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Abstract

Type 1 diabetes can lead to several well-described complications such as retinopathy, nephropathy and peripheral neuropathy. Evidence is

accumulating that it is also associated with gradually developing end-organ damage in the central nervous system. This relatively unknown

complication can be referred to as ‘diabetic encephalopathy’ and is characterised by electrophysiological and neuroradiological changes, such

as delayed latencies of evoked potentials, modest cerebral atrophy and (periventricular) white matter lesions. Furthermore, individuals with

type 1 diabetes may show performance deficits in a wide range of cognitive domains. The exact mechanisms underlying this diabetic

encephalopathy are only partially known. Chronic metabolic and vascular changes appear to play an important role. Interestingly, the

differences in the ‘cognitive profile’ between type 1 and type 2 diabetes also suggest a critical role for disturbances of insulin action in the

central nervous system.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Diabetes mellitus is a common metabolic disease. Preva-

lence of diabetes in adults was estimated to be 4% in 1995

and is expected to rise to over 5% by the year 2025

worldwide (King et al., 1998). This implies an increase of

the number of adults with diabetes from 135 million in 1995

to 300 million in 2025 (King et al., 1998). Diabetes is

characterised by hyperglycaemia due to defects in the

secretion of, or resistance to insulin, or both (American

Diabetes Association, 2002). The most common form is

type 2 diabetes, in which resistance to insulin is accompa-

nied by an inadequate compensation in the secretion of

insulin. Type 1 diabetes is caused by an absolute shortage in

the production of insulin due to the destruction of pancreatic

h cells (American Diabetes Association, 2002). This type of

diabetes, which was previously defined as Insulin Depen-

dent Diabetes Mellitus, is not as common as type 2 diabetes;
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only 5–10% of the patients with diabetes has type 1

diabetes.

Patients with type 1 diabetes are treated with exogenous

insulin. Unfortunately, even with repeated injections, or

subcutaneously implanted insulin pumps, these treatments

cannot fully compensate for the tightly regulated insulin

secretions of a normally functioning pancreas. Therefore,

individuals with type 1 diabetes may experience fluctuations

in blood glucose levels throughout the day, ranging from

low blood glucose levels (i.e. hypoglycaemia) to high blood

glucose levels (i.e. hyperglycaemia). These fluctuations

depend upon the timing, type, dose of insulin administra-

tion, the quantity and nutritional content of food ingested,

and the amount of physical activity. Since normal cerebral

functioning is dependent upon sufficient levels of continu-

ous circulating glucose, these fluctuations can affect func-

tioning of the brain.

It is well known that both type 1 and type 2 diabetes can

lead to several complications, such as retinopathy, nephrop-

athy and peripheral neuropathy, and the characteristic clin-

ical signs and symptoms as well as the techniques to

diagnose these complications are well established (American
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Diabetes Association, 2002). Already in 1922, it was recog-

nised that diabetes may also affect cognition (Miles and

Root, 1922). Today, there is substantial evidence that acute

hypo- and hyperglycaemia have disruptive effects on the

central nervous system (CNS) (Weinger and Jacobson,

1998), although relatively less is known about the slowly

developing end-organ damage to the CNS that may present

itself by electrophysiological and structural changes and

impairment of cognitive functioning. These cerebral com-

plications of both type 1 and type 2 diabetes may be referred

to as ‘diabetic encephalopathy’, a concept introduced several

decades ago (Reske-Nielsen et al., 1965). Since then many

different features of these complications have been identified

and important leads into the pathophysiology are emerging.

However, the clinical characteristics remain heterogeneous.

In this review, we will provide an overview of the available

data and the questions that remain to be answered. First, we

will look into the clinical characteristics and the risk factors

that have been implicated in altered CNS functioning in type

1 diabetes. In the last sections, we will explore the possible

mechanisms that may underlie diabetic encephalopathy.
2. Long-term effects on the brain

2.1. Neurophysiological changes

Evoked potentials are frequently used to evaluate CNS

physiology. The electrophysiological response of specific

CNS structures to visual, auditory or somatosensory stimuli

are called visual evoked potentials, brainstem auditory

evoked potentials and somatosensory evoked potentials

respectively (Di Mario et al., 1995). In the brainstem

auditory evoked potentials, five waves can be distinguished

(I–V). The latency of wave I is determined by the peripheral

components of the acoustic system and the interpeak laten-

cies I–III and III–V reflect signal conduction in the pons

and midbrain, respectively. In patients with type 1 diabetes,

the latencies of wave I and the interpeak latencies I–III and

III–V of the brainstem auditory evoked potentials, may be

increased (e.g. Khardori et al., 1986; Pozzessere et al., 1988,

1991; Toth et al., 2001; Dejgaard et al., 1991). The visually

evoked P100 wave is thought to be generated in the visual

cortex (Chiappa and Ropper, 1982). Its latency is also

delayed in type 1 diabetes (Pietravalle et al., 1993; Pozzes-

sere et al., 1988, 1991; Ziegler et al., 1994a,b; Collier et al.,

1988; Das et al., 2001). Studies on somatosensory evoked

potentials have provided more variable results. Increased

latencies have been reported, although significant conduc-

tion delays were mostly limited to peripheral components of

the somatosensory pathways (Collier et al., 1988; Pietravalle

et al., 1993; Bax et al., 1995; Das et al., 2001).

The evoked potential approach is also used to explore

cognitive brain functions in humans. In this case, the evoked

potential components are known as ‘endogenous’. Among

these, the P300 (or P3) wave has been identified as a late
cortical neurophysiological event reflecting the activity of

cognitive and mnemonic functions in humans (Polich et al.,

1983; Surwillo, 1984).

The latencies of event related potentials, such as the

P300, are generally reported to be increased in patients with

type 1 diabetes mellitus (e.g. Pozzessere et al., 1991;

Kramer et al., 1998; Howorka et al., 2000, but see Ziegler

et al., 1994a,b).

It is not clear to what extent the established electro-

physiological alterations correlate with the level of hemo-

globin A1c (HbA1C) values as an index of the level of

metabolic control. Interestingly, abnormal visual evoked

potentials have been demonstrated to be partly reversible,

since a tight 3-day blood glucose regimen has resulted in a

significant decrease of visual evoked potentials latencies in

patients with diabetes, although they remained significantly

longer than in healthy participants (Ziegler et al., 1994a,b).

The relation between these changes in CNS function and

the duration of diabetes is not yet fully understood. Studies

using evoked potentials may show abnormalities in the early

course of type 1 diabetes that can be assessed before other

complications (Seidl et al., 1996; Pozzessere et al., 1989,

1991; Pietravalle et al., 1993; Donald et al., 1984) or

cognitive dysfunction (Dejgaard et al., 1991) develops.

These studies show that subclinical CNS dysfunction is

common in type 1 diabetes and can be detected by using

(endogenous) evoked potential latencies. The exact time

after disease onset at which these abnormalities develop and

whether certain interventions, such as tight metabolic con-

trol, can prevent or even reverse these abnormalities are

questions that remain to be answered.

2.2. Neuroradiological changes in the brain

Only few neuroradiological studies have been performed

in patients with type 1 diabetes, some involving a case-

control design, some comparing patients to reference values.

Both central and peripheral atrophy has been reported in a

case-control study (Lunetta et al., 1994) and in a number of

studies comparing patients to reference values (Araki et al.,

1994; Perros et al., 1997). Some authors do not interpret this

as a distinct characteristic of the disease itself, since most

magnetic resonance imaging (MRI) results in type 1 diabetic

patients are well within normal range (Chabriat et al., 1994).

It has been suggested that the radiological appearance of the

brain in patients with diabetes resembles that of normal

ageing, but appears to develop at a younger age than in non-

diabetic participants (Araki et al., 1994).

Atrophy may be linked to a history of severe hypogly-

caemic episodes, since only patients who had experienced

multiple severe hypoglycaemic episodes showed cortical

atrophy (Perros et al., 1997). These findings need confir-

mation in future studies.

Focal lesions mostly involve the subcortical white matter

(Perros et al., 1997; Dejgaard et al., 1991; Ferguson et al.,

2003a,b). For example, high-intensity periventricular white-
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matter lesions, particularly small punctuate white matter

lesions, periventricular caps, or pencil thin rims were

present in one third of the scans in a study by Ferguson et

al. They found these to be related to the presence of

background retinopathy (Ferguson et al., 2003a,b).

2.3. Cognitive functioning

2.3.1. Cognitive performance in patients compared to

healthy controls

Individuals with type 1 diabetes have repeatedly been

reported to show modest performance deficits in a wide

range of neuropsychological tests compared with non-dia-

betic controls. Already in 1922, a study on cognitive

performance was conducted (Miles and Root, 1922). In

the last decades, over 20 studies have compared cognitive

functioning in type 1 diabetic patients with non-diabetic

controls. In 16 of these studies, data were presented in such

a way that standardised effect sizes could be calculated with

respect to the distinct cognitive domains (see Table 1).

In total, data of over 850 patients and 600 controls are

available. Detailed analysis is in preparation (Brands et al.,

in preparation). Although the different studies vary widely

with respect to patient characteristics and psychometric tests

used, Table 1 shows that patients with type 1 diabetes

perform worse on a variety of neuropsychological tests. A

majority of the studies show negative effects on general

cognitive ability (i.e., intellectual functioning), psychomotor

speed, attention, delayed memory and mental flexibility.

Contrary to results from studies on type 2 diabetes (Strachan

et al., 1997; Stewart and Liolitsa, 1999), learning and

immediate memory seem to be less inflicted. Also, the

pattern of impairments varies between studies, possibly

due to the relatively subtle nature of the deficits or to the

heterogeneity of the studied samples. In general, the mag-

nitude of the cognitive deficits is relatively modest in

Cohen’s terminology (Cohen, 1988), that is within one half

standard deviation of the control group, or an equivalent

effect size of less than 0.5. However, analysis of the studies

in Table 1 does shows that cognitive impairment can be

objectively demonstrated with the help of sensitive neuro-

psychological tests in type 1 diabetic patients. It is important

to note that even mild forms of cognitive dysfunction might

hamper everyday activities, since they can be expected to

present problems in more demanding situations and may, for

example, negatively affect academic performance (McCar-

thy et al., 2002) or vocational success. Severe impairments

have been reported in case studies as well (Gold et al.,

1994). The question arises whether this inter-study variation

is due to the fact that a small effect is measured over a large

group (i.e., insufficient statistical power), or that specific

subgroups are at risk for greater deterioration. Since most of

the aforementioned studies have small sample sizes it is

difficult to assess individual risk factors for this reported

cognitive decline. Still we would like to highlight some of

the possible relevant risk factors.
2.3.2. Are recurrent episodes of severe hypoglycaemia

deleterious?

The issue whether or not repeated episodes of severe

hypoglycaemia result in permanent mild cognitive impair-

ment has been debated extensively in the literature. Several

studies report a relation between recurrent episodes of

severe hypoglycaemia and (mild) cognitive deficits (e.g.

Gold et al., 1994; Langan et al., 1991; Sachon et al., 1992;

Wredling et al., 1990; Hershey et al., 1997; Lincoln et al.,

1996), but this is not confirmed by others (e.g. (Kramer et

al., 1998; The DCCT Research Group, 1996; Reichard et al.,

1996; Ryan and Williams, 1993).

The studies that found evidence of mild cognitive impair-

ment after recurrent episodes of severe hypoglycaemia were

cross-sectional studies. Two large prospective studies did not

find a relation between recurrent episodes of severe hypo-

glycaemia and cognitive decline. The Diabetes Control and

Complications Trial (The DCCT Research Group, 1996) was

a longitudinal study with an average follow-up of 6.5 years,

that examined the effect of intensive treatment of diabetes

mellitus on microvascular complications in 1441 patients

with type 1 diabetes. Intensive treatment delayed the onset

and magnitude of long-term complications, such as neurop-

athy and retinopathy, compared with conventional treatment.

Although this type of treatment caused a threefold increase in

the risk of episodes of severe hypoglycaemia, it was not

associated with cumulative neuropsychological impairment.

These findings are consistent with the results of the 5-year

longitudinal Stockholm Diabetes Intervention Study (Reich-

ard et al., 1991). Although the issue is still unresolved, the

results of these studies suggest that the negative effects of

recurrent episodes of severe hypoglycaemia on cognitive

functioning are limited.

2.3.3. Duration of diabetes and the presence of other

complications

In general, the development of complications such as

retinopathy, neuropathy and nephropathy is determined by

the duration of diabetes and the level of metabolic control.

Several studies demonstrate an association between these

complications and cognitive performance (Ryan et al., 1993;

Skenazy and Bigler, 1984; Ferguson et al., 2003a,b). This

suggests that the brain is susceptible to the same processes

that underlie these other complications. Detailed informa-

tion on the relation between diabetes duration, metabolic

control and cognition is not yet available, in particular

studies on elderly patients are missing. This is important

since it has been suggested that the elderly are particularly

vulnerable for the effects of diabetes on the brain. In

addition, similarities have been found in the pathophy-

siology of cerebral ageing and diabetic complications (Bies-

sels et al., 2002a,b).

2.3.4. Disease onset in early childhood

In general, studies involving children who developed

diabetes before the age of 5 suggest that these children are at
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Table 1

Cognitive performance in type 1 diabetes compared to healthy controls

No. Study Study characteristics Cognitive domains

Mean age

patients

(S.D.)

N patients/

N controls

Patient characteristics General

cognitive

ability

Psychomotor

speed

Attention Working

memory

Learning and

immediate

memory

Delayed

memory

Mental

flexibility

Perception

1 Franceschi et al. (1984) 26 (5) 37/26 Poor metabolic control � � � � � � � � +

2a Skenazy et al., 1984 28 (5) 20/24 Visually impaired �
2b Skenazy et al., 1984 32 (6) 19/24 Non vis. imp � � � � � � � � � � � �
3 Grill et al., 1990a 37 (7) 6/5 Good metabolic control � � � +++ +/�
4a Widom and Simonson, 1990a 27 (6) 8/10 Poor metabolic control � � � � � �
4b Widom and Simonson, 1990a 22 (3) 9/10 Good control � � +/� ++

5 Dejgaard et al., 1991 44 (9) 20/120 Long duration � � � +/� +/� ++ � � � � �
6 Pozzessere et al., 1991 33 (12) 16/16 Normal neurological

examination

� � �

7 Blackman et al., 1992a 30 (6) 14/10 Poor metabolic control � �
8a Ryan et al., 1992 36 (6) 34/19 males � � � � � +/� + ++ + � �
8b Ryan et al., 1992 36 (6) 41/56 females � � � � � � � � � � � � � � � � �
9 Wirsen et al., 1992a Median 25 10/12 Males, no complications +/� +/� ++ ++ +++ � �
10a Sachon et al., 1992 41 (13) 30/25 Frequent hypo � � � � � � � � � � � � � � � � � � � � �
10b Sachon et al., 1992 34 (10) 25/25 No hypo � � � � � � � � � � � � � � �
11 Deary et al., 1993 40 (7) 100/100 Onset after age 19 � �
12 Ryan et al., 1993 34 (6) 142/100 Onset before age 17 � � � � � � � +/� � � � � �
13a Ryan et al., 1993 33 (6) 41/41 female � � � � � � � � ++ � � � � � � � �
13b Ryan et al., 1993 33 (5) 41/41 Male � � � � � � � � + +/� ++ � � � � �
14a Maran et al., 1995a 36 (3) 8/8 Hypo unaware � � � �
14b Maran et al., 1995a 32 (4) 10/8 Hypo aware � � � �
15a Hershey et al., 1997 26 (7) 26/21 Severe hypo � � � � � � � � � � � � � � � �
15b Hershey et al., 1997 23 (8) 12/21 No severe hypo � � � � � � +/� � � � � + � �
16 Kramer et al., 1998 36 (13) 108/108 Good control +/� � �
+++: 0.5VES<1.0.

++: 0.2VES<0.5.

+: 0.1<ES<0.2.

+/�: 0.1<ES<�0.1.

�: �0.2<ES<�0.1.

� �: �0.5<ES<�0.2.

� � �: �1.0<ES<�0.5.

� � � �: ES<�1.0.
a A study design was to measure the effect of acute hypoglycaemia, but subjects were tested at euglycaemia before hypoglycaemia was induced.
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risk for the development of cognitive impairment, particu-

larly with respect to visuo-spatial abilities, motor function,

attention and memory (Ryan et al., 1985a,b; Rovet et al.,

1987; Golden et al., 1989; Rovet and Alvarez, 1997;

Bjorgaas et al., 1997) and for impairments in overall

intelligence (Ryan et al., 1985a,b).

It is important to consider the possibility that the devel-

oping brain is more vulnerable for the effect of diabetes.

Ryan et al. (1985a,b) found that 24% of adolescents with

diabetes that was diagnosed before the age of 5 show

neuropsychological deficits compared with 6% of those

diagnosed later, and 6% of controls. Of course, one must

take into consideration that multiple school and classroom

absences, family disruptions and other psychosocial prob-

lems associated with chronic illness may interfere with

learning and with accurate cognitive assessment (Ryan et

al., 1985a,b).

2.3.5. Psychiatric comorbidity in diabetes mellitus

The prevalence of psychiatric disorders, in particular

depression and anxiety disorders which are known to have

a negative effect on cognition, is increased in type 1 diabetes

(Anderson et al., 2001; Gavard et al., 1993; Peyrot and

Rubin, 1997; Popkin et al., 1988; Roy et al., 1994). In a

recent meta-analysis, odds ratios and prevalence of depres-

sion were estimated for both type 1 and 2 diabetes, from 42

studies having a combined sample size of 21,351 subjects

(Anderson et al., 2001). The main conclusion is that

diabetes doubles the odds ratio. A difference in the preva-

lence of depression in type 1 compared to type 2 diabetes

could not be established. This increased prevalence of

depression might result from an inability to cope with the

stresses associated with diabetes, but alterations in serotonin

and dopamininergic activity, could also be involved (Bro-

derick and Jacoby, 1988; Lackovic et al., 1990). Disturban-

ces in glucocorticoid metabolism may play an additional

role, since several authors have mentioned a relation be-

tween type 1 diabetes and a dysregulation of the hypotha-

lamic–pituitary–adrenal axis activity (Roy et al., 1991;

Prestele et al., 2003).

In all, the relation between cognition and depression in

type 1 diabetes is complex. On the one hand, the co-occur-

rence of depression could influence cognitive performance

negatively, on the other hand depression and cognitive

dysfunction could each be a different expression of the same

underlying encephalopathy. hypothalamic–pituitary–adre-

nal axis dysfunction could be a modulating factor in this

process.

2.3.6. Genetic risk factors for cognitive decline especially in

women?

The possible contribution of genetic risk factors for

cognitive decline in type 1 diabetes is only just beginning

to be explored. The q4 allele of the apolipoprotein-E

(APOE) gene is associated with cognitive decline and

Alzheimer’s disease (Wilson et al., 2002; Strittmatter et
al., 1993) and with poor outcome following various cerebral

insults (Friedman et al., 1999). The apolipoprotein-E geno-

type may also impair aspects of cognitive ability in type 1

diabetes (Ferguson et al., 2003a,b). Especially type 1

diabetic women with APOE q4 performed less well on tests

of non-verbal intellectual ability and executive functioning,

such as planning and concept shifting, compared with type 1

diabetic women without the APOE q4 allele (Ferguson et al.,
2003a,b). Confirmation of these data is necessary in order to

draw further conclusions.
3. Possible underlying mechanisms

Multiple pathogenic factors appear to be involved in the

pathogenesis of cerebral dysfunctioning in type 1 diabetes.

The relative contribution of different factors will vary

between individuals, depending on characteristics such as

age, sex, amount of glycaemic control and co-morbidity.

3.1. Mechanisms of hyperglycaemia induced damage

Hyperglycaemia leads to an increased level of glucose

in the brain (Sredy et al., 1991; Knudsen et al., 1989) that,

as in peripheral tissues, is shunted through the so-called

‘‘polyol pathway’’, by which excess glucose is converted

to sorbitol and fructose (Greene et al., 1987). Concentra-

tions of sorbitol and fructose in the brain of diabetic

rodents are indeed increased, but to a lesser extent than

in peripheral nerves (Sredy et al., 1991; Knudsen et al.,

1989). Increased sorbitol has been linked to alterations in

phosphoinositide and diacylglycerol metabolism (Bhardwaj

et al., 1999), which, together with alterations in Ca2 +

homeostasis (Biessels et al., 2002a,b), affects the activity

of protein kinases in the brain. In diabetic rats the activities

of protein kinases A and C were shown to be increased

(Bhardwaj et al., 1999) and that of calcium/calmodulin

dependent protein kinase II decreased (Di Luca et al.,

1999).

Another potentially ‘‘toxic’’ effect of elevated glucose

levels is an enhanced formation of advanced glycation end

products (Brownlee, 1992). Increased amounts of advanced

glycation end products have been demonstrated in the brain

and spinal cord of diabetic rats (Vlassara et al., 1983; Ryle et

al., 1997), albeit at lower levels than in peripheral nerves

(Ryle et al., 1997), Finally, toxic effects of glucose are

mediated through an imbalance in the generation and

scavenging of reactive oxygen species (Van Dam and

Bravenboer, 1997). Increased concentrations of the by-

products of lipid peroxidation, indicative of oxidative dam-

age, have been demonstrated in the cerebral microvascula-

ture and brain tissue of diabetic rats (Mooradian, 1995;

Kumar and Menon, 1993). Furthermore, the activities of

superoxide dismutase and catalase, enzymes involved in the

antioxidant defence of the brain, are decreased (Kumar and

Menon, 1993; Makar et al., 1995).
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3.2. Cerebrovascular alterations

Diabetes is associated with both structural and functional

alterations of the cerebral vascular system, which increases

the risk of stroke (Mankovsky et al., 1997; Beckman et al.,

2002), and may also affect cognitive functioning.

Atherosclerotic disease is the main manifestation of

structural alterations of the large extra- and intracranial

arteries in diabetic patients (Reske-Nielsen et al., 1965;

Mankovsky et al., 1997). Age, duration of diabetes, male

gender, triglycerides and nephropathy are important deter-

minants of atherosclerosis, assessed by ultrasonographic

measurement of carotid intima-media wall thickness (Frost

and Beischer, 1998, 2003).

Structural abnormalities at the microvascular level in-

clude thickening of capillary basement membranes and

decreased capillary density, as has been shown in brain

autopsy studies of diabetic patients (Johnson et al., 1982;

Reske-Nielsen et al., 1965).

Functional alterations in the cerebral vascular system

that have been associated with type 1 diabetes include

regional alterations in cerebral blood flow and disturbances

of vascular reactivity. Cerebral blood flow has been

reported to be decreased (Keymeulen et al., 1995), with

some degree of regional variation (MacLeod et al., 1994;

Rodriguez et al., 1993). Others, however, report increased

cerebral blood flow in diabetic subjects (Grill et al., 1990),

and it has been suggested that the decrease in blood flow

that is reported in studies that use positron emission

tomography (Keymeulen et al., 1995; MacLeod et al.,

1994) possibly reflects an artefact, due to concomitant

atrophy (Sabri et al., 2000). Still, since cerebral atrophy is

generally modest in subjects with type 1 diabetes, other

factors are likely to be involved in these variable results and

this issue needs further investigation.

Studies on cerebrovascular reactivity in type 1 diabetes

provide more consistent results. The increase in blood flow

after administration of a dilatory stimulus, such as acetazol-

amide administration (Fulesdi et al., 1997) or carbon diox-

ide inhalation (Griffith et al., 1987; Dandona et al., 1978) is

impaired in diabetic subjects. This impairment appears to be

most pronounced in subjects with a long duration of

diabetes and in subjects with other complications, such as

retino- and nephropathy (Fulesdi et al., 1997). Cerebral

vasoreactivity and accompanying changes in blood flow

are important compensatory mechanisms during conditions

such as hypoglycaemia, hypotension, hypoxia and hyper-

capnia. Loss of these compensatory mechanisms may there-

fore have detrimental effects on the brain.

The exact relation between these vascular alterations and

cognitive functioning in patients with type 1 diabetes has

not been studied in detail. However, in animal models of

diabetes, improvement of cerebral blood flow by chronic

treatment with an angiotensin converting enzyme inhibitor

is associated with an improvement of cognitive functioning

(Manschot et al., 2003).
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3.3. The role of severe hypoglycaemic episodes

Severe and prolonged hypoglycaemia may provoke brain

damage through uncontrolled release of excitatory amino

acids like glutamate and aspartate, which trigger calcium

influx, leading to activation of proteolytic enzymes, thereby

causing neuronal damage (Perros and Frier, 1997). Exper-

imental studies have clearly shown that the severity of the

resulting brain damage is dependent on the duration of the

hypoglycaemic coma (Auer, 1986). Irreversible brain dam-

age in rats occurred only after a period of at least one hour

of flat electro-encefalogram (EEG) (Auer, 1986). These

findings suggest that despite the acute energy failure in

the brain associated with hypoglycaemia, there might be a

period during which the CNS is resistant to hypoglycaemia-

induced damage (Chabriat et al., 1994). This ‘‘brain-dam-

age-free period’’ is in contrast with the immediate brain

damage caused by hypoxia or ischaemia. This may be due to

the use of alternative non-glucose fuels such as amino acids

and ketone bodies, in order to maintain the cellular energy

state for a limited period (Chabriat et al., 1994).

Rheological changes are another mechanism by which

severe hypoglycaemia can affect the brain. Hypoglycaemia

and its associated counterregulatory hormonal responses are

associated with an acute rise in haematocrit and blood

viscosity which can alter capillary blood flow (Frier and

Hilsted, 1985). It has been suggested that tissues affected by

microangiopathy are particular vulnerable to this process

(Frier and Hilsted, 1985). Interestingly, the patients in the

DCCT study, which found no association between the

frequency of severe hypoglycaemia and cognitive impair-

ment, did not have advanced microvascular complications at

study entry (The Diabetes Control and Complications Trial

Research Group, 1993). Future studies should determine

whether patients with established microvascular disease are

indeed more sensitive to the adverse effects of hypoglycae-

mia on the brain.

3.4. The role of insulin in the brain

Insulin receptors are widely distributed in the brain.

Classically, the CNS was thought to be an insulin-insensi-

tive tissue, but in the late 1970s it was demonstrated that

insulin receptors were present throughout the CNS (Hav-

rankova et al., 1979). In animal studies, it has been

demonstrated that insulin signalling through its cerebral

receptors influences the regulatory processes associated

with food intake, body weight, and it also seems to affect

higher cognitive functions. A high number of insulin recep-

tors is present in the hippocampus, a brain structure criti-

cally implicated in memory function, especially the long-

term consolidation of information (Freychet, 2000; Park,

2001). It has been suggested that insulin can modulate

memory function by several mechanisms. For instance,

insulin is thought to promote glucose utilisation in specific

brain areas, such as the hippocampus, and glucose has been

f Pharmacology 490 (2004) 159–168



A.M.A. Brands et al. / European Journal of Pharmacology 490 (2004) 159–168 165
reported to facilitate memory function (Park, 2001). An

alternative, yet indirect effect of insulin-stimulated glucose

uptake in neurons may be to enhance the activity of neuro-

transmitters such as acetylcholine, which is important for

the consolidation of information in memory (Park, 2001).

The question arises how alterations in insulin metabolism

associated with type 1 diabetes and its treatment, affect

insulin signalling in the brain. The levels of circulating

insulin in the systemic circulation are increased in most

patients with type 1 diabetes, which is largely caused by the

site of administration of exogenous insulin. Under physio-

logical conditions, insulin is produced in the pancreas,

released into the portal circulation and passes the liver,

where it exerts an important part of its metabolic effects. In

type 1 diabetes, endogenous production of insulin in the

pancreas is virtually abolished, and exogenous insulin is

administered subcutaneously, and is taken up by the sys-

temic circulation. Consequently, insulin levels in the sys-

temic circulation are increased, up to 200% above control

values, in patients with type 1 diabetes treated with subcu-

taneous injections (Nijs et al., 1990).

To exert its effects on the brain, insulin has to be

transported across the blood–brain barrier, bind to cerebral

insulin receptors and convey its signal through an intracel-

lular signalling cascade. Each of these processes may be

affected by diabetes. Transport of insulin across the blood–

brain barrier, for example, was shown to be increased in

hyperglycaemic, hypoinsulinaemic rodent models of type 1

diabetes (Banks et al., 1997), whereas it is decreased in

hyperinsulinaemic, hyperglycaemic rat models of type 2

diabetes (Baskin et al., 1985). Binding of insulin to recep-

tors in brain tissue of hyperglycaemic, hypoinsulinaemic

diabetic animals does not differ from controls (Havrankova

et al., 1979; Marks and Eastman, 1989), whereas it appears

to be decreased in the brains of hyperinsulinaemic, hyper-

glycaemic rats (Figlewicz et al., 1985). Insulin signalling

may be disturbed both in type 1 and type 2 diabetes, as type

1 diabetes is also associated with some degree of insulin

resistance, albeit to a lesser degree than in type 2 diabetes

(DeFronzo et al., 2003; Pedersen and Beck-Nielsen, 1987).

Given these variable results in animal models, the nature

of the relation between hyperinsulinaemia and cognitive

function in type 1 or type 2 diabetes in humans is at this

stage unclear. These animals studies do indicate, however,

that different degrees of hyperglycaemia, hyperinsulinaemia

and insulin resistance are associated with clear-cut differen-

tial effects on insulin action in the brain. Differences in

insulin action in the brain between patients with type 1 and

type 2 diabetes may therefore explain part of the distinctive

cognitive profiles of these two conditions. Acquisition of

information over time (i.e., learning) and consolidation of

information for long-term storage, for example, seem to be

relatively spared in type 1 diabetes compared with type 2

diabetes. These two cognitive domains are critically depen-

dent on the hippocampus (Squire and Alvarez, 1995). This

structure has a relatively high density of insulin receptors and
may therefore be extra vulnerable for defects in insulin action.

Further studies are required to investigate this hypothesis.
4. Conclusions and directions for future research

Type 1 diabetes can lead to slowly developing end-organ

damage resulting in cerebral dysfunction. Diabetic enceph-

alopathy seems to be a heterogeneous disorder characterised

by cognitive impairments, electrophysiological and struc-

tural changes, and depression or anxiety disorders. A

reliable diagnosis of diabetic encephalopathy in individual

patients, however, is to date very difficult. There are no

specific diagnostic criteria available yet, and the level of

cognitive decline might be compensated for by the individ-

ual patient, hence manifesting themselves only in cognitive-

ly demanding situations. Specific therapeutic interventions

or preventive measures are not yet available. This stresses

the need for further research into the underlying mecha-

nisms. In this respect, it is most important to further explore

the differences between type 1 and type 2 diabetes. Analysis

of the available studies on cognitive function in diabetes

indicates that type 1 and type 2 diabetes are characterised by

distinctive patterns of cognitive impairment. The central

issue that needs further clarification is whether these dis-

tinctive patterns are due to differences in aetiology between

the two types of diabetes, specifically focusing on the role of

insulin in the brain, or due to the fact that studies in type 2

diabetes, in contrast to those in type 1 diabetes, were mostly

performed with patients over the age of 50.
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