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Abstract

The Ca2 + hypothesis of brain ageing and dementia may account for part of the available data on the pathogenesis of dementia and certain

neurodegenerative disorders. The hypothesis proposes that disturbances in the homeostasis of neuronal cytosolic free Ca2 + are part of a final

common pathway, ultimately leading to neuronal dysfunction and cell death. The hypothesis also proposes that a small change in cytosolic

free Ca2 + sustained over a long period of time will result in similar damage as a large change over a short period. Diabetes mellitus is

associated with neurological complications in the peripheral and central nervous system, as reflected in peripheral neuropathy, modest

cognitive impairments and an increased risk of dementia. In animal models of diabetes, learning impairments are associated with alterations

in Ca2 + -dependent forms of hippocampal synaptic plasticity. Disturbances in the homeostasis of cytosolic free Ca2 + may present a final

common pathway in the multifactorial pathogenesis of neurological complications of diabetes, which involves vascular changes, oxidative

stress, and non-enzymatic protein glycation. In line with the Ca2 + hypothesis of neurodegenerative disorders, a prolonged, small increase in

basal cytosolic Ca2 + levels indeed exists in sensory neurones of diabetic animals. In addition, Ca2 + dynamics are affected. Ca2 + channel

blockers, such as nimodipine, have been shown to improve experimental peripheral neuropathy, through a vascular mechanism, possibly in

combination with direct neuronal effects. Preliminary studies indicate that nimodipine may also improve Ca2 + -dependent forms of synaptic

plasticity in the hippocampus of diabetic rats.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction: the Ca2+ rationale in ageing and

neurodegenerative disorders

It is generally assumed that ageing is one of the most

important and consistent risk factors for Alzheimer’s dis-

ease. The Ca2 + hypothesis of brain ageing and dementia

has been put forward to account for at least part of the

available data on the pathogenesis of dementia (Khachatur-

ian, 1994). Whether true or not, the hypothesis is most

certainly of importance in understanding the ageing brain.

The hypothesis proposes that the cellular mechanisms that

regulate the homeostasis of cytosolic free Ca2 + ([Ca2 + ]i)

play a critical role in brain ageing, as Ca2 + mediated signal

transduction cascades and Ca2 + homeostasis are part of the

final common pathway for cellular changes leading to

neuronal dysfunction and cell death. Furthermore, the

hypothesis proposes that the extent of the perturbation in

[Ca2 + ]i and the duration of this disregulation is a constant

(Khachaturian, 1994). In other words, a small change in free

[Ca2 + ]i sustained over a long period of time will result in

similar cellular damage as will a large change over a short

period. Indeed there is ample evidence for a close relation

between Ca2 + homeostasis, the production of reactive

oxygen species, ischaemia, and (brain) cell death (Finkel

and Holbrook, 2000; Kristian and Siesjo, 1996).

This paper will review the pathogenesis of peripheral and

central neurological complications of diabetes mellitus,

focusing on the putative role of Ca2 + . In addition, the po-

tential effects of Ca2 + channel blockers in the treatment of

peripheral and central diabetic neuropathy will be discussed.

2. Neurological complications of diabetes

2.1. Clinical findings

Diabetes mellitus is a metabolic disorder characterised by

hyperglycaemia resulting from defective insulin secretion,

resistance to insulin action, or both (American Diabetes
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Association, 2002). Type 1 and type 2 diabetes, previously

defined as insulin-dependent and non-insulin-dependent

diabetes mellitus, are the most common forms. In type 1

diabetes, immune-mediated destruction of pancreatic h-cells
leads to insulin deficiency, and patients require insulin

treatment for survival. Type 2 diabetes is characterised by

insulin resistance and relative, rather than absolute, insulin

deficiency. Treatment aims to reduce insulin resistance (diet,

exercise, and drug therapy) and to stimulate insulin secre-

tion. With the current standards of medical care for diabetic

patients blood glucose can be maintained within acceptable

limits (American Diabetes Association, 2002). Despite this

treatment, the development of diabetic complications

remains a serious concern. In addition to the nervous

system, these complications involve the cardiovascular

system, the kidneys and the eyes. With regard to the

neurological complications of diabetes, attention has long

been focussed mainly on peripheral neuropathy. In recent

years, however, there is an increasing awareness of the

significance of the adverse effects of diabetes on the central

nervous system.

Diabetic neuropathy is a leading cause of polyneuropathy

in the Western world. Its development is related to the level

of metabolic control, age and diabetes duration (Dyck et al.,

1993; Tesfaye et al., 1996). It is a heterogeneous disorder, of

which distal symmetric polyneuropathy is the most common

form (Dyck et al., 1993; Ross, 1993). Distal symmetric

polyneuropathy often occurs in association with autonomic

neuropathy, which can lead to postural hypotension, gastro-

paresis, diarrhoea, constipation, neurogenic bladder, and

male impotence (Spallone et al., 1995). Distal symmetric

diabetic neuropathy is associated with reductions in motor

and sensory nerve conduction velocity (Arezzo, 1997) and

with myelinated nerve fibre loss (Yagihashi, 1995).

Diabetes can affect the central nervous system through

both acute and chronic metabolic and vascular disturbances

(Gispen and Biessels, 2000). The consequences of acute

metabolic and vascular insults to the brain, such as hypo-

glycaemia and stroke, are well recognised and have been

reviewed extensively (e.g. Bell, 1994; Cryer et al., 1994).

We focus on alterations in the brain that develop more

insidiously, a condition that may be referred to as diabetic

encephalopathy. Diabetic encephalopathy may manifest

itself by cognitive deficits, mostly affecting learning and

memory and complex information processing (Ryan, 1988;

Stewart and Liolitsa, 1999). In patients up to the age of 60,

cognitive deficits are generally modest and not likely to

affect day-to-day functioning to a significant extent (Gispen

and Biessels, 2000; Ryan, 1988). In the elderly, however,

cognitive deficits appear to be more pronounced and can be

detected with relatively crude tests (Stewart and Liolitsa,

1999). Moreover, recent studies report an association

between especially type 2 diabetes and dementia in old

age (Leibson et al., 1997; Ott et al., 1999). Other manifes-

tations of cerebral deficits in diabetes include alterations in

signal conduction, as reflected in increases in the latencies

of auditory, visual and sensory evoked potentials (Di Mario

et al., 1995). In addition, structural cerebral changes have

been noted, including subcortical (ischaemic) lesions and a

moderate subcortical and cortical atrophy (Araki et al.,

1994; Peress et al., 1973).

2.2. Experimental models

Various rodent models of both type 1 and type 2 diabetes

are available (Shafrir, 1997). In some models diabetes

develops spontaneously, due to a genetic predisposition, in

others diabetes is induced experimentally. A common

method for diabetes induction is an intravenous or intra-

peritoneal injection with the h-cytotoxic agent streptozoto-

cin (STZ). This glucosamine–nitrosourea compound is

taken up into the cell via the GLUT-2 glucose-transporter,

which is highly expressed by the insulin-producing h-cells
of the islets of Langerhans (Schnedl et al., 1994). Direct

effects on the brain do not occur following systemic

administration, due to absence of the GLUT-2 glucose-

transporter at the blood–brain barrier (Kumagai, 1999).

Blood glucose levels typically are 20–25 mmol/l (normal

5 mmol/l). STZ-diabetic rodents are hypoinsulinaemic, but

do not require insulin treatment to survive.

2.2.1. Peripheral and central neurological deficits in

experimental diabetes

Neuropathy in rat models of diabetes mimics clinical

diabetic neuropathy in several aspects (Sima et al., 2000;

Yagihashi, 1995). Early peripheral nerve dysfunction, as

shown by reductions in motor and sensory nerve conduction

velocities, can be detected within weeks after onset of

diabetes in models of type 1 (e.g. STZ-induced diabetic

rats and BB/Wor rats; Kappelle et al., 1993, 1994) and type

2 dibetes (e.g. Zucker diabetic fatty rats; Sima et al., 2000).

These early reductions in conduction velocity are mostly

rapidly reversible (Arezzo, 1997). A further progressive,

more persistent, impairment of nerve conduction velocities

is related to morphological changes in the nerve, such as

myelinated fibre loss and ultrastructural abnormalities in the

paranodal axo-glial junction (Sima et al., 1986; Yagihashi,

1995).

Changes in signal conduction do also occur in the central

nervous system (Biessels et al., 1999; Morano et al., 1996),

albeit after a longer duration of diabetes. While peripheral

impairments develop within weeks after diabetes induction,

central impairments take months to develop (Biessels et al.,

1999). For example, increases in the latencies of auditory

and visual evoked potentials can be detected only after 3

months of untreated STZ-diabetes and signal conduction in

the spinal cord is significantly reduced after 6, but not after

3 months of STZ-diabetes (Biessels et al., 1999). Like in

diabetic patients, these central conduction deficits develop

in association with modest impairments of learning and

memory (Gispen and Biessels, 2000). While performance

on relatively simple cognitive tasks is mostly unaffected
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(Bellush and Rowland, 1989), the performance of diabetic

rodents on more complex learning tasks, such as an active

avoidance T-maze, or a Morris water maze is impaired

(Biessels et al., 1996; Biessels et al., 1998; Flood et al.,

1990). Control experiments showed that these performance

deficits were not due to sensorimotor impairments (Biessels

et al., 1996, 1998). The development of the learning deficits

is related to diabetes duration and the severity of hyper-

glycaemia (Biessels et al., 1996). In senescent rats the

learning deficits appear to be more pronounced (Kamal et

al., 2000), which is suggestive for an interaction between

the effects of diabetes and ageing on the brain.

2.2.2. Alterations in Ca2+-dependent forms of synaptic

plasticity

Plastic changes in synaptic strength are considered to form

the neuronal basis of learning and memory (Bliss and

Collingridge, 1993). Long-term potentiation (LTP) and

depression (LTD) are two experimentally induced forms of

activity-dependent synaptic plasticity that have been studied

extensively (Bliss and Collingridge, 1993; Malenka and

Nicoll, 1999). In LTP, brief high-frequency afferent activity

leads to a long-lasting increase in the strength of synaptic

transmission, whereas in LTD prolonged low-frequency

activity results in a persistent reduction in synaptic strength.

Both processes are triggered by an increase in the level of

post-synaptic intracellular Ca2 + concentration [Ca2 + ]i (Bliss

and Collingridge, 1993; Malenka and Nicoll, 1999; Yang et

al., 1999). LTP is triggered by a brief increase of [Ca2 + ]i with

relatively high magnitude, whereas a prolonged modest rise

of [Ca2 + ]i induces LTD (Yang et al., 1999).

Several groups have studied the effects of experimental

diabetes on synaptic plasticity in the hippocampus, a struc-

ture in the medial temporal lobe that plays an important role

in certain types of learning and memory. Learning deficits in

STZ-diabetic rats develop in association with distinct

changes in synaptic plasticity in hippocampal slices, which

appear to be dependent on diabetes duration and severity

(Gispen and Biessels, 2000). Deficits in the expression of N-

methyl-D-aspartate (NMDA)-dependent LTP in the CA1

field and dentate gyrus (Biessels et al., 1996; Chabot et

al., 1997; Kamal et al., 1999), and in the expression of

NMDA-independent LTP in the CA3 field have been noted

(Kamal et al., 1999). Insulin treatment prevents the develop-

ment of the changes in LTP, but is less effective against

existing LTP deficits (Biessels et al., 1998). In contrast to

LTP, expression of LTD is enhanced in the CA1 field in

hippocampal slices from diabetic rats (Kamal et al., 1999).

In line with the behavioural observations, the LTP deficit in

diabetic rats is accentuated by ageing (Kamal et al., 2000).

Paired-pulse facilitation is a form of short-term synaptic

plasticity that is characterised by an increase in a second

excitatory post-synaptic potential when it is elicited shortly

after a first (Zucker, 1989). This increase is considered to

result from an increase in transmitter release, due to residual

[Ca2 + ]i remaining in the pre-synaptic terminal after the first

action potential (Fisher et al., 1997; Zucker, 1989). After 12

weeks of STZ diabetes, paired pulse facilitation is unaf-

fected with an inter-stimulus interval of 50 ms (Biessels et

al., 1996). Although this indicates that there are no major

changes in the Ca2 + -dependent pre-synaptic processes

involved in neurotransmitter release, the effects of STZ-

diabetes on this form of plasticity need further investigation.

Another Ca2 + -dependent feature of synaptic transmission in

the hippocampus is the so-called slow afterhyperpolarisa-

tion. This slow afterhyperpolarisation occurs following a

train of action potentials, due to the activation of the

voltage-independent, Ca2 + -dependent K + current (Land-

field, 1994). The amplitude and duration of the slow after-

hyperpolarisation is increased in CA1 neurones from aged

rats (Landfield, 1994), which is considered to be a neuro-

physiological hallmark of ageing. Recent experiments in our

laboratory demonstrated a similar increase in the amplitude

of the slow afterhyperpolarisation in CA1 pyramidal cells in

hippocampal slices from 12 weeks STZ-diabetic rats (Kamal

and Ramakers, unpublished observations).

Alterations in neuronal Ca2 + homeostasis are likely to

play an important role in the changes in cognition and

synaptic plasticity that have been observed in experimental

diabetes, together with alterations in other signal trans-

duction cascade components such as protein kinase A,

protein kinase C, cAMP, phospholipase C, phospholipase

A2, diacylglycerol and inositol phosphate (Bhardwaj et al.,

1999; Di Luca et al., 1999). Alterations in glutamatergic

neurotransmission also appear to be involved (Di Luca et

al., 1999; Gagne et al., 1997). After 12 weeks of STZ-

diabetes, the level of the NR2B subunit of the NMDA

receptor is decreased by 40%, whereas the levels of the

NR1 and NR2A subunits are unchanged (Di Luca et al.,

1999; Gardoni et al., 2002). Moreover, the phosphorylation

of the NR2A/B subunits by Ca2 + /calmodulin-dependent

protein kinase II is reduced in STZ-diabetes (Di Luca et al.,

1999). These molecular changes in the NMDA receptor

complex are accompanied by a reduction in NMDA recep-

tor mediated currents in hippocampal Tpyramidal neurones

(Gardoni et al., 2002). The course of development and

response to insulin treatment of the alterations in the

NMDA-receptor complex closely matches that of changes

in behaviour and synaptic plasticity in this model (Gardoni

et al., 2002).

3. Pathogenesis: various mechanisms, common

pathways?

3.1. Metabolic and vascular factors

The pathogenesis of peripheral and central neurological

complications of diabetes is likely to share many features.

The pathogenesis of peripheral neuropathy, in particular, has

been studied intensively (Cameron et al., 2001; Sima and

Sugimoto, 1999). It is likely to be a multifactorial process
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involving (i) metabolic alterations, such as increased polyol

pathway flux (Greene et al., 1987), oxidative stress (Van

Dam et al., 1995) and non-enzymatic protein glycation

(Brownlee, 2001; Singh et al., 2001), (ii) vascular dysfunc-

tion, leading to decreases in nerve blood flow and hypoxia

(Cameron et al., 2001) and (iii) alterations in neurotrophic

support (Brewster et al., 1994). The pathogenesis of diabetic

encephalopathy has not yet been studied in similar detail.

However, increases in polyol pathway flux, leading to

accumulation of sorbitol and fructose (Sredy et al., 1991),

accumulation of advanced glycation end products (Vlassara

et al., 1983), and increased concentrations of the by-prod-

ucts of lipid peroxidation (Kumar and Menon, 1993), have

been demonstrated in the brain tissue of diabetic rats.

Vascular changes, involving both large and small cerebral

blood vessels, are likely to play an additional pathogenetic

role (Mankovsky et al., 1997).

It is beyond the scope of this review to cover the complex

pathogenesis of the neurological complications of diabetes

to its full extent. What we like to emphasise here is that

despite the fact that the various pathogenetic factors affect

the nervous system through quite different mechanisms,

many of them disturb neuronal Ca2 + homeostasis. Alter-

ations in neuronal Ca2 + homeostasis have, for example,

been implicated in the mechanisms of neuronal degeneration

in response to oxidative stress or hypoxia (Kristian and

Siesjo, 1998; Mattson et al., 2001; Sheen et al., 1992).

Disturbances in neuronal Ca2 + homeostasis may thus

present a final common pathway in the pathogenesis and a

potential target for therapy.

3.2. Neuronal Ca2+ homeostasis

Data from animal models of diabetes and from diabetic

patients reveal that the [Ca2 + ]i is increased in most tissues,

including the nervous system (Levy et al., 1994). Using

electron probe X-ray microanalysis, Lowery et al. (1990)

observed increased mitochondrial and axoplasmic Ca2 +

levels in peripheral nerve of diabetic rats. This technique

does, however, not allow differentiating between free and

bound Ca2 + . In individual dorsal root ganglion (DRG)

sensory neurones, obtained from BB/Wor rats and diabetic

mice, voltage-dependent Ca2 + currents through L- and N-

channels, but not T-channels, were shown to be enhanced

(Hall et al., 1995; Kostyuk et al., 1995; Voitenko et al., 1999,

2000). Impaired inhibitory G-protein function may contrib-

ute to these increased Ca2 + currents (Hall et al., 2001). In

addition, Ca2 + storage mechanisms are disturbed in neuro-

nes of experimentally induced diabetes mellitus in rats and

mice (Kostyuk et al., 1999; Voitenko et al., 1999). Because

the changes in Ca2 + homeostasis are present in DRG

neurones and in secondary nociceptive neurones from sub-

stantia gelatinosa of spinal dorsal horn slices, it was sug-

gested that a disturbed Ca2 + homeostasis could be the

reason for the development of sensory polyneuropathy and

its symptoms in the early stages of diabetes mellitus (Kos-

tyuk et al., 2001). Likewise, Ohsawa and Kamei (1999)

conclude that thermal allodynia and hyperalgesia in diabetic

mice may be due, in part, to enhanced [Ca2 + ]i levels in the

spinal cord.

As the Ca2 + hypothesis of neurodegeneration suggests

that small, prolonged changes in [Ca2 + ]i can lead to similar

neuronal degeneration as acute Ca2 + overloads, we exam-

ined [Ca2 + ]i in intact DRGs of STZ-diabetic rats, using

Ca2 + imaging techniques. DRGs were loaded in vivo with

the fluorescent Ca2 + indicator fura-2-dextran by a newly

developed method, in which we transected the sciatic nerve,

and placed a cuff containing fura-2-dextran around the

proximal stump, 7 h before removing the DRGs and

performing the measurements (Fig. 1). With this technique,

we obtained sufficient loading of the conjugated indicator in

the somata of the DRG neurones to allow accurate, repro-

ducible measurements of [Ca2 + ]i. A representative record-

ing, obtained from a whole DRG of a control animal, is

shown in Fig. 2A. In this figure, each point represents the

Ca2 + concentration in the DRG at that particular moment in

time, calculated from the 340:380 nm ratio at that time.

From these traces basal Ca2 + concentrations and reactions

to electric stimulation (area under the peak) were calculated.

By using impermeable fura-2-dextran conjugates, the neuro-

nes of the DRG that have axons in the afferent bundle were

Fig. 1. Schematic representation of the placement of the cuff containing a

conjugated Ca2 + indicator to allow retrograde transport of the indicator to

the somata of dorsal root ganglion neurones. The arrow indicates flow of

extracellular fluid into the transected axons of the afferent bundle, allowing

uptake of the conjugated indicator into these axons.
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loaded selectively, thus preventing contamination of the

signal by [Ca2 + ]i from for example glial cells and local

neurones.

The experimental outline was as follows: 36 animals

were randomly divided into three groups of 12 animals

each. In two groups diabetes was induced, and one group

served as age-matched controls. One diabetic group was

treated with nimodipine in polyethylene glycol (every 48 h,

intraperitoneally), the second diabetic group as well as the

age-matched controls were treated with vehicle only. Sen-

sory and motor nerve conduction velocities were measured

in the left sciatic nerve in weeks 4, 6 and 9. In week 10, the

cuff containing the fura-2-dextran was placed on the right

sciatic nerve and Ca2 + concentrations were measured. Basal

Ca2 + levels were calculated from the points (ratio-pairs) in

the traces before the first stimulation. In the diabetic animals

basal [Ca2 + ]i was significantly increased (182.2F 2.25 nM)

as compared to the controls (159.1F1.87 nM) (Fig. 3).

Upon electrical stimulation of the afferent bundle, [Ca2 + ]i
rose transiently in the neurones of the intact DRG in a

frequency-dependent manner (see representative experiment

in Fig. 2). These responses were smaller in diabetic animals

as compared to the age-matched controls, albeit not statisti-

cally significant. The area under the peak after electrical

stimulation is depicted in Fig. 4. With increasing frequen-

cies the Ca2 + influx increased both at 5 V and at 10 V. At

higher frequencies (40 and 80 Hz) controls showed a trend

to react with a higher Ca2 + influx than diabetic rats did. The

lowest electrical stimulation (5 V–10 Hz) elicited only a

small response or no response at all, indicating that this was

a threshold stimulation intensity.

The study described above employed a novel method

that enables measurements of [Ca2 + ]i in intact DRGs in

vitro, by pre-labelling with the fluorescent Ca2 + indicator

fura-2-dextran in vivo. In earlier in vitro studies (Hall et al.,

1995; Kostyuk et al., 1995), DRGs were dissociated

Fig. 2. (A) Typical data trace from [Ca2 + ]i recordings from an intact dorsal root ganglion from a control animal. Each data point represents a calculated and

calibrated ratio between emission at two wavelengths. Arrows indicate 1-s episodes of electrical stimulation to the afferent bundle with the indicated voltage

and frequency and application of chemical agents: 50 nM KCl (K + ) and 5 AM ionomycin (Iono). (B) Excitation spectra for fura-2-dextran (thin line) and free

fura-2 (thick line) in the presence and absence of Ca2 + , showing that fura-2 conjugated to the dextran tail has the same optical properties as the more

commonly used free fura-2. Emission was collected at 510 nm.

Fig. 3. Basal levels of [Ca2 + ]i in neurones of intact fura-2-dextran loaded

dorsal root ganglia from diabetic animals treated with nimodipine and

placebo and from age-matched controls. Data represent averages of 16 or

more traces from at least nine animals in each groupF S.E.M. Asterisk

indicates differences with P< 0.05.
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mechanically prior to the measurements. This approach in

itself is likely to affect Ca2 + homeostasis, complicating the

estimation of the original endogenous Ca2 + regulation.

Obviously, our technique still required transection of the

nerve and eventually dissection of the DRGs. An excessive

rise in [Ca2 + ]i is usually the first parameter to be affected in

emergency responses during cell stress, thus inducing

emergency gene responses and eventually cell death pro-

grams. During our recordings, several hours after the

dissection of the DRGs, the [Ca2 + ]i was still surprisingly

low and the neurones responded with a strong and transient

rise in intracellular free Ca2 + upon depolarisation. Hence,

there was no sign of deterioration of the condition of the

cell bodies of the DRG neurones in our experimental set-up.

Thus, by manipulating the DRG as little as possible and

measuring in intact DRG, we closely approached the in

vivo situation.

The observed increase in the basal [Ca2 + ]i in DRGs from

diabetic animals as compared to age-matched controls is of

particular interest with regard to the Ca2 + hypothesis of

neurodegenerative disorders, which states that prolonged

small increases in [Ca2 + ]i could be as detrimental as acute

overloads (Khachaturian, 1994). Although the relatively

small increase in [Ca2 + ]i in the diabetic rats may not

directly trigger Ca2 + -dependent cell death programs, the

chronic character of the increase may, over time, cumulate

until detectable degeneration occurs. Such gradual processes

correspond well with the slow development of diabetic

neuropathy (and other neurodegenerative processes, espe-

cially in brain ageing) as compared to the acute damage of

excitotoxicity, ischaemia or strong convulsions (Kristian

and Siesjo, 1998). Since we analysed the whole intact

DRG, we cannot determine if the increase in [Ca2 + ]i in

the diabetic DRGs was homogenous, or if specific sub-

populations of neurones were particularly affected. Evi-

dence from other studies, however, indicates that large

DRG neurones are able to maintain proper resting levels

of [Ca2 + ]i when small neurones already show a significant

elevation (Kostyuk et al., 1995, 1999).

4. Effect of Ca2+ channel blockers

L-type Ca2 + channel blockers are known to have both

cardiovascular and neuropharmacological effects (Hoffmeis-

ter et al., 1985; Luiten et al., 1994; Scriabine et al., 1989).

Nimodipine is an L-type Ca2 + channel blocker that is of

particular interest, since it penetrates the blood–brain barrier

relatively well (Hoffmeister et al., 1985). Nimodipine affects

Ca2 + homeostasis in spinal cord neurones in culture (Bär et

al., 1993) and appears to provide protection against the

effects of hypoxia (Bär et al., 1990) and oxidative stress

(Sheen et al., 1992) at the cellular level. Based on these

characteristics, nimodipine might be expected to protect

neurones against the adverse effects of diabetes.

Our lab has consistently shown beneficial effects of

nimodipine on sensory and motor nerve conduction veloc-

ities in both STZ-diabetic rats and BB/Wor diabetic rats

(Kappelle et al., 1993, 1994). In the Ca2 + imaging experi-

ment reported above, nimodipine treatment also enhanced

motor and sensory nerve conduction velocity in STZ diabetic

rats. However, nimodipine treatment had no obvious protec-

tive effect on either the increase in basal [Ca2 + ]i levels or on

the reduced Ca2 + dynamics (Figs 3, 4). A combined neuro-

nal/vascular, rather than an exclusive neuronal effect of

nimodipine on the sciatic nerve, may explain this lack of

effect on neuronal parameters. Improvement of nerve con-

duction velocity in diabetic neuropathy is closely correlated

with an increase in sciatic nerve blood flow (Kappelle et al.,

1993, 1994). Moreover, nifedipine, a Ca2 + channel blocker

that does not readily crosses the blood–nerve barrier, has

also been shown to improve nerve conduction velocity in

Fig. 4. [Ca2 + ]i-increase upon electrical stimulation in neurones in the intact dorsal root ganglia from diabetic animals treated with nimodipine (filled circles) or

placebo (open circles) and from age-matched controls (triangles). Afferent bundles were stimulated with bipolar electrodes firstly with 5 V at three different

frequencies and subsequently with 10 V and the same frequencies. At higher frequencies (40 and 80 Hz) Ca2 + influx in dorsal root ganglia from diabetic rats

was reduced compared to controls, but this effect was not statistically significant. Data represent average of at least eight responses in each groupF S.E.M.
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diabetic rats (Robertson et al., 1992), again pointing to a

vascular/neuronal mechanism.

5. Conclusion

Diabetes mellitus is associated with neurological compli-

cations in the peripheral and central nervous system. In line

with the Ca2 + hypothesis of neurodegenerative disorders, we

show that a prolonged, small increase in basal [Ca2 + ]i indeed

exists in DRG neurones of diabetic animals. In addition,

Ca2 + dynamics are reduced in diabetic animals. Thus far, less

is known about effects of diabetes on neuronal Ca2 + homeo-

stasis in the central nervous system. The finding that diabetes

affects Ca2 + -dependent forms of synaptic plasticity in the

brain does, however, provide indirect evidence for central

disturbances in neuronal Ca2 + homeostasis. As alterations in

neuronal Ca2 + homeostasis may play a pivotal role in the

impairment of learning and plasticity in diabetes, in particular

the disturbed balance between LTP and LTD and the increase

in the amplitude of the slow afterhyperpolarisation, this

subject warrants further investigations.

Ca2 + channel blockers, such as nimodipine, have been

shown to improve experimental peripheral neuropathy,

through a vascular mechanism, possibly in combination

with direct neuronal effects. Preliminary studies indicate

that nimodipine may also improve Ca2 + -dependent forms

of synaptic plasticity in the hippocampus of diabetic rats

(Biessels et al., 2002).
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