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Abstract

Type 2 diabetes (T2D) is an important risk factor to suffer dementia, including Alzheimer’s disease (AD), and some
neuropathological features observed in dementia could be mediated by T2D metabolic alterations. Since brain atrophy and
impaired neurogenesis have been observed both T2D and AD we analyzed central nervous system (CNS) morphological
alterations in the db/db mice (leptin receptor KO mice), as a model of long-term insulin resistance and T2D, and in C57Bl6
mice fed with high fat diet (HFD), as a model of diet induced insulin resistance and prediabetes. Db/db mice showed an age-
dependent cortical and hippocampal atrophy, whereas in HFD mice cortex and hippocampus were preserved. We also
detected increased neurogenesis and cell proliferation rates in young db/db mice when compared with control littermates.
Our study shows that metabolic parameters serve as predictors of both atrophy and altered proliferation and neurogenesis
in the CNS. Moreover in the cortex, atrophy, cell proliferation and neurogenesis were significantly correlated. Our data
suggest that T2D may underline some of the pathological features observed in the dementia process. They also support
that blood glucose control in elderly patients could help to slow down dementia evolution and maybe, improve its
prognosis.
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Introduction

Increasing life expectancy is secondarily rising the incidence of

pathologies associated with aging, among which dementia

processes and type 2 diabetes (T2D) are of special relevance,

due to their high prevalence as well as the personal and social

burden. T2D complications include nephropathy, cardiovascular

disease, neuropathies, or cognitive decline and dementia [1,2,3].

Moreover previous studies have pointed to the fact that T2D and

dementia, concretely Alzheimer’s disease (AD), could be related

and share common underlying mechanisms [4,5,6], and in order

to further explore this relationship recent studies have attempted

to reproduce both pathologies in a single animal model [7,8,9].

Pathological features of AD include senile plaques, neurofibrillary

tangles and final neuronal loss and central atrophy. Hyperinsu-

linemia and impaired glucose tolerance could enhance the

progression of neurodegeneration, synaptic loss and brain atrophy,

responsible for the cognitive decline observed in dementia [2]. On

the other hand, although still controversial (for review see [10]),

adult neurogenesis also seems to be altered in AD models [11] and

AD patients [12]. Adult neurogenesis occurs in two mayor areas in

the brain: the subventricular zone (SVZ) of the lateral ventricles

and the dentate gyrus [13]. Although to a lesser extent, other

areas, including the cortex [14], have shown some neuroregen-

erative capacity. Adult neurogenesis may be classified in stages

including proliferation of neuronal progenitor cells, fate specifica-

tion and maturation, and selective survival of newborn neurons

[10]. It has been described that T2D can also interfere with adult

neurogenesis in animal models [13,15], playing a role in long-term

potentiation and cognition [16]. Moreover, antidiabetic drugs

such as GLP-1 analogues (liraglutide and exendin-4), enhance

long-term potentiation [17,18], as the basis for memory formation.

Taking into account these considerations it seems feasible that

central atrophy and impaired adult neurogenesis could be related,

and underline the implication of T2D in the dementia process.

Db/db mice, as a T2D animal model, have been widely used in

the literature however, central characterization remains limited

and whether aging influences brain atrophy and central cell

proliferation remains uncertain. On the other hand whether severe

diabetes or just the prediabetes state of hyperinsulinemia can

induce CNS alterations remains controversial, and observations

seem to depend on the experimental approach to induce

hyperinsulinemia, and the specific tests performed afterwards

[19,20,21]. Therefore the aim of this study was to explore whether

dementia-related alterations in the central nervous system (CNS)
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such as cortical and hippocampal atrophy, cellular proliferation

and neurogenesis in relevant regions, including SVZ, hippocam-

pus and cortex, could be affected in: 1) young db/db mice (4 weeks

old), when glucose levels are still controlled by increased insulin

levels, 2) adult db/db mice (14 weeks old), when T2D has already

clinically started, and 3) older db/db mice (26 weeks old), when

T2D has evolved. We also included in our study 26 weeks old

C57Bl6 mice, in a prediabetes state, induced by long-term high fat

diet (HFD). We observed an age-dependent atrophy process that

affects the cortex preferentially in db/db mice, and increased

central cell proliferation and neurogenesis, especially relevant in

young animals. Interestingly, metabolic parameters resulted

reliable predictors for cortical atrophy as well as proliferation

and neurogenesis. Moreover, cortical cell proliferation and

neurogenesis also seem to be associated with observed cortical

atrophy.

Materials and Methods

1. Animals
We used the db/db mouse as a model of obesity and type 2

diabetes in this study. The introduction of an RsaI site by the

Leprdb mutation in the leptin receptor gene was detected by 126

PCR as previously described [9]. C57BL/KsJ heterozygous db/+
mice were purchased from Harlan Laboratories (Boxmeer,

The112 Netherlands). WT, db/db and db/+ mice were generated

from crosses between heterozygous db/+ mice. These animals

received regular chow and were aged up to 4, 14 and 26 weeks of

age and 5–6 animals/group were included in the studies. Since

heterozygous (db/+) mice do not show specific phenotype [9], WT

and db/+ mice were included in the control group.

We also included a hyperinsulinemic prediabetes animal model.

We used age-matched C57Bl6 mice (Harlam, Boxmeer. Holanda)

fed with high fat diet (HFD) (60% kcal from fat, OpenSource, New

Brunswick, NJ, USA) for 18 weeks. HFD feeding started when

mice were 8 weeks old and ended at the age of 26 weeks, as the

oldest db/db group. Control mice for this group, were age-

matched C57Bl6 mice receiving regular diet from our animal

facility: SAFE A04 (Augy, France).

All mice were housed in a temperature controlled environment,

with a 12 hour dark/light cycle and all experimental procedures

were approved by the Animal Care and Use Committee of the

University of Cadiz, in accordance with the Guidelines for Care

and Use of experimental animals (European Commission Direc-

tive 86/609/CEE and Spanish Royal Decree 1201/2005).

2. Metabolic Determinations
Body weight, postprandial blood glucose and insulin levels were

determined immediately before sacrifice at all study points (4, 14

and 26 weeks) in db/db mice, as previously described [9]. Body

weight, postprandial glucose and insulin levels were also deter-

mined in C57Bl6 mice after 18 weeks on HFD (26 weeks of age).

Briefly, blood glucose levels were measured from nicked tails using

the glucometer Optium Xceed (Abbott, United Kingdom). Blood

for plasma insulin determination was collected from the tail vein

into capillary tubes precoated with potassium-EDTA (Sarstedt,

Nümbrecht, Germany). Plasma insulin levels were measured using

ultrasensitive mouse enzyme-linked immunosorbent assay

(ALPCO Diagnostics, Salem, NH).

3. Brain Histomorphology and Cresyl Violet Staining
Animals were sacrificed at 4, 14 and 26 weeks of age with

chloral hydrate (60 mg/Kg i.p.). Brains were harvested and

weighted at selected times. Hemispheres were fixed in 4% PFA for

2 weeks before 30 mm coronal brain sections were cut. For cresyl

violet staining, sections were selected at 1.5, 0.5,20.5,21.5,22.5

and 23.5 mm from Bregma [22], as previously described [23], in

order to cover the cortex and hippocampus. Briefly, sections were

mounted and dehydrated in 70% ethanol for 15 minutes before

incubation in cresyl violet (Sigma, St. Louis, MO, USA) solution

0.5% w/v for 10 minutes. Sections were washed and fixed in

0.25% acetic acid in ethanol for 7 minutes and subsequent 100%

ethanol and xylene for 2 minutes. Sections were mounted with

DPX (Sigma, St. Louis, MO, USA) and images were acquired

using an optical Olympus Bx60 microscope (Japan) with an

attached Olympus DP71 camera and Cell F software (Olympus,

Hamburg, Germany). Brain morphology was analyzed in 6 cresyl

violet stained sections selected 1 mm apart (from 1.5 to 23.5 mm

from Bregma) [22] as previously described [23]. Cortical thickness

was measured in frontal, parietal and temporal cortical sections,

and hippocampal thickness was measured at the dental gyrus, as

well as in CA1 and CA3, using Adobe Photoshop Elements and

Image J softwares.

4. 5-Bromo-3-deoxyuridin and Doublecortin Immuno
Histochemistry
Contiguous sections to those used for cresyl violet staining (from

1.5 to 23.5 from Bregma) [23] were used to analyze 5-Bromo-3-

deoxyuridine (BrdU) and doublecortin (DCX) immunohistochem-

istry in the cortex and hippocampus, where all individual cells in

whole sections were quantified. We also selected coronal sections

including subventricular zone (SVZ) in order to quantify BrdU

and DCX in this neurogenic niche (0.5, and 0.0 mm from

Bregma). Briefly sections were washed in 0.1 M PBS and antigen

retrieval procedure included citrate buffer and formamide (1:1) for

2 h at 65uC. Sections were washed in citrate buffer and further

incubated in 2N hydrochloric acid for 30 min at 37uC. Sections
were washed in 25 mM borate buffer (pH=8.4) and rinsed off in

0.1 M PBS. Blocking was carried in 0.1% triton-X in 2.5% BSA

(Sigma, Or, USA) and 0.25% sodium azide for 1 h at room

temperature. Primary antibodies were diluted in blocking solution:

Monoclonal Mouse anti-BrdU 1:100 (Dako, Barcelona, Spain) and

polyclonal IgG Goat anti-DCX 1:400 (SantaCruz Biotechnology,

Santa Cruz, CA, USA) at 4uC overnight. After washing, sections

were incubated with secondary antibodies Alexa Fluor 594 and

Alexa Fluor 488 1: 100 (Invitrogen, Carlsbad, CA, USA). Images

were obtained in a fluorescent microscope (Olympus Bx60, Japan)

with a camera (Olympus DP71). SVZ is extremely rich in BrdU

and DCX positive cells and in order to analyze the complete

border of the ventricle, contiguous images 20 mm from the

ventricle lumen, were acquired and merged using Photoshop

Elements software. We quantified the number of individual BrdU-

positve cells in the SVZ using Image J. Since the number of DCX-

positive cells is very high in the SVZ, delimiting individual cell

cytoplasms could not be done in a reliable manner. Therefore

DCX burden (percentage of area covered by DCX-positive cells)

was quantified in the SVZ, using Image J free software. In the

cortex and hippocampus the number of individual DCX- and

BrdU-positive cells was quantified using Image J software.

5. Statistical Analysis and Correlation Studies
Metabolic assessment, histomorphology studies and immuno-

histochemistry quantification were analyzed by one-way ANOVA

for independent samples followed by Tuckey b test or Tamhane

test as required. Spearman rank’s correlations were used to

perform correlation studies between BrdU and DCX as well as to

explore correlations between metabolic, histomorphological and

cell proliferation-neurogenesis markers.

Type 2 Diabetes and Neurogenesis
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Results

1. Metabolic Parameters and T2D Progression in db/db
and HFD-treated Mice
In our hands, db/db mice developed hyperinsulinemia and

T2D with aging, as previously described [23]. At 4 weeks of age

db/db mice showed an increase in body weight, although

differences did not reach statistical significance. However by 14

weeks of age a significant increase in body weight was detected in

db/db mice and a similar profile was observed at 26 weeks of age

(table 1). Wild-type mice fed with a HFD also showed a

progressive increase in body weight (data not shown) and, by the

age of 26 weeks (after receiving HFD for 18 weeks) values were

comparable to those observed in 26-week old db/db mice (table 1).

A similar profile was observed with glucose levels, and whereas by

4 weeks of age no differences were detected in db/db mice by 14

weeks T2D was established in db/db mice, with glucose levels

above 300 mg/dl in plasma, reproducing our previous studies

[23], and this effect was also observed at 26 weeks of age. On the

other hand although glucose levels were higher in HFD fed mice

than in control mice, these were still far from reaching 300 mg/dl

(table 1). Our data are in accordance with previous studies and

insulin levels were also in the same range of those observed before

[23]. A slight increase in insulin levels was observed in db/db mice

at 4 weeks of age, although these data did not reach statistical

significance when compared with the rest of the groups (table 1).

By 14 weeks although hyperinsulinemic, high insulin levels were

no longer able to compensate for chronically increased glucose

levels, indicating insulin resistance. At 26 weeks of age, metabolic

parameters in db/db mice were similar to those measured at 14

weeks (table 1). Wild-type mice fed with a HFD also showed a

progressive increase in insulin levels and, by the age of 26 weeks

(after receiving HFD for 18 weeks) this effort was capable to

control glucose levels, when compared to RD controls. Therefore,

we considered HFD-treated mice as a model for prediabetic

hyperinsulinemia, as previously described [20,21].

2. Brain Histomorphology in db/db and HFD-treated Mice
Previous studies have shown a significant age-dependent brain

shrinkage in db/db mice [23], in a similar way to that observed in

AD patients. We also observed that brain weight was significantly

reduced as disease progressed and we detected a significant

ageXgenotype effect: F(1,2) = 13.097, **p,0.01. When we com-

pared all groups under study we observed that 4 weeks both

Control and db/db mice had significantly smaller brains, probably

due to the fact that by 4 weeks mice have not reached adulthood

(Figure 1A) and the fact that no differences were observed at this

age between db/db and control mice, support the idea that brain

atrophy has not started at this age. However by 14 weeks of age

brain weight was significantly reduced in 14 weeks old db/db mice

and this effect was worsened by 26 weeks of age, as disease

progressed. On the other hand brain weight in HFD-treated mice

seemed to be preserved. In order to detect specific implication of

relevant learning and memory areas, we measured cortical and

hippocampal thickness by cresyl violet staining. An overall cortical

and hippocampal size reduction has been previously observed

[23], however specific reduction in cortical thickness seems to be a

more widely used measurement in human studies [24,25] and to

our knowledge selective implication of cortical and hippocampal

regions has not been assessed. We observed an age dependent

reduction of cortical thickness and a significant ageXgenotype

effect in all cortical measurements performed in the db/db colony

(frontal cortex: F(1,2) = 18.975, **p,0.01; temporal cortex

F(1,2) = 10.707, **p,0.01; parietal cortex: F(1,2) = 14.591, **p,

0.01) in db/db mice. While cortical thickness was preserved at 4

weeks of age, when animals are still normoglycemic, at older ages

(14 and 26 weeks of age) we observed that frontal and temporal

cortex were significantly thinner, whereas temporal areas were

preserved (figure 1B and D). On the other hand HFD-treated mice

showed no significant cortical thinning in any of the assessed areas

(figure 1B).

We also observed an age dependent hippocampal thinning in

db/db mice, although hippocampus seems to be preserved at early

stages of the disease. A significant thinning effect is only detected at

26 weeks of age, when T2D is fully established and has evolved,

affecting the whole hippocampal area. On the other hand,

Table 1. Body weight, glucose and insulin levels in 4, 14 and 26 weeks db/db and Control mice as well as in 26 weeks C57Bl6 mice
after 18 weeks fed with HFD.

Age Body weitght (g) Glucose (mg/dl) Insulin (ng/ml)

Control 4 weeks 4 weeks 7.5860.77 74.60614.15 0.3660.01

db/db 4 weeks 8.7660.71 86.8069.91 1.2060.73

Control 14 weeks 14 weeks 25.4862.38 124.6064.53 0.4660.08

db/db 14 weeks 43.6062.16** 550.20649.80** 4.7461.06**

Control 26 weeks 26 weeks 25.4862.38{{ 102.8068.36 0.3960.04

db/db 26 weeks 40.3962.78** 484.40634.31** 4.8761.29**

RD 29.6061.41{{ 124.9969.72 0.6060.07

HFD 44.5361.74** 142.7067.17 9.4762.30{{

Metabolic parameters including body weight, glucose and insulin levels were determined at the end of the experiments. Differences were detected by one-way ANOVA
followed by Tuckey b or Tamhane tests as required. When we compared all groups under study we observed a significant increase in body weight as age progressed,
and even higher body weights were observed in overweight mice (db/db 14 weeks old mice, db/db 26 weeks old mice and HFD treated mice), when compared to the
rest of the groups [F(7,35) = 63.03, **p,0.01 vs. Control 14 weeks, Control 26 weeks, RD and 4 weeks old mice (db/db and Control), {{,0.01 vs. Control and db/db 4
weeks]. Glucose levels were significantly higher in db/db mice both at 14 and 26 weeks of age when compared with the rest of the groups [F(7,35) = 74.36, **p,0.01 vs.
Control 14 weeks, Control 26 weeks, RD, HFD and 4 weeks old mice (db/db and Control)]. Increased insulin levels were observed in db/db 4 weeks mice, although these
differences did not reach statistical significance. Significant hyperinsulinemia was observed in db/db 14 weeks and db/db 26 weeks whereas statistically higher levels
were observed in HFD treated mice [F(7,35) = 11.498, **p,0.01 vs. Control 14 weeks, Control 26 weeks, RD and 4 weeks old mice (db/db and Control), {{p,0.01 vs. rest
of the groups].
doi:10.1371/journal.pone.0089229.t001
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hippocampus seems to be preserved in db/db mice at 4 and 14

weeks of age (figure 1C). Following these observations, prediabetic

HFD-treated mice show no statistical differences in hippocampal

thickness (figure 1C).

3. Cellular Proliferation and Neurogenesis in db/db and
HFD-treated Mice
We assessed central proliferation and neurogenesis in db/db

and HFD-treated mice. For this purpose SVZ, a major neurogenic

site in the adult brain, was analyzed and we observed that db/db

mice presented significantly higher number of BrdU-positive cells

when compared to control mice (Figure 2A and figure 2G).

Although a slight reduction in the number of BrdU-positive cells

was observed with aging, we did not detect a significant

ageXgenotype effect in the db/db colony [F(2,1) = 1.123,

p = 0.333]. This was supported when long-term treatment with

HFD mice where included in the study. No differences in cell

proliferation in SVZ from 26 weeks old C57Bl6 mice on HFD

were observed, and quantification values were similar to those

observed in control mice. However a significant increase in BrdU-

possitive cells could be detected in db/db mice when compared

with control mice (figure 2A and 2B). Double immunostaining

with DCX also showed a similar profile in db/db mice, although

significant differences were only observed in young db/db mice (4

and 14 weeks of age), supporting that neurogenic process is

favoured at early stages of the disease, whereas at later time points

(26 weeks of age) differences were not statistically significant

(figure 2B and 2G). We did not detect a significant ageXgenotype

effect in the number of DCX-positive cells in the db/db colony

[F(2,1) = 2.017, p = 0.143]. Again long-term HFD-treated mice

were not significantly different from control mice at 26 weeks of

age. In order to explore whether cellular proliferation and

neurogenesis is affected in other relevant areas for learning and

memory we analyzed the hippocampal dental gyrus and the

cortex. We observed that proliferation was favoured at young

stages (4 weeks old) and that db/db mice had significantly higher

number of BrdU-positive cells in the cortex, whereas at later stages

(14 and 26 weeks of age) the amount of BrdU-positive cells was

limited, and no differences were detected between db/db and

control mice (figure 2C). Once more HFD-treated mice showed no

significant changes, suggesting that long-trem HFD has no

relevant effect on hippocampal cell proliferation (figure 2C). In

the cortex we detected a significant ageXgenotype effect in the

proliferation process in the db/db colony [F(2,1) = 14.538, **p,

0.01]. A similar profile was observed when neurons were

specifically counted, and only at 4 weeks of age was neurogenesis

favoured in db/db mice (figure 2D). Although the number of

DCX-positive cells was reduced with aging we did not detect a

significant ageXgenotype effect in the number of neurons

generated in the db/db colony [F(2,1) = 1.469, p= 0.234], showing

a similar evolution for control and db/db mice. HFD-treated mice

showed no differences when neurogenesis was measured in the

cortex (figure 2C and 2D). Dental gyrus was also analyzed and a

similar profile to that observed in the SVZ was detected, and only

at early stages cell proliferation and neurogenesis was increased in

db/db mice (figure 2E and 2F). Both in the cell proliferation and

neurogenesis processes we detected a significant agexgenotype

effect in the db/db colony ([F(2,1) = 0.315, *p = 0.044] and

[F(2,1) = 13.322, *p= 0.041] respectively). No differences were

detected in HFD-treated mice at 26 weeks of age when compared

with the rest of the groups (figure 2E and 2F).

4. Metabolic and Morphological Correlations
In order to determine whether central nervous system

alterations in cell proliferation and neurogenesis processes could

be predicted by metabolic parameters we performed Spearman’s

rank correlations and we detected an overall negative correlation

between body weight, glucose and insulin levels, with the number

of BrdU-positive cells in the cortex and hippocampus of all db/db

mice (table 2). On the other hand we observed that the metabolic

parameters were also correlated with the number of DCX-positive

cells, in cortex and even stronger correlations were observed in the

Figure 1. Brain atrophy in db/db mice. A) Brain weight was significantly reduced is db/db mice as disease progressed. At 4 weeks of age brains
were significantly smaller in Control and db/db mice, when compared with adult brains. As T2D worsened a significant reduction in brain weight was
observed in 14 and 26 weeks of age db/db mice, whereas no effect of prediabetes was observed in HFD treated mice [F(7,31) = 23.70, **p,0.01 vs.
Control 14 and 26 weeks, C57 RD and C57 HFD]. B) Cortical thickness affected as disease progressed and specific cortical areas were significantly
reduced. Frontal cortex was thinner in db/db mice by 14 weeks of age and this effect was worsened by 26 weeks of age [F(7,337) = 11.683, **p,0.01 vs.
Control 14 weeks, Control 26 weeks, Control and db/db 4 weeks, RD and HFD treated mice]. A similar profile was observed in the parietal cortex and a
progressive thinning effect was observed in db/db mice [F(7,161) = .34, **p,0.01 vs. Control 14 weeks, Control 26 weeks, Control and db/db 4 weeks,
RD and HFD treated mice]. Temporal cortex was only affected in 26 weeks db/db mice when compared with the rest of the groups [F(7,250) = 114.232,
**p,0.01 vs. Control and db/db 4 weeks, RD and HFD treated mice]. C) A similar profile was observed in the hippocampus, although thinning effect
was detected at later stages. A significant reduction in dental gyrus thickness was only detectable in db/db mice at 26 weeks of age [F(7,118) = 1.11,
*p = 0.47 vs. Control 26 weeks]. Hippocampal CA2 thickness was also significantly reduced in db/db 26 weeks [F(7,116) = 2.313, *p = 0.30 vs. Control
26 weeks]. Although a reduction in CA3 thicknes was observed in db/db mice at 14 weeks of age, differences only reached statistical significance in
db/db 26 weeks mice [F(7,115) = 2.970, **p = 0.007 vs. RD and HFD treated mice]. D) Illustrative example of cortical thinning in db/db and control
mice at 4, 14 and 26 weeks of age. Scale bar: 500 mm.
doi:10.1371/journal.pone.0089229.g001
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hippocampus (table 2). These data suggest that basic metabolic

parameters may serve as predictors of cell proliferation and

neurogenesis in relevant areas for learning and memory, such as

cortex and hippocampus. We also detected that body weight,

glucose and insulin levels were also negatively correlated with

frontal and parietal cortex thickness (figure 3A and B). A similar

profile was observed in the hippocampus (figure 3C). Our

observations support that metabolic parameters may partially

predict the cortical atrophy observed in T2D. Further analysis also

revealed that in the cortex, where atrophy is earlier detected and

more severe, frontal and parietal cortex thickness is correlated with

the number of BrdU-positive cells, suggesting that proliferation

capacity is reduced as cortical thinning increases and the disease

progresses in db/db mice (figure 3D).

Discussion

The close relationship between T2D and dementia is becoming

a hot topic in recent years and both epidemiological studies

[26,27,28,29] and experiments using animal models [7,8,9,30]

have tried to understand the underlying mechanisms of this

association. In order to further explore CNS alterations in T2D we

have assessed neuropathological features associated with dementia

in a classical model of T2D, as it is the db/db mice, as well as in a

prediabetic model, induced by chronic HFD. Although the db/db

mouse has been widely used in the literature as a T2D and

metabolic syndrome animal model [31,32] not many studies have

focussed in CNS alterations and behavioural consequences

[33,34,35]. In this sense relevant aspects associated with dementia,

including region-specific atrophy and neurogenesis impairment

have only been partially assessed. To our knowledge age-

dependent studies, where the effect of T2D progression on specific

brain areas atrophy, cell proliferation and neurogenesis have not

been performed. In our hands db/db mice showed and age-

dependent cortical and hippocampal atrophy, that affected frontal

and temporal cortex at relatively early stages of the disease,

whereas hippocampus was secondarily affected and significant

thinning was observed only at later stages (26 weeks old) when the

disease has evolved, supporting previous studies where cortical and

hippocampal areas were assessed [35]. We detected that frontal

and parietal cortex were early affected in db/db mice, and by 14

weeks of age, the cortex was significantly thinner, probably due to

carbohydrate metabolism impairment. Although different species

do not necessarily evolve in parallel after similar insult, our

Figure 2. Central proliferation and neurogenesis is altered in db/db mice. Significant alterations were observed in the SVZ, cortex and
hippocampus of db/db in an age dependent manner. Differences detected by one way ANOVA followed by Tuckey b or Tamhane tests as required.
A) Db/db mice showed increase in the number of BrdU-positive cells in the SVZ, more evident at early ages (4 weeks), although at 14 and 26 weeks of
age the increase of BrdU-possitive cells is still present. No effect was observed in HFD-treated mice [F(7,68) = 5.624, **p,0.01 vs. Control, RD and HFD-
treated mice]. B) DCX burden (% area covered by DCX staining) was also significantly increased in db/db mice at early stages (4 and 14 weeks)
whereas no statistical differences were detected at 26 weeks or in HFD-treated mice [F(7,73) = 1.761, **p = 0.03 vs. Control, RD and HFD-treated mice].
C) We observed an age dependent effect of the proliferation process in the cortex of our mice. A significantly higher number of BrdU-possitive cells
was observed in Control 4 weeks mice and this effect was even higher in case of db/db mice, whereas no other effect was observed in the rest of the
groups under study [F(7,202) = 81.08, **p,0.01 vs. rest of the groups, {{p,0.01 vs. 14 weeks and 26 weeks old (Control and db/db) as well as RD and
HFD-treated mice]. D) A similar profile was observed in the number of DCX-positive cells in the cortex, where we detected significant increase in DCX
labelling in 4 weeks old db/db mice when compared with the rest of the groups [F(7,196) = 12.232, **p,0.01 vs. rest of the groups]. E) In the
hippocampus we observed a similar profile to that measured in the cortex. We detected an age dependent effect in the number of BrdU-positive cells
in the hippocapmus, and differences reached statistical significance in the case of 4 weeks old db/db mice [F(7,118) = 111.058, **p,0.01 vs. Control, 14
and 26 weeks db/db mice and RD and HFD-treated mice]. F) The number of DCX-positive cells was also reduced with aging in the hippocampus,
mostly in db/db mice [F(7,117) = 129.94, **p,0.01 vs. ret of the groups, {{ vs. Control 14 and 26 weeks, db/db 26 weeks and RD and HFD-treated
mice]. G) Representative image of BrdU (red) and DCX (green) staining in SVZ from control and db/db mice at 4, 14 and 26 weeks of age. Scale bar
100 mm.
doi:10.1371/journal.pone.0089229.g002
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observations are in accordance with MRI studies where cortical

volume and cortical thickness are reduced in T2D patients

[24,25]. This effect seems to be present also in the hippocampus,

in association with cerebral small vessel disease [23], however

detecting preferentially affected areas is complicated in one time

imaging studies. Cortical atrophy has been associated with

cognitive impairment in T2D patients [36] and this effect has

also been observed in db/db mice [35]. We did not detect any

alteration in cortical or hippocampal thickness on HFD-treated

mice, and these data are in accordance with previous studies with

C57Bl6 mice on HFD, reporting that hippocampal synaptic

function and long-term potentiation are preserved in C57Bl6 mice

on HFD for up to ten moths [37].

On the other hand, although peripheral cell proliferation,

including liver or pancreas has been studied in db/db mice [38,39]

limited attention has been paid to the role of cell proliferation and

neurogenesis in central nervous system of db/db, in spite of the

fact that T2D has been closely related to dementia, and

neurogenesis seems to be altered in the dementia process

[11,12]. Cell proliferation and neurogenesis in db/db mice was

assessed in relevant neurogenic areas, such as SVZ and

hippocampus, as well as in the cortex, due to its role in learning

and memory, and to our knowledge this is the first approach to

explore age related alterations in db/db mice. We detected that

cell proliferation and neurogenesis was increased up to 14 weeks of

age in db/db mice in the most predominant neurogenic areas

(SVZ and hippocampus) whereas in the cortex, only in very young

mice (4 weeks) we could detect increased cell proliferation.

Although it has been described a reduction in cell proliferation

and neurogenesis in hippocampus from db/db mice [40] our

observations are in accordance with recent studies where increased

hippocampal cell proliferation and neurogenesis has been

observed in ,11–12 weeks old db/db mice [15]. Moreover this

effect seems to be increased by treatment with GLP-1 receptor

agonists, used to treat T2D [15,41]. We did not detect any of these

effects in HFD-treated mice as previously shown [15]. This could

be interpreted as if it was the chronic hyperglycaemia, rather than

the compensating hyperinsulinemia, the mayor player of this

effect, since HFD mice exhibit even higher insulin levels than db/

db mice of the same age, and only slightly increased glycaemia.

On the other hand it is also feasible that the use of a very severe

model of T2D, as it is the db/db mice is obscuring any other

considerations. We also need to consider that the length of the

treatment and composition of HFD, 60% Kcal fat in our case,

could be responsible for inducing only a prediabetic state, with

controlled glycaemia as previously described [42]. And therefore

we cannot exclude that HFD maintained for even longer periods

could lead to more severe effects. In this sense previous studies

have shown that metabolic alterations associated to HFD, or

derived central complications, are not necessarily reproducible.

Whereas Heyward et at [21] have reported severe cognitive

impairment in HFD-treated mice, other studies with C57Bl/6

mice on HFD, for up to ten months, have also reported preserved

hippocampal synaptic function and long-term potentiation, as well

as maintained performance in the Morris water maze test [37].

Therefore it seems feasible that different protocols, including

different diet composition, length of the chronic administration or

age of the rodents at the commencement of the experiments

[20,21,23,43] may strongly determine the outcome of the

experiments.

Cell proliferation seems to occur in response to a damage or

insult, and it also seems to be impaired with aging [10], therefore it

Table 2. Metabolic parameters correlations with the number of BrdU- and DCX-positive cells in the cortex and hippocampus, and
cortical and hippocampal thickness of db/db mice.

Body weight (g) Glucose (mg/dl) Insulin (ng/ml)

Cortex # BrdU/section 20.696** 20.633 20.485**

# DCX/section 0.478** 0.400* 0.538**

Hippocampus # BrdU/section 20.472* 20.401* 20.207

# DCX/section 0.677* 0.554** 0.554**

Body weight, glucose and insulin may serve as predictors of the number of BrdU and DCX positive cells in the cortex and the hippocampus of db/db mice (4, 14 and 26
weeks of age). Significant negative correlations were also detected between metabolic parameters and cortical thickness. Data are representative of 28–30 mice and
significant correlations were detected by Spearman’s rank correlations are presented (**p,0.01 and *p,0.05).
doi:10.1371/journal.pone.0089229.t002

Figure 3. Metabolic parameters are good predictors of cortical and hippocampal atrophy and neurogenesis abnormalities in db/db
mice. Significant negative correlations were detected between metabolic parameters (body weight, glucose and insulin levels) and cortical thickness
when all animals under study were analyzed. Data are representative of 30 mice and significant correlations (**p,0.01 and *p,0.05) were detected
by Spearman’s rank correlations as follow: A) Body weight/frontal cortex: 20.813**, parietal cortex: 20.696**, hippocampus: 20.539**; B) Glucose
levels/frontal cortex: 20.686**; parietal cortex: 20.506**, hippocampus: 20.597*; C) Insulin levels/frontal cortex: 20.657**, parietal cortex: 20.472**,
hippocampus: 20.510**; D) BrdU/frontal cortex: 0.40**, parietal cortex: 0.517**.
doi:10.1371/journal.pone.0089229.g003
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is feasible that db/db mice present some capacity of response at

early stages whereas further impairment, as aging and disease

progress could limit the ability of the CNS to continue

regeneration, as observed in 26 weeks of age mice. It is also

necessary to point out that since db/db mice are lacking the leptin

receptor it is feasible that observed alterations are not purely due

to the diabetic process. Insulin has been closely related with

normal CNS performance and neurogenesis [44,45], and leptin

signalling also plays a role in regulating synaptic function and

memory formation among others [46]. Following this idea

previous studies have shown the neuroprotective effect of leptin

after different insults such as apoptotic stimuli, tumor necrosis

factor alpha, 6-hydroxydopamine [47,48]. Whereas other central

complications in db/db mice have been studied, including

spontaneous bleeding, increased tau phosphorylation or learning

and memory dysfunction, cell proliferation and neurogenesis has

only been partially addressed, and it may play a relevant role in

the close relationship described for T2D and AD [4,28,49]. As

previously stated, we are aware of the fact that leptin signalling

implications in multiple central functions may hamper our results,

however our approach is supported by the relevance of the db/db

mice as a T2D model and associated central complications.

Moreover the fact that proliferation and neurogenesis processes, as

wells as brain atrophy, are age dependent, support the idea that

changes are due to the diabetic process, since leptin signalling

alterations are present from the beginning in the db/db mice.

When we determined the implication of metabolic parameters

on central nervous system alterations in db/db mice, we observed

that metabolic determinations including glucose levels, insulin

levels and body weight are good predictors of cortical atrophy as

well as cortical and hippocampal cell proliferation, supporting the

role of the diabetic process in observed central alterations. Of note,

previous studies in patients have also shown significant associations

between insulin levels in T2D patients and brain alterations,

detected by MRI [50], as well as between cortical and metabolic

disturbances [51]. Curiously whereas worse metabolic conditions

correlate with lower rates of central cell proliferation, affected

metabolism also predicts increased neurogenesis rates, suggesting

that as the pathology progresses overall cellular production is

impaired, while the system tries to compensate the generation of

new neurons.

Altogether our results suggest that db/db mice reproduce

relevant alterations observed in dementia, including cortical and

hippocampal atrophy, as well as cell proliferation and neurogen-

esis impairment. Interestingly metabolic parameters can predict

many of these alterations, therefore it could be possible that

controlling metabolic parameters associated with T2D, could

improve disease control and dementia prognosis.

Author Contributions

Conceived and designed the experiments: MG-A. Performed the

experiments: JJR-R SM-G OO-B MJ-P GP. Analyzed the data: JJR-R

SM-G IC-C AL-S. Wrote the paper: MG-A. Revised the manuscript: IC-C

AL-S.

References

1. Forbes JM, Cooper ME (2013) Mechanisms of diabetic complications. Physiol
Rev 93: 137–188.

2. Williamson R, McNeilly A, Sutherland C (2012) Insulin resistance in the brain:
an old-age or new-age problem? Biochem Pharmacol 84: 737–745.

3. Kim B, Feldman EL (2012) Insulin resistance in the nervous system. Trends
Endocrinol Metab 23: 133–141.

4. Craft S (2009) The role of metabolic disorders in Alzheimer disease and vascular
dementia: two roads converged. Arch Neurol 66: 300–305.

5. de la Monte SM (2012) Therapeutic targets of brain insulin resistance in
sporadic Alzheimer’s disease. Front Biosci (Elite Ed) 4: 1582–1605.

6. Kuljis RO, Salkovic-Petrisic M (2011) Dementia, diabetes, Alzheimer’s disease,
and insulin resistance in the brain: progress, dilemmas, new opportunities, and a

hypothesis to tackle intersecting epidemics. J Alzheimers Dis 25: 29–41.

7. Hiltunen M, Khandelwal VK, Yaluri N, Tiilikainen T, Tusa M, et al. (2012)

Contribution of genetic and dietary insulin resistance to Alzheimer phenotype in

APP/PS1 transgenic mice. J Cell Mol Med 16: 1206–1222.

8. Takeda S, Sato N, Uchio-Yamada K, Sawada K, Kunieda T, et al. (2010)

Diabetes-accelerated memory dysfunction via cerebrovascular inflammation and
Abeta deposition in an Alzheimer mouse model with diabetes. Proc Natl Acad

Sci U S A 107: 7036–7041.

9. Jimenez-Palomares M, Ramos-Rodriguez JJ, Lopez-Acosta JF, Pacheco-Herrero

M, Lechuga-Sancho AM, et al. (2012) Increased Abeta production prompts the
onset of glucose intolerance and insulin resistance. Am J Physiol Endocrinol

Metab 11: 1373–1380.

10. Varela-Nallar L, Aranguiz FC, Abbott AC, Slater PG, Inestrosa NC (2010)

Adult hippocampal neurogenesis in aging and Alzheimer’s disease. Birth Defects

Res C Embryo Today 90: 284–296.

11. Hamilton A, Holscher C (2012) The effect of ageing on neurogenesis and

oxidative stress in the APP (swe)/PS1(deltaE9) mouse model of Alzheimer’s
disease. Brain Res 1449: 83–93.

12. Jin K, Peel AL, Mao XO, Xie L, Cottrell BA, et al. (2004) Increased
hippocampal neurogenesis in Alzheimer’s disease. Proc Natl Acad Sci U S A

101: 343–347.

13. Lang BT, Yan Y, Dempsey RJ, Vemuganti R (2009) Impaired neurogenesis in

adult type-2 diabetic rats. Brain Res 1258: 25–33.

14. Jiang W, Gu W, Brannstrom T, Rosqvist R, Wester P (2001) Cortical

neurogenesis in adult rats after transient middle cerebral artery occlusion. Stroke
32: 1201–1207.

15. Hamilton A, Patterson S, Porter D, Gault VA, Holscher C (2011) Novel GLP-1
mimetics developed to treat type 2 diabetes promote progenitor cell proliferation

in the brain. J Neurosci Res 89: 481–489.

16. Bruel-Jungerman E, Davis S, Rampon C, Laroche S (2006) Long-term

potentiation enhances neurogenesis in the adult dentate gyrus. J Neurosci 26:

5888–5893.

17. Gault VA, Holscher C (2008) GLP-1 agonists facilitate hippocampal LTP and

reverse the impairment of LTP induced by beta-amyloid. Eur J Pharmacol 587:

112–117.

18. McClean PL, Gault VA, Harriott P, Holscher C (2010) Glucagon-like peptide-1

analogues enhance synaptic plasticity in the brain: a link between diabetes and

Alzheimer’s disease. Eur J Pharmacol 630: 158–162.

19. Arvanitidis AP, Corbett D, Colbourne F (2009) A high fat diet does not

exacerbate CA1 injury and cognitive deficits following global ischemia in rats.

Brain Res 1252: 192–200.

20. Camargo N, Brouwers JF, Loos M, Gutmann DH, Smit AB, et al. (2012) High-

fat diet ameliorates neurological deficits caused by defective astrocyte lipid

metabolism. FASEB J 10: 4302–15.

21. Heyward FD, Walton RG, Carle MS, Coleman MA, Garvey WT, et al. (2012)

Adult mice maintained on a high-fat diet exhibit object location memory deficits

and reduced hippocampal SIRT1 gene expression. Neurobiol Learn Mem 98:

25–32.

22. Franklin KBJ, Paxinos G (1997) The Mouse Brain in Stereotaxic Coordinates.

Academic Press United States.

23. Ramos-Rodriguez JJ, Ortiz O, Jimenez-Palomares M, Kay KR, Berrocoso E, et

al. (2013) Differential central pathology and cognitive impairment in pre-

diabetic and diabetic mice. Psychoneuroendocrinology 38: 2462–2475.

24. Alosco ML, Brickman AM, Spitznagel MB, Griffith EY, Narkhede A, et al.

(2013) The adverse impact of type 2 diabetes on brain volume in heart failure. J

Clin Exp Neuropsychol. 35: 309–18.

25. Brundel M, van den Heuvel M, de Bresser J, Kappelle LJ, Biessels GJ (2010)

Cerebral cortical thickness in patients with type 2 diabetes. J Neurol Sci 299:

126–130.

26. Luchsinger JA, Tang MX, Shea S, Mayeux R (2004) Hyperinsulinemia and risk

of Alzheimer disease. Neurology 63: 1187–1192.

27. Ott A, Stolk RP, Hofman A, van Harskamp F, Grobbee DE, et al. (1996)

Association of diabetes mellitus and dementia: the Rotterdam Study.

Diabetologia 39: 1392–1397.

28. Plastino M, Fava A, Pirritano D, Cotronei P, Sacco N, et al. (2010) Effects of

insulinic therapy on cognitive impairment in patients with Alzheimer disease and

diabetes mellitus type-2. J Neurol Sci 288: 112–116.

29. Schrijvers EM, Witteman JC, Sijbrands EJ, Hofman A, Koudstaal PJ, et al.

(2010) Insulin metabolism and the risk of Alzheimer disease: the Rotterdam

Study. Neurology 75: 1982–1987.

30. Bomfim TR, Forny-Germano L, Sathler LB, Brito-Moreira J, Houzel JC, et al.

(2012) An anti-diabetes agent protects the mouse brain from defective insulin

signaling caused by Alzheimer’s disease- associated Abeta oligomers. J Clin

Invest 122: 1339–1353.

Type 2 Diabetes and Neurogenesis

PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | e89229



31. Dinel AL, Andre C, Aubert A, Ferreira G, Laye S, et al. (2011) Cognitive and

emotional alterations are related to hippocampal inflammation in a mouse
model of metabolic syndrome. PLoS One 6: e24325.

32. Wang Y, Nakagawa Y, Liu L, Wang W, Ren X, et al. (2011) Tissue-specific

dysregulation of hexose-6-phosphate dehydrogenase and glucose-6-phosphate
transporter production in db/db mice as a model of type 2 diabetes.

Diabetologia 54: 440–450.
33. Jolivalt CG, Lee CA, Beiswenger KK, Smith JL, Orlov M, et al. (2008) Defective

insulin signaling pathway and increased glycogen synthase kinase-3 activity in

the brain of diabetic mice: parallels with Alzheimer’s disease and correction by
insulin. J Neurosci Res 86: 3265–3274.

34. Kim B, Backus C, Oh S, Hayes JM, Feldman EL (2009) Increased tau
phosphorylation and cleavage in mouse models of type 1 and type 2 diabetes.

Endocrinology 150: 5294–5301.
35. Ramos-Rodriguez JJ, Pacheco-Herrero M, Thyssen D, Murillo-Carretero MI,

Berrocoso E, et al. (2013) Rapid beta-Amyloid Deposition and Cognitive

Impairment After Cholinergic Denervation in APP/PS1 Mice. J Neuropathol
Exp Neurol 72: 272–285.

36. Manschot SM, Brands AM, van der Grond J, Kessels RP, Algra A, et al. (2006)
Brain magnetic resonance imaging correlates of impaired cognition in patients

with type 2 diabetes. Diabetes 55: 1106–1113.

37. Mielke JG, Nicolitch K, Avellaneda V, Earlam K, Ahuja T, et al. (2006)
Longitudinal study of the effects of a high-fat diet on glucose regulation,

hippocampal function, and cerebral insulin sensitivity in C57BL/6 mice. Behav
Brain Res 175: 374–382.

38. Uetsuka K, Shirai M, Yamauchi H, Nakayama H, Doi K (2005) Impaired
proliferation of non-parenchymal cells participates in an impairment of liver

regeneration in db/db mice. Exp Mol Pathol 79: 51–58.

39. Zhao Z, Choi J, Zhao C, Ma ZA (2012) FTY720 normalizes hyperglycemia by
stimulating beta-cell in vivo regeneration in db/db mice through regulation of

cyclin D3 and p57(KIP2). J Biol Chem 287: 5562–5573.
40. Stranahan AM, Arumugam TV, Cutler RG, Lee K, Egan JM, et al. (2008)

Diabetes impairs hippocampal function through glucocorticoid-mediated effects

on new and mature neurons. Nat Neurosci 11: 309–317.

41. Hunter K, Holscher C (2012) Drugs developed to treat diabetes, liraglutide and

lixisenatide, cross the blood brain barrier and enhance neurogenesis. BMC

Neurosci 13: 33.

42. Camargo N, Brouwers JF, Loos M, Gutmann DH, Smit AB, et al. (2012) High-

fat diet ameliorates neurological deficits caused by defective astrocyte lipid

metabolism. FASEB J 26: 4302–4315.

43. Barella LF, de Oliveira JC, Branco RC, Camargo RL, Gomes RM, et al. (2012)

Early exposure to a high-fat diet has more drastic consequences on metabolism

compared with exposure during adulthood in rats. Horm Metab Res 44: 458–

464.

44. Machida M, Fujimaki S, Hidaka R, Asashima M, Kuwabara T (2012) The

insulin regulatory network in adult hippocampus and pancreatic endocrine

system. Stem Cells Int 2012: 959737.

45. McNay EC (2007) Insulin and ghrelin: peripheral hormones modulating

memory and hippocampal function. Curr Opin Pharmacol 7: 628–632.

46. Pan W, Hsuchou H, Jayaram B, Khan RS, Huang EY, et al. (2012) Leptin

action on nonneuronal cells in the CNS: potential clinical applications.

Ann N Y Acad Sci 1264: 64–71.

47. Doherty GH, Oldreive C, Harvey J (2008) Neuroprotective actions of leptin on

central and peripheral neurons in vitro. Neuroscience 154: 1297–1307.

48. Weng Z, Signore AP, Gao Y, Wang S, Zhang F, et al. (2007) Leptin protects

against 6-hydroxydopamine-induced dopaminergic cell death via mitogen-

activated protein kinase signaling. J Biol Chem 282: 34479–34491.

49. Haan MN (2006) Therapy Insight: type 2 diabetes mellitus and the risk of late-

onset Alzheimer’s disease. Nat Clin Pract Neurol 2: 159–166.

50. Manschot SM, Biessels GJ, de Valk H, Algra A, Rutten GE, et al. (2007)

Metabolic and vascular determinants of impaired cognitive performance and

abnormalities on brain magnetic resonance imaging in patients with type 2

diabetes. Diabetologia 50: 2388–2397.

51. Raji CA, Ho AJ, Parikshak NN, Becker JT, Lopez OL, et al. (2010) Brain

structure and obesity. Hum Brain Mapp 31: 353–364.

Type 2 Diabetes and Neurogenesis

PLOS ONE | www.plosone.org 8 February 2014 | Volume 9 | Issue 2 | e89229


