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associated with chronic hyperglycemia, hyperstimulation of 
the HPA axis, increased levels of circulating glucocorticoids in 
combination with brain inflammation and low production of 
new neurons, contribute to  emphasize the impact of diabe-
tes on the central nervous system. 

     Copyright © 2008 S. Karger AG, Basel 

 Diabetes mellitus is the most common serious meta-
bolic disorder in humans. Ninety percent of diabetic in-
dividuals have type 2 diabetes (T2D, non-insulin-depen-
dent), while 5–10% have type 1 diabetes (T1D, insulin-
dependent). T1D begins usually earlier in life than T2D 
and has important short-term and long-term conse-
quences. The incidence of both types of diabetes contin-
ues to increase worldwide, affecting younger people and 
causing a medical and socioeconomic burden  [1, 2] . Dia-
betic complications result in both acute and chronic met-
abolic and vascular disturbances that lead to clinically 
relevant end-organ damage in eyes, kidneys, heart, blood 
vessels, nerves and central nervous system (CNS). De-
pending on the duration of diabetes and the quality of 
metabolic control, the development of these complica-
tions can be managed but only partially prevented by in-
sulin treatment.
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 Abstract 

  Type 1 diabetes (T1D) is linked to an ‘encephalopathy’ ex-
plained by some features common to the aging process, de-
generative and functional disorders of the central nervous 
system. In the present study we describe a manifest hyperac-
tivity of the hypothalamic-pituitary-adrenal (HPA) axis in two 
different experimental mouse models of T1D including the 
pharmacological one induced by streptozotocin and the 
spontaneous NOD (nonobese diabetic mice). The high ex-
pression of hypothalamic hormones like oxytocin and vaso-
pressin were part to this alteration, together with elevated 
adrenal glucocorticoids and prominent susceptibility to 
stress. In the hippocampus of diabetic animals a marked as-
trogliosis, often associated with neural damage, was present. 
Dentate gyrus neurogenesis was also affected by the disease: 
proliferation and differentiation measured by bromodeoxy-
uridine immunodetection were significantly reduced in both 
experimental models used. Several facts, including changes 
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  In diabetic patients, regardless of the type, CNS defi-
cits have been reported in neuropsychological and neu-
rophysiological studies, reporting a poor performance in 
cognitive functions, in particular learning and memory 
and complex information processing  [3, 4] . Even if the 
deficits are generally modest, they can occasionally be 
severe and undoubtedly diabetic patients present an en-
hanced risk of depression, stroke, dementia and Alzhei-
mer’s disease  [5–9] . It has even been stated that diabetes 
is linked to an ‘encephalopathy’ characterized by slowly 
progressive, clinically significant cognitive deficits which 
are paralleled by brain neurophysiological and neurora-
diological changes  [10] .

  Streptozotocin (STZ)-induced diabetes in adult ro-
dents and nonobese diabetic mice (NOD) is a well-accept-
ed experimental model of T1D  [11, 12] . In the STZ-in-
duced model, numerous reports emphasize structural 
and functional abnormalities especially located in the 
hippocampus, such as impaired long-term potentiation, 
synaptic alterations, neurodegeneration and neuronal 
loss  [7, 13–16] . Deficient cognitive function, particularly 
in the water maze test, was also well established  [17] . 
Moreover, several studies explored potential diabetes-
induced alterations of the hypothalamus, a cerebral struc-
ture that is physiologically under the negative hippocam-
pal regulation. Indeed, hypothalamic lesions were report-
ed in rats with long-term STZ-induced diabetes  [18] .

  The NOD mouse represents a rare spontaneous mod-
el whose clinical and pathophysiological features make it 
suitable for studying human T1D  [19, 20] . Clinical onset 
of diabetes is preceded by a latent (prediabetic) period 
during which T cell infiltration (insulitis) of the pancreas 
develops. Then, insulitis leads to extensive  � -cell destruc-
tion, lack of insulin secretion and marked hyperglycemia. 
However, not all NOD mice become diabetic and the in-
cidence of diabetes is higher in females than in males. 
Depending on the colony, hyperglycemia starts in fe-
males from around 12 weeks of age and 80% of them will 
have become diabetic by 6 months of age. Diabetes in 
NOD mice is characterized by polydipsia, glycosuria, re-
duced body weight, hyperglycemia and ketoacidosis. 
Without insulin treatment diabetic NOD mice die after 
4–8 weeks  [19–21] . Before our brain studies in this spon-
taneous T1D model, there was no study available, except 
the downregulation of the blood-brain glucose transport 
in hyperglycemic NOD mice  [22] .

  Marked Hyperactivity of the Hypothalamic-

Pituitary-Adrenal Axis Associated with Diabetes 

 In patients, T1D correlates with moderate disturbanc-
es in the hypothalamic-pituitary-adrenal (HPA) response 
to different tests. In most studies, exaggerated plasmatic 
cortisol levels have been found, but normal ACTH re-
sponse to CRH  [23] . A prominent HPA axis hyperactiv-
ity has also been repeatedly noted in the STZ-induced 
model in rodents: adrenal glucocorticoids are elevated, 
associated in some cases with insulin resistance, because 
of the antagonistic effects of glucocorticoids on insulin 
action  [24–27] . Moreover, a high expression of hypotha-
lamic hormones such as arginine vasopressin (AVP) and 
oxytocin (OT) was described in the paraventricular nu-
cleus (PVN) of both STZ-treated rats  [28]  and NOD mice 
 [29] . In this strain, the PVN content of AVP and OT neu-
ropeptides was higher in NOD diabetic mice than in non-
diabetic NOD or control mice. In addition, the AVP 
mRNA expression measured by in situ hybridization was 
significantly upregulated in the magnocellular and par-
vocellular portions of the diabetic NOD PVN. These 
changes in neurohormone expression were not caused by 
water loss, because diabetic mice were neither hyperna-
tremic nor dehydrated  [29] . This OT and AVP upregula-
tion might therefore reflect a high-stress condition in this 
strain during the diabetic state.

  Deleterious Effects of T1D on Hippocampal 

Functionality: Various Mechanisms Involved 

Including HPA Axis Dysfunction 

 Astrogliosis 
 Induction of glial fibrillary acidic protein (GFAP), an 

astrocyte intermediate filament cytoskeletal protein, is 
considered to be the main indicator of astroglial activa-
tion caused by stress, aging, CNS injury, and neurode-
generation  [30, 31] . Astrogliosis is often associated with 
neural damage or distress as a secondary reaction  [32] .

  The close connection between astrocytes and the 
blood-brain barrier makes them early sensors of varia-
tions of glucose homeostasis. Astrocytes can communi-
cate with neurons, leading to neuroprotection by increas-
ing glucose uptake, metabolism and transport. On the 
one hand, they are sensitive to hypoglycemia, which can 
occur during insulin treatment  [33, 34] . On the other 
hand, they can be targets of hyperglycemia that is able to 
induce neurotoxic effects via augmented oxidative stress, 
polyol pathway and protein glycation  [10] .
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  Concerning glucocorticoids, they are abundantly pre-
sented in limbic areas and their effects are mediated by 
mineralocorticoid and glucocorticoid receptors,  [35] . In-
deed, astrocyte abnormalities have been described in the 
hippocampus of STZ rats. In these rats, hippocampal 
damage causing hyperreactivity to stress and involving 
both astrocytes and neurons was observed  [15] . In STZ-
treated mice, we also described an important increase in 
the number of hippocampal GFAP+ astrocytes and in the 
GFAP+ cellular area  [34] . Moreover, astrocytes were pos-
itive for apolipoprotein E, a marker of ongoing neuronal 
dysfunction  [36, 37] . Interestingly, these features are com-
mon to stress response and aging. In NOD mice, quite 
unexpectedly, we showed that hippocampal astrogliosis 
was an early feature of the NOD genetic background, be-
cause it was present during the prediabetic stage in NOD 
mice and in lymphocyte-deficient NOD scid mice that do 
not become diabetic  [34] . However, after onset of diabetes, 
the number of GFAP+ cells increased significantly in the 
stratum radiatum area of NOD hippocampus.

  The study of the kinetics of events in NOD and NOD 
scid mice highlighted the early appearance of the hippo-
campal astrocyte reaction in a possible relationship with 
a period of hyperinsulinemia and corresponding low glu-
cose levels that can activate the HPA axis. First, high lev-
els of plasmatic insulin have been associated with nega-
tive effects on hypothalamic control centers  [38] . Second, 
NOD pups showed an absence of a stress-hyporesponsive 
period before weaning, particularly after interleukin-1 
induction  [39] . Therefore, manifest susceptibility to stress 
could originate early in life  [19–21] . The hyperinsulinism 
noted at crucial moments of brain development like birth 
and after weaning may be related to priming effects for 
late stress effects at the time of clinical diabetes. 

  Impaired Adult Hippocampal Neurogenesis 
 More than 40 year ago, Altman and Das  [40, 41]  pro-

vided the first evidence of adult neurogenesis in two dis-
crete zones in the dentate gyrus (DG) of the hippocam-
pus: the subventricular zone and the subgranular zone. 
In these zones, a process of generating functionally inte-
grated neurons from progenitor cells occurs  [42–45] . 
During generation of new neurons in the brain, some 
steps can be clearly identified: proliferation, including 
neuronal fate and specification of progenitors; migration 
through the granular cell layer; maturation and function-
al integration into neuronal circuits. Depending on phys-
iological conditions, a large proportion of the newly gen-
erated cells die after the proliferation step and survival 
and integration are a critical peak of this process. Newly 

generated hippocampal cells have been implicated in 
learning and memory processes  [44] .

  Multiple and several factors and conditions are able to 
modulate the production of new neurons in the adult 
brain, including strain, gender, hormones, neurotrans-
mitters, neuropeptides, environment, new challenges, 
physical activity, learning, and dietary restriction. Ex-
traordinarily, stress, alcohol and/or drug abuse, inflam-
mation, degenerative diseases, aging and also diabetes 
are strongly associated with low neurogenesis in the DG 
 [46–51] .

  In STZ-treated rodents, DG proliferation and differ-
entiation, which were assessed by detection of prolifera-
tion-associated markers and/or labeling with bromode-
oxyuridine (BrdU), were significantly reduced  [52–54] . 
This deficit was prevented by the administration of anti-
depressants or sexual hormones such as estrogens with 
known neuroprotective effects. In NOD female mice, 
hippocampal neurogenesis was strongly decreased com-
pared with two control strains (C57BL/6 and BALB/c). As 
observed for astrogliosis, this alteration was present early 
during the prediabetic period. As illustrated in  figure 1 , 
the number of BrdU+ cells (measured 2 h after BrdU in-
jection) was always significantly lower in the NOD DG 
than in that of age-matched C57BL/6 or BALB/c mice. 
Even if as assumed, the proliferation rate diminishes with 
age, the spontaneous diabetic strain exhibited less BrdU+ 
cells before (5 and 8 weeks of age) and after (12 weeks of 
age, at the onset of hyperglycemia)  [52] . Concerning DG 
cell survival, overtly diabetic NOD mice showed a dra-
matic decrease in the number of BrdU+ cells (here BrdU 
was injected 21 days before killing) compared with non-
diabetic NOD or control age-matched strains. Interest-
ingly, DG cell survival was also significantly lower in pre-
diabetic NOD mice than in age-matched control strains. 
However, confocal computerized quantification of dou-
ble immunocytochemistry studies showed that diabetes 
was not linked to changes in the proportion of new cells 
exhibiting a neuronal or glial phenotype  [52] .

  Among the potential causes linked to low ability in 
neurogenesis in diabetic animals, an influence of anoma-
lies of glucose homeostasis could be noted. Low basal 
nonfasting glycemia values correlating with transient hy-
perinsulinemia during the prediabetic period in the NOD 
mice have been reported  [39] . On the other hand, Suh et 
al.  [55]  confirmed a close relationship between hypogly-
cemia and progenitor cell loss in rat DG  and long-term 
potentiation impairment was also associated with low 
glucose levels  [56] . Conversely, during adulthood or even 
in pregnancy, evident hyperglycemia can exert its own 
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Table 1. Brain parameters, HPA axis status and plasmatic glucose condition in control strain, nondiabetic NOD, diabetic NOD, and 
STZ-induced diabetes

C57BL/6 Nondiabetic, NOD Diabetic, NOD STZ-induced diabetes

DG cell proliferation high [16, 49, 71] ND low [52] low [16, 53, 54]

DG survival high [16] medium [52] low [52] low [16]

Hippocampal astrocytosis no [34, 37] ++ [34] +++ [34] +++ [37]

Brain inflammatory status no prone [69] prone [69] + oxidative stress, leuko-
cyte endothelial adhesion [37]

HPA axis status
Corticosterone response to stress
PVN; AVP and/or OT

Corticosensitivity or corticoresistance

low [72, 73]
low [29]
CS [63, 73]

high [70, 73]
ND
CR [70, 73]

high [70, 73]
high [29]
CR [70, 73]

high [70, 73]
high [28]
CS [73]

Glycemic status normal [70, 73] lower values [70, 73] hyperglycemia [70, 73] hyperglycemia [10, 15, 16, 37]

CS = Corticosensitivity; CR = corticoresistance.

  Fig. 1.  BrdU+ cells in dentate gyrus of female C57BL/6, BALB/c 
and NOD strains at 5, 8 and 12 weeks of age counterstained with 
cresyl violet. BrdU was administered 2 h before killing. The scale 
bar corresponds to 100  � m. Note the decrease of dentate gyrus 

proliferation with age. Regardless of age NOD mice exhibited less 
BrdU+ cells than age-matched control strains. At 12 weeks of age, 
overt diabetes correlates with depressed proliferation.   
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effects influencing brain functionality and development 
 [7, 57] .

  Glucocorticoids might also be at play. Indeed, they are 
thought to play an important role in many aspects of nor-
mal brain development and have been implicated in neu-
ronal maturation and survival  [58–60] . Evidence from a 
number of species suggests that exposure to glucocorti-
coids, at a critical stage of development, can permanently 
alter neuroendocrine function and behavior  [61, 62] .

  Concluding Remarks 

 The pathogenesis of the so-called ‘diabetic encepha-
lopathy’ is complex and multifactorial: the toxic effects of 
high levels of plasmatic glucose include increased oxida-
tive stress, nonenzymatic protein glycation, disturbed 
Ca 2+  homeostasis and in turn is connected to impaired 
blood flow, vascular reactivity and angiopathy. At the 
neural level, the consequences of this condition comprise 
changes in neurotrophic molecules and diverse neuro-
modulators, including insulin.

  As previously shown, transient hypoglycemia and 
chronic hyperglycemia trigger deep changes in specific 
gene transcription within neurons of the hypothalamus 
and hippocampus that could be associated with the devel-
opment of secondary brain complications. The upregula-
tion of hypothalamic OT and AVP evidently is in close 
association with diabetic nephrology, abnormal HPA ac-
tivity and high stress condition in diabetic subjects. The 
role of endogenous glucocorticoids, absolutely coupled to 
stress response, is highlighted taking into account the el-
evated levels in diabetic patients and rodents. However, 
the degree of possible corticoresistance of a given indi-
vidual or a given strain should be kept in mind  [63] . Nor-
mally, corticosteroids have a strong negative regulatory 
effect on adult neurogenesis and they are central candi-
dates to mediate in the damaged hippocampal function. 
Along this line, it was recently reported that, when normal 
physiological levels of corticosterone are maintained in 
diabetic animals, it is possible to prevent changes in hip-

pocampal plasticity and function, suggesting that cogni-
tive impairment in diabetes could be glucocorticoid-me-
diated  [64] . Also, unpublished results from our laboratory 
showed that the administration of the specific glucocorti-
coid receptor antagonist RU486 is able to prevent the de-
creased hippocampal proliferation in STZ-treated mice.

  The contribution of neuroimmune interactions can-
not be neglected. In the aging brain, there is increased 
microglia reactivity suggestive of an ongoing inflamma-
tory response accompanying low rates of neurogenesis 
 [65] . This age-related increase of brain inflammation 
might be linked to decreased corticosensitivity associat-
ed with aging  [66] . LPS-induced inflammation is delete-
rious for hippocampal neurogenesis and inflammatory 
blockade can restore it  [67] . Cytokines and their recep-
tors, abundantly expressed in the hipocampal region, are 
involved in brain neurodegenerative diseases, and also in 
depression  [68] . Interestingly, the prediabetic NOD mice 
are quite sensitive to the induction of experimental acute 
encephalomyelitis, suggesting an inflammatory predis-
position  [69]  linked to early corticoresistance  [63] . The 
NOD strain also exhibited a greater sensitivity to the be-
havioral effects of interleukin-1 than controls showing an 
altered behavior  [70] .

  In conclusion, CNS effects of diabetes result, among 
other disorders, in cognitive dysfunction, cerebrovascu-
lar diseases and a high risk of Alzheimer’s disease. The 
HPA axis appears to be highly stimulated, with high lev-
els of circulating glucocorticoids. Diabetic subjects are in 
general more susceptible to the effects of stress and de-
pression. In experimental models, a marked astrogliosis 
is present in the hippocampus. The potential for neuro-
genesis is powerfully reduced but modulation with differ-
ent agents is still possible, even if the exact role of the 
adult-generated neurons still has to be determined.  Ta-
ble 1  summarizes the features related to the different 
steps of neurogenesis, brain inflammatory status, and 
HPA-associated items among other important points in 
control, nondiabetic and diabetic NOD and STZ-induced 
diabetes. Many of these features are also present in phys-
iological aging and/or pathological conditions.
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