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The hippocampus, a limbic structure linked to higher brain functions, appears vul-
nerable in diabetic subjects that have a higher risk of stroke, dementia, and cognitive
decline. The dentate gyrus (DG) of the hippocampus is one of the limited neurogenic
brain areas during adulthood; neurons born in the DG are involved in some types of
learning and memory processes. We found a decrease in the ability for proliferation and
neuronal differentiation of newborn cells, measured by bromodeoxyuridine incorpo-
ration in the DG, from streptozotocin-induced diabetic mice. The hilar region, formed
by mature neurons presenting higher sensitivity to brain damage, showed a reduced
neuronal density in diabetic mice with respect to vehicle-treated mice. Interestingly, in
a spontaneous model of type 1 diabetes, we corroborated a decrease in the rate of neu-
rogenesis in the nonobese diabetic mice compared to control strains, and this reduction
was also found during the prediabetic stage. The antidepressant fluoxetine adminis-
tered over a period of 10 days to diabetic mice was effective in preventing changes in
proliferation and differentiation of new neurons. Confocal microscope studies, includ-
ing using neuronal and glial markers, suggested that differentiation toward a neuronal
phenotype was decreased in diabetic animals and was reversed by the antidepressant
treatment. In addition, the loss of hilar neurons was avoided by fluoxetine treatment.
Several reports have demonstrated that high susceptibility to stress and elevated corti-
costerone levels are detrimental to neurogenesis and contribute to neuronal loss. These
features are common in some types of depression, diabetes, and aging processes, sug-
gesting they participate in the reported hippocampal abnormalities present in these
conditions.
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Brain Complications Associated
with Diabetes

Diabetes mellitus is one of the most com-
mon metabolic diseases in humans. Type 2 di-
abetes (T2D), mediated by insulin resistance, is
much more frequent than type 1 (T'1D), which
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1s caused by insulin deficiency. A result in part to
changes in nutritional habits and life style, the
incidence of both types of diabetes is increasing
throughout the world. Both types have signifi-
cant short- and long-term consequences. The
end organs predominantly damaged by the dis-
ease are the kidney, retina, peripheral nervous
system, and small and large blood vessels. The
central nervous system (CNS) has recently been
included among the systems affected by acute
and chronic diabetes-associated effects. In this
regard, neuroglycopenia and accelerated aging

Neuroimmunomodulation: Ann. N.Y. Acad. Sci. 1153: 203-208 (2009).
doi: 10.1111/j.1749-6632.2008.03983.x © 2009 New York Academy of Sciences.

203



204

could be considered among metabolic compli-
cations, while stroke and microangiopathy are
linked to vascular effects. Brain damage, neu-
rological deficit, and high risk of depression
and dementia are some of the related conse-
quences.!?

Aiming to define the status of mild to moder-
ate cognitive impairment in diabetic patients,
Mijnhout and co-workers have recently pro-
posed the term “diabetes-associated cognitive
decline.”” In experimental models of this dis-
ease, several studies, including ours, agree with
the hypothesis of a marked impact of diabetes
on the CNS. Working with T1D models, dif-
ferent authors have suggested various mech-
anisms that operate in diabetic alterations.’
These include intracellular calcium toxicity, ex-
citotoxic cellular damage associated with ex-
cessive glutamate,* ® hippocampal astrogliosis,
abnormal neural activation,”® and impair-
ment in spatial learning ability.” ! Remark-
ably, the limbic system, including the hip-
pocampus and associated functions, seems to be
highly vulnerable to the effects of uncontrolled
diabetes.

Hippocampal Neurogenesis Is
Impaired in Mice Models of T1D

Adult neurogenesis is the process of generat-
ing functionally integrated neurons in two dis-
crete brain regions: the subventricular zone and
the dentate gyrus (DG). During the generation
of new neurons, some steps are clearly identified
in the DG: proliferation, migration through the
granular cell layer, maturation, and functional
integration into neuronal circuits. The newly
generated hippocampal cells have been impli-
cated in learning and memory processes.'? Sev-
eral factors and conditions can modulate this
event, including gender, hormones, environ-
ment, age, early experiences, and physical and
mental activity.!> %’ In addition, some patho-
logical conditions can affect the production of
new cells in the DG; brain inflammation is
linked to a reduced rate of proliferation while
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after ischemia, trauma, or seizures a transient
increase can be observed.?!

Using 5-bromo-2'-deoxyuridine (BrdU) de-
tection and specific neural markers, we ob-
served a strong reduction in neurogenesis rate
in experimental models of T1D. In diabetic
mice induced by streptozotocin (STZ) treat-
ment, which is a well-recognized and character-
ized pharmacological model, a significant de-
crease in the number of proliferating cells was
clear in both neurogenic areas.?>? Remark-
ably, estradiol treatment was able to restore cell
proliferation to normal levels.?®

However, not only cell proliferation was re-
duced in STZ-treated mice. We showed a de-
crease in neuronal differentiation of newborn
cells in the DG after administration of BrdU
in a special protocol before killing the dia-
betic animals. The phenotype of these BrdU-
positive (BrdU+-) cells was corroborated by co-
localization with immature neuronal markers,
such as B-III tubulin/Tuj-1.2*

The number of hilar neurons, a heteroge-
neous population of interneurons especially
sensitive to brain damage, was also affected by
diabetes. Compared with control mice treated
with vehicle, the hilus of STZ-treated animals
exhibited fewer neurons stained by the Nissl
technique.?

In separate studies, we obtained consistent
results in nonobese diabetic mice (NOD), a
spontaneous T'1D model that progressively de-
velops the disease. Compared with two con-
trol strains (C57BL/6 and BALB/c), the NOD
mice showed a reduced hippocampal cell pro-
liferation at three different ages (5-, 8-, and
12-weeks old). Interestingly, at 5 and 8 weeks
of age the NOD mice were still not dia-
betic, suggesting that potential brain alter-
ations could be present even before overt hy-
perglycemia.” When we explored the survival
of the newly generated neurons in the DG,
we saw an important decline in NOD mice
regardless of diabetic condition compared to
control strains, but again the reduction was
greater in NOD diabetic rodents that exhibited
hyperglycemia.
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Figure 1. Representative microphotographs corresponding to the cell proliferation proto-
col of bromodeoxyuridine (BrdU) detection in the dentate gyrus. BrdU-positive cells exhibit
darkly stained nuclei and are often distributed in clusters near the subgranular zone. Groups

are as follows: vehicletreated controls (CTL),

fluoxetine-treated controls (CTL4+FXT), vehicle-

treated diabetic mice (Diab), and fluoxetine-treated diabetic mice (Diab-+FXT). Note the re-
duction in the number of BrdU-immunopositive cells in the Diab group compared to the other
three groups. Scale bar corresponds to 100 pum.

Antidepressant Treatment Is Able
to Recover Reduced DG
Neurogenesis in STZ Diabetic Mice

Neurogenesis can be regulated by multiple
factors. Stress and some affective-related disor-
ders, such as depression, were associated with
high plasma glucocorticoids together with a re-
duced ability for hippocampal production of
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new neurons.
was effective in restoring this capability.

On the other hand, diabetic subjects present
a high prevalence of depression®' 3 and exhibit
changes in the serotoninergic system, a feature
also found in rodents.**

We treated STZ-induced diabetic mice
with fluoxetine (a serotonin reuptake inhibitor,
10 mg/kg body weight) over a 10-day period,
starting the antidepressant therapy 10 days af-
ter diabetes induction, and studied hippocam-

pal cell proliferation and differentiation. The
number of BrdU+ cells in the DG significantly
increased in diabetic animals after fluoxetine
treatment, reaching a rate of proliferation sim-
ilar to that found in control mice. Interestingly,
the experimental control group treated with flu-
oxetine did not show a significant difference
compared to vehicle-treated controls (Fig. 1).
The newly generated cells differentiate
mostly into neurons and, to a lesser degree, into
glial cells. We performed co-localization studies
with neural (Tuj-1) and glial (GFAP) markers in
order to establish whether the final phenotype
of newborn cells was affected by diabetes. Cel-
lular differentiation was analyzed in fluoxetine-
treated diabetic mice injected with BrdU for 7
consecutive days before killing. The proportion
of BrdU+ cells also expressing Tuj-1 marker
in the DG was increased in diabetic animals
under antidepressant treatment compared to
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STZ-treated mice treated with vehicle, and it
was similar to controls.** Our results strongly
suggest that not only the number of newborn
cells decreased with diabetes but also a decline
in the proportion of new cells differentiating
into neurons occurred. Fluoxetine administra-
tion was able to reverse this situation. The rate
of differentiation into GFAP-positive cells was
not altered by the diabetic status and was not
affected by the antidepressant treatment.?* Of
particular note is that the number of neurons
stained with cresyl violet in the hilus of the DG
in diabetic mice increased after antidepressant
treatment, showing that fluoxetine could be in-
volved in the rescue of these mature neurons.

Concluding Remarks

The hippocampus appears extremely sensi-
tive to the deleterious effects of diabetes. Sev-
eral reports showed hippocampal alterations
in both patients and experimental models. We
demonstrated that the diabetic status induced
in mice by STZ negatively influences the pro-
duction of new neurons in both neurogenic
brain areas. In the same model, we found
a marked reduction in the number of hilar
neurons. In the DG of NOD mice, we cor-
roborated a low rate of proliferation that was
also, surprisingly, found at prediabetic and di-
abetic states compared with age-matched con-
trol strains. These and other findings are char-
acteristic of an aged or damaged brain and
could strongly suggest an accelerated aging pro-
cess associated with the disease. This finding is
in line with those of previously mentioned re-
ports and supports the idea of a diabetic en-
cephalopathy® and the more recent concept
of diabetes-associated cognitive decline.*® In-
terestingly, T2D and obesity could share some
brain abnormalities where neuronal systems
regulating energy intake and energy expendi-
ture seem to be implicated.’

Fluoxetine is a serotonin reuptake inhibitor
commonly used with remarkable results in the
treatment of depression. In our study we found
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that fluoxetine treatment during a relatively
short period (10 days) was able to prevent
some changes in the DG of diabetic mice. An-
tidepressant treatment effectively increased the
proliferation of new cells and the neuronal dif-
ferentiation of these newborn cells in the DG
of STZ-treated mice. In this way, fluoxetine
showed efficacy in preventing the loss of hilar
density, a neural population especially sensitive
to cerebral insult. The lack of effect of fluox-
etine treatment on control mice suggests the
participation of a mechanism only active dur-
ing some specific brain alterations or permissive
situations.

Several authors have postulated a central
role of stress or depression in the atrophy and
cell loss in limbic structures associated with
higher brain functions.!>?%3 Reduced birth
of new neurons in the adult brain can con-
tribute to this atrophy and/or to a deprived
neuronal plasticity, as was observed in experi-
mental models. Diabetes condition is linked to
an augmented vulnerability to stress in correla-
tion with a hyperactivity of the HPA axis,?**?
and this feature, together with high glucocorti-
coid plasmatic levels, can be intimately involved
in adult neurogenesis alterations. Stranahan
et al. attributed a manifest role to glucocor-
ticoids in the cognitive impairment observed
in T1D models,** while Revsin ¢/ al. demon-
strated that corticosterone secretion was signif-
icantly augmented immediately after diabetes
induction in the STZ model but adrenocor-
ticotropic hormone levels were below control
levels. ™t

In conclusion, our data have contributed to
a better understanding of brain complications
associated with a metabolic disease, such as dia-
betes, and some of these complications are com-
mon to depression and accelerated aging. The
effectiveness of fluoxetine treatment demon-
strated that some of these alterations are not
permanent and can be prevented by pharma-
cological treatment. Further studies are needed
to explore the mechanisms and other potential
factors involved with the effects of metabolic
diseases.
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