Bruce, D. G., Callisaya, M. L., Srikanth V., Alzheimer’s Disease Neuroimaging Initiative (ADNI). 2015. Type 2 
diabetes mellitus and biomarkers of neurodegeneration. Neurology 85: 1123–1130. [Medline]  [CrossRef]

 34. Nie, X., Kitaoka, S., Tanaka, K., Segi-Nishida, E., Imoto, Y., Ogawa, A., Nakano, F., Tomohiro, A., Nakayama, K., Taniguchi, M., Mimori-Kiyosue, 
Y., Kakizuka, A., Narumiya, S. and Furuyashiki, T. 2018. The innate immune receptors TLR2/4 mediate repeated social defeat stress-induced social 
avoidance through prefrontal microglial activation. Neuron 99: 464–479.e7. [Medline]  [CrossRef]

 35. Ninomiya-Baba, M., Matsuo, J., Sasayama, D., Hori, H., Teraishi, T., Ota, M., Hattori, K., Noda, T., Ishida, I., Shibata, S. and Kunugi, H. 2017. 
Association of body mass index-related single nucleotide polymorphisms with psychiatric disease and memory performance in a Japanese 
population. Acta Neuropsychiatr. 29: 299–308. [Medline]  [CrossRef]

 36. Nouwen, A., Winkley, K., Twisk, J., Lloyd, C. E., Peyrot, M., Ismail, K., Pouwer F., European Depression in Diabetes (EDID) Research 
Consortium. 2010. Type 2 diabetes mellitus as a risk factor for the onset of depression: a systematic review and meta-analysis. Diabetologia 53: 
2480–2486. [Medline]  [CrossRef]

 37. Ohta, T., Katsuda, Y., Miyajima, K., Sasase, T., Kimura, S., Tong, B. and Yamada, T. 2014. Gender differences in metabolic disorders and related 
diseases in Spontaneously Diabetic Torii-Lepr(fa) rats. J. Diabetes Res. 2014: 841957. [Medline]  [CrossRef]

 38. Sakimura, K., Maekawa, T., Sasagawa, K., Ishii, Y., Kume, S. I. and Ohta, T. 2018. Depression-related behavioural and neuroendocrine changes 
in the Spontaneously Diabetic Torii (SDT) fatty rat, an animal model of type 2 diabetes mellitus. Clin. Exp. Pharmacol. Physiol. 45: 927–933. 
[Medline]  [CrossRef]

 39. Sakimura, K., Maekawa, T., Kume, S. I. and Ohta, T. 2018. Spontaneously diabetic torii (SDT) fatty rat, a novel animal model of type 2 diabetes 
mellitus, shows blunted circadian rhythms and melatonin secretion. Int. J. Endocrinol. 2018: 9065690. [Medline]  [CrossRef]

 40. Saravia, F. E., Revsin, Y., Gonzalez Deniselle, M. C., Gonzalez, S. L., Roig, P., Lima, A., Homo-Delarche, F. and De Nicola, A. F. 2002. Increased 
astrocyte reactivity in the hippocampus of murine models of type 1 diabetes: the nonobese diabetic (NOD) and streptozotocin-treated mice. Brain 
Res. 957: 345–353. [Medline]  [CrossRef]

 41. Shepherd, C. E., Goyette, J., Utter, V., Rahimi, F., Yang, Z., Geczy, C. L. and Halliday, G. M. 2006. Inflammatory S100A9 and S100A12 proteins in 

330–337, 2022

http://www.ncbi.nlm.nih.gov/pubmed/18560002?dopt=Abstract
http://dx.doi.org/10.1001/jama.299.23.2751
http://www.ncbi.nlm.nih.gov/pubmed/20098622?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0008840
http://www.ncbi.nlm.nih.gov/pubmed/31327049?dopt=Abstract
http://dx.doi.org/10.1007/s00125-019-4953-7
http://www.ncbi.nlm.nih.gov/pubmed/15154933?dopt=Abstract
http://dx.doi.org/10.1111/j.1464-5491.2004.01199.x
http://www.ncbi.nlm.nih.gov/pubmed/28498421?dopt=Abstract
http://dx.doi.org/10.3892/mmr.2017.6577
http://www.ncbi.nlm.nih.gov/pubmed/20224171?dopt=Abstract
http://dx.doi.org/10.1538/expanim.59.73
http://www.ncbi.nlm.nih.gov/pubmed/25775353?dopt=Abstract
http://dx.doi.org/10.1001/jamaneurol.2014.4821
http://www.ncbi.nlm.nih.gov/pubmed/19449296?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25736710?dopt=Abstract
http://dx.doi.org/10.1538/expanim.14-0084
http://www.ncbi.nlm.nih.gov/pubmed/17210627?dopt=Abstract
http://dx.doi.org/10.1136/jnnp.2006.103549
http://www.ncbi.nlm.nih.gov/pubmed/28583443?dopt=Abstract
http://dx.doi.org/10.1016/j.pnpbp.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16873533?dopt=Abstract
http://dx.doi.org/10.1210/en.2006-0766
http://www.ncbi.nlm.nih.gov/pubmed/12137925?dopt=Abstract
http://dx.doi.org/10.1016/S0006-8993(02)02887-1
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/30012919?dopt=Abstract
http://dx.doi.org/10.1292/jvms.18-0296
http://www.ncbi.nlm.nih.gov/pubmed/28970182?dopt=Abstract
http://dx.doi.org/10.1016/j.vascn.2017.09.257
http://www.ncbi.nlm.nih.gov/pubmed/12705906?dopt=Abstract
http://dx.doi.org/10.1016/S0006-291X(03)00548-5
http://www.ncbi.nlm.nih.gov/pubmed/15725677?dopt=Abstract
http://dx.doi.org/10.1538/expanim.54.13
http://www.ncbi.nlm.nih.gov/pubmed/18421173?dopt=Abstract
http://dx.doi.org/10.1538/expanim.57.111
http://www.ncbi.nlm.nih.gov/pubmed/27923020?dopt=Abstract
http://dx.doi.org/10.1038/nm1216-1370
http://www.ncbi.nlm.nih.gov/pubmed/31530269?dopt=Abstract
http://dx.doi.org/10.2174/1874609812666190917155400
http://www.ncbi.nlm.nih.gov/pubmed/26333802?dopt=Abstract
http://dx.doi.org/10.1212/WNL.0000000000001982
http://www.ncbi.nlm.nih.gov/pubmed/30033154?dopt=Abstract
http://dx.doi.org/10.1016/j.neuron.2018.06.035
http://www.ncbi.nlm.nih.gov/pubmed/27923415?dopt=Abstract
http://dx.doi.org/10.1017/neu.2016.66
http://www.ncbi.nlm.nih.gov/pubmed/20711716?dopt=Abstract
http://dx.doi.org/10.1007/s00125-010-1874-x
http://www.ncbi.nlm.nih.gov/pubmed/24892034?dopt=Abstract
http://dx.doi.org/10.1155/2014/841957
http://www.ncbi.nlm.nih.gov/pubmed/29757463?dopt=Abstract
http://dx.doi.org/10.1111/1440-1681.12965
http://www.ncbi.nlm.nih.gov/pubmed/30344606?dopt=Abstract
http://dx.doi.org/10.1155/2018/9065690
http://www.ncbi.nlm.nih.gov/pubmed/12445977?dopt=Abstract
http://dx.doi.org/10.1016/S0006-8993(02)03675-2


FEATURES IN FEMALE SDT FATTY RAT BRAIN

J. Vet. Med. Sci. 84(3): 337330–337, 2022

Alzheimer’s disease. Neurobiol. Aging 27: 1554–1563. [Medline]  [CrossRef]
 42. Shinohara, M., Masuyama, T., Shoda, T., Takahashi, T., Katsuda, Y., Komeda, K., Kuroki, M., Kakehashi, A. and Kanazawa, Y. 2000. A new 

spontaneously diabetic non-obese Torii rat strain with severe ocular complications. Int. J. Exp. Diabetes Res. 1: 89–100. [Medline]  [CrossRef]
 43. Shinohara, M., Tashiro, Y., Shinohara, M., Hirokawa, J., Suzuki, K., Onishi-Takeya, M., Mukouzono, M., Takeda, S., Saito, T., Fukumori, A., Saido, 

T. C., Morishita, R. and Sato, N. 2020. Increased levels of Aβ42 decrease the lifespan of ob/ob mice with dysregulation of microglia and astrocytes. 
FASEB J. 34: 2425–2435. [Medline]  [CrossRef]

 44. Stranahan, A. M. 2015. Models and mechanisms for hippocampal dysfunction in obesity and diabetes. Neuroscience 309: 125–139. [Medline]  
[CrossRef]

 45. Tanaka, M., Asanuma, A., Ikuta, J., Yamada, H., Shimizu, S., Koga, T. and Kakishita, T. 1995. Age-related memory impairment and hippocampal 
damage in ddY male mice. Exp. Anim. 43: 697–702 (in Japanese). [Medline]  [CrossRef]

 46. Wang, J. Q., Yin, J., Song, Y. F., Zhang, L., Ren, Y. X., Wang, D. G., Gao, L. P. and Jing, Y. H. 2014. Brain aging and AD-like pathology in 
streptozotocin-induced diabetic rats. J. Diabetes Res. 2014: 796840. [Medline]  [CrossRef]

 47. Wrighten, S. A., Piroli, G. G., Grillo, C. A. and Reagan, L. P. 2009. A look inside the diabetic brain: Contributors to diabetes-induced brain aging. 
Biochim. Biophys. Acta 1792: 444–453. [Medline]  [CrossRef]

 48. Yang, Y., Zhang, J., Ma, D., Zhang, M., Hu, S., Shao, S. and Gong, C. X. 2013. Subcutaneous administration of liraglutide ameliorates Alzheimer-
associated tau hyperphosphorylation in rats with type 2 diabetes. J. Alzheimers Dis. 37: 637–648. [Medline]  [CrossRef]

330–337, 2022

http://www.ncbi.nlm.nih.gov/pubmed/16253391?dopt=Abstract
http://dx.doi.org/10.1016/j.neurobiolaging.2005.09.033
http://www.ncbi.nlm.nih.gov/pubmed/11469401?dopt=Abstract
http://dx.doi.org/10.1155/EDR.2000.89
http://www.ncbi.nlm.nih.gov/pubmed/31907998?dopt=Abstract
http://dx.doi.org/10.1096/fj.201901028RR
http://www.ncbi.nlm.nih.gov/pubmed/25934036?dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2015.04.045
http://www.ncbi.nlm.nih.gov/pubmed/7498335?dopt=Abstract
http://dx.doi.org/10.1538/expanim1978.43.5_697
http://www.ncbi.nlm.nih.gov/pubmed/25197672?dopt=Abstract
http://dx.doi.org/10.1155/2014/796840
http://www.ncbi.nlm.nih.gov/pubmed/19022375?dopt=Abstract
http://dx.doi.org/10.1016/j.bbadis.2008.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23948890?dopt=Abstract
http://dx.doi.org/10.3233/JAD-130491

