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Abstract

The incidence of diabetes has more than doubled in the United States in the last 30 years and the
global disease rate is projected to double by 2030. Cognitive impairment has been associated with
diabetes, worsening quality of life in patients. The structural and functional interaction of neurons
with the surrounding vasculature is critical for proper function of the central nervous system
including domains involved in learning and memory. Thus, in this review we explore cognitive
impairment in patients and experimental models, focusing on links to vascular dysfunction and
structural changes. Lastly, we propose a role for the innate immunity--mediated inflammation in
neurovascular changes in diabetes.
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Introduction

The incidence of diabetes has more than doubled in the United States in the last 30 years (1).
Moreover, the global disease incidence is expected to double by 2030 (2). The increase in
diabetes is not only in type 2 diabetes (T2D); there is an equally alarming increase in the
number of younger patients diagnosed with type 1 diabetes (T1D) (3). The consequences of
this disease burden indicate a massive worldwide health problem that poses many issues,
including social and economic factors. Elevated blood glucose levels, both as a result of poor
glycemic control or undiagnosed pathology, leads to many serious and debilitating heath
complications, such as chronic kidney disease, retinopathy, and peripheral neuropathy (4).
The presence of central neuropathy and the predisposition of diabetic individuals to develop
cognitive decline has been observed, with a prevalence as high as 40% in poorly controlled
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and long-standing diabetes (5). However, cognitive impairment remains to be one of the less
understood and less studied complication of diabetes. This is in part due the wide spectrum
of deficits observed and the varying impact of disease duration and severity on the
symptoms. Most patients, even children, experience impaired performance on multiple
domains affecting their mental speed and ultimately quality of life (6). Older diabetic
individuals have an increased risk of the development of cognitive impairment which can
progress to dementia.

There are various pathophysiological mechanisms that contribute to this cognitive decline,
one of which is diabetic vascular disease. The importance of vascular disease in diabetic
cognitive impairment is becoming an increasingly recognized process, as can be seen in the
recently issued statement by the American Heart Association entitled “Vascular
contributions to cognitive impairment and dementia” (7). VCI encompasses all cognitive
disorders that stem from a vascular origin and is defined as a syndrome with evidence of
clinical stroke or subclinical vascular brain injury and cognitive impairment affecting at least
1 cognitive domain (7). Understanding how certain cerebrovascular pathologies occur and
contribute to the development of VVCI is an ever-evolving area of focus. The major
cerebrovascular risk factors that contribute VCI are hypertension, aging, and diabetes (8),
with an undeniable comorbid effect occurring between these causes. Diabetes is the most
rapidly increasing risk factor in the patient population and leads to profound vascular disease
throughout the body. As such, assessing the contribution of this disease to the development
of VCl is highly critical.

The overall goal of this review is to describe the potential vascular contributions to cognitive
impairment in diabetes, examining data from both clinical and preclinical animal studies.
There are many potential mechanisms that contribute to the vascular complications present
in diabetes, and in this review we present a novel role of the innate immune system,
demonstrating a link between TLR2 and NLRP3-mediated inflammation and neurovascular
changes in diabetes. However, this review primarily attempts to provide an overview linking
vascular disease to diabetic cognitive impairment, rather than provide an in-depth review of
the vascular pathophysiology itself.

A. DIABETES AND COGNITIVE DYSFUNCTION: EVIDENCE FROM CLINICAL STUDIES

1.T1D

a. Cognitive Function: The overall cognitive deficits seen in patients with T1D are
commonly found in the domains of intelligence, attention, psychomotor efficiency,
information processing speed, cognitive flexibility and visual perception (9). The effect of
T1D on cognitive function in general has been shown to be relatively mild, somewhere in the
range of 0.3-0.7 standard deviations per cognitive domain less than observed in non-diabetic
groups. However, even small impairments could lead to issues such as poor compliance with
standard insulin treatment or a reduction in the efficiency of activities of daily living. These
issues greatly contribute to the burden of cognitive dysfunction in the T1D patient
population, and make research in this area a crucial necessity in the broad scope of diabetic
complications.
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While the peak age of onset of T1D is 14 years old, the disease can occur as early as a few
years of age, which holds potential consequences for the effect of hyperglycemia on the
developing brain. Studies have shown that those patients who develop diabetes at an early
age score worse on cognitive tests relative to their peers, affecting the development of
intelligence, attention, executive function, and psychomotor speed (10-13). The worsening
of cognitive function in these children is possibly due to the effects of hyperglycemia on
both the structural and functional development of the brain, which can leave the patients
more susceptible to future insults and further impairment (14). Children who develop
diabetes earlier than 7 years of age are also at a higher risk of cognitive impairment than
individuals who develop diabetes in adulthood, indicating that children’s brains are
potentially more susceptible to the effects of diabetes such as hyper- or hypoglycemia (15).
The negative effects of diabetes on cognitive abilities are often apparent as early as 2 years
post-diagnosis (16), and progress slowly thereafter (17), demonstrating a difference from the
more rapid decline observed in dementia and Alzheimer’s.

b. Hyperglycemia, Microvascular Disease, and Cognitive Function: One of the most
consistent links between diabetes and cognitive impairment is the effect of hyperglycemia on
microvascular function, which is also important in other diabetic complications such as
retinopathy, neuropathy, and nephropathy (18). Diabetic patients with these microvascular
complications were shown to have an increase in the rate of impairment in psychomotor
efficiency when compared to diabetics without microvascular disease (19). Examination of
the retinal vessels provides an excellent surrogate marker for cerebral microvascular disease,
as both retinal and cerebral vessels share similar embryologic and anatomic characteristics
(20). The Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions
and Complications (DCCT/EDIC) demonstrated a significant association between mild
cognitive dysfunction, characterized by impaired motor speed and psychomotor efficiency,
and chronic hyperglycemia in relatively healthy young and middle aged adults with T1D
(21). In this study, the presence of retinopathy exhibited the strongest association with
cognitive dysfunction. However, the presence of retinopathy and other microvascular
diseases are not readily apparent until hyperglycemia has been present for a prolonged
period, while the cognitive decrements usually occur early on in the process. This suggests
that even subclinical microvascular disease can have an effect on cognitive ability, or that
perhaps there are multifactorial contributions of the various complications associated with
diabetes.

The presence of microvascular disease in diabetic patients is associated with reduced
cerebral autoregulation, which is the maintenance of cerebral blood flow (CBF) across a
wide range of arterial perfusion pressures (22). As appropriate CBF is necessary to maintain
healthy structure and function of the brain, any disturbance in flow can potentially lead to
damage and subsequent cognitive impairment. Impaired cerebral autoregulation was shown
using administration of vasodilatory acetazolamide, where the presence of microvascular
disease and longstanding diabetes were strongly associated with reductions in vasodilatation
(23,24). Other studies in T1D have reported increases in total CBF compared to non-diabetic
patients when controlled for relative brain atrophy (25). It was suggested that this process in
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the brain is similar to the hyperperfusion that occurs in the kidney in the early stages of
diabetes, thus leading to additional pulsatile flow damaging the microvasculature.

Advances in imaging techniques have allowed for a more effective means of studying how
microvascular disease leads to reductions in CBF and subsequent cognitive impairment.
Microvascular disease leads to a reduction in nutrient delivery to neuronal tissue and
removal of metabolic waste (26), and such reductions in CBF have been demonstrated in
T1D compared to non-diabetics (27). Single-photon emission computed tomography
(SPECT) was performed in both children and adults with T1D to measure CBF, revealing
areas of both increased and decreased perfusion relative to non-diabetics. The cerebral areas
most affected were the cerebellum, frontotemporal brain and frontal brain, and were
correlated with poor glycemic control indicated by elevated HA1C% and the presence of
microvascular complications (27-29). Additionally, the duration of hyperglycemia was also
correlated with reductions in blood flow (30). MRI performed using voxel-based
morphometry demonstrated that T1D patients exhibited a decrease in grey matter density in
the posterior, temporal, and cerebellar regions of the brain (31). Importantly, the degree of
microvascular disease indicated by the degree of retinopathy was correlated with brain
matter loss in the medial and superior frontal gyri bilaterally, the right middle temporal and
parahippocampal gyri, and the left insula, indicating a possible effect on areas important for
cognition. This association between retinopathy and gray matter atrophy has also been
demonstrated to occur in the cerebellum, the frontal gyri, and the occipital lobe (32). In the
study by Musen et al.(31), several cognitive deficits in the diabetic population were observed
in addition to an association between gray matter atrophy and retinopathy, though a full
examination of cognitive impairment was not performed.

White matter hyperintensities (WMH) and microbleeds are consequences of vascular
pathology in the brain, and can be assessed on MRI as indirect indices of microvascular
disease. However, the association between the presence of these pathologies on MRI, T1D,
and subsequent cognitive dysfunction is still inconclusive. Weinger et al. (33) found only
mild WMH were present in a sample of young adult T1D patients, and the lesion burden was
comparable to that observed in nondiabetics. Neither glycemic control, duration of disease,
or retinopathy was associated with the WMH in the diabetic patient population, nor was
cognitive functional assessments related. In contrast, a recent study by Nunley et al. (34)
observed a significantly greater severity of WMH and slower information processing in
middle-aged patients with T1D compared with similarly aged non-diabetic adults,
independent of hyperglycemia, hypertension, and other risk factors. Whether these risk
factors played a role in the development of the WMH was uncertain, but it was proposed that
these diabetic complications may play a greater role in the development of WMH at younger
ages than were assessed in this study. Given the disparity between studies examining the
association of WMH, diabetes, and cognitive function, future longitudinal studies begun
around the onset of the disease are warranted.

2.T2D

a. Cognitive Function: Given the increasing prevalence of T2D, several prospective
longitudinal studies have been conducted to address what the effects of the disease may be

Clin Sci (Lond). Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hardigan et al.

Page 5

on cognition. The Rotterdam study of over 6000 patients with T2D showed a 2-fold increase
in the risk for dementia (35). The Honolulu-Asia Aging Study also showed an increase risk
of developing dementia, with the highest risk being that for vascular dementia, a finding that
was observed by others as well (36,37). The most common deficits have been shown to
occur in the areas of memory, attention, executive function, and information processing
speed (38-40), and through meta-analysis studies the effect sizes of these decrements have
been shown to be anywhere from 0.3-0.4 (38) up to 1.9(39). These pathologies occur early
in the disease course of T2D (41), and even in pre-diabetic stages where hyperinsulinemia
and impaired glucose tolerance are present (30,42). Given the advanced age of the
participants in these studies and the well-known relationship between cognitive decline and
aging, it is necessary to control for this effect when examining the association between
diabetes and cognitive impairment. An increased risk of cognitive impairment is present in
T2D than can be attributed to aging alone (43), but whether the rate of cognitive decline is
increased is unclear. Patients with T2D have been reported to exhibit an increased rate of
cognitive decline over an average duration of 4 years (44), however other studies including
the Utrecht Diabetic Encephalopathy Study failed to identify such an effect (45-47). These
data taken together indicate a need for further longitudinal studies for durations of longer
than 4-5 years to more thoroughly characterize this relationship.

Cross-sectional studies examining cognitive function in T2D demonstrate similar cognitive
impairment to that found in the longitudinal studies, particular in the areas of memory,
information processing speed, attention, and executive function (48-51). The effect sizes of
these impairments are also similar, ranging from 0.2 to 0.8 (39). Again, these effects were
shown to occur even in the pre-diabetic and early stages of the disease (41,52). It has been
suggested that disease duration correlates with the degree of cognitive impairment, which is
supported by studies showing that individuals older than 60 years of age display more
prominent cognitive deficits (17,51). However, studies examining the overall rate of
cognitive decline indicate that there is no difference between diabetic patients and age-
matched controls (45,53). In a review of diabetes and cognitive dysfunction, McCrimmon et
al. (54) hypothesized that the absence of a difference in the rate of cognitive decline in the
presence of significant cognitive impairment suggests that diabetic patients may experience
a demarcated onset of cognitive dysfunction that then progresses similarly. This could occur
during a critical period of cognitive development or could occur as a result of the
pathological consequences of diabetes such as microvascular disease.

b. Hyperglycemia, Vascular Disease, and Cognitive Function: The evident vascular
damage, inflammation, and oxidative stress observed due to hyperglycemia in T1D is
similarly present in T2D, however the impact of other frequent comorbid conditions such as
hypertension, obesity, and hyperlipidemia make identifying the individual contribution of
hyperglycemia to cognitive dysfunction more difficult. Studies have shown that patients with
a HA1C of greater than 7% have a 4-fold increase in the development of mild cognitive
impairment (55), with higher HA1C being associated with decreased function in the
domains of memory, psychomotor skills, and executive function (49,56). The predominant
vascular issue in T2D is macrovascular disease and atherosclerosis (57), largely due to
hyperglycemia-mediated endothelial dysfunction (58). Endothelial function in T2D is often
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compromised, leading to vascular dysfunction characterized by reductions in flow-mediated
vasodilation (59). Additionally, hyperglycemia leads to increases in diacylglycerol and
protein kinase C (PKC), which decreases the levels of endothelial nitric oxide synthase
(eNOS) (60) and thus lowers the bioavailability of nitric oxide (NO) leading to impaired
vasorelaxation. PKC also leads to the proliferation and migration of vascular smooth muscle
cells (VSMCs), an important step in the development of atherosclerosis (61). Along with
these effects, advanced glycation end products induce an increase in inflammatory cytokines
like tumor-necrosis factor-a and interlekin-1, which causes a decrease in endothelium
dependent vasodilation and an increase in VSMC migration and proliferation (62), further
contributing to the development of the pro-atherogenic state. This endothelial dysfunction in
T2D can potentially explain the reductions in CBF observed in patients, as was shown in a
clinical study by Nazir et al. (63) where assessment of decreased CBF revealed that basal
NO activity is attenuated in the cerebral circulation of established T2D patients.

The cerebrovasculature is affected similarly to both the coronary and peripheral arterial
circulation, with increases in carotid atheromas particularly noted in diabetic patients (64).
Atherosclerotic disease has been associated with cognitive dysfunction in T2D (65), and
importantly the relative risk of stroke in diabetes is up to 4 times greater than non-diabetic
age matched-controls as demonstrated in the Atherosclerosis Risk in Communities (ARIC)
Study (66). The increase in relative risk for stroke was shown to correlate with the degree of
hyperglycemia, with an increase of 1.15 for every 1% increase in HALC (67). Additionally,
the presence of diabetes at midlife in this study was associated with a 19% greater decline in
cognitive function in the areas of processing speed and executive function over a 20 year
duration (68). Based on this association, several studies have investigated whether glycemic
control could help to reduce cerebrovascular disease and events in diabetes, and thus
potentially improve the occurrence of cognitive dysfunction. One of the most recent of these
studies was the ACCORD Memory in Diabetes (ACCORD-MIND) Study (69), which
treated T2D patients with either standard glycemic control therapy (target HA1C 7-7.9%) or
intensive therapy (target HA1C <6%). Over a follow-up period of 40 months, no differences
were observed in cognitive function between either treatment groups; however the intensive
treatment group did have an improvement in reducing the loss of total brain volume. This
suggests that continued follow-up is warranted, as decreases in brain volume could precede
the presence of clinical symptoms of cognitive impairment. Additional studies such as the
VA Diabetes Trial (VADT), the United Kingdom Prospective Diabetes Study (UKPDS), and
the Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled
Evaluation (ADVANCE) trial, all similarly examined whether intensive glycemic control
would improve stroke and cardiovascular outcomes in diabetes (70-72). The findings of
these studies did not indicate that intensive glycemic control had a significant reduction in
the rate of stroke among diabetic patients, however other cardiovascular outcomes such as
myocardial infarction and microvascular complications were individually improved. The
cognitive domains that were associated with impairment in these and other clinical studies
examining cognition in diabetes are summarized in Table 1.

While macrovascular disease and atherosclerosis are most commonly linked to cognitive
impairment in T2D, the microvasculature also contributes to the overall cognitive profile.
Cerebral microvascular disease may play a role in the acceleration of cognitive decline in
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diabetes (48,73). The Edinburgh Type 2 Diabetes Study examined whether microvascular
disease, as indicated by assessment of diabetic retinopathy, would be associated with
cognitive decline in T2D (74). They observed that the increasing severity of diabetic
retinopathy was associated with decreases in the cognitive domains of verbal fluency,
information processing speed and mental flexibility. Interestingly, these findings were only
present in the male patients, implying that there could be sex-dependent effects such as a
vasculoprotective role of estrogen that merits further consideration. The overall results
suggest that diabetic retinopathy in T2D patients is a useful indicator of microvascular
disease contributing to cognitive impairment, and are in agreement with findings from the
ARIC study that found at 14 years follow up that diabetic patients with retinopathy had a
greater decline in verbal fluency and information processing speed than those without
retinopathy (75).

The contribution of both macro- and microvascular disease in patients with T2D is linked to
decreases in CBF, which could contribute to the overall pattern of cognitive impairment in
these individuals. Increased HALC is associated with lower CBF (76), and can directly lead
to reductions in CBF due to vasogenic edema, which impairs collateral flow and can lead to
reductions in cerebral autoregulation (77). The decreases in CBF have been demonstrated
using both SPECT (78,79) and arterial spin labeling (ASL) MRI (76). Decreases in CBF are
correlated with reductions in cognitive function, however when concomitant decreases in
brain volume were corrected for, the association between diabetes and decreased CBF was
not significant (80). In one recent longitudinal study, CBF and cerebrovascular reactivity
were both associated with impaired cognition and total brain volume, but they did not
predict cognitive decline over a period of 4 years (81). Conversely, a recent study by Chung
et al. showed that patients with T2D exhibited a reduction in cerebrovascular reactivity and
cognitive function in a 2 year longitudinal study (82). Utilizing PET imaging, it has been
observed that T2D is associated with reductions in CBF to the insular cortex (83), and that
overall glucose intolerance leads to reductions in perfusion to the orbitofrontal cortex,
inferior parietal lobe, and the superior temporal gyrus (84).

Cerebral imaging can also identify vascular infarcts, which occur in both small vessels such
as cerebral arterioles and capillaries as well as in large vessels. Lacunar infarcts, which are
subcortical fluid filled cavities up to 15 mm., occur due to occlusion of a single perforating
arteriole and are observed by MRI in diabetic patients at a frequency almost two times more
than observed in non-diabetic patients (73). Additionally, these small vessel subcortical
infarcts occur more commonly when compared to the large vessel cortical infarcts among
the T2D patients population (85). It is believed that there are multiple factors contributing to
the increase in infarcts such as the duration of diabetes in the patient population, insulin
resistance, or the presence of microvascular disease (86,87). In T2D patients, an association
between the presence of infarcts and cognitive decline was shown to exist, particularly in the
area of information processing speed (48).

Taken together, these findings suggest that T2D leads to pronounced macro- and
microvascular disease that likely contributes to the overall cognitive decline in these
patients. While there is a preponderance of evidence examining this association, there are a
multitude of factors that require further investigation. In particular, the impact of glycemic
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control at the onset of disease or even in the pre-diabetic state is a pressing area of research.
It is possible that treatment during this critical period could prevent not only the influence of
hyperglycemia on vascular disease, but also other pathological influences such as
hyperinsulinemia. The exploration of individual pathological contributions to diabetic
vascular disease and how they lead to the development of cognitive impairment necessitates
a wide array of experimental animal studies, which are reviewed in the following sections.

B. DIABETES AND COGNITIVE DYSFUNCTION: EVIDENCE FROM PRECLINICAL STUDIES

In this section, we first review cognitive deficits in animal models of T1D and T2D and how
these pathologies relate to deficits observed in experimental models of VVCI. Diabetes-
mediated microvascular dysfunction is thought to initiate a cascade of event leading to blood
brain barrier (BBB) disruption, neuroinflammation, and white matter damage. While the
mechanisms are multifactorial, cerebrovascular dysfunction and reduced CBF is believed to
precede the negative changes in cognitive function observed in both patients and
experimental models (88,89). Thus, we next summarize changes in cerebrovascular function
and structure that may contribute to the pathogenesis and progression of cognitive
dysfunction in diabetes. Finally, evidence linking vascular dysfunction and cognitive
impairment to inflammation is reviewed in an effort to delineate potential underlying
mechanisms.

1. Cognitive Deficits in Experimental Models of Diabetes

a. T1D: The hippocampus, a major domain in learning and memory, has been the focus of
numerous studies relating cognitive impairment and diabetes. The hippocampus has lesser
number of capillaries, compared to the cortex and striatum (90), yet remains more
susceptible to vascular dysfunction. Cognitive decline in T1D has been associated with
reduction of neurogenesis, hippocampal neuronal loss and elevated astrocytic reactivity in
multiple animal models (91-93). While inflammation levels in the brain are elevated in
diabetes, glial activation in the hippocampus has seen to be correlated to cognitive
impairment (94). Using Morris water maze (MWM), Y-maze and the novel object-placement
recognition task, T1D models showed deficiencies in hippocampal-based memory (95-97).
Recently, a reduction of VEGF signaling in the hippocampus of diabetic mice has been
reported to contribute to cognitive impairment, which was recovered with chronic low dose
infusion of VEGF in these mice (98). STZ-induced diabetic rats have deficits in NMDA-
dependent long-term potentiation (LTP) as early as 6 weeks after induction of diabetes,
while long-term depression was enhanced in the CA1 region of the hippocampus (99-101).
For a more in depth view of hippocampal changes in diabetes, readers are referred to a
recent review by Stranahan which explores changes and underlying mechanisms for
hippocampal dysfunction in obesity and diabetic animal models (102).

While hippocampus is a major domain in learning and memory, both the hippocampus and
cortex pathologies contribute to learning and memory deficits seen in diabetes. Working
memory has been studied using novel object recognition in diabetic animals, mainly
targeting cortical function. A reduced discrimination index has been observed through the
novel object recognition task in STZ-induced diabetic animals (103). Poor learning
performance has been observed in STZ-induced diabetes through the passive avoidance test,
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which suggests a reduction of memory retention in these animals (103). STZ-induced
diabetic mice showed less freezing behavior than non-diabetic counterparts using the fear
conditioning paradigm, suggesting amygdala-based cognitive dysfunction (104).

b. T2D: Hippocampal-driven cognitive deficits have been reported in multiple T2D
experimental models such as the spontaneously diabetic, lean Goto-Kakizaki (GK) rats,
Zucker rats and db/db mice (93,105,106). T2D animal models have reported functional and
structural changes to the CA1 and dentate gyrus (DG) regions of the hippocampus. Beaquis
et al. reported a reduction in microvessels in the hippocampus, in particular the DG region in
GK diabetic rats (107). Reduced LTP in the CAl and DG hippocampal regions, reduced
synaptic plasticity and behavioral deficits have also been reported in the db/db mice
(93,105). Deposition of amyloid beta has been seen in the hippocampus of HFD/STZ, which
may contribute to cognitive deficits (108), yet neurovascular dysfunction has not been
reported. Although hippocampal changes in diabetes have been studied across many
different models with major emphasis on neuronal changes, the interaction between
microvessels, neurons and glial cells in cognitive decline needs to be further explored.

Neurodegeneration in T2D has not been seen exclusively in the hippocampus, but in cortical
regions as well. Recently a reduction of neurons in the cerebral cortex (approximately 11%)
in GK rats was reported, while astrocyte numbers remained unchanged from non-diabetic
controls (109). Our lab has shown cognitive dysfunction in GK rats, which is associated with
cerebrovascular dysfunction and pathological neovascularization (110). We recently reported
similar changes in the HFD/STZ-induced model of diabetes, with pathological
neovascularization occurring in the cortex and striatum, and cognitive impairment seen
through the novel object recognition task after 8 weeks of diabetes (111,112). While we saw
cognitive changes as early as 8 weeks in the HFD/STZ model, others have reported seeing
cognitive impairment begin at 15 weeks of age using MWM, Y-maze and the passive
avoidance task, although earlier time points were not examined (113). Activation of
microglia in male GK rats is elevated and is thought to contribute to cognitive dysfunction
and neurodegeneration (109). Episodic memory was impaired in 28-week old db/db mice
compared to non-diabetic control, but not at 4 or 14 weeks of age. In the same study, pre-
diabetic animals fed a HFD showed no impairment in episodic memory, suggesting that
changes to episodic memory is evident later in diabetes rather than in pre- or early diabetes
(106).

c. Models of Cognitive Impairment: Cognitive impairment has been examined through a
variety of animal models from rodents to primates. As briefly mentioned above, cerebral
hypoperfusion precedes changes in cognitive function and hence most models of VVCI have
been based on a cerebral hypoperfusion approach, which can be induced chronically,
transiently or focally. For a more in depth description of vascular cognitive impairment
experimental models, refer to Jiwa et al. (114). A common animal model to mimic chronic
cerebral hypoperfusion seen in VCI is the occlusion of the common carotid arteries. In rats,
bilateral carotid artery occlusion (BCCAQO) or placement of ameroid constrictors bilaterally
is used. Ameroid constrictors contain casein, which gradually absorb water and slowly
occlude the vessel (115). Bilateral common carotid artery stenosis (BCAS) induced through
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microcoils placed on both CCAs to globally restrict blood flow or unilateral common carotid
occlusion (UCCAO) is used in mice (116,117). A new model combining the microcoil of
BCAS on the left CCA and an ameroid constrictor on the right CCA, termed asymmetrical
common carotid artery surgery, has been implemented to mimic the white matter hyper-
intensities and cognitive deficits (118). Transient cerebral hypoperfusion has been used in
rats, mice and gerbils through 4 or 2-vessel occlusion. Although these models are widely
used, they decrease cerebral blood flow rapidly; creating a hypoxic-ischemic condition that
may become too severe to be considered chronic cerebral hypoperfusion (119). Rather than
these models, ameroid constrictor devices can be placed on both common carotid arteries,
leading to acute decrease in CBF for a model termed 2-vessel gradual occlusion, although
eventually these vessel will become completely occluded (115).

Experimental models of VCI are not only induced through surgical methods, but also
through diet. Induction of hyperhomocysteinemia by a diet with low folate, vitamin B6 and
B12 and supplemented with methionine models VVCI through the presence of
microhemorrhages, elevated neuroinflammation and impaired spatial memory (120,121).
These microhemorrhages were more prominent in the entorhinal and parietal cortex
compared to the hippocampus and frontal cortex. Microglia reactivity was assessed in the
frontal cortex and hippocampus, and M1 microglia (produced proinflammatory cytokines)
increased while M2 microglia (produce anti-inflammatory cytokines) expressed no
difference in hyperhomocysteinemic mice (122).

Metabolic and vascular risk factors in diabetes have been associated with increased
cerebrovascular disease, cognitive impairment and dementia. Pathologies present in VVCI
models express similarities to cognitive dysfunction in diabetes. While learning and memory
is the most prominent form of cognitive impairment, VCI models show more diverse
impairment span from deficits in spatial and working memory, as well as executive function
and attention (123,124). Similar to VVCI, diabetes has reduced CBF and increased oxidative
stress leading to loss of vascular integrity (125). Macro and microvascular alterations, such
as changes in tortuosity and the thickening of the basement membrane, contribute to
decreased CBF in both VCI and diabetes. While arteriole and capillary numbers are
decreased in VCI, some diabetic models have shown a pathological neovascularization in the
cortex and striatum. These vascular changes in both VCI and diabetes have been shown to
precede neurovascular uncoupling and neuronal dysfunction, ultimately resulting in
cognitive impairment (126). White matter changes such as gliosis, axonal damage and white
matter rarefaction, have been well documented in VCI experimental models (123,124).
Diabetes increases the risk of small vessel disease and can lead to lacunar strokes in the
white matter, as mentioned above, suggesting similar pathologies between VCI and diabetes.
Although many parallels occur between VCI and diabetes, few studies have reported
structural and functional changes in combination (Table 2). In db/db mice exposed to BCAS,
increased subcortical white matter rarefaction and reduction of oligodendrocyte progenitor
cells was observed, although cognitive deficits were not explored (127). A HFD model of
diabetes along with UCCAO showed reduced CBF, impaired spatial memory, reduced cue
fear memory, increased neurodegeneration and gliosis (128). Lastly, BCCAO was induced in
T2D Otsuka Long-Evans Tokushima Fatty (OLETF) rats, expressing exacerbated spatial
memory deficits compared to diabetic or BCCAO alone, with elevated hippocampal
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neuronal death (129). Although diabetes has been associated as a risk factor of VCI, most
studies of VCI are explored in mostly male and otherwise healthy animals. Therefore,
further exploration of diabetic contributions to VVCI is warranted.

2. Diabetes-Induced Cerebrovascular Dysfunction and Neurovascular
Remodeling: Link to Cerebral Hypoperfusion—Regulation of structure and function
of the cerebrovasculature is essential to cerebral perfusion and neuronal function.
Maintenance of CBF allows delivery of nutrients and removal of metabolites from the brain,
which is highly metabolically active. Therefore, diseases such as diabetes, contributing to
both micro- and macrovascular complications, can have a profound effect on proper
neurologic function. Here, we will provide an overview of diabetes-induced changes to
cerebrovascular function as well as structure.

a. Cerebrovascular Dysfunction and CBF: Causes of vascular dysfunction are
multifactorial, with increased oxidative stress (130-132), disturbances in NO synthesis and
production (133), ion channel impairment in VSMCs (134,135), as well as stimulation of
Rho-kinase activity contributing to this dysfunction (132). Cerebrovascular dysfunction in
diabetes has been shown in experimental models to have enhanced constriction, reduced
dilatory function and impaired myogenic tone, which contribute to a global reduction in
CBF (136).

Changes in the vascular constriction response in diabetes have been shown using
vasoconstrictors such as endothelin-1 (ET-1), 5-hydroxytryptamine (5-HT), norepinephrine
(NE) and changes in ion channels. We have shown heightened ET-1 sensitivity in middle
cerebral arteries (MCASs) from T2D rats, which is eliminated by chronic ET 5 receptor
blockade (137). Initial reports suggested 5-HT response was not affected within 10 weeks of
diabetes (138), yet it was later reported that short-term diabetes (4 weeks) expressed elevated
sensitivity to 5-HT, while long-term diabetes (40 weeks) showed reduced sensitivity (139).
In STZ-treated rats vasoconstriction of MCAs developed from reduced sensitivity to ATP-
sensitive K+ channel openers in an endothelium-dependent manner (140). STZ/high fructose
diet-induced diabetic rats showed reduced conductance of CaZ*-activated K+ (BK¢,)
channels, contributing to elevated vascular tone and blood pressure (141). NE and potassium
ions constricting responses in basilar arteries (BAs) expressed no difference from non-
diabetic controls (142) and responses to ET-1, angiotensin I, arginine vasopressin, and
thromboxane in BAs isolated from STZ-induced diabetic rats was unchanged at 12-16
weeks of diabetes and unaffected by L-NMMA. These results suggest that these constricting
responses are independent of nitric oxide synthesis or release (138,143).

Attenuated endothelium-dependent relaxation is another mechanism of cerebrovascular
dysfunction in diabetes (132,144). Cerebral arteries express decreased dilator responses to
acetylcholine, adenosine 5’-diphosphate, and beta-adrenergic receptor activation (131,133).
Impairment of NOS-dependent reactivity has been rescued through treatment of enalapril
(145), apocynin (131), tempol (146), chronic ETA receptor blockade (147), and poly (ADP-
ribose) polymerase (PARP) inhibition (146). The duration of diabetes has been seen to
impact vessel function and reactivity to vasoactive agents. Dilatory responses to
acetylcholine are weakened after 56 weeks of diabetes in cerebral arterioles (148).
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Acetylcholine-induced dilation in BAs from rats is impaired after 8—12 weeks of diabetes,
which was reversed by insulin treatment (149). These functional changes highlight the
multifactorial nature of cerebrovascular dysfunction in diabetes.

Myogenic tone, the basal tension of the cerebral VSMCs, in diabetic animals has been
shown to impair function compared to non-diabetic controls. In T2D rats, we observed
reduced myogenic tone in MCAs 12-14 weeks after induction of diabetes compared to
MCAs in short-term diabetic rats (4—6 weeks). Furthermore, treatment with metformin
starting at the onset of diabetes restored myogenic tone in 18 week-old rats (150). Posterior
cerebral arteries isolated from T2D rats were shown to have altered myogenic reactivity as
well as increased tone (151).

The combination of impaired dilatory responses, increased cerebrovascular constriction and
dysfunctional myogenic tone observed in diabetes contributes to the decreased CBF (152).
Furthermore, we showed reduced response to whisker stimulation compared to controls,
suggesting impaired neurovascular coupling. Reduction of the CBF and subsequent
neurovascular coupling dysfunction can lead to neuronal injury and death, contributing to
cognitive deficits seen in diabetes.

b. Cerebrovascular Restructuring: Emerging evidence has shown cerebral
microvasculature is affected by diabetes in many regions in the body, including the brain
(6,153). A thickening of the basement membrane of cerebral microvasculature has been
reported in various studies, reporting collagen deposition and amorphous nodules termed
“cotton tufts” (154-156). This thickening of the basement membrane impacts adjacent
VSMCs, pericytes and astrocytic end feet, compromising the integrity and function (154).
Changes to these adjacent cells include diffuse swelling of the astrocytic end feet (154,157),
swelling of the mitochondria and endoplasmic reticulum of the VSMCs, and degeneration of
the endothelium (158).

Not only do these ultra-structural alterations arise, but significant vascular remodeling
occurs as early as 4 weeks after induction of diabetes with STZ injection (154). In GK rats, a
mild and lean T2D model these changes occur as early as 5-6 weeks after onset of diabetes.
There is extensive vascular remodeling illustrated by increased tortuosity, collateral numbers
and collateral size in this model (159,160). In animals with a longer duration of diabetes
(~10-12 weeks), extracellular matrix deposition and the wall thickness of MCAs increased
in an ET-1-dependent manner (161), which was prevented with either ET-receptor
antagonism or glycemic control with metformin (150,162).

Cerebrovasculature provides unique structures through tight junctions on endothelial cells,
astrocytic end feet and the basal lamina (163), providing necessary communication between
the endothelial cells, glial cells and neurons. This communication characterizes the integrity
of the BBB, which is susceptible to injury due to remodeling of the microvasculature in
diabetes. Increased BBB permeability occurs as early as 2 weeks after the induction of T1D
(164). While some reports did not find evidence for increased FITC-labeled albumin leakage
using the STZ model (164), others observed increased BBB permeability and altered tight
junctions 2 weeks after STZ-induced diabetes(165). Reduction of tight junction proteins,
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occludin and zona occludens proteins along with an increase in matrix metalloproteinase
(MMP) levels has been reported as the underlying mechanism in BBB dysfunction, although
another group reported no decrease in zona occludens proteins (166). BBB leakage has been
prevented when treated with insulin a week after induction of diabetes.

Diabetes also promotes pathological neovascularization in the brain. In multiple models of
diabetes including GK rats, db/db mice and HFD/STZ model, there is immature new vessel
formation and remodeling of the existing vasculature (110-112,160,161,167). All these
changes may contribute to the impaired regulation of CBF and hence lead to cerebral
hypoperfusion in diabetes. Understanding how these structural changes occur may provide
insight on the contribution of vascular dysfunction on cognitive impairment in diabetes.

3. Potential Mechanisms: Inflammation Linking Cerebrovascular and
Cognitive Dysfunction—Diabetes is associated with activation of the immune system
and inflammation in a wide spectrum of events involved in the pathogenesis and the
progression of the disease in both T1D and T2D. Similarly, cognitive impairment is also
associated with inflammation. While the role(s) of the adaptive immune system in these
diseases are relatively more studied, the role(s) of innate immunity are far less understood.
The innate immune system is activated through pattern recognition receptors such as
membrane-bound toll-like receptors (TLRs) and cytosolic NOD-like receptors (NLRs).
Interestingly, TLR2 has been implicated in both cognitive function and diabetes-mediated
vascular dysfunction.

Several studies have examined the impact of TLR2 signaling on cognitive function
specifically. The developing brain can be extremely susceptible to inflammation, and
postnatal activation of TLR2 has been shown to induce neuroinflammation that impairs
cognitive spatial and fear learning, as well leading to the impairment of motor skills in
adulthood (168). Additionally, they observed a reduction in exploratory behavior, and it was
hypothesized that TLR2 could play a critical role in the plasticity of cognitive behavior
during developmentally crucial periods.

TLR2 is implicated in classical microglial cell activation, and this neuroinflammation is
associated with decreased cognitive and memory function. Blockade of downstream pro-
inflammatory cytokines such as TNF-a restored this impairment (169). Additionally,
MyD88 (an essential signaling pathway for all TLRs except TLR3) knockout was shown to
enhance spatial learning in a MWM test and ameliorate spatial cognitive effects in a mouse
model of Alzheimer’s (170). However, the overall picture in regards to the role of
inflammation is not quite so simplistic as to say that removal of TLR2 is completely
beneficial. TLR2 knockout mice also have been shown to exhibit a cognitive phenotype that
is seen in schizophrenia; the mice exhibit psychotic symptoms such as hyperlocomotion,
anxiolytic behavior, pre-pulse inhibition effects, social withdrawal, and cognitive
impairments in the domains of attention, conditioning memory, learning, and spatial ability
(171). These results are contradictory to the decreases in exploratory behavior and motor
skills in the previously mentioned studies (168). Findings from our lab on TLR2 knockout
mice on a C57BI/6 background suggest that they do indeed show increases in exploratory
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behavior during open field testing, as well as hyperlocomotion during overall cognitive
assessments (Unpublished data).

The evidence for the involvement of TLR2 in diabetic vascular dysfunction originally came
from studies involving renal vasculature. The expression of TLR2 in endothelial cells is
involved in the HFD induction of pro-inflammatory cytokines, and most notably activation
of TLR2 impairs insulin-mediated vascular relaxation (172). This suggests that TLR2 plays
a role in endothelium dependent vascular function. However, whether TLR2 activation in the
cerebrovasculature is an early event linking vascular dysfunction and inflammation to
cognitive impairment is unknown. Studies from our group suggest that genetic deletion of
TLR2 confers a protective effect on cerebral perfusion; STZ-induced T1D mice exhibit a
reduction in CBF that was significantly attenuated in those mice that had genetic deletion of
TLR2. Additionally, we have observed that endothelium-dependent relaxation in cerebral
vessels is also impaired in STZ-induced T1D mice and that in mice lacking TLR2 this
vascular dysfunction is ameliorated (Unpublished data). The involvement of TLR2 on the
cerebral microvasculature in diabetes and subsequent cognitive impairment remains to be
clarified, but given the links between TLR2 mediated neuroinflammation and cognitive
function it is a promising new area of study.

Another common link among diabetes-mediated vascular dysfunction, cognition and innate
system activation is the inflammasome. Stimulation of the innate immune system through
cytosolic NLRs enables the formation and activation of inflammasome complexes. NLR
containing a pyrin domain 3 (NLRP3) inflammasome has been the best studied and
characterized. Activation of these complexes leads to cleavage of the inflammatory
cytokines pro-1L-1p and pro-1L-18 into their active forms by caspase-1, and within the brain
has been reported in neurons, astrocytes, microglia and endothelial cells. As a sensor for
abnormal changes in the intracellular environment, a wide array of signals contributes to
activation of the NLRP3 inflammasome including oxidative stress, cell edema, ATP,
potassium efflux, acidosis and amyloid beta (173). In long-term diabetic patients, the
presence of gain-of-function polymorphism NLRP3 re35829419 has been associated with
increased risk for development of macrovascular complications, especially myocardial
infarction (174). NLRP3 plays a role in tight-junction protein expression and endothelial cell
permeability, suggesting a target for neurovascular dysfunction (175). NLRP3 has also been
implicated in diabetic retinopathy (176), a complication that involves microvascular disease
and neuronal death.

Although NLRP3 has yet to be explored in the cerebrovasculature in the diabetic brain, the
inflammasome has been studied with respect to numerous neurodegenerative disorders
including stroke (175), Alzheimer’s disease (173) and traumatic brain injury (177). In
nlrp3'~ mice, neurodegeneration was ameliorated and improved cognitive outcome
compared to control animals (175). Cytokine elevation through NLRP3 activation has been
implicated in upregulation of BACE1 and amyloid beta deposition, and NLRP3 knockout
mice were protected in an Alzheimer’s model (178). These results suggest a role for the
NLRP3 inflammasome in cognition through neuronal and vascular effects. Further
exploration of the innate immune system, specifically TLR2 and NLRP3 inflammasome,
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may provide novel therapeutics to cognitive impairment and microvascular dysfunction
induced by diabetes.

Conclusions

There is no doubt that structural and functional interaction of neurons with the surrounding
vasculature is critical for proper function of the central nervous system, including domains
involved in learning and memory. Early activation of the innate immune response as a
compensatory response may result in pathological vascular remodeling and dysfunction that
contribute to the development and progression of cognitive decline by decreasing CBF,
creating a hypoxic milieu that further promotes inflammation and triggers a vicious cycle
(Figure 1). Better understanding of the role and mechanisms by which cerebrovascular
dysfunction leads to cognitive impairment in diabetes and whether there is a critical window
to correct vascular dysfunction before and after onset of cognitive deficits are key questions
to be answered.
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Summary Statement

Diabetes is an increasingly prevalent issue in the United States, and the vascular issues
that arise from this disease can contribute to cognitive impairment. This review highlights
evidence from both clinical and basic science research regarding diabetic vascular
cognitive impairment.
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Schematic of the role the innate immune system, specifically TLR2 and NLRP3
inflammasome, in neurovascular dysfunction leading to cognitive impairment in diabetes.
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Table 1
Major Clinical Studies Examining Individual Cognitive Domains in Diabetes *
Diabetes Clinical Study Cognitive Impairment Reference
Type 1 Diabetes Control and Complications Trial/Epidemiology of Diabetes Psychomotor efficiency (179)
Interventions and Complications (DCCT/EDIC)
Motor speed
Action to Control Cardiovascular Risk in Diabetes-Memory in Diabetes Psychomotor speed (180)
(ACCORD-MIND)
Verbal Memory
Executive Function
Anglo-Danish- Dutch Study of Intensive Treatment in People with Memory (41)
Screen Detected Diabetes in Primary Care (ADDITION) i
Processing speed
Attention
Executive function
Language comprehension
Utrecht Diabetic Encephalopathy Study Executive functioning 47)
Memory
Type 2
Atherosclerosis Risk in Communities Study (ARIC) Psychomotor speed (181)
Memory
Verbal learning
Executive function
The Age, Gene/Environment Susceptibility—Reykjavik Study Processing speed (182)
Executive function
Edinburgh Type 2 Diabetes Study Processing speed (183)

Nonverbal memory

Executive Function

*
Major clinical studies that assessed only global cognitive function or presence of dementia are not included in this table.
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Cogpnitive deficits in diabetic animal models in the presence or absence of VCI.

Table 2

Page 29

Diabetes | Diabetic Model | VCI Model Cognitive Impairment Ref.
Impaired spatial memory
Reduced LTP
Enhanced LDP
STZ Impaired working memory (91,92,95-97,99-101,103, 104)
Type 1
P Reduced memory retention
Amygdala-based cognitive dysfunction
NOD Impaired spatial memory (91,92)
Impaired spatial memory
GKrats Impaired recognition memory (110,184)
Zucker rats Impaired spatial memory (105)
Impaired spatial memory
Reduced LTP
- Impaired recognition memory (93,105, 106)
Type 2 db/db mice . L
Impaired episodic memory
BCAS No cognition data (127
Impaired spatial memory
HFD+STZ Impaired recognition memory (108,111-113)
OLETF rats BCCAO Impaired spatial memory (129)

Clin Sci (Lond). Author manuscript; available in PMC 2017 October 01.



	Abstract
	Introduction
	A. DIABETES AND COGNITIVE DYSFUNCTION: EVIDENCE FROM CLINICAL STUDIES
	1. T1D
	a. Cognitive Function
	b. Hyperglycemia, Microvascular Disease, and Cognitive Function

	2. T2D
	a. Cognitive Function
	b. Hyperglycemia, Vascular Disease, and Cognitive Function


	B. DIABETES AND COGNITIVE DYSFUNCTION: EVIDENCE FROM PRECLINICAL STUDIES
	1. Cognitive Deficits in Experimental Models of Diabetes
	a. T1D
	b. T2D
	c. Models of Cognitive Impairment

	2. Diabetes-Induced Cerebrovascular Dysfunction and Neurovascular Remodeling: Link to Cerebral Hypoperfusion
	a. Cerebrovascular Dysfunction and CBF
	b. Cerebrovascular Restructuring

	3. Potential Mechanisms: Inflammation Linking Cerebrovascular and Cognitive Dysfunction


	Conclusions
	References
	Figure 1
	Table 1
	Table 2

