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Summary 
In this paper we discuss the possible role of disturbed neuronal calcium homeostasis in 
brain aging and diabetic neuropathy. Disturbances in the homeostasis of cytosolic calcium 
concentration have been implicated in the pathogenesis of various acute and chronic 

neurodegenerative disorders and in brain aging. Obviously, these disorders do not all share 
the same pathogenetic mechanisms. However, a number of the pathogenetic mechanisms 
involved have in common that they may ultimately cause loss of calcium homeostasis, 
leading to neuronal damage. By identifying the possible role of calcium, treatment 
strategies can be developed that may be effective in a variety of neurodegenerative 
disorders, despite differences in their pathogenesis. Our aim is to explore some of the 
similarities that exist between a number of processes that have been implicated in the 
pathogenesis of brain aging and diabetic neuropathy, including ischemia, oxidative stress 
and non-enzymatic protein glycosylation. Each of these factors might impair neuronal 
calcium homeostasis, and ultimately lead to neurodegenerative changes. By discussing the 
putative role of these specific factors in two apparently dissimilar disorders, such as brain 
aging and diabetic neuropathy, we obviously do not intend to suggest that their 
pathogenesis is one and the same. Instead, by examining the relative role of these factors in 
two different types of neurodegenerative disorders we would like to emphasize the 
importance of disturbances in celh&.r calcium homeostasis as a final common pathway in 
neuronal damage resulting Corn various noxious events. 
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The calcium hypothesis of brain aging and neurodegenerative disorders postulates that 
cellular mechanisms for maintaining the cellular homeostasis of cytosolic calcium concentration 
play a key role in aging, and that sustained changes in calcium homeostasis could provide the final 
common pathway for the neuropathological changes associated with brain aging and various 
neurodegenerative disorders (1,2). In this paper we will review the putative role of disturbed 
calcium homeostasis in the pathogenesis of diabetic neuropathy, one of the most common of 
neurodegenerative disorders in man. In particular, we will try to explore some of the similarities 
that exist between a number of processes that have been implicated in the pathogenesis of diabetic 
neuropathy and factors that have been implicated in brain aging. These factors include ischemia, 
oxidative stress and non-enzymatic protein glycosylation. Each of these factors might impair 
neuronal calcium homeostasis, and ultimately lead to neurodegenerative changes. 
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The role of calcium in neural ulasticitv and neurodesrenerative disorders 

Neuronal plasticity can be defined as the capacity of the neuron to adapt to a changing 
internal or external environment, to previous experience or to recover from trauma (3). Long-term 
maintenance of the integrity of the nervous system is proposed to be regulated by a fimctional 
equilibrium between plastic mechanisms promoting neuronal growth and regeneration and those 
processes that control regression and degeneration (2). Changes in neuronal plasticity may disrupt 
the balance between growth and regression, and thus shift the equilibrium in favour of 
degeneration. Neuronal plasticity is critically dependent on a tine regulation of [Ca*‘]i (4,5). Hence, 
alterations in neuronal calcium homeostasis may impair neuronal plasticity and thus contribute to 
the pathogenesis of neurodegenerative and age-related brain disorders. 

Under resting conditions, the intracellular calcium concentration ([Ca”]i) in neurons is about 
0.1 @I, whereas the extracellular calcium concentration is about 1 mM Activation of the neuron 
induces transient fluctuations of [Ca*‘]i, thus mediating responses to environmental signals. The 
transient increase in [Ca*+Ii is dependent on calcium entry through voltage- or receptor-operated 
calcium channels and on release of calcium from intracellular stores. Thereafter, [Ca*‘]i is rapidly 
restored to basal levels by binding to calcium-binding proteins, sequestration into the endoplasmatic 
reticulum and the mitochondria, and extrusion from the cell by ATP-driven Ca*’ pumps and the 
Na’/Ca*‘-exchanger (1). Modulation of [Ca*‘]i thus plays a key role in the regulation of many 
neuronal functions, includm (1,4). 

Evidence for involvement of disturbed neuronal calcium homeostasis in the pathogenesis of 
neurodegenerative disorders is considerable, and rapidly increasing (1,5). An excessive rise in 
[Ca*‘]i may have several detrimental effects on neurons, including lipolysis, proteolysis, alterations 
in protein phosphorylation, loss of integrity of the cytoskeleton and, ultimately, cell death (1). 
Alterations in [Ca*‘]i can damage neurons in a tiie and concentration dependent manner (2). In 
acute neurological disorders, such as stroke and hypoglycemic coma, neuronal damage the result of 
acute uncontrolled elevations in [Ca*‘]i (1). In contrast, in chronic neurodegenerative disorders, 
such as Parkinson’s disease, Alzheimer’s disease, brain aging and, as we suggest herein diabetic 
neuropathy neuronal damage may be the result of relatively small changes in calcium homeostasis, 
that are sustained over a prolonged period (5,6). 

Calcium homeostasis and brain aging 

Brain aging appears to be associated with slowly progressive alterations in the mechanisms of 
calcium homeostasis. A significant increase in restmg [Ca*c]i in hippocampal and cortical neurons 
can be observed in senescent rats, as compared to neonatal and adult animals (7). In addition, the 
amount of calbindii a calcium biding protein declines with age, thus impairing the calcium 
buffering capacity of neurons (8). Further, in hippocampal neurons of aged rabbits and rats 
calcium-mediated membrane potentials and transmembrane calcium currents appear to be enhanced 
(9,lO). The observed changes were most apparent in the calcium current through L-type voltage 
operated calcium channels, which appeared to be particularly affected by the aging process (10). 
Behavioural (e.g. water labyrinth learning, eye blink conditioning) and electrophysiological (e.g. 
frequency potentiation of excitatory pathways in the hippocampus) studies in aging-rats and rabbits 
provide evidence for age-related deficits in synaptic plasticity (9,lO). This deficit in synaptic 
plasticity provides indiiect information on [Ca*+]i regulation, and was suggested to be related to the 
aforementioned increased calcium currents. 
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The hypothesis that L-type calcium channels may play a role in the age-related disturbances 
of [Ca*‘]i homeostasis and associated changes in neuronal plasticity has initiated attempts to 
prevent these disturbances with L-channel blockers. Nimodipine is a diiydropyridme class L-type 
calcium channel antagonist which is known for its cardiovascular effects. In addition, nimodipine 
binds to brain tissue and has marked neurophannacological effects (11). Nunodipine affects calcium 
homeostasis in spinal cord neurons in culture (12) and protects against the effects of hypoxia (4) 
and oxidative stress (13) at the cellular level. In aging animals nimodipine was shown to ameliorate 
age-related deficits in learning and f?equency potentiation of excitatory pathways in the 
hippocampus, indicating an improvement of synaptic plasticity (9,10,14). 

Several factors that appear to be involved in brain-aging may directly, or indirectly, al%ct 
neuronal [Ca*‘]i homeostasis par review (5,7,9)]. In the present paper we will briefly discuss those 
factors that have also been implicated in the pathogenesis of diabetic neuropathy, including i) 
increases in oxidative stress, ii) increases in non-enzymatic protein glycosylation and iii) ischemia. 
By discussing the putative role of these specific factors in aging as well as diabetes we obviously do 
not intend to suggest that the pathogenesis of brain aging and diabetic neuropathy are one and the 
same. Instead, by examining the relative role of these factors in two diierent types of 
neurodegenerative disorders we would like to emphasize the importance of disturbances in cellular 
calcium homeostasis as a final common pathway in neuronal damage resulting from various 
noxious events. 

Oxidative stress, resulting from increased formation and/or reduced scavenging of reactive 
oxygen species (ROS), can damage critical biological molecules and initiate a cascade of events 
(15). Interestingly, increased ROS production and elevations of [Ca”]i appear to be connected 
(13,16); increased ROS formation leads to increases in [Ca*‘]i (13), and vice versa (16). An 
increased production of ROS, which was associated with an increased oxidation of proteins and 
lipids, has been demonstrated in the brains of aging rodents (17,lS). Further, decreased activity of 
antioxidant enzymes and increased oxidation of proteins have been demonstrated in the brains of 
aging humans (19). Experimental studies have shown that antioxidant treatment can ameliorates the 
age-related changes in protein oxidation, as well as age-related cognitive decline ( 18). 

Aging is also associated with an accumulation of advanced glycosylation end products 
(AGES) in various tissues (20). AGES are long-lived macromolecules which have been irreversibly 
modified by glucose, via the so-called Maillard reaction [Review (21)], as a flmction of glucose 
concentration and time. The increase in AGE content in aging might be related to a lower protein 
turnover (20). Interestingly, the formation of AGES is associated with the increased production of 
ROS (20,21), thus linking the patbophysiological model of non-enzymatic glycosylation to the 
previously described mechanism of oxidative stress. 

Finally, during aging, brain capillaries may undergo progressive degeneration caused by 
amyloid deposits, thickened basement membrane, and reduced vessel elasticity (22,23). In the long 
term, capillary abnormalities may lead to increased capillary resistance, which in turn can affect 
cerebral blood flow. Disturbed blood flow to the brain may impair the delivery of essential 
nutrients, particularly oxygen and glucose, to cerebral neurons, and thus compromise energy 
availability to neurons. Both AGES and oxidative stress may be involved in the age-related vascular 
dysfimction (24,2.5). AGES may quench the vasodilating compound nitric oxide (24). In addition, 
endotheliai oxidative damage and endothelial dysfinction have been observed in the presence of 
AGES (25). Possibly, disturbed [Ca*+]i homeostasis plays a role in these vascular abnormalities as 
well. This is supported by the findiig that nimodipine, in addition to its effects on neuronal calcium 
homeostasis, counteracted the age-related changes in the cerebral microvasculature (8). 
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Diabetic neuronathy 

Peripheral neuropathy is a frequent complication of diabetes melhtus and a leading cause of 
polyneuropathy in the Western world. Several patterns of neuropathy can be distinguished, of 
which distal symmetric polyneuropathy is the most common (26,27). The typical symptoms of 
distal symmetric polyneuropathy, such as complaints of numbness, paraesthesia and a tmgling or 
prickling feeling, are most pronounced in the lower limbs. Electrophysiological examination of 
neuropathic patients shows impairment of motor and sensory nerve conduction velocity and 
reductions in nerve action potential amplitude. Autonomic neuropathy is another common form of 
diabetic neuropathy, which leads to many signitkant problems such as postural hypotension, 
gastroparesis, diarrhoea, constipation, neurogenic bladder, and male impotence (28). At present, no 
effective clinical treatment for diabetic neuropathy is available, although several studies have 
demonstrated that intensive insulin therapy effectively delays its onset and slows its progression 
(29,30). In a proportion of diabetic patients however, neuropathy develops and progresses despite 
intensive insulin therapy (29). 

The majority of studies on the pathogenesis and treatment of diabetic neuropathy has been 
performed in experimentally diabetic rats. Two rat models are used most frequently. Firstly, 
streptozotocin (STZ)-induced diabetes. STZ destroys pancreatic B-cells relatively selectively (3 l), 
leadmg to insulin deficiency and hyperglycaemia. Secondly, the BBAVor model, which involves 
spontaneously occurring diabetes secondary to an immune-mediated destruction of the l3-cells (32). 
Neuropathy in these two rat models mimics clinical diabetic neuropathy in several aspects. As in 
diabetic patients, early neurological dystkction in both STZ- and BB/Wor diabetic rats is 
characterised by reductions in motor and sensory nerve conduction velocities (33). These early 
reductions in conduction velocity are mostly rapidly reversible (34). A further progressive 
impairment of nerve conduction is related to morphological changes in the nerve which are 
generally more persistent (35,36). 

The pathoaenesis of diabetic neuropathy 

The pathogenesis of diabetic neuropathy is multifactorial. Several mechanisms may be 
involved, including metabolic changes (37) neurovascular dysfunction (38) and changes in trophic 
support (39). 

Metabolic changes that may be involved in the pathogenesis of diabetic neuropathy include 
increased polyol pathway flux, increased oxidative stress and enhanced non-enzymatic protein 
glycosylation. Increased polyol pathway flux has long been considered the central mechanism in the 
pathogenesis of diabetic complications, among which neuropathy (37,40). In the polyol pathway 
excess glucose is converted to sorbitol which impairs phosphoinositide metabolism, and protein 
kinase C and Na’,K’-ATPase activity. The reduced Na’,K’-AT&se activity leads to intra-axonal 
Na’ accumulation, which may link the increased polyol pathway flux to the nerve conduction 
abnormalities in diabetic neuropathy (37,40). Further, the intra-axonal Na’ accumulation may 
modulate the activity of the transmembrane Na’/Ca”-exchanger, thus a&c&g [Ca’*]i homeostasis. 

Diabetes is also associated with an increased production of ROS [Review (41)]. Increased 
ROS production in diabetes is a consequence of the process of glucose autooxidation. This 
process, in which glucose is oxidised in the presence of fke metal ions, leads to superoxide and 
hydroxyl radical release, and finally causes protein oxidation. In addition, diabetes is associated with 
a reduction in ROS scavenging compounds, like glutathione, catalase and superoxide dismutase. In 
the sciatic nerve from STZdiabetic rats, increased conjugated dienes and malonyldialdehyde as 
well as reduced superoxide dismutase and giutathione levels have been reported. Moreover, ROS 
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have been implicated in the development of vascular dysfimction in diabetes, and could also be 
responsible for scavenging of the vasodilating compound nitric oxide, and may thus be involved in 
nerve blood flow impairment (41). The efficacy of antioxidant drugs in the prevention and 
treatment of diabetic complications, among which neuropathy, has been widely tested. Various 
antioxidant drugs, i.e. GSH (42), probucol(43) and pharmacological doses of vitamin E (44) were 
shown to have a beneficial effect on diabetic neuropathy. 
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A, C: Sciatic motor (A) and sensory (C) nerve conduction velocity (MNCV and SNCV 
respectively) in spontaneously diabetic BB/Wor rats; effect of n&&pine treatment. Treatment 
(20 mgIkg/48 hours i.p.) was initiated after six weeks of diabetes; n : Non-diabetic control rats, 

0: Untreated diabetic rats, +: Nimodipioe treated diabetic rats; data are mean f SEM. 
MAVOVA: MNCV and SNCV were significantly impaired in untreated diabetic rats as 

compared to non-diabetic controls (p<O.OOl); nimodipine significantly ameliorated MNCV and 

SNCV in diabetic rats (p<O.OOl). 

B, D: Correlation between sciatic nerve blood flow (NBF) in arbitrary perfusion units (PU), as 

determined with laser Doppler flowmetry, and MNCV (B) and SNCV (D) at week 12 of the 
experiment. Regression analysis NBF/MNCV: R=O.Si, p<O.OOl; NBF/SNCV: R=0.78, 

p<O.OOl. Reprinted with permission from Kappelle et al. 1994 (52). 

A third metabolic change in diabetes is an accelerated formation of AGES. The presence of 
increased amounts of AGES in tissues is generally associated with the development of diabetic 
complications, both by inducing structural changes to the extracellular matrix, as well as by 
mod@ing cell membrane and intracellular components [Review (491. Increased AGES have been 
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reported in peripheral nervous tissue from diabetic animals (46,47). A direct causal relationship 
between AGES in axons or myelin membrane structures and nerve dystbnction has not yet been 
established. However, non-enzymatic glycosylation of timctionally important proteins like tubulin 
and Na-K-ATPase could be involved in, for example, impairment of axonal transport and nerve 
conduction (47,48). 

In addition to these metabolic changes, it has become increasingly clear that reductions in the 
blood supply to the nerve play a critical role in the pathogenesis of diabetic neuropathy. In diabetic 
rats nerve blood flow, as well as endoneurial oxygen tension, are markedly reduced (49-51). 
Furthermore, amelioration of nerve blood flow by treatment with vasoactive agents correlates 
closely with improvement of nerve conduction velocity deficits of diabetic rats (Fig. 1) (52,53). 
Several studies in diabetic patients support the clinical relevance of these experimental tindings. 
Endoneurial oxygen tension was shown to be reduced in neuropathic diabetic patients (54) and 
abnormalities of nerve blood flow were demonstrated with fluorescem angiography (55). 
Moreover, the extent of morphological endoneurial microvascular abnormalities was shown to be 
correlated to the severity of neuropathy (56). The exact mechanism of nerve blood flow impairment 
in diabetes is not known but diabetes-related changes in the levels of circulating or locally 
produced vasoactive factors are likely to play a role: increases in plasma endothelin and angiotensin 
converting enzyme levels, impaired production or release of nitric oxide, and reduced prostacyclin 
synthesis have been reported peview (38)]. 

The role of disturbed calcium homeostasis in the uathoaenesis of diabetic neuronathv 

Although, various metabolic and vascular abnormalities apparently are involved in the 
pathogenesis of diabetic neuropathy, the final pathway through which these metabolic and vascular 
derangements lead to nerve dysi3mction is as yet not completely clear. We suggest that disturbed 
neuronal [Ca’+]i homeostasis may well be involved, analogous with the proposed role for changes 
in [Ca”]i in brain aging and neurodegenerative disorders. Abnormal [Ca”]i regulation and calcium 
channel activity have been described in various diabetic tissues, including arteries, myocardium, 
skeletal muscle, erythrocytes and kidney Beview (57)], and have been implicated in the 
pathogenesis of secondary complications of diabetes in these tissues. 

In peripheral nerve of diabetic rats mitochondrial and axoplasmic calcium levels were indeed 
found to be increased with electron-probe X-ray microanalysis (58). It should be noted however, 
that this technique cannot distinguish between free Ca” and calcium that was present in non- 
ionized form. Moreover, voltage-dependent calcium currents through L-, and N-channels are 
enhanced in dorsal root ganglion neurones of BBMror rats and diabetic mice in vitro (59,60). In 
contrast, the activity of the Na’/Ca2’-exchanger (40) and Ca”-ATPase (61) are impaired, leading to 
a net calcium overload. Again studies on neuronal plasticity provide indirect evidence for diabetes- 
related changes in neuronal [Ca’+]i regulation: peripheral nerve regeneration is impaired in diabetes 
(62), and diabetes may be associated with cognitive deficits (63). 

In addition to the effects of changes in [Ca2’]i on the neuron, disturbed [Ca”]i regulation may 
also affect the vasculature. Altered [Ca”]i regulation could thus be involved in nerve blood flow 
impairments. In the aorta of diabetic rats cytosolic free calcium was also found to be increased (64). 
This increase may be related to changes in the activity of vascular Ca2’-ATPase and Nd,K”- 
ATPase (5764). Moreover, transmembrane calcium currents in response to vasoactive compounds 
appear to be increased (65,66). Arteries of diabetic rats show enhanced contraction in response to 
activation of membrane calcium channels by the diiydropyridme class L-type calcium channel 
agonist Bay K 8644 (65,66). Further, tiedipine, a calcium channel antagonist directed to these 
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same calcium channels, reduced depolarisation induces contraction more potently in diabetic rats 
(66). The increased responsiveness of diabetic arteries to Bay K 8644 and nifkdipine suggests that 
the number and/or activity of diiydropyridine sensitive calcium channels in arteries is increased in 

diabetes. Kappelle et al. have studied the effects of the diiydropyridine class L-type calcium 
channel antagonist nimodipine on experimental diabetic neuropathy extensively. Niiodipine was 
shown to improve nerve blood flow, as well as nerve conduction velocity (Fig. 1) (50,52). 
Improvement of nerve blood flow correlated closely with the amelioration of nerve conduction 
velocity (52), supporting the existence of a causal link between these two parameters. In a study by 
Robertson et al. nifedipine, a structurally related calcium channel blocker, was found to improve 
nerve conduction velocities in diabetic rats (67). Unfortunately nerve blood flow was not assessed 
in this particular study. In a preliminary study from our laboratory it was shown that nifiedipine did 
improve both nerve blood flow and nerve conduction velocity, although to a lesser extent than 
nimodipine (Unpublished observations). Based on the aforementioned pathogenetic mechanisms, 
nimodipine may have a dual effect in diabetic neuropathy. Fiistly, nimodipine may directly protect 
the neurones against the adverse effects of diabetes, by reducing calcium intlux through neuronal L- 
channels. Secondly, by improving nerve blood flow, nimodipine may reduce endoneurial hypoxia, 
thus improving nerve function. The relative contribution of these neuronal and vascular effects of 
nimodipine remains to be determined. 

Diabetic neuropathy is a frequent, troublesome complication of diabetes meltitus, for which 
no adequate clinical treatment is currently available. The pathogenesis is multifactorial, although 
vascular disturbances leading to reductions in nerve blood flow and endoneurial oxygen tension 
apparently play a central role. Interestingly, some of the pathogenetic factors involved in diabetic 
neuropathy, in particular ischemia, oxidative stress and non-enzymatic protein glycosylation, may 
also play a role in age-related neurodegeneration. Obviously, the relative contribution of these 
factors in the pathogenesis in these two neurodegenerative disorders differs. Moreover, 
degenerative changes appear to a&ct different subpopulations of neurons in aging and diabetes. 
Therefore, as already stated we do not suggest that the pathogenesis of neurodegenerative 
disorders in aging and diabetes are one and the same. However, what we have tried to point out in 
this paper is that the complex interplay of different noxious events, such as increased oxidative 
stress and ischemia, may ultimately lead to various neurodegenerative disorders via mechanisms 
that are at least in part related to disturbances of calcium homeostasis. Calcium channel blockers, 
such as nimodipine, may play a dual role in the treatment of these disorders: firstly through vascular 
effects, leading to improved blood flow, and secondly by ameliorating disturbed neuronal calcium 
homeostasis. 
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