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Abstract
Hyperglycaemia caused by insulin deficiency is believed to play a major role in the development of neuropathy in diabetic patients. The clinical and pathological features of
diabetic neuropathy vary considerably, although sensory and autonomic dysfunctions
are the most common characteristics. Normalisation of the blood glucose level by effective insulin treatment decreases the incidence of diabetic neuropathy in patients.
However, intensive insulin therapy may result in more frequent hypoglycaemic episodes than are provoked by less ambitious diabetes control. Neuropathy might also be
induced by severe hypoglycaemia in diabetes or insulinoma. Accordingly, it seems that
the diversity in clinical symptoms of diabetic neuropathy may be due to the combined
effects of hyperglycaemia and hypoglycaemia. Based on that assumption, the general
aim of this project was to study the relationship between severe hypoglycaemia and peripheral neuropathy in diabetic rats. To understand how the development of neuropathy
is related to glycaemic control, we needed to be aware of the glucose dynamics in the
animal model that we used. The aim was to ascertain whether the diabetic rats were
similar to type 1 diabetic patients with regard to such dynamics. To achieve that goal,
we used a MiniMed continuous glucose monitoring system (CGMS®) to measure subcutaneous glucose in freely moving rats over a period of 72 hours. The glucose monitor
worked well, and it showed that the insulin-treated diabetic BB/Wor rats with a hyperglycaemic insulin regimen have a glycaemic status similar to that of type 1 diabetic
patients with poor glycaemic control. The diabetic rats with a hypoglycaemic regimen
generally had low blood glucose levels.
Prolonged hypoglycaemia led to axonal de- and regeneration of large myelinated fibres
in vagus nerve destined to the laryngeal muscle. Axonal de- and regeneration was also
observed in the gastrocnemius and sural nerves, although the frequency of degeneration
was much lower in the sural nerve. Small myelinated and unmyelinated nerve fibres
were normal in these nerves. These results suggest that hypoglycaemia preferentially
damages muscle-related nerve fibres. In contrast, in the diabetic rats exposed to prolonged hyperglycaemia, only the sural nerve exhibited decreased myelinated fibre
diameter in the absence of obvious axonal degeneration.
In situ glucose measurements by microdialysis showed that the glucose concentrations
in blood and subcutaneous tissue were similar in healthy, diabetic hyperglycaemic, and
diabetic hypoglycaemic rats. In the healthy and hyperglycaemic animals, the lowest
glucose level was found in the peripheral nerve. Moreover, in controls, the glucose
level was lower in muscle than in blood. In hypoglycaemic rats, there were no significant differences in glucose concentrations between different tissues.
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Abbreviations
BB/Wor
CGMS®
CNS
cpm
D
Da
EM
GN
g -ratio
3
H
HbA1c
L
LGN
LM
MDP
MGN
mOsm
OsO4
PNS
PG
RR
RL
s.c.
SN
SD
SEM

BioBreeding/Worcester
Medtronic MiniMed Continuous Glucose Monitoring System
Central nervous system
Count per minute
Fibre diameter (including myelin)
Daltons
Electron microscopy
Gastrocnemius nerve
Axon/fibre diameter ratio
Tritium
Glycosylated haemoglobin
Internodal length
Lateral gastrocnemius nerve
Light microscopy
Myelin degradation product
Medial gastrocnemius nerve
Milliosmolar
Osmium tetroxide
Peripheral nervous system
Paraganglionic tissue
Relative recovery
Relative loss
Subcutaneous
Sural nerve
Standard deviation
Standard error of mean
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Background
The human nervous system is a complex and well-coordinated network that controls
perceptive and responsive activities in the body. Not only does it monitor and respond to the internal and external environment, but it is also responsible for higher
cognitive functions such as learning, remembering, pleasure and joy, decision making, and many other characteristic that are unique to each human beings. In other
words, the nervous system is what makes us who we are.
The peripheral nervous system (PNS) is composed of all parts of the nervous system other than the brain and spinal cord (CNS), that is, the spinal nerves, most of
the cranial nerves, and peripheral components of the autonomic nervous system.
The PNS can be divided into a sensory and a motor division (Figure 1).

Visceral Sensory
Sensory
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Somatic Sensory

CNS

Sympathetic
Division

PNS
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Enteric
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Autonomic
Motor
Division
Somatic Motor

Figure 1. The diagram illustrates the major components of the peripheral nervous system.

Peripheral Nerves
The peripheral nerves composed of bundles and fascicles of nerve fibres that are
collected together with a specified collagenous connective tissue (see below). The
nerve fibres here denote axon with its associated Schwann cells. These cells enwrap
the axon segment with which they are associated with an electrically insulating multilayered cell membrane specialisation, the myelin sheath. The sensory (afferent)
axons can be either visceral or somatic. The somatic sensory nerve fibres convey information from the skin, muscle, and joints; the visceral sensory fibres send the
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BACKGROUND
---------------------------------------------------------------------------------------------monitoring information from internal organs, such as the cardiovascular and digestive systems to the CNS. The motor (efferent) axons carry signals from the CNS
toward the voluntary muscles (somatic) and the involuntary muscles or glands (visceral or autonomic; Figure 1).
Peripheral nerve tissue is relatively rich in blood and consists of axons, Schwann
cells, blood vessels, lymphatic vessels, connective tissue, macrophages, and mast
cells (Figure 2). Each single nerve fibre is surrounded by a loose connective tissue
called the endoneurium. A group of fibres can be enwrapped by perineurium to
form a fascicle, and an example of this is the sural nerve in the human at the level of
ankle, which may comprise 6 to 14 fascicles. The perineurium is in turn covered
with a tough fibrous sheath called the epineurium. In the peripheral nerve, axons
constitute only a small fraction of the total volume of a nerve trunk (Figure 2).

Figure 2. The picture shows the structural details of a typical peripheral nerve.

An axon consists of neuronal cytoplasm (axoplasm) that is delimited by the neuronal cell membrane which is called the axolemma. The axoplasm consists
primarily of cytoskeleton made up of microtubules, neurofilaments, and microtrabecular matrix, and it also contains organelles such as mitochondria, axoplasmic
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---------------------------------------------------------------------------------------------reticulum, dense lamellar bodies, multivesicular bodies, vesiculotubular profiles,
membranous cisterns, and granular materials.
The axons in the PNS are accompanied by Schwann cells, and are classified either
as unmyelinated or myelinated. Unmyelinated axons are distributed alone or in
groups in longitudinal troughs formed by the Schwann cells. In a myelinated fibre, a
single axon is associated with several longitudinally arranged Schwann cells. The
meeting points between two such cells appears as a 1-µm-long myelin-free segment
called the node of Ranvier. Such junctions contain a large number of voltagesensitive sodium channels and can therefore support the fast depolarisation/repolarisation process that is necessary for saltatory conduction of action
potential. The fibre segment between two nodes (internode) corresponds to the extension of one Schwann cells, and it can range in length for approximately 200 to
2000 µm. The length of the internodes is positively correlated with the size of the
axon. In the PNS, myelinated axons can be more than 1–2 µm thick, whereas unmyelinated axons have a diameter of less than 2 µm. During development, a
Schwann cells proliferates enormously and creates a one-to-one relationship with
prospective myelinated fibres. However, once myelin production is initiated, the
Schwann cells do not proliferate unless it is further induced by a pathologic process.

Peripheral Neuropathy
Peripheral neuropathy is a collective term for a spectrum of morbid conditions in
the PNS, and it represents one of the most common diseases of the nervous system.
The prevalence is between 0.8% and 8%, depending on the age group in question(1,
2)
. In the elderly population with glucose intolerance, the prevalence increases from
8% to about 11%, and a rise from 32% to 50% is seen in diabetic patients(3). The peripheral neuropathies have a wide range of aetiologies and diverse clinical
presentations. Because every peripheral nerve has a specialized function in a specific part of the body, the clinical manifestations of peripheral neuropathy vary
widely. Mononeuropathy refers to damage of only one nerve, which causes sensory
loss and/or muscle weakness in the territory of that nerve. However, peripheral neuropathy usually involves multiple nerves, and such cases are called
polyneuropathies, many of which lead to sensory, motor, and autonomic dysfunction. These disorders are often symmetric and primarily affect extremities. This
wide variation makes it difficult to obtain a universally accepted nomenclature. The
classifications can be based on the type of nerve that is damaged, for example, they
can consider sensory, motor, or autonomic neuropathy. Some conditions influence
predominantly one type of nerve fibres, as in vitamin B12 deficiency, which injures
sensory nerves. However, the most common picture is a mixed pattern of sensorimotor neuropathy, with or without autonomic components(4). The classification can
also be based on the aetiology of the condition of interest (e.g., diabetic neuropathy
11
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---------------------------------------------------------------------------------------------or nutritional neuropathy) or, as mentioned above, it can be categorised according to
the pattern of nerves involved (i.e., mononeuropathy or polyneuropathy). Table 1 illustrates one approach to classification of peripheral neuropathies and
accompanying aetiologies in humans.

Table 1. Classification of human peripheral neuropathy along with many of the causes
Type of Neuropathy
Mononeuropathies
Compression
Hereditary
Inflammation; infection
Multiple mononeuropathies
(mononeuritis multiplex)
Polyneuropathy
Hereditary
Metabolic
Infections
Postinfectious (autoimmune)
Toxic
Drug

Examples
Median carpal tunnel syndrome
Familial liability to pressure palsies
Facial: Bell's palsy; herpes simplex
Vasculitis

Charcot-Marie-Tooth disease(s)
Diabetes, uraemia, porphyria
Leprosy; diphtheria
Guillain-Barré syndrome
Lead toxicity
Amiodarone, pyridoxine, toluene toxicity

Peripheral neuropathy can involve myelin and/or axons, (myelinopathy and
axonopathy). In most cases that are due to systemic conditions (e.g. renal insufficiency), or are related to drugs and toxins, it is primarily the axons that are
damaged(4, 5). One of the underlying mechanisms in axonopathy entails impaired
axonal transport, an effect that results in altered synthesis and delivery of neurofilaments, which leads to reduced axon calibre(6, 7) and thereby causes axonal
atrophy(8, 9). Changes in axonal diameter and viability may in turn, give rise to secondary demyelinations and remyelinations(10, 11). Neuropathy can also be induced by
primary demyelination, which is believed to be due to autoimmunity(12, 13). Of all the
diseases that result in demyelination, chronic inflammatory demyelinating polyneuropathy and multiple sclerosis have been studied most extensively. Tsunoda and
Fujinami(14) focused on multiple sclerosis and considered the possibility of primary
axonal pathogenesis, and indeed, it is known that primary demyelination gradually
leads to secondary axonal loss(15). Thus, the final picture of most neuropathic conditions will not be pure axonal or demyelinating neuropathy.
Electrophysiological testing is an integral part of the initial evaluation of peripheral
neuropathy. Applying electrophysiological methods, after nerve biopsy examina-
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---------------------------------------------------------------------------------------------tion, is the most accurate way of distinguishing between axonal neuropathy and
demyelinating neuropathy (Fig 3)(4, 5). Axonal degeneration reduces both the compound muscle action potential and the sensory action potential, but the conduction
velocity can be normal or only slightly reduced(16). Demyelinating neuropathies, on
the other hand, lead to reduced conduction velocities, protracted distal motor latencies, prolonged F-wave latencies, conduction block, and abnormal temporal
dispersion(17). Besides electrophysiological testing, there are many other methodologies, such as laboratory and imaging studies (not discussed here), that can be
used for analysis of patients with peripheral neuropathy. Notwithstanding, 20−25%
of the cases remain undiagnosed after all investigations(16, 18).

Figure 3. Typical pattern of muscle action potential after distal and proximal stimulation
of a nerve. The upper trace of each pair is the record after distal stimulation. In demyelinating diseases the distal motor latency is prolonged and nerve conduction velocity slowed to
less than 80% of normal. In axonal neuropathy, the muscle action potential is reduced, but
the distal motor latency and nerve conduction velocity are essentially unaffected.

Diabetic Neuropathy
Neurological damage in patients with diabetes mellitus was first reported by Marchal de Calvi in 1864, and a hundred years later, diabetic neuropathy was still
considered to be a single “homogeneous” condition(19). It is now generally accepted
that diabetic neuropathies are a group of “heterogeneous” neurological syndromes
that can occur in both type 1 and type 2 diabetes. This is one of the most common
complications of long standing diabetes and it is the main cause of hospitalisation of
these patients. The frequency of this condition varies between 5% and 100%, depending on the definition and diagnostic methods used(20, 21). Diabetic neuropathy is
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---------------------------------------------------------------------------------------------also the most common form of peripheral neuropathy in developed countries(21, 22).
Once symptomatic, the patients may complain of abnormal sensations mostly in the
extremities (more common), as well as chronic pain, motor weakness and muscle
atrophy (less common), and various symptoms of autonomic dysfunction. According to the San Antonio Conference(23), the main clinical presentations of
neurological disturbances in diabetes mellitus are as follows:
 Subclinical neuropathy, determined by abnormalities in electrodiagnostic
and quantitative sensory testing.
 Diffuse clinical neuropathy with distal symmetric sensorimotor and autonomic syndromes.
 Focal syndromes.
Neurological complications in diabetes can also be classified on the basis of the different patterns of the PNS involvement (Table 2)(24, 25).

Table 2. Major diabetic neuropathies
Symmetric polyneuropathies
Sensory and sensorimotor polyneuropathy
Autonomic polyneuropathy
Acute painful neuropathy
Focal and multifocal neuropathies
Cranial neuropathy
Thoraco-abdominal neuropathy
Focal limb neuropathy (including entrapment neuropathy)
Proximal diabetic neuropathy (diabetic amyotrophy)
Mixed forms

Electrophysiological assessment of peripheral nerves can show the occurrence of
neuropathy even before the onset of symptoms, but such evaluations cannot effectively reveal abnormalities in unmyelinated nerve fibres(26, 27). These fibres are
involved in aspects such as transmission of pain and thermal sensations. Generally,
the pattern of nerve conduction irregularities in diabetic neuropathy is the result of
the involvement or preservation of various peripheral nerves(21, 27). Decreased sensory and motor response amplitudes, reduced conduction velocity, and conduction
blocks are common electrophysiological abnormalities in diabetic neuropathy(26).
Early diabetes-related changes in the morphology of peripheral nerves include
Schwann cell abnormalities, degeneration/regeneration of unmyelinated fibres, and
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---------------------------------------------------------------------------------------------microangiopathy(28). Later in the disease process, the dominant picture includes degeneration/regeneration, and demyelination/remyelination of myelinated axon(29-31).
Although, these pathological changes have been studied extensively in both humans
and animals, there is no general agreement regarding their aetiology, timing, and
pattern of occurrence(28, 32, 33). Involvement of the PNS in diabetes is well recognised, whereas involvement of the CNS is a rather recent discovery(34-37).
It is assumed that the group of neurological syndromes that constitute diabetic neuropathies are induced by several pathogenic mechanisms, and the most important
hypotheses in this context include the following:
 Metabolic alterations, such as increased polyol pathway flux(38), oxidative
stress(39, 40) and non-enzymatic protein glycation(41, 42).
 Vascular dysfunction, leading to decreased blood flow and subsequent
hypoxia in nerves(43, 44).
 Alterations in neurotrophic support(45).
 Defective axonal transport(46).
 Apoptosis associated with mitochondrial dysfunction(47).
 Ca2+ dysregulation as a common final pathway of neuronal damage(48).
Hyperglycaemia is believed to be the causative factor behind all of these mechanisms. Large prospective multi-centre studies in the United States and Europe have
revealed that the onset and progression of neuropathic changes in both type 1 and
type 2 diabetes can be delayed by improving the glycaemic control to attain glucose
and HbA1c levels that are close to normal(49, 50).

Hypoglycaemic Neuropathy
The term “hypoglycaemic neuropathy” denotes a situation in which very low blood
glucose level triggers functional and structural abnormalities in the CNS and/or
PNS, regardless of the underlying diseases. Hypoglycaemic neuropathy occurs predominantly in patients with insulin-producing adenomas (insulinoma)(51-53)or less
commonly, in patients with diabetes who have experienced periods of low blood
glucose due to accidental over dosage of insulin or insulin secretagogues agents(51,
54, 55)
. In latter condition, an imbalance between the antidiabetic medication used,
food intake, and physical activity is a precondition for development of hypoglycaemic episodes.
Autonomic or neurogenic symptoms (e.g., sweating, tremor, and palpitation) and
neuroglycopenic symptoms (e.g., confusion, mood changes, and diplopia) first appear when the blood glucose level falls below 3 mmol/l in healthy individuals,
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---------------------------------------------------------------------------------------------whereas these alarming reactions occur at a much lower blood glucose concentrations in some of diabetic and insulinoma patients(52, 56, 57). In a study by McAuley
and colleagues(56), almost 90% of insulin-treated diabetic patients experienced hypoglycaemic episodes. Furthermore, an increase in the occurrence of severe
hypoglycaemia has been observed in diabetic patients receiving intensive insulin
treatment compared to those given conventional treatment(58, 59). According to Cryer
and co-workers(60), 2–4% of deaths in diabetic patients are associated with hypoglycaemia. The fear of hypoglycaemia has a negative impact on the everyday life of the
patients, and it may also causes both patients and physicians to deliberately aim at
less ambitious glycaemic control(61).
According to most studies(62-66) but not all studies(67), a severe hypoglycaemia initially results in neuropsychological impairments such as memory and cognitive
derangements. The symptomatic neuropathies in the PNS caused by severe hypoglycaemia is most common in insulinoma patients, but even in that group not more
than 50 cases have been reported in the literature(52, 53, 68). The symptoms are typically symmetrical, predominantly distal, and usually involve mainly the upper
limbs. The patients initially complain of burning and tingling paraesthesias in hands
and feet, although objective sensory loss is rare. Proximal muscle weakness is also
one of the frequent presentations. Interestingly, after correction of the condition by
removal of the insulin-producing adenoma, the sensory problems are completely resolved, but not the motor problems(53).
Available knowledge about the development of hypoglycaemic neuropathy is very
limited. It is recognised that many metabolic alterations can occur in hypoglycaemia, but their importance in the causation of peripheral nerve damage are not
known. It has been established that increases in the activity of coagulation factor
VIII(69), rises in the concentration of fibrinogen, enhancement of adenosine diphosphate (ADP) induced platelet aggregation(70), and changes in plasma volume(71), are
among the abnormalities that ensue in the course of hypoglycaemia. The low glucose level leads to diminished ATP synthesis(72), which in turn decreases the ability
of neurons to maintain the intracellular/extracellular electrolyte balance(73, 74). This
imbalance has various grave consequences, such as loss of membrane potential,
which leads to an isoelectric EEG(75, 76), and also the abundance of intracellular
Ca+2, which is a common dead-end in various cytotoxic processes(40, 77). However,
the CNS and PNS differ both quantitatively and qualitatively with respect to the energy metabolism. The peripheral nerves are less dependent on glucose because they
can utilize amino acids and fatty acids(78, 79). Disturbed axonal transport in response
to hypoglycaemia has also been observed(80-83). In addition, microvascular insufficiency has been detected before the occurrence of structural changes in nerve
fibres(84-86).
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The threshold and the minimum duration of a low blood glucose level that are necessary to initiate nerve damage are fairly known in laboratory animals but have not
yet been identified in humans. Ohshima and Nukada(86) detected microvascular
changes in the sciatic nerve of Spargue Dawley rats after 1–3 hours of hypoglycaemia (< 3 mmol/l). In another study(85), persistence of a low blood glucose
concentration (mean 1.4 mmol/l) for more than 12 hours, but not ≤ 11 hours, resulted in fibre degeneration. In our experiments(87, 88), neuropathological changes
were obvious after prolonged (3–4 months) hypoglycaemia (mean blood glucose 3–
4 mmol/l) in diabetic rats.
Severe hypoglycaemia may lead to irreparable brain damage, mainly in the neocortex, hippocampus, thalamus, and hypothalamus, and the picture includes apoptosis
and necrotic neuronal loss(89-91). In some investigations, neurons have been found to
display chromatolysis and degenerative changes in the form of swelling, fragmentation, and atrophy of dendrites, and there are also reports of glial alterations such as
proliferation and degeneration of astrocytes and swelling of oligodendrocytes(92).
Agardh et al(93) observed minimal pathological changes in cerebral cortex in rats after 60 min of severe hypoglycaemia, whereas Auer and co-workers(76) were able to
detect neuronal loss in the cortex of hypoglycaemic rats only after the onset of EEG
isoelectricity, regardless of a state of severe hypoglycaemia.
Pathological sequelae in the PNS comprise de- and regenerations(52, 53, 94), and light
and electron microscopic examinations have revealed axonal de- and remyelination
in the sciatic, tibial, and sural nerves in hypoglycaemia(95, 96). The pattern and distribution of these pathological findings are not fully clear. The occurrence of
regenerative sprouts has been observed in affected nerves, which indicates that at
each given level, the proximal part is preserved(87, 88, 97). In addition, Mohseni found
nerve fibre degeneration in diabetic eu-/ hypoglycaemic rats at distal level, but only
some of those animals showed degeneration in ventral root axons(98). These evidences suggest that there is distal-to-proximal spreading of hypoglycaemic
neuropathy.
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Objectives
The goal of this study was to find new information about peripheral hypoglycaemic neuropathy in diabetes. In order to do this, we have tried to answer the following questions:


How is the glycaemic state in our diabetic animals during insulin treatment (I)?



How similar or different is the glycaemic state in our diabetic hyperglycaemic
and hypoglycaemic rats compared to diabetic patients with poor glycaemic control (I)?



Which types of peripheral nerve fibres are predominantly affected by severe
hypoglycaemia (II, III)?



Are there any differences between the impact of hyperglycaemia and hypoglycaemia on peripheral nerves (II, III)?



Is the blood glucose level similar to that in other peripheral tissues such as
nerve, muscle and skin (IV)?



Is there any direct relationship between low tissue glucose level and the occurrence of peripheral hypoglycaemic neuropathy (IV)?
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Methodological Considerations
This section describes the animal model and the techniques used in the present
study, rather than give detailed information about the animals, materials and methods. Therefore, the reader may refer to separate papers (I–IV) for full, systematic
descriptions.

Animal Model (I–IV)
We used a genetically defined type 1 diabetic rat that was originally called the BioBreeding or BB rat(99, 100). This animal model was first described 1974 after
occurrence of spontaneous diabetes in a group of offspring of Wistar rats at the
BioBreeding Laboratories in Ottawa, Canada. Approximately 70–80% of these rats
develop type 1 diabetes after autoimmune inflammation of the pancreas (insulitis),
which results in complete destruction of pancreatic β cells, and thus the animals are
dependent on exogenous insulin for survival. Glycosuria and hyperglycaemia as the
first clinical manifestations of diabetes occur between the age of 40 and 120 days,
with a mean of 65 to 90 days, according to different studies(88, 97, 99, 101, 102). The onset of insulitis is seen 2–3 weeks before the clinical manifestation of diabetes. The
pathogenesis of the disease in BB/Wor rats closely resembles human type 1 diabetes, and hence, these animals constitute a good model for studying spontaneous
autoimmune diabetes in humans(101).
We obtained the BB/Wor rats when they were about one month old, after they had
been genetically labelled as either controls (heterozygous) or pre-diabetics (homozygous)(100), which made it possible to reduce the number of animals that had to be
purchased. Heterozygous siblings do not develop diabetes, and were used as healthy
controls. The pre-diabetic rats in our studies showed the first signs of diabetes when
they were about 65 days old, indicated by cessation of weight gain or weight loss
and mild hyperglycaemia (7–10 mmol/l). According to available literature, this
animal model has severe lymphopenia, which means the rats are more susceptible to
infections(103). However, we did not observe any clinical manifestation of infections
in the rats we used. In order to maintain a stable glycaemic status, administration of
insulin should be adjusted on a day-to-day basis. However, we used a subcutaneous
insulin implant, which released a constant daily amount of insulin (see Diabetes
Management). Thus, in order to obtain a more stable blood glucose level during
treatment periods, we used female rats when it was possible, because they show
slower weight gain and more stable insulin needs than the males.
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---------------------------------------------------------------------------------------------The NOD (Non-Obese Diabetic) mouse is another valuable model for studying human type 1 diabetes(104, 105). In the female animals, insulin-dependent diabetes
appears by the age of three months and around 80–90% of each litter develops diabetics by the age of 30 weeks. In male NOD mice diabetes is delayed, and only 40–
50% have the disease by the age of 30 weeks. We decided to use BB/Wor rats because they are larger than NOD mice. It was important for practical reasons, in two
of the studies: the application of glucose sensors (I) and microdialysis probes (IV)
would have been much more difficult in mice due to the smaller body size.
There are also other rat models available for studying diabetes such as streptozotocin (STZ) and alloxan-intoxicated rats, which have been used extensively in
diabetes research(106, 107). Both those compounds exhibit potent diabetogenicity, and
pancreatic β cell death is induced by fragmentation of nuclear DNA in the case of
STZ(106). Nevertheless, these toxically induced animal models of diabetes are not
ideal for investigating human type 1 diabetes.

Diabetes Management (I–IV)
There are several methods for administering insulin to diabetic animals, for example
insulin injection, osmotic minipump or implant. Daily insulin injection has been
used in many studies. However, that technique is time consuming, and it can result
in more extensive fluctuation of the blood glucose level compared to the results of
continuous delivery of insulin. We treated our rats for almost three months in the
neuropathological studies (II, III). To achieve a relatively stable hyperglycaemic or
hypoglycaemic state over that long period, we used a method involving continuous
insulin delivery rather than insulin injection. We choose the subcutaneous insulin
implant (Linplant®), because it functions for four to six weeks, has small size (7 x 2
mm), and it is easy to insert. The implant is made of micro-recrystallised palmitic
acid, and it releases about 2 U bovine insulin per day(108).
In our studies, the goal of insulin treatment was to maintain constant high and low
glucose levels in hyperglycaemic and hypoglycaemic rats, respectively. Therefore,
the animals received insulin implants of different lengths depending on the current
blood glucose level, the desired glycaemic state, and the body weight. Hyperglycaemic rats usually received a small piece of implant (3–4 mm) and hypoglycaemic
animals often received a whole implant (7 mm). For rats in the hyperglycaemic
group, we delayed the implant insertion a few days after the onset of clinical diabetes, to avoid unwanted hypoglycaemia, although on some occasions that happened
anyway. Both hyperglycaemic and hypoglycaemic animals showed marked fluctuations in glucose levels during the first few days after implant insertion. In addition,
the pattern of diurnal fluctuation we observed in the hyperglycaemic rats was very
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---------------------------------------------------------------------------------------------similar to that seen in young type 1 diabetic patients with poor glycaemic control
(I). Such diurnal fluctuation was less prominent in hypoglycaemic rats.
In hypoglycaemic rats, there were a few high blood glucose values during the insulin treatment period, which resulted in an unrepresentatively high mean blood
glucose value. This phenomenon was more obvious in the second study (II), in
which the mean and the median blood glucose level for the hypoglycaemic rats
were 6.8 and 3.8 mmol/l, respectively. Therefore, to obtain a more representative
estimation of the rats’ glycaemic status, we reported both the mean and the median
glucose level (II, III). It should be mentioned that administration of a similar
amount of insulin to different rats resulted in different blood glucose levels. Those
disparities were probably the result of the current status of the animals with regard
to glucose level, weight, amount of food intake and individual variation in metabolism. This was more pronounced in hypoglycaemic rats, in which the blood glucose
should have been reduced from about 30 mmol/l to less than 3 mmol/l (Table 3).

Table 3. Biological information on control and diabetic female BB/Wor rats used in third
study (III)
Animals
Control group
Age (day)
Weight (g)
Hyperglycaemic group
Age (day)
Weight (g)
Days with BG ≥ 8 mmol/l
Days with BG ≥ 15 mmol/l
Hypoglycaemic group
Age (day)
Weight (g)
Days with BG ≤ 3.5 mmol/l
Days with BG ≤ 2.5 mmol/l

1

2

3

4

5

157
244

155 155
222 239

149
281

148
263

157
218
74
51

168
189
90
62

158
240
96
75

160
220
103
81

167
228
65
57

149
225
49
27

172
253
47
22

179
275
46
22

141
244
31
10

148
225
63
38

Weight was measured at the end of the experiment. Diabetic animals were
treated with insulin for 3–4 months. BG, blood glucose.

We also measured HbA1c at the end of the experiments in two studies (II, III). The
results confirmed that the poor glycaemic control in our hyperglycaemic rats was
associated with significantly higher HbA1c levels. However, there was no significant
difference in HbA1c values between the control and the hypoglycaemic rats, which
agrees with other studies showing that the HbA1c value is not a proper indicator of
past hypoglycaemic episodes(61, 94, 109).
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manage diabetes in this animal model. The glycaemic control observed in the hyperglycaemic animals was very similar to that seen in young diabetic patients with
poor glycaemic control (I). However, the severity and duration of hypoglycaemic
episodes in our hypoglycaemic rats were not comparable to levels of those aspects
in the majority of diabetic patients(61, 102). Interestingly, almost all rats survived
long-term severe hypoglycaemic periods. The only observed abnormality in the surviving animals was a characteristic grunting sound related to partial denervation of
laryngeal muscles in those animals with lowest mean blood glucose levels (II, III).

Anaesthesia (I–IV)
In our studies animals were anaesthetised at following stages:





At the time of insertion of insulin implants (< 1 min; I–IV).
During application of the glucose sensor (< 30 min; I).
Before perfusion (II, III).
During the microdialysis procedure (> 3 hrs; IV).

Use of proper anaesthetics is an important ethical and practical issue in experimental research. There are various types of anaesthetic compounds available on the
market, including barbiturates (e.g., pentobarbital and Inactin®), ketamine (Katalar®), xylazine (Rumpon®), and volatile anaesthetics such as methoxyflourane
(Metofane®) and isoflurane (Forene®). Unfortunately, all of these increase blood
and tissue glucose levels to varying extents(110-112). In addition, pentobarbital has a
narrow therapeutic range(113, 114), and there is always a risk that intraperitoneal injection of this drug will either not provide adequate anaesthesia or kill the animal. This
risk was much higher in our metabolically unstable diabetic rats, and hence we used
pentobarbital only as a pre-perfusion anaesthesia in two studies (II, III). When the
rats were anaesthetised for longer periods, we used inhalation anaesthetics such as
Metofane (I, II) or isoflurane (III, IV). Isoflurane is a halogenated volatile anaesthetic that induces rapid loss of consciousness and allows rapid recovery due to its
low solubility in blood and body tissues(113). Isoflurane is always administered
mixed with air and/or oxygen. In the healthy rats, but not the diabetic animals, the
glucose level increased after the initiation of isoflurane anaesthesia. By meticulous
adjustment of inhalatory isoflurane, we were able to reduce the effects of this compound on the blood glucose level and at the same time, achieve adequate analgesia.
Briefly, by using the above mentioned anaesthetics in different studies, we got the
desired results without loss of many animals.
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Continuous Glucose Monitoring System (CGMS®) (I)
We investigated the effect of long-term hyperglycaemia and hypoglycaemia on the
peripheral nerves (II–III) and also on the metabolic status in different tissues (IV).
Therefore, it was important to check the glycaemic state of the animals, which we
did by measuring the blood glucose level several times a week. We used a Glucometer Elite® to measure glucose in capillary blood obtained from the tail of
healthy control and diabetic rats. This portable device offers reliable accuracy, and
it is convenient to use in the setting of an animal laboratory(115-117). However, we
measured blood glucose only during daytime, which is the resting time for the rats,
and thus we could not gain a representative picture of the animals’ glycaemic state
over a period of 24 h. To determine the glucose dynamics in our rats, we needed to
achieve more precise and continuous long-term monitoring of blood glucose levels,
but as far as we knew at that time no system existed for such analysis in small laboratory rodents. However, Medtronic Minimed did market a small device for diabetic
patients, called the Continuous Glucose Monitoring System (CGMS®)(118), and it
occurred to us that it might be possible to use that system for monitoring our rats.
The CGMS is a glucose peroxide sensor that measures the subcutaneous (s.c.) glucose level every 10 s and records a mean value every 5 min over a period of three
days(118, 119). The sensor is composed of a thin probe and a 1 x 2 cm plastic plate.
This sensor system has been constructed on the premise that the blood and s.c. tissue have the same concentration of glucose (IV)(120-122). According to
manufacturers, the monitor should be calibrated by registration of a capillary blood
glucose value at least three times a day. The system has a sensitivity range of 2 to
22 mmol/l, and the glucose values outside that range cannot be used for calibration.
The glucose sensor was sutured to the back (interscapular area) of an animal while
it was under light methoxyflurane anaesthesia, and the monitor was suspended
above the cage (Figure 4). The attachment of the sensor was done in such a way that
the animals could move and feed freely without confinement and stress during the
three-day experiment. To find out the similarities and differences between glycaemic state of our rats and type 1 diabetic patients, we also analysed the CGMS data
on twelve young type 1 diabetic patients with poor glycaemic control, which were
randomly selected from records kept at the paediatric clinic of Linköpings Universitets Hospital (see Major Findings and Discussion).
The rats accepted the presence of the sensor after about half an hour and thereafter
behaved normally during the rest of the monitoring time. On average the control
and hyperglycaemic rats lost only 7 g of their body weight during the experiment,
but no weight loss was detected in hypoglycaemic animals. There was no sign of
skin inflammation or infection due to sensor attachment. The blood glucose level
and the corresponding s.c. glucose concentration were statistically the same.
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Figure 4. This photograph shows a rat with a MiniMed continuous glucose monitoring
sensor at work. The lid of the cage has a longitudinal slot (arrowhead) that allows free
movements of the cable. The monitor (arrow) is suspended in such a way that it can rotate
freely.

Several studies have shown that there is a time difference between changes in blood
and s.c. glucose(123, 124), and the CGMS software compensate for that difference by
automatically delaying calibration of the monitor by 10 min(118, 119) . We conclude
that it was appropriate to use CGMS monitoring to investigate the glycaemic conditions in our control and diabetic rats. Two recent studies conducted by Wiedmeyer
and colleagues have shown that the use of CGMS is also valid in healthy and diabetic dogs, cats, and horses(125, 126).

Light and Electron Microscopy (II, III)
We studied pathological changes in peripheral nerves by light microscopic (LM)
examination of teased preparations (III) and electron microscopic (EM) evaluation
of nerve cross-sections (II, III). The nerve samples were taken after perfusion of
pentobarbital anaesthetised rats. Fixation of the tissues by perfusion is the best
method, because it ensures penetration of the fixative (5% glutaraldehyde in phosphate buffer) to the deepest parts of a sample(127). After perfusion, nerve samples
were carefully taken under a surgical microscope. In the study presented in paper II,
the left vagus nerve was exposed at the level of the aortic arch, and samples (3 mm
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recurrent laryngeal nerve and (2) just caudal to that level, as well as (3) from the left
recurrent laryngeal nerve itself, just distal to its branching off from the vagus nerve
(Figure 5). In the study reported in paper III, samples were collected from the lateral
gastrocnemius nerve (LGN) for LM investigation of teased preparations and from
the medial gastrocnemius nerve (MGN) for EM examination. Two samples (3 mm
each) of the sural nerve (SN) were taken at the same level as in the gastrocnemius
nerves (GNs) for LM and EM analyses. All samples were then post-fixed in a 2%
osmium tetroxide (OsO4) solution. Fixation in glutaraldehyde in phosphate buffer
followed by OsO4 is the best combination for preservation of structural details(128).

Figure 5. This schematic picture illustrates the sites of specimen collection along the left
vagus nerve.

To process the teasing preparations (III), the nerve samples were treated with glycerine after post-fixation in OsO4. The nerve fibres separated from each other under
a dissecting microscope, using two small sewing needles. The internodal length and
diameter of 100 internodes were measured in a LM, because that approach is believed to give a representative picture of neuropathological alterations(129). Such LM
examination of teased nerve fibres is probably the best way to studying the morphology of individual nerve fibres(129). It allows qualitative and quantitative
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degeneration and regeneration, as well as segmental demyelination and remyelination. Irregularities in the myelin sheath and sprouting can also be visualised.
However, the teasing procedure can produce artefacts, because the needles can
cause excessive stretching and mechanical damage of the fibres. Therefore, it is important to recognise the artefacts and ignore the mechanically damaged fibres. Pretreatment of nerve samples with collagenase before osmication makes it easier to
separate fibres from each other without causing mechanical damage(130).
For EM examination (II, III), nerve samples were dehydrated gradually in ethanol
and embedded in Epoxy resin. Semi-thin cross sections (1 µm) were stained with
toluidine blue for control of the entirety and the overall quality of the samples.
Large myelin degradation products caused by degeneration of myelinated nerve fibres were visible at this stage. Ultra-thin (60–80 nm) sections of the samples were
then collected on Formvar-coated copper grids(131). In an electron microscope biological material shows very weak contrast due to its limited ability to scatter
electrons. Thus, the aim of “staining” of samples for electron microscopy is to improve the contrast by increasing its capacity to deflect electrons. Such staining can
be achieved by increasing the electron density of the material by adding heavy metals, such as lead and uranyl. We used uranyl acetate and lead citrate to increase the
contrast of our tissue sections. These two compounds are fairly unspecific with regard to how they react with different tissue components, although uranyl acetate
does show greater affinity for structures that contain nucleic acids, like chromatin,
ribosomes, or the mitochondrial matrix, and lead citrate is more specific for membranes and glycogen granules(132).
In addition to qualitative assessment of nerve cross sections, we used morphometric
methods to evaluate nerve damage. Quantitative analysis of peripheral nerves is an
important tool for investigation and classification of neuropathy. Morphometric assessments can be performed to determine aspects such as the diameter distribution
of myelinated fibres, axonal area and diameter, the number of myelin sheath lamellae, the density of myelinated fibres, and the relationship between axonal and
myelin thickness in health and disease. In morbid conditions, the number and diameter distribution of myelinated fibres can be altered due to axonal atrophy,
degeneration and regeneration, as well as demyelination and remyelination. Counting the total number of myelinated and unmyelinated fibres can be done to evaluate
nerve fibre loss caused by axonal degeneration. In the studies described in papers II
and III, the total number of unmyelinated fibres was counted directly in the electron
microscope in recurrent laryngeal nerve and the MGN. In the vagus and sural
nerves, however, the number was calculated by sample count due to the presence of
numerous unmyelinated axons. Measuring the myelinated fibre diameter (D, includ26
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large myelinated fibres or the occurrence of small regenerated fibres. Estimation of
the ratio between axon diameter (d) and fibre diameter (D), called the g -ratio, is an
indicator of the presence or absence of axonal atrophy. Myelinated fibre occupancy
is the percentage of the cross sectional area of a nerve that consists of myelinated
fibres and a decreased value may indicate the presence of oedema or replacement of
the fibres by collagen. Considering myelinated fibre density, that is, the number of
fibres pre unit area, a decreased value can also indicate fibre loss, whereas a high
density suggests the presence of many small myelinated fibres.

Microdialysis (IV)
In vivo microdialysis is performed to measure the chemical composition of the interstitial fluid. The method is based on extraction of soluble molecules from the
intercellular space by using a semi-permeable membrane(133-135). It was initially developed to measure concentration of different neurotransmitters in the CNS in
vivo(136). However, this technique has now found its place in various research fields,
including the study of carbohydrate metabolism and diabetes(137, 138). Theoretically,
presence of a microdialysis tube (made of a semi-permeable membrane) in a waterbased environment leads to exchange (diffusion) of molecules between the inside
and outside of the tube(139). The different molecules move independently of each
other, and the direction of this traffic is determined by concentration gradient of
each type of compound. After a while, a state of equilibrium will be reached, which
means that the concentration of molecules is equal on both sides of the membrane.
The pore size of the membrane determines what molecules can pass through, and
this is expressed as the “cut-off size” given in Daltons (Da). For example, only particles that are 5000 Da or smaller, can pass through a membrane that has a cut-off
size of 5000 Da. The electrical charge of the molecules and their stickiness in relation to the membrane are other factors that are involved in the permeability of a
membrane for a specific compound(135).
There are different types of microdialysis probes (Figure 6)(140). The most common
types are made up of a simple tube in which the two ends are glued to an inert nylon
hose, or they consist of a concentric double-layered probe in which the semipermeable membrane forms the outer covering that is in contact with tissue. We
used the latter type, specifically, a CMA/20 probe, which has a 4 or 10 mm long
membrane and a cut-off size of 20.000 Da. While functioning, the inlet of the probe
is connected to a micro-syringe in a precision pump, and there is a persistent flow of
a physiologic solution (perfusate) inside the probe. The perfusate enters the exchange area, where the semi-permeable membrane is in contact with a water-based
environment (in vitro or in vivo), and it flows back through the outlet of the probe to
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outside of the probe from reaching complete equilibrium. Thus, depending on the
flow rate, the perfusate can “recover” a fraction of metabolites from the outside environment.

Figure 6. This schematic picture shows structural basis of two types of microdialysis
probes. A, perfusate; B, dialysate.

The proportion of a certain substance that a probe can recover from an environment
is called the relative recovery (RR). The RR of a specific compound, for example
glucose, can be calculated as following:
RR = glucosedialysate / glucosemedium x 100
in which glucosedialysate is the concentration of glucose in the sample obtained from
the microdialysis probe, and glucosemedium is the glucose concentration in the environment outside the probe (in vitro or in vivo). In addition to the factors mentioned
above, there are many other aspects that impinge on the RR for a specific probe and
a specific molecule, and some of the most important ones are the chemicophysical
properties of the membrane, the composition and flow rate of the perfusate, the water content of the tissue, the temperature, and the structural complexity and solid
elements of the external environment(140, 141). The question is how can we define the
RR of a desired substance in a specific setting, because that value is needed to find
the “true” tissue concentration of the target substance. In other words, we have to
“calibrate” the raw results obtained from collected samples (i.e. the dialysate).
However, there is a certain setting that does not need to be calibrated, namely when
using a probe with a long membrane (> 20 mm) and a very low perfusion rate (< 0.5
µl/min) to study small molecules (e.g. glucose, urea or some neurotransmitters). In
this setting, it is assumed that the concentration of a compound is the same in the
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due to the very low flow rate, the collecting periods should be long in order to obtain adequate amounts of sample for required analyses. However, as a result of the
long sampling period, it is not possible to detect the dynamics of changes in concentration of the target substance(145, 146). The second disadvantage is that there is not
always enough space for a 20–30-mm long probe in some tissues, particularly in
small laboratory animals.
For studies in vivo, several approaches for calibration of a microdialysis probes
have been described in the literature(134). In the study reported in paper IV, we employed the internal reference method(147-149), which is based on the assumption that
the RR of each substance under certain conditions is similar to the proportion of the
molecules of the same compound that move from the perfusate towards the tissue.
This value is called relative loss (RL), and to measure the RL of a compound, the
radiolabeled form of the same molecule is added in the perfusate. The following
formula can be used to calculate the RL:
RL = (cpmperfusate − cpmdialysate) / cpmperfusate x 100
in which cpmperfusate and cpmdialysate (cpm = counts per minute) represent the radioactivity of the perfusate and the dialysate fluids, respectively. The complexity of the
microdialysis procedure and the difficulties involved in calculating the RR in vivo
make it necessary to use an individual functional setting (e.g. concerning the type of
probe and the calibration method) for each experiment. Thus, we performed trials
both in vitro and in vivo, and the former experiments were used to ascertain whether
the RR and RL of glucose were the same in our experiments. Briefly, the probes
were placed in glass beakers containing a glucose solution and were perfused with a
physiologic fluid supplemented with radiolabeled glucose. Thereafter, the glucose
level and the amount of radioactivity were measured in dialysate. The perfusate
were analysed for its radioactivity. We even measured the glucose level in the glucose solution in the glass beakers. By calculating the RL of radioactivity and
measuring the RR of glucose, we were able to verify the reliability of our experimental setting. The results showed that the RR and the RL in vitro were the same.
The mean RR and RL were 32.3 ± 2.0% vs. 33.4 ± 2.0% for the 4-mm probe (1
µl/min) and 46.4 ± 2.2% vs. 47.9 ± 2.5% for the10-mm probe (1.5 µl/min). In addition, the mean glucose concentration in the solution in the beakers (measured
directly in those containers) was similar to the mean concentration calculated from
microdialysis analysis (5.1 ± 0.03 vs. 5.3 ± 0.08 mmol/l). These results showed that
the probes obtained a reliable RR in vitro; they also clearly demonstrated the effect
of membrane length and flow rate on RR. For detection of tissue glucose concentration, we used in vivo calibration (see below).
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anaesthesia, a probe (CMA/20, 4-mm-long membrane) was inserted in the right
jugular vein. Other probes (CMA/20, 10-mm-long membrane) were inserted in the
sciatic nerve, gastrocnemius muscle, and skin of the hind paw. Heart rate and blood
oxygen saturation were monitored during the operation. After 30 min of stabilisation, perfusion of all probes was started at a rate of 1 µl/min using a perfusate
supplemented with radiolabeled glucose (3H-glucose; 1600 cpm/µl). Four samples
(4 x 10 min) were collected for each tissue probe, and one blood glucose measurement was done in the middle of each sampling period using a drop of blood
collected from the tail and the Glucometer Elite device. The radioactivity in the perfusate and dialysate samples was analysed in a liquid scintillation counter. The rest
of the samples were stored at −20°C pending measurement of glucose on a
CMA600® system.
The RR of the probes in vivo proved to be stable over time (IV). In addition, the
mean RR of jugular vein probes was similar to the corresponding RR in vitro. However, for the probes placed in other tissues (nerve, muscle, and skin), the RR in vivo
was significantly lower than that in vitro. This difference was expected, and it reflected the effect of interstitial factors (e.g., water content and structural properties
of the tissue) on the RR of the probe. The results of our experiments in vivo clearly
showed that the method overestimated the blood glucose concentration when calibrated data were compared with the results obtained using the Glucometer Elite.
This problem has also been observed by other investigators(149), and suggests that
the RR and RL in vivo are not necessarily the same, and the internal reference calibration does not give a correct interstitial glucose concentration in certain
experimental settings. The reason is that the internal reference method results in an
underestimation of RR in vivo.
In conclusion, we believe that the microdialysis method, with its advantages and
disadvantages, is a valuable technique for monitoring of the chemistry of the extracellular space in different tissues in vivo. It is less invasive than taking tissue
biopsies, and it does not disturb tissue homeostasis. Nevertheless, the task of calibrating and converting of the data obtained into real tissue values do not seem to be
completely resolved, and thus the results should be interpreted cautiously.
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Continuous Glucose Monitoring in Control and Diabetic Rats,
and in Type 1 Diabetic Children (I)
The blood glucose in nondiabetic rats fluctuated around a median of 6 mmol/l,
within a relatively narrow range (4 and 9 mmol/l), and they created the normal pattern in our BB/Wor rats. The blood glucose data for the hyperglycaemic rats varied
considerably more, with levels over 9 mmol/l in more than 50% of the measurements, and below 4 mmol/l in about 10%. In contrast, there was less variation in the
hypoglycaemic animals with blood glucose levels below 4 mmol/l on more than
50% of occasions, and rarely over 9 mmol/l. (Table 4; Figure 7).

Table 4. Capillary blood glucose and subcutaneous glucose levels in control and diabetic
rats
Blood glucose (mmol/l) a
Range
Median Mean ±SD
4.9-10.4 6.0
6.2±1.0

Control rats
(n=6)
Hyperglycaemic 3.2-28.9
Rats (n=6)
Hypoglycaemic 1.1-11.5
Rats (n=6)
Type 1 diabetic 2.3-31.0
Patients (n=12)

Subcutaneous glucose (mmol/l) b
Range
Median Mean ±SD
2.2-13.9
6.1
6.3±1.4

11.0

11.6±5.4

2.2-22.0

12.4

12.7±5.4

3.2

4.1±3.2

2.2-11.2

3.0

3.6±1.9

10.5

10.9±5.9

2.2-22.0

9.9

10.5±5.3

a

Blood glucose concentrations measured with a Glucometer Elite. b Since the Medtronic
MiniMed glucose monitor has a limited sensitivity range (2.2-22.0 mmol/l), median values are
more accurate than mean±SD.

Each sensor on average recorded subcutaneous (s.c.) glucose values during 65 h out
of a total of 72 h of continuous monitoring. In control rats, the values fluctuated in a
range of 4.0 to 9.0 mmol/l for about 90% of the time. The fluctuations had a shortwave pattern with mean amplitude of less than 1 mmol/l. The s.c. glucose values
correlated with the corresponding blood glucose values (r = 0.7). The s.c. glucose in
hyperglycaemic rats was more than 9.0 mmol/l for about 70% of the time. However,
it oscillated significantly and during a typical day was below 4.0 mmol/l for about
half an hour. The s.c. glucose values agreed with the corresponding blood glucose
values (r = 0.9). In the hypoglycaemic rats, the s.c. glucose concentration fluctuated
less, and values above 9.0 mmol/l were rarely found. The s.c. glucose level was
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Figure 7. Representative examples of subcutaneous glucose recordings in (A) a normal
control rat, (B) an insulin-treated diabetic rat with a hyperglycaemic regime, (C) an insulin-treated diabetic rat with a hypoglycaemic regime and (D) a young Type I diabetic
patient. [ ] indicates time points when the monitor was calibrated with blood glucose
values. In Figure D [ ] indicates meals and [ ] indicates insulin injections.

In type 1 diabetic patients the blood glucose concentration was at a hyperglycaemic
level (> 8.0 mmol/l) on 60% of the occasions, and about 5% of the measurements
showed a hypoglycaemic level (< 3.0 mmol/l). In the average patient, the sensor recorded s.c. glucose values over a period of approximately 65 h. The s.c. glucose
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the time, and they were occasionally below 3 mmol/l. The corresponding s.c. glucose and blood glucose levels were in accordance (r = 0.8)
we analysed the glycaemic state over a period of three days in conI ntrolthisandstudy,
insulin-treated diabetic rats and in type 1 diabetic patients with poor
glycaemic control. We did not find any similar investigation in the literature, which
is surprising, considering the extensive use of rats and other rodents in diabetes research.
In hyperglycaemic diabetic rats, the s.c. glucose concentration exhibited obvious
short-wave fluctuations during the monitoring time. This was not unexpected, since
the release of insulin from the implant is constant, but the rats’ physical activity and
eating behaviour vary over a period of 24 h. The long-wave fluctuations of the s.c.
glucose level (Figure 7 B) might be due to diurnal variations or some other physiological parameters. All of the diabetic patients we studied were hyperglycaemic
most of the time. Interestingly, the hyperglycaemic rats and the type 1 diabetic patients had very similar pattern of glycaemia (Figure 17 B, D) indicating that diabetic
BB/Wor rats treated according to our protocol represent a valuable animal model
for investigating the disease. In our hypoglycaemic rats, the blood and s.c. glucose
levels were very low almost all the time. It is known that intensive insulin treatment
is associated with significant increase in the incidence of severe hypoglycaemia in
type 1 diabetic patients when it compared to conventional insulin therapy, but the
severity and duration of hypoglycaemia in our rats may not be representative for
diabetic patients in general(53, 150, 151). Nevertheless, diabetic patients with hypoglycaemia unawareness or insulinoma patients may have glycaemic states similar to
those seen in our hypoglycaemic rats(53, 68).

Hyperglycaemic Neuropathy
The Vagus Nerve (II)
Hyperglycaemic rats (mean glucose level = 18.8 mmol/l) were similar to controls
with regards to the qualitative EM picture of the proximal part of the nerve (Figure
8). The presence of a few myelin-like bodies in some animals was judged to be
normal. The cross sections of the proximal part of the vagus nerve could be divided
into three different parts, which we designated A, B, and C based on nerve fibre
composition (Figure 8). Part A was composed mainly of large myelinated axons,
along with some medium-sized and a few small myelinated axons. There were also
a few groups of unmyelinated axons at the outer margins, close to the perineurium.
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Figure 8. Survey electron micrographs showing complete cross-section from the proximal
level of the left vagus nerve in a control rat. The interrupted lines indicate the approximate
course of the borders between areas A, B and C. Note the distinct presence of thick myelinated axons in area A. Some large myelinated axons are also present in areas B and C.

Figure 9. Survey electron micrograph illustrating the anatomy of the left vagus nerve, distal to the level of the recurrent branch in a normal control rat. In terms of fibre
composition the picture resembles that seen in part C at the proximal level of the nerve.

Part B contained mainly small myelinated axons, and it formed a zone adjacent to
part A that separated it from the rest of the nerve. In addition, part B included a few
scattered medium-sized and large myelinated axons and groups of unmyelinated
axons. Part C was composed primarily of unmyelinated axons, and there were also
many small and medium-sized myelinated axons and few large myelinated fibres
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anatomy similar to that seen in part C of the proximal level (Figure 9). In addition,
the recurrent laryngeal nerve was composed of fibres from part A and B at the
proximal level of the vagus nerve (Figure 8, 10). The mean total number of axons
and the mean diameter of myelinated axons in hyperglycaemic rats in the vagus and
recurrent laryngeal nerves were normal (Table 5). Paraganglionic tissues were
found at all levels examined.

Figure 10. Survey electron micrographs showing complete cross section from the recurrent
laryngeal branch of the left vagus nerve in a normal control rat. The interrupted lines indicate the approximate course of the borders between area A and B (PG = paraganglionic
tissue). Note that areas A and B in this section resemble areas A and B at the proximal level
of the vagus nerve trunk in terms of fibre composition.

vagus nerve is the tenth cranial nerve, and as such it is the major parasymT hepathetic
autonomic branch innervating the thoracic and abdominal organs.
Proximal to the aortic arch, the vagus nerve gives off the recurrent laryngeal nerve,
which is a mixed nerve containing motor fibres that innervate all laryngeal muscles,
except the cricothyroid, via motoneurons in the nucleus ambiguous. In addition, the
recurrent nerve mediates afferent axons from the infraglottic area of the larynx to
the nucleus tractus solitarii(152-154). The vagus nerve continues its way to thoracic
and abdominal organs at its distal part of the nerve. Thus, the nerve has an interesting microscopic anatomy at the level of the aortic arch(155, 156). The accessibility of
the vagus nerve at distal (abdominal) and proximal (cervical) levels makes it suitable for studies of the autonomic nervous system.
The analysis of vagus nerve specimens from our hyperglycaemic rats showed no
pathological changes. In the thoracic part of the vagus nerve in hyperglycaemic
BB/Wor rats, Yagihashi and Sima(157) and Zhang et al(158) found increased numbers
of axonal glycogenosomes and axonal sequestration, as well as decreased mean fibre size in both myelinated and unmyelinated axons. On the other hand, Sharma and
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signs of neuropathy in different studies can be explained in terms of the severity
and/or the temporal extension of hyperglycaemia, and inherent differences in various animal models used. We conclude that the hyperglycaemic regime used in our
study does not elicit pathological alterations at the examined level of the vagus
nerve.

Table 5. Morphological data from the left vagus and recurrent laryngeal nerves
Control
n=9
(mean±SD)
Proximal vagal level
Number of myelinated axons
Diameter of myelinated axons (µm)
part A
part B
part C
Distal vagal level c
Number of myelinated axons
Number of unmyelinated axons
Diameter of myelinated axons (µm)
Recurrent laryngeal nerve
Number of myelinated axons
Number of unmyelinated axons
Diameter of myelinated axons (µm)
part A
part B

Hyperglycaemic Hypoglycaemic
n=9
n=9
(mean ± SD)
(mean ± SD)

1 578 ± 173

1 584 ± 122

1 535 ± 196

5.7 ± 2.1
2.7 ± 0.6
3.0± 1.1

5.9 ± 2.2
2.9 ± 0.8
3.2 ± 1.3

3.9 ± 1.7 (p<0.001)a
2.5 ± 0.6 (p<0.05)b
2.6 ± 0.9 (p<0.05)b

993 ± 146
1 064 ± 194
15 790 ± 1 940 15 853 ± 2 575
2.9 ± 1.1
3.0 ± 1.1

1 022 ± 159
17 042 ± 2 267
2.8 ± 0.9

458 ± 73
454 ± 81

389 ± 110
355 ± 127

468 ± 103
418 ± 109

5.7 ± 2.0
2.7 ± 0.7

5.3 ± 2.0
2.6 ± 0.7

3.7 ± 1.5 (p<0.001)a
2.5 ± 0.6

a

Significantly different from control and hyperglycaemic values. b Significantly different from hyperglycaemic value. c (n = 5)

The Lateral and Medial Gastrocnemius and Sural Nerves (III)
The average hyperglycaemic rat (mean glucose level = 22 mmol/l), weighed significantly less than the controls. The qualitative evaluations of the LM and EM
preparations of MGN (Figure 11 A, B) and SN (Figure 11 D, E) showed a similar
picture as in the controls. There were no signs of degeneration and regeneration,
demyelination, or nodal pathology in myelinated fibres. The EM analyses indicated
that unmyelinated nerve fibres, and other elements, such as perineurium, endoneurial connective tissue, and blood vessels, were similar to the controls. In addition,
quantitative analyses of the MGN resulted in normal values (Table 6).
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37
5.2±0.4

521.6±76.0

5.4±0.3
(p=0.01)a

495.8±41.2

(p=0.006)a

(p=0.008)a

6.3±0.6

602.8±48.8

SN (LM)
L (µm)
D (µm)

1

0

0

MDP

8

(p=0.01)a
(p=0.009)b

496.5±136.6 6.5±1.1

(p=0.01)a
(p=0.02)b

0

8.4±0.6

702.6±61.7

0

8.3±0.6

708.7±45.6

MDP

UMF

436±97

427±77

472±46

UMF

(p=0.03)a

5.4±1.2

6.3±0.4

7.0±0.6

0.64

0.64

0.62

MGN (EM)
D (µm) g-ratio

(p=0.004)a
(p=0.016)b

36.2±16.4

60.2±6.8

Occupancy
(%)
66.6±4.3

791±138 3090±1040 4.6±0.4
0.64
(p=0.007)a
(20%)

(p=0.02)a
(p=0.009)b

46.2±8.7

SN (EM)
D (µm) g-ratio Occupancy
(%)
768±152 2560±890 5.5±0.4
0.65
58.6±4.5
(23%)
733±60 2520±480 4.7±0.1
0.64
60.6±3.2
(p=0.003)a
(23%)
MF

255±87
(37%)

257±7
(35%)
277±71
(39%)

MF

(p=0.03)b

22100.7±2200.8

(p=0.008)a

25400.6±1800.8

Density
(fbre/mm2)
20100.8±2900.6

(p=0.02)b

12200.9±3600.3

17300.7±1700.0

Density
(fbre/mm2)
15500.7±2600.6

The diabetic animals were treated with insulin implants during three months. LM, light microscopy; EM, electron microscopy; L, internodal
length; D, fibre diameter including myelin sheath; MDP, mean number of myelin degradation products seen in nerve cross-sections; MF, no. of
myelinated fibres; UMF, no. of unmyelinated fibres; g-ratio, axon/fibre diameter ratio; %, percentage of total no. of fibres; p, significant difference compared to control a, and hyperglycaemic rats b. Data are presented as mean ± SD.

Control
(n=5)
Diabetic
hyperglycaemic
(n=5)
Diabetic
hypoglycaemic
(n=5)

Control
(n=5)
Diabetic
hyperglycaemic
(n=5)
Diabetic
hypoglycaemic
(n=5)

LGN (LM)
L (µm)
D (µm)

Table 6. Morphometric data on lateral and medial gastrocnemius (LGN and MGN) and sural nerves (SN) of control and diabetic rats
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Figure 11. Electron micrographs of cross section overviews of the medial gastrocnemius
nerve (A–C) and the sural nerve (D–F) in a representative nondiabetic control (A, D), a
diabetic hyperglycaemic rat (B, E) and a diabetic hypoglycaemic rat (C, F).

In the SN, internodes were significantly thinner (p = 0.008) compared to controls
(Figure 12 D, E). The fibre diameter distribution histogram obtained form EM
measurements was shifted to the left compared to controls (III). Moreover, the decreased mean fibre diameter in individual animals was correlated with reduced body
weight (r = 0.8). The number of myelinated and unmyelinated fibres and the level of
myelinated fibre occupancy and the g -ratio were normal in both the MGN and SN.
Density of myelinated fibres was normal in the MGN but increased in the SN (Table 6).
n our hyperglycaemic animals, the mean diameter of myelinated fibres in the SN,
I but
not in the GN, was significantly smaller compared to controls. In contrast to
what was anticipated, we did not observe any signs of axonal degeneration and regeneration or demyelination and remyelination, which are typical findings in
diabetic polyneuropathy(28-30). Thus, the smaller diameter must have been caused by
some other factors. Decreased nerve fibre diameter in the absence of axonal degeneration and regeneration in diabetic animals has also been reported by other
researchers(159-162), who have suggested that the underlying factors could be hypero38
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Figure 12. Scattergrams showing the relationship between internodal length (L) and fibre
diameter (D) in teased preparations of the lateral gastrocnemius nerve (A–C) and the sural
nerve (D–F) in non-diabetic controls (A, D) and diabetic hyperglycaemic (B, E) and diabetic hypoglycaemic (C, F) rats.

smolarity, deranged axonal metabolism, loss of neurofilaments, or retarded
growth(160, 163, 164). We recorded normal g -ratios in both the SN and MGN in different groups of animals, indicating that there were no axonal atrophy. In addition, the
occupancy of myelinated fibres in both the MGN and SN of the hyperglycaemic rats
was normal, whereas the density of myelinated fibres in the SN was significantly
higher than normal. Taken together, these observations seem to imply that the
smaller fibre diameter and higher myelinated fibre density in the SN of these rats
might have been due to retarded growth or abnormal metabolism. Whatever the
mechanisms were, the results do suggest that hyperglycaemia affects somatic sensory nerves but not somatic motor nerves in diabetic BB/Wor rats(165).

Hypoglycaemic Neuropathy
The Vagus Nerve (II)
The mean and median blood glucose levels in diabetic hypoglycaemic rats during
the entire treatment period were 6.4 and 3.8 mmol/l, respectively. In part A of the
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---------------------------------------------------------------------------------------------proximal level of the left vagus nerve, the occurrence of large myelinated axons was
reduced to varying degrees compared with control and diabetic hyperglycaemic rats
(Figure 13). Many Schwann cell-like or macrophage-like cells were associated with
MDP (Figure 14 A) or with lipid droplets (Figure 14 B). In addition, unmyelinated
and/or small myelinated axons formed structures similar to regeneration unit (Figure 14 B, C). We occasionally found Schwann cells containing large myelin
aggregates, some of which were devoid of axons and/or included collagen pockets
(Figure 14 D). The number of myelinated fibres in these samples was similar to
what was seen in control and hyperglycaemic rats. In hypoglycaemic rats, the mean
myelinated fibre diameters in part A was significantly subnormal (see Table 5). The
size distribution was unimodal and skewed to the left (II).

Figure 13. The picture illustrates complete cross-section from the proximal level of the
left vagus nerve in a diabetic hypoglycaemic rat. The interrupted lines indicate the approximate course of the borders between areas A, B and C. This has been one of the most
severely affected hypoglycaemic rats. Areas A, B and C contain very few large-diameter
myelinated axons.

The samples from the distal part of the vagus nerve showed no evident pathology,
except for the presence of a few myelin-like profiles. There was no sign of axonal
loss or statistically significant decreased mean fibre diameter (Table 5). Myelinated
fibres in the recurrent nerve in hypoglycaemic rats often exhibited de- and regenerative features, and these were much more frequent in part A than in part B (Figure
15). The occurrence of such features varied between individual rats. The morphol40
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the mean diameter of myelinated fibres was subnormal. The size distribution histogram of myelinated axons in part A shifted to the left, indicating the disappearance
of larger fibres.

Figure 14. Electron micrographs illustrating some representative pathological features observed in transverse sections from part A of the proximal vagus nerve segment or part A in
the recurrent laryngeal branch in hypoglycaemic rats. A. Proximal vagus nerve segment.
This electron micrograph shows a large myelin degradation product (MDP) enclosed
within a basal-lamina covered Schwann cell. Note the presence of a myelinated axon in direct association with this cell (asterisk). Two unmyelinated axons are related to a separate
Schwann cell profile in the vicinity (arrows). Altogether, this seems to represent a small
regenerating unit. B. Proximal vagus nerve. The picture shows a basal lamina-covered putative Schwann cell loaded with lipid droplets (L). A myelinated axon (asterisk) and an
unmyelinated axon (arrow) are associated with separated Schwann cell profile in the vicinity. C. Recurrent laryngeal branch. The picture presents an example of the frequently
encountered regenerating units (SC = Schwann cell). This unit includes five myelinated
axons (asterisks) and five unmyelinated axons (arrows). D. Proximal vagus nerve. The picture shows an orphan basal lamina-covered putative Schwann cell (SC) that is devoid of
axons and exhibits so called collagen pockets (arrowhead).

E hypoglycaemic rats revealed extensive degeneration of large myelinated fibres.

xamination of the pathological changes in the vagus and recurrent nerves in the

These neuropathologies were positively related to degree and duration of hypogly-
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---------------------------------------------------------------------------------------------caemia, which has also been reported by other investigators(85). As discussed earlier,
most of the large myelinated fibres in the rat vagus nerve are motor axons en route

Figure 15. This electron micrograph showing complete cross section from the recurrent laryngeal branch of the left vagus nerve in a severely affected hypoglycaemic diabetic rat.
The interrupted lines indicate the approximate course of the borders between area A and B
(PG = paraganglionic tissue). Note that areas A and B in this section resemble areas A and
B at the proximal level of the vagus nerve trunk in terms of fibre composition. It illustrates
many degenerative features and that area A is devoid of large-size myelinated axons. These
seem to have been replaced by myelinated axons with small/medium-sized diameters. Area
B has also lost all large-diameter myelinated axons.

to laryngeal muscles(152, 166). Hence, the de- and regenerative features observed in
part A at the proximal level and in part A of the recurrent nerve must have affects
the laryngeal muscles. At the same time, the presence of many regenerating compounds suggests that an active regeneration process was in progress in these nerves,
which is confirmed by the fact that the total number of myelinated fibres was not
reduced. The regenerating fibres found in proximity to remnants of large myelinated
fibres indicated that the degeneration spared the proximal part of the affected axons,
which was then able to emit regenerating sprouts. This picture resembles the pattern
that has previously been observed in hind limb nerves and lumbar ventral roots in
hypoglycaemic rats(98). The absence of obvious signs of neuropathological changes
in small myelinated and unmyelinated fibres may indicate that sensory and autonomic components of the vagus nerve were not affected. It is not known whether
the presence or absence of pathology depends on fibre type, fibre calibre, or the nature of the different target tissues.
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Qualitative assessment of teased LGN and SN from hypoglycaemic rats, with mean
and median blood glucose levels of 4.1 and 3.1 mmol/l, respectively, revealed numerous signs of past and ongoing degeneration of large myelinated nerve fibres.
Many larger myelin sheaths were wrinkled or had disintegrated into large ovoids or
rows of smaller ovoids and clusters of myelin debris. However, the SN had markedly fewer pathological features than the LGN. Paranodal and segmental
demyelination or intercalated nodes were not observed in the nerves. Internodes in
both the LGN and SN were shorter and thinner compared to controls (Figure 12 C,
F; Table 6). The graphic visualisation of the relationship between fibre diameter and
internodal length resulted in two seemingly separate populations (Figure 12 C, F).
One of these was a population composed of fibres with small diameter and short
internodes, and the number of such fibres was obviously increased compared to
control and diabetic hyperglycaemic rats. The other population of fibres has large
diameters and internodal lengths, and they were remarkably less frequent in hypoglycaemic animals than in control and diabetic hyperglycaemic rats (Figure 12 C,
F).
Ultrastructural examination of the MGN in hypoglycaemic rats showed a marked
reduction in the number of large and medium-sized myelinated axons (Figure 11 C),
as well as variety of pathological features similar to those seen in the vagus nerve
(Figure 14 A–D). All hypoglycaemic animals exhibited these characteristics, although the frequency varied between animals and was positively related to the
duration of severe hypoglycaemia. The picture of unmyelinated nerve fibres was
normal in all samples. Furthermore, the total number of myelinated fibres was normal, but the mean fibre diameter was significantly reduced compared to the controls
(Table 6). The size distribution histograms showed a marked increase in the number
of small fibres and a decrease in large myelinated ones. In addition, there was a
strong correlation (r = –0.9) between duration of severe hypoglycaemia (≤ 2.5
mmol/L) and the mean fibre diameter. The mean g -ratio was normal.
Electron micrographs of the SN in the hypoglycaemic animals exhibited a picture
essentially comparable to that seen in control and hyperglycaemic rats, although
they did exhibit a few isolated neuropathological characteristics. There were few
MDPs, and there were few Schwann cells that lacked associated axons and possessed collagen pockets (Figure 11 F). No other abnormalities were observed in
endoneurial or perineurial nerve elements. Neither did we find any obvious alterations in the morphology of unmyelinated fibres. As in the MGN, the fibre count was
unremarkable, but the mean diameter in these rats was significantly less than in controls and displayed a unimodal distribution pattern with distinct reduction in the
number of large myelinated fibres. Occupancy, but not density of myelinated fibres
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regenerated fibres had compensated for the loss of large myelinated fibres (Table 6).

T

he neuropathological alterations were more evident in muscle-related nerves
(LGN and MGN) than in skin-related nerves (SN). Absence of axonal loss despite obvious signs of axonal degeneration suggests the presence of an active regeneration process. The occurrence of Wallerian-like axonal degeneration and the lack
of demyelination imply that hypoglycaemia primarily damages the axons, and destruction of myelin should be considered as secondary demyelination. Degeneration
of myelinated axons seems to be a consequence of hypoglycaemia, whereas the increased densities of small myelinated axons might be induced by
hyperinsulinemia(167). However, the endoneurial microvascular abnormalities that
other investigators have observed in hypoglycaemic rats did not occur in our animal
model(86). The functional aspect of these pathological changes is not known. Inasmuch as hypoglycaemia has been found to cause obvious changes in nerve
conduction characteristics of the peripheral nerves(94, 168), undertaking some sort of
electrophysiological testing might add valuables information to strengthen our results.
The rat MGN contains intrafusal and extrafusal somatic motor fibres, as well as sensory and sympathetic fibres(169). The alpha motor nerve fibres to the extrafusal
muscle and the Ia afferent axons are the largest myelinated fibres. In our experiments, hypoglycaemia had the greatest impact on the large myelinated fibres in the
MGN, thus we conclude that hypoglycaemic neuropathy is preferentially a somatic
motor neuropathy. The rat SN supplies sensory and sympathetic fibres to the skin,
and it also innervates foot muscles via the lateral plantar nerve(169, 170). Thus, it is
likely that those few degenerated large fibres in the SN were related to muscle. It is
plausible that hypoglycaemia damages large-diameter fibres, but it is also possible
that it preferentially damages fibres that innervate the muscles. The consequence in
both cases is that hypoglycaemia would be more likely to affect skeletal muscle
than skin. The severity and duration of hypoglycaemia in our rats may be more
similar to the corresponding aspects in diabetic patients with “hypoglycaemia unawareness”(150) or insulinoma patients(52, 53) than in representative type 1 diabetic
patients. Nevertheless, it is possible that the cumulative effect of occasional severe
hypoglycaemia on structure of peripheral nerves seen in patients with long-term
type 1 diabetes is the same as we observed in our rats.
Many experimental and clinical studies have indicated that the glucose level is
lower in muscle than in skin(171, 172). If that is the case, the glucose concentration in
hypoglycaemic rats may drop to an even lower level in muscle tissue than in skin
and thereby cause more extensive axonal damage at target organ. The aim of our
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(IV).

Tissue Glucose Levels in Control and Diabetic Rats (IV)
In this investigation, the microdialysis method was used to compare glucose concentration in vivo in blood, sciatic nerve, gastrocnemius muscle, and s.c. tissue in
control, diabetic hyperglycaemic, and diabetic hypoglycaemic rats. According to
measurements made on tail blood using the Glucometer Elite device, the mean glucose concentration in control rats, but not diabetic rats, increased markedly after
initiation of anaesthesia. Notably, in all groups of animals, the blood (in the superior
vena cava) glucose levels measured by microdialysis method were significantly
higher than the values provided by the Glucometer Elite (Table 7). The mean glucose concentration resulted from microdialysis, were similar in blood and s.c. tissue
in all groups. In control rats, the glucose values in blood were significantly higher
than that of the nerve and muscle (Table 8). Considering the hyperglycaemic animals, blood glucose level was significantly higher than nerve, and muscle glucose
level was lower than s.c. tissue. In hypoglycaemic animals, the average RR of glucose was lowest in muscle (Table 8). There was no difference between mean
glucose level of blood compared to nerve and muscular tissues. These relationships
between glucose levels of different tissues have temporal variations over the sampling periods in all groups, as shown in figures 16 A–C. For example, in the
hypoglycaemic group (Figure 16 C), the nerve glucose level was lower than that in
blood in the second and third collected samples.

Table 7. Blood glucose concentrations (mmol/l) measured by the Glucometer Elite device
and by microdialysis
Pre-operation a
During operation a
(Glucometer Elite) (Glucometer Elite)
4.6±0.1
7.1±0.3 (p <0.001) c
Control
18.2±2.5
Hyperglycaemic 18.5±1.1
2.4±0.5
Hypoglycaemic 2.4±0.3
a

During operation
Microdialysis b
12.5±0.5 (p <0.001)
28.4±4 (p <0.001) d
4.2±0.7 (p=0.004) d

Capillary blood from tail. b Probes were placed in the superior vena cava. Significantly difc
ferent from pre-operation value, and d during operation value. The values are means ± SEM.
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Blood a
Relative recovery
Control
Hyperglycaemic
Hypoglycaemic
Mean glucose value
Control
Hyperglycaemic
Hypoglycaemic

Sciatic nerve

32.7±2
23.6.±1.4
27.8±1.9 24.8±0.8
34.7±1
35.2±0.9

Gastrocnemius
muscle
16.1±0.7
10.3±0.5
13.4±0.9

Subcutaneous
tissue b
26.9±0.9
21.7±1
26.0±1

12.5±0.5 9.1±1.2 (p=0.03) c 10.7±0.6 (p=0.04) c 11.6±0.6
28.4±4
20.4±3.1 (p=0.02) c 24.3±2.2 (p<0.05) d 27.1±3
4.2±0.7 3.7±0.5
4.4±0.7
3.4±0.4

A CMA/20 probe with a 4-mm membrane (blood) and 10-mm membrane (other tissues) was used.
Microdialysis probes were placed ain the superior vena cava and bunder the skin of the left hind
paw. cSignificantly different from blood value. dSignificantly different from subcutaneous glucose
level. The values given are means ± SEM.

has different effects on motor and sensory peripheral nerves,
H ypoglycaemia
according to the results of our studies (II, III) and investigations conducted by

other groups(165). This raised the question of whether the target organ plays a role in
the development of peripheral neuropathy. Our hypothesis was that the abnormal
glucose level in the target tissue (muscle and skin) may have detrimental effects on
nerve fibre endings, and initiate “dying back” neuropathy(173).

As previously mentioned, microdialysis method overestimated the blood glucose
concentration. Therefore, if we had been interested in the absolute glucose level in
various tissues, using the results of this technique might have led to erroneous conclusions. However, our objective was to determine the relationship between
different tissues in terms of glucose concentration. According to both experimental(174) and clinical reports(175, 176), blood and s.c. glucose concentrations are
statistically the same. Since we did not detect any differences between interstitial
glucose concentrations in these tissues, we assumed that the rate of overestimation
caused by microdialysis is equal in different tissues. Hence, the relationship between glucose levels in different tissues indicated by microdialysis in this study
may reflect the situation in vivo.
In control animals, the mean glucose level in blood was similar to that in s.c. tissue
and significantly higher than that in muscle (Table 8), and those findings agree with
the results of other studies(172, 174-176). However, in hypoglycaemic animals, we did
not observed any significant differences in glucose levels between different tissues.
One possibility is that there are very small differences between various tissues,
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Figure 16. Blood glucose level obtained from Glucometer Elite and glucose level in different tissues
obtained by microdialysis in controls (A, n = 7) and in diabetic hyperglycaemic (B, n = 7) and hypoglycaemic (C, n = 5) rats. , Blood from Glucometer Elite®; O, blood (superior vena cava) from
microdialysis; U, the sciatic nerve; , muscle; , subcutaneous tissue. À Significant difference
between blood and nerve, and ® between blood and muscle. All values are means ± SEM.
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all. Anyhow, the results do not support our idea that a lower glucose level in muscle
than in skin may damage nerve fibre endings in the former tissue more severely under hypoglycaemic conditions. In fact, the glucose in muscle was equal to that in
blood and s.c. tissue. Moberg and colleagues(171) reported lower glucose levels in
adipose tissue than in plasma in healthy insulin-induced hypoglycaemic patients between one and two hours after provoking the condition(171). Our animals were
hypoglycaemic for almost four weeks before the experiments and their glucose levels in s.c. tissue were 19% (0.8 mmol/l) lower than in blood and 23% (1 mmol/l)
lower than in muscle. If the local glucose concentration at the target level had in any
way caused damage to nerve endings, then the lower glucose level in s.c. tissue
compared to muscle should have a greater negative impact on nerve endings in the
former tissue. That was not, however, the case in our investigation of hypoglycaemic neuropathy (II, III).
Taken together, our results show that:
 Blood and s.c. glucose concentrations are equal in healthy and diabetic
animals in hyper- or hypoglycaemic conditions.
 The glucose concentration is lower in muscle than in blood in healthy
rats.
 The peripheral nerve has the lowest glucose concentration of all the tissue
types analysed in present study.
 The glucose concentration varies slightly between different tissues during
hypoglycaemia.
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Conclusions
 Hypoglycaemia in diabetic BB/Wor rats causes degenerative changes in
large myelinated axons in somatic sensory and motor nerves as well as in
somatic parts of the vagus nerve. Such degeneration has a more severe
impact on somatic motor nerve fibres than on somatic sensory fibres.
 The absence of signs of neuropathy in small myelinated and unmyelinated axons suggests that the sensory and autonomic components of those
nerves that we examined were less affected by hypoglycaemia.
 Hyperglycaemia in diabetic BB/Wor rats reduces the diameter of myelinated axons in somatic sensory nerves but not in somatic motor nerves.
 Blood and subcutaneous glucose levels are similar, regardless of glycaemic state.
 The concentration of glucose at the target organs does not seem to affect
the development of distal axonal damage in hypoglycaemic rats.

Neurological complications in patients with diabetes mellitus are diverse, and their
pattern and mechanisms of development are not fully understood. Abnormalities in
glucose metabolism, and its pathophysiological consequences, have been recognised as important causative factors for development of neuropathy (49, 50). In this
context, much attention has been paid to hyperglycaemia, despite the fact that hypoglycaemia also has detrimental effects on both the CNS and PNS in humans(51).
Hypoglycaemic neuropathy seems to be primarily a somatic motor neuropathy. Hyllienmark and his colleagues found mainly motor dysfunction in type 1 diabetic
patients being on intensive insulin therapy(177). In fact, hypoglycaemia in type 1 diabetic patients is a condition that occurs more often when strict glycaemic control is
applied (58, 59). Our conclusion is that the diverse picture of diabetic neuropathy may
be the result of both hyperglycaemia and hypoglycaemia, and hence, both conditions should be avoided in order to prevent development of neuropathy.

49

Acknowledgments
Accomplishment of this work was not even imaginable for me without expertise
and generous contribution of many people. I would like to express my genuine
thankfulness to:
Assistant professor Simin Mohseni and Professor emeritus Claes Hildebrand, my
supervisors, for introducing me to the field of neurobiology and their constant support during my Ph.D. studies. You have created a great scientific environment and
showed me the gates of independence and effectiveness in scientific environment. I
always will be in debt to you!
Professor Sivert Lindström for his excellent evaluations and intelligent comments.
Ludmila Mackerlova, for always being ready to help me with difficult methodological dilemmas; Bengt-Arne Fredriksson, for his hard work and precision with work
on electron microscopes to make them always ready for use; and Jan Szymanowski
with his fantastic team (Dan Linghammar, Linda Bergström, Anette Hasselgren and
Cecilia Lindberg) for being a wise advisor, both in life and in scientific work with
those beautiful creatures at the animal department.
Professors Anders Blomqvist and Fredrik Elinder at the level 11 for their contributions and help.
Professor Johnny Ludvigsson at the department of Paediatrics for his collaboration
and his superb leadership in Diabetes Research Centre.
My classmate, friend, and nowadays, my co-worker Arian Sepehr for all those good
memories from medical school time and his constant support. My sincere gratitude
to Ahmad Ahmadi and Reza Nosratabadi for their faithful friendship and help.
Amir, Anna, Barbara, Björn, Camilla, Christina, David, Davor, Dorota, Emma, Helena, Jakob, Johan, Jan-Pieter, Jiang, Karin, Kent, Linda, Louise, Martin, Nesar,
Ola, Sabine, Sara, Ylva, Åsa, and other “smiling” colleagues at the level 11 with
whom I have been taken coffee breaks and eaten lunch from Monday to Sunday.
You are keeping the level 11 an exceptional and lively workplace!
Professor Stefan Klintström and all Ph.D. students at the Forum Scientium for making a wonderful multidisciplinary research environment and those unforgettable
study visits and conferences.

50

ACKNOWLEDGMENTS
---------------------------------------------------------------------------------------------Assistant professor Lotta Ericson, Eva Danielsson, Laila Höljervanger, Heléne
Larsson, and anatomy amanuenses that helped me much in teaching responsibilities
at the Faculty of Health Sciences.
Monika Hardmark, Anette Wiklund, Viveca Axen, and Ingrid Nord who all work
painstakingly for administrative part.
My dear “Swedish parents” Birgitta and Lars Drougge, and their nice daughter and
son, Annika and Claes who made me, and later on, my lovely wife as the members
of their family to share with them happy and passionate times and feel at home
when I was a newcomer to Sweden.
My beloved family and specially my mother who is the symbol of wisdom and devotion for me and every body who knows her well. I want to thank my brother
Hossein and my sisters Tahereh, Hana, and Roya and their fine families for always
having been supportive and benevolent. I would like also to express my deepest respect and appreciation to my family in law for their love and sympathy.
Although, this work is dedicated to my wife, but I could not find proper words to
express my gratitude for her endless support and understanding. Therefore, I simply
say: Thank You Elham!

This study was supported by grants from the Swedish Science Council, the County Council
of Östergötland, the Lions Research Foundation, and the Magnus Bergvall Foundation.

51

References
[1]Martyn CN, Hughes RA. Epidemiology of peripheral neuropathy. Journal of neurology,
neurosurgery, and psychiatry. 1997;62: 310-8.
[2]Franklin GM, Kahn LB, Baxter J, Marshall JA, Hamman RF. Sensory neuropathy in
non-insulin-dependent diabetes mellitus. The San Luis Valley Diabetes Study. American
journal of epidemiology. 1990;131: 633-43.
[3]Craig AS, Richardson JK. Acquired peripheral neuropathy. Physical medicine and rehabilitation clinics of North America. 2003;14: 365-86.
[4]Hughes RA. Peripheral neuropathy. BMJ (Clinical research ed. 2002;324: 466-9.
[5]England JD, Asbury AK. Peripheral neuropathy. Lancet. 2004;363: 2151-61.
[6]Friede RL, Samorajski T. Axon caliber related to neurofilaments and microtubules in
sciatic nerve fibers of rats and mice. The Anatomical record. 1970;167: 379-87.
[7]Griffin J, Cork LC, Troncoso JC, Price DL. Experimental neurotoxic disorders of motor
neurons: neurofibrillary pathology. Advances in neurology. 1982;36: 419-33.
[8]Hoffman PN, Cleveland DW, Griffin JW, Landes PW, Cowan NJ, Price DL. Neurofilament gene expression: a major determinant of axonal caliber. Proceedings of the
National Academy of Sciences of the United States of America. 1987;84: 3472-6.
[9]Hoffman PN, Griffin JW, Price DL. Control of axonal caliber by neurofilament transport. The Journal of cell biology. 1984;99: 705-14.
[10]Griffin JW, Watson DF. Axonal transport in neurological disease. Annals of neurology. 1988;23: 3-13.
[11]Parhad IM, Griffin JW, Price DL et al. Intoxication with beta, beta' iminodipropionitrile: a model of optic disc swelling. Laboratory investigation; a journal of
technical methods and pathology. 1982;46: 186-95.
[12]Lassmann H. Classification of demyelinating diseases at the interface between etiology and pathogenesis. Current opinion in neurology. 2001;14: 253-8.
[13]Rezania K, Gundogdu B, Soliven B. Pathogenesis of chronic inflammatory demyelinating polyradiculoneuropathy. Front Biosci. 2004;9: 939-45.
[14]Tsunoda I, Fujinami RS. Inside-Out versus Outside-In models for virus induced demyelination: axonal damage triggering demyelination. Springer seminars in
immunopathology. 2002;24: 105-25.

52

[15]Matthews PM, De Stefano N, Narayanan S et al. Putting magnetic resonance spectroscopy studies in context: axonal damage and disability in multiple sclerosis. Seminars in
neurology. 1998;18: 327-36.
[16]Jann S, Beretta S, Bramerio M, Defanti CA. Prospective follow-up study of chronic
polyneuropathy of undetermined cause. Muscle & nerve. 2001;24: 1197-201.
[17]De Sousa EA, Brannagan TH, 3rd. Diagnosis and treatment of chronic inflammatory
demyelinating polyneuropathy. Curr Treat Options Neurol. 2006;8: 91-103.
[18]Notermans NC, Wokke JH, van der Graaf Y, Franssen H, van Dijk GW, Jennekens
FG. Chronic idiopathic axonal polyneuropathy: a five year follow up. Journal of neurology, neurosurgery, and psychiatry. 1994;57: 1525-7.
[19]Greenbaum D. Observations on the Homogeneous Nature and Pathogenesis of Diabetic Neuropathy. Brain. 1964;87: 215-32.
[20]Perkins BA, Bril V. Diabetic neuropathy: a review emphasizing diagnostic methods.
Clin Neurophysiol. 2003;114: 1167-75.
[21]Vinik AI, Mehrabyan A. Diabetic neuropathies. The Medical clinics of North America.
2004;88: 947-99, xi.
[22]Vinik AI, Milicevic Z. Preventive measures and treatment options for diabetic neuropathy. Contemporary internal medicine. 1994;6: 41-2, 7-55.
[23]Report and recommendations of the San Antonio conference on diabetic neuropathy.
Consensus statement. Diabetes. 1988;37: 1000-4.
[24]Thomas PK. Classification, differential diagnosis, and staging of diabetic peripheral
neuropathy. Diabetes. 1997;46 Suppl 2: S54-7.
[25]Thomas PK. Diabetic peripheral neuropathies: their cost to patient and society and the
value of knowledge of risk factors for development of interventions. European neurology.
1999;41 Suppl 1: 35-43.
[26]Krarup C. An update on electrophysiological studies in neuropathy. Current opinion in
neurology. 2003;16: 603-12.
[27]Young RJ, Zhou YQ, Rodriguez E, Prescott RJ, Ewing DJ, Clarke BF. Variable relationship between peripheral somatic and autonomic neuropathy in patients with different
syndromes of diabetic polyneuropathy. Diabetes. 1986;35: 192-7.
[28]Malik RA, Tesfaye S, Newrick PG et al. Sural nerve pathology in diabetic patients
with minimal but progressive neuropathy. Diabetologia. 2005;48: 578-85.
[29]Dyck PJ, Lais A, Karnes JL, O'Brien P, Rizza R. Fiber loss is primary and multifocal
in sural nerves in diabetic polyneuropathy. Annals of neurology. 1986;19: 425-39.

53

[30]Said G, Slama G, Selva J. Progressive centripetal degeneration of axons in small fibre
diabetic polyneuropathy. Brain. 1983;106 ( Pt 4): 791-807.
[31]Dyck PJ, Giannini C. Pathologic alterations in the diabetic neuropathies of humans: a
review. Journal of neuropathology and experimental neurology. 1996;55: 1181-93.
[32]Valls-Canals J, Povedano M, Montero J, Pradas J. Diabetic polyneuropathy. Axonal or
demyelinating? Electromyography and clinical neurophysiology. 2002;42: 3-6.
[33]Malik RA. The pathology of human diabetic neuropathy. Diabetes. 1997;46 Suppl 2:
S50-3.
[34]Ryan CM. Neurobehavioral complications of type I diabetes. Examination of possible
risk factors. Diabetes care. 1988;11: 86-93.
[35]Gispen WH, Biessels GJ. Cognition and synaptic plasticity in diabetes mellitus.
Trends in neurosciences. 2000;23: 542-9.
[36]Varsik P, Kucera P, Buranova D, Balaz M. Is the spinal cord lesion rare in diabetes
mellitus? Somatosensory evoked potentials and central conduction time in diabetes mellitus. Med Sci Monit. 2001;7: 712-5.
[37]Eaton SE, Harris ND, Rajbhandari SM et al. Spinal-cord involvement in diabetic peripheral neuropathy. Lancet. 2001;358: 35-6.
[38]Greene DA, Lattimer SA, Sima AA. Sorbitol, phosphoinositides, and sodiumpotassium-ATPase in the pathogenesis of diabetic complications. The New England journal of medicine. 1987;316: 599-606.
[39]Van Dam PS, Van Asbeck BS, Erkelens DW, Marx JJ, Gispen WH, Bravenboer B.
The role of oxidative stress in neuropathy and other diabetic complications. Diabetes/metabolism reviews. 1995;11: 181-92.
[40]Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of ageing. Nature.
2000;408: 239-47.
[41]Brownlee M. Biochemistry and molecular cell biology of diabetic complications. Nature. 2001;414: 813-20.
[42]Singh R, Barden A, Mori T, Beilin L. Advanced glycation end-products: a review.
Diabetologia. 2001;44: 129-46.
[43]Cameron NE, Eaton SE, Cotter MA, Tesfaye S. Vascular factors and metabolic interactions in the pathogenesis of diabetic neuropathy. Diabetologia. 2001;44: 1973-88.
[44]Qian M, Eaton JW. Glycochelates and the etiology of diabetic peripheral neuropathy.
Free radical biology & medicine. 2000;28: 652-6.

54

[45]Brewster WJ, Fernyhough P, Diemel LT, Mohiuddin L, Tomlinson DR. Diabetic neuropathy, nerve growth factor and other neurotrophic factors. Trends in neurosciences.
1994;17: 321-5.
[46]Sidenius P, Jakobsen J. Retrograde axonal transport. A possible role in the development of neuropathy. Diabetologia. 1981;20: 110-2.
[47]Srinivasan S, Stevens M, Wiley JW. Diabetic peripheral neuropathy: evidence for
apoptosis and associated mitochondrial dysfunction. Diabetes. 2000;49: 1932-8.
[48]Biessels GJ, ter Laak MP, Hamers FP, Gispen WH. Neuronal Ca2+ disregulation in
diabetes mellitus. European journal of pharmacology. 2002;447: 201-9.
[49]The effect of intensive treatment of diabetes on the development and progression of
long-term complications in insulin-dependent diabetes mellitus. The Diabetes Control and
Complications Trial Research Group. The New England journal of medicine. 1993;329:
977-86.
[50]Intensive blood-glucose control with sulphonylureas or insulin compared with conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS 33).
UK Prospective Diabetes Study (UKPDS) Group. Lancet. 1998;352: 837-53.
[51]Mohseni S. Hypoglycemic neuropathy. Acta neuropathologica. 2001;102: 413-21.
[52]de Herder WW. Insulinoma. Neuroendocrinology. 2004;80 Suppl 1: 20-2.
[53]Heckmann JG, Dietrich W, Hohenberger W, Klein P, Hanke B, Neundorfer B. Hypoglycemic sensorimotor polyneuropathy associated with insulinoma. Muscle & nerve.
2000;23: 1891-4.
[54]Baker A. Cerebral damage in hypoglycemia. Am J Psychiatry. 1939;96: 109-27.
[55]Sevringhaus E. Nervous and mental phenomena accompanying insulin therapy. Arch
Neurol Psychiatr. 1929;22: 746-9.
[56]McAulay V, Deary IJ, Frier BM. Symptoms of hypoglycaemia in people with diabetes. Diabet Med. 2001;18: 690-705.
[57]Cryer PE. Hypoglycemia unawareness in IDDM. Diabetes care. 1993;16 Suppl 3: 407.
[58]Hypoglycemia in the Diabetes Control and Complications Trial. The Diabetes Control
and Complications Trial Research Group. Diabetes. 1997;46: 271-86.
[59]Bulsara MK, Holman CD, Davis EA, Jones TW. The impact of a decade of changing
treatment on rates of severe hypoglycemia in a population-based cohort of children with
type 1 diabetes. Diabetes care. 2004;27: 2293-8.

55

[60]Cryer PE, Davis SN, Shamoon H. Hypoglycemia in diabetes. Diabetes care. 2003;26:
1902-12.
[61]Bott S, Bott U, Berger M, Muhlhauser I. Intensified insulin therapy and the risk of severe hypoglycaemia. Diabetologia. 1997;40: 926-32.
[62]Hershey T, Lillie R, Sadler M, White NH. A prospective study of severe hypoglycemia and long-term spatial memory in children with type 1 diabetes. Pediatric diabetes.
2004;5: 63-71.
[63]Auer RN, Siesjo BK. Biological differences between ischemia, hypoglycemia, and
epilepsy. Annals of neurology. 1988;24: 699-707.
[64]Herold KC, Polonsky KS, Cohen RM, Levy J, Douglas F. Variable deterioration in
cortical function during insulin-induced hypoglycemia. Diabetes. 1985;34: 677-85.
[65]Holmes CS, Koepke KM, Thompson RG, Gyves PW, Weydert JA. Verbal fluency and
naming performance in type I diabetes at different blood glucose concentrations. Diabetes
care. 1984;7: 454-9.
[66]Blackman JD, Towle VL, Lewis GF, Spire JP, Polonsky KS. Hypoglycemic thresholds
for cognitive dysfunction in humans. Diabetes. 1990;39: 828-35.
[67]Ferguson SC, Blane A, Perros P et al. Cognitive ability and brain structure in type 1
diabetes: relation to microangiopathy and preceding severe hypoglycemia. Diabetes.
2003;52: 149-56.
[68]Striano S, Striano P, Manganelli F et al. Distal hypoglycemic neuropathy. An insulinoma-associated case, misdiagnosed as temporal lobe epilepsy. Neurophysiologie clinique
= Clinical neurophysiology. 2003;33: 223-7.
[69]Corrall RJ, Webber RJ, Frier BM. Increase in coagulation factor VIII activity in man
following acute hypoglycaemia: mediation via an adrenergic mechanism. British journal of
haematology. 1980;44: 301-5.
[70]Dalsgaard-Nielsen J, Madsbad S, Hilsted J. Changes in platelet function, blood coagulation and fibrinolysis during insulin-induced hypoglycaemia in juvenile diabetics and
normal subjects. Thrombosis and haemostasis. 1982;47: 254-8.
[71]Hilsted J, Bonde-Petersen F, Norgaard MB et al. Haemodynamic changes in insulininduced hypoglycaemia in normal man. Diabetologia. 1984;26: 328-32.
[72]Greene DA, Winegrad AI. In vitro studies of the substrates for energy production and
the effects of insulin on glucose utilization in the neural components of peripheral nerve.
Diabetes. 1979;28: 878-87.
[73]Agardh CD, Folbergrova J, Siesjo BK. Cerebral metabolic changes in profound, insulin-induced hypoglycemia, and in the recovery period following glucose administration.
Journal of neurochemistry. 1978;31: 1135-42.

56

[74]Harris RJ, Wieloch T, Symon L, Siesjo BK. Cerebral extracellular calcium activity in
severe hypoglycemia: relation to extracellular potassium and energy state. J Cereb Blood
Flow Metab. 1984;4: 187-93.
[75]Abdul-Rahman A, Siesjo BK. Local cerebral glucose consumption during insulininduced hypoglycemia, and in the recovery period following glucose administration. Acta
physiologica Scandinavica. 1980;110: 149-59.
[76]Auer RN, Olsson Y, Siesjo BK. Hypoglycemic brain injury in the rat. Correlation of
density of brain damage with the EEG isoelectric time: a quantitative study. Diabetes.
1984;33: 1090-8.
[77]Kristian T, Siesjo BK. Calcium-related damage in ischemia. Life sciences. 1996;59:
357-67.
[78]Agardh CD, Kalimo H, Olsson Y, Siesjo BK. Hypoglycemic brain injury. I. Metabolic
and light microscopic findings in rat cerebral cortex during profound insulin-induced hypoglycemia and in the recovery period following glucose administration. Acta
neuropathologica. 1980;50: 31-41.
[79]Editorial. Hypoglycaemia and the nervous system. Lancet. 1985;2: 759-60.
[80]Mandelbaum JA, Felten DL, Westfall SG, Newlin GE, Peterson RG. Neuropathic
changes associated with insulin treatment of diabetic rats: electron microscopic and morphometric analysis. Brain research bulletin. 1983;10: 377-84.
[81]Jakobsen J, Brimijoin S, Sidenius P. Axonal transport in neuropathy. Muscle & nerve.
1983;6: 164-6.
[82]Tomlinson DR, Mayer JH. Defects of axonal transport in diabetes mellitus--a possible
contribution to the aetiology of diabetic neuropathy. Journal of autonomic pharmacology.
1984;4: 59-72.
[83]Sidenius P, Jakobsen J. Anterograde fast component of axonal transport during insulin-induced hypoglycemia in nondiabetic and diabetic rats. Diabetes. 1987;36: 853-8.
[84]Yasaki S, Dyck PJ. Spatial distribution of fiber degeneration in acute hypoglycemic
neuropathy in rat. Journal of neuropathology and experimental neurology. 1991;50: 68192.
[85]Yasaki S, Dyck PJ. Duration and severity of hypoglycemia needed to induce neuropathy. Brain research. 1990;531: 8-15.
[86]Ohshima J, Nukada H. Hypoglycaemic neuropathy: microvascular changes due to recurrent hypoglycaemic episodes in rat sciatic nerve. Brain research. 2002;947: 84-9.
[87]Mohseni S, Hildebrand C. Hypoglycaemic neuropathy in BB/Wor rats treated with insulin implants: electron microscopic observations. Acta neuropathologica. 1998;96: 151-6.

57

[88]Jamali R, Mohseni S. Hypoglycaemia causes degeneration of large myelinated nerve
fibres in the vagus nerve of insulin-treated diabetic BB/Wor rats. Acta neuropathologica.
2005;109: 198-206.
[89]Baker A, Lufkin NH. Cerebral lesions in hypoglycemia. Arch Pathol 1937;23: 190201.
[90]Moersch F, Kernohan JW. Hypoglycemia. Neurologic and neuropathologic. Arch Intern Med. 1938;39: 242-57.
[91]Ouyang YB, He QP, Li PA, Janelidze S, Wang GX, Siesjo BK. Is neuronal injury
caused by hypoglycemic coma of the necrotic or apoptotic type? Neurochemical research.
2000;25: 661-7.
[92]Nishie M, Mori F, Houzen H, Yamaguchi J, Jensen PH, Wakabayashi K. Oligodendrocytes within astrocytes ("emperipolesis") in the cerebral white matter in hepatic and
hypoglycemic encephalopathy. Neuropathology. 2006;26: 62-5.
[93]Agardh CD, Siesjo BK. Hypoglycemic brain injury: phospholipids, free fatty acids,
and cyclic nucleotides in the cerebellum of the rat after 30 and 60 minutes of severe insulin-induced hypoglycemia. J Cereb Blood Flow Metab. 1981;1: 267-75.
[94]Potter CG, Sharma AK, Farber MO, Peterson RG. Hypoglycemic neuropathy in experimental diabetes. Journal of the neurological sciences. 1988;88: 293-301.
[95]Sugimoto K, Shoji M, Yasujima M, Suda T, Yagihashi S. Peripheral nerve endoneurial microangiopathy and necrosis in rats with insulinoma. Acta neuropathologica.
2004;108: 503-14.
[96]Van Ham L, Braund KG, Roels S, Putcuyps I. Treatment of a dog with an insulinomarelated peripheral polyneuropathy with corticosteroids. The Veterinary record. 1997;141:
98-100.
[97]Jamali R, Mohseni, S. Differential Neuropathies in Hyperglycemic and Hypoglycemic Diabetic
Rats. Journal of neuropathology and experimental neurology. 2006;65.
[98]Mohseni S. Hypoglycaemic neuropathy in diabetic BB/Wor rats treated with insulin
implants affects ventral root axons but not dorsal root axons. Acta neuropathologica.
2000;100: 415-20.
[99]Nakhooda AF, Like AA, Chappel CI, Murray FT, Marliss EB. The spontaneously diabetic Wistar rat. Metabolic and morphologic studies. Diabetes. 1977;26: 100-12.
[100]Jacob HJ, Pettersson A, Wilson D, Mao Y, Lernmark A, Lander ES. Genetic dissection of autoimmune type I diabetes in the BB rat. Nature genetics. 1992;2: 56-60.
[101]Marliss EB, Nakhooda AF, Poussier P, Sima AA. The diabetic syndrome of the 'BB'
Wistar rat: possible relevance to type 1 (insulin-dependent) diabetes in man. Diabetologia.
1982;22: 225-32.

58

[102]Jamali R, Ludvigsson J, Mohseni S. Continuous monitoring of the subcutaneous glucose level in freely moving normal and diabetic rats and in humans with type 1 diabetes.
Diabetes technology & therapeutics. 2002;4: 305-12.
[103]Maclaren NK, Elder ME, Robbins VW, Riley WJ. Autoimmune diatheses and T
lymphocyte immunoincompetences in BB rats. Metabolism: clinical and experimental.
1983;32: 92-6.
[104]Wicker LS, Todd JA, Peterson LB. Genetic control of autoimmune diabetes in the
NOD mouse. Annual review of immunology. 1995;13: 179-200.
[105]Bowman MA, Campbell L, Darrow BL, Ellis TM, Suresh A, Atkinson MA. Immunological and metabolic effects of prophylactic insulin therapy in the NOD-scid/scid
adoptive transfer model of IDDM. Diabetes. 1996;45: 205-8.
[106]Bolzan AD, Bianchi MS. Genotoxicity of streptozotocin. Mutation research.
2002;512: 121-34.
[107]Rees DA, Alcolado JC. Animal models of diabetes mellitus. Diabet Med. 2005;22:
359-70.
[108]Hileeto D, Cukiernik M, Mukherjee S et al. Contributions of endothelin-1 and sodium hydrogen exchanger-1 in the diabetic myocardium. Diabetes/metabolism research
and reviews. 2002;18: 386-94.
[109]Marca MC, Loste A, Unzueta A, Perez M. Blood glycated hemoglobin evaluation in
sick dogs. Canadian journal of veterinary research = Revue canadienne de recherche veterinaire. 2000;64: 141-4.
[110]Vore SJ, Aycock ED, Veldhuis JD, Butler PC. Anesthesia rapidly suppresses insulin
pulse mass but enhances the orderliness of insulin secretory process. American journal of
physiology. 2001;281: E93-9.
[111]Kasten T, Colliver JA, Montrey RD, Dunaway GA. The effects of various anesthetics
on tissue levels of fructose-2,6-bisphosphate in rats. Laboratory animal science. 1990;40:
399-401.
[112]Saha JK, Xia J, Grondin JM, Engle SK, Jakubowski JA. Acute hyperglycemia induced by ketamine/xylazine anesthesia in rats: mechanisms and implications for preclinical
models. Experimental biology and medicine (Maywood, NJ. 2005;230: 777-84.
[113]Hall L, Clarke, KW, Trim, CM. Veterinary Anaesthesia. 10th ed. W.B. Saunders, 2001.
[114]Priano LL, Traber DL, Wilson RD. Barbiturate anesthesia: an abnormal physiologic
stimulation. The Journal of pharmacology and experimental therapeutics. 1969;165: 12635.

59

[115]Ajala MO, Oladipo OO, Fasanmade O, Adewole TA. Laboratory assessment of three
glucometers. African journal of medicine and medical sciences. 2003;32: 279-82.
[116]Grunert C, Wood WG. Comparison between the Bayer ELITE glucometer and the
hexokinase method for glucose determination on the Eppendorf EPOS 5060 using capillary
whole blood samples. Eur J Clin Chem Clin Biochem. 1995;33: 153-6.
[117]Innanen VT, Kelly CM, Kenshole AB. Hypoglycemia is effectively evaluated at the
bedside by the Ames Glucometer Elite. Clinical biochemistry. 1996;29: 279-81.
[118]Gross TM, Bode BW, Einhorn D et al. Performance evaluation of the MiniMed continuous glucose monitoring system during patient home use. Diabetes technology &
therapeutics. 2000;2: 49-56.
[119]Bode BW, Gross TM, Thornton KR, Mastrototaro JJ. Continuous glucose monitoring
used to adjust diabetes therapy improves glycosylated hemoglobin: a pilot study. Diabetes
research and clinical practice. 1999;46: 183-90.
[120]Bantle JP, Thomas W. Glucose measurement in patients with diabetes mellitus with
dermal interstitial fluid. The Journal of laboratory and clinical medicine. 1997;130: 43641.
[121]Wagner JG, Schmidtke DW, Quinn CP, Fleming TF, Bernacky B, Heller A. Continuous amperometric monitoring of glucose in a brittle diabetic chimpanzee with a
miniature subcutaneous electrode. Proceedings of the National Academy of Sciences of the
United States of America. 1998;95: 6379-82.
[122]Rebrin K, Steil GM, van Antwerp WP, Mastrototaro JJ. Subcutaneous glucose predicts plasma glucose independent of insulin: implications for continuous monitoring. The
American journal of physiology. 1999;277: E561-71.
[123]Rebrin K, Steil GM. Can interstitial glucose assessment replace blood glucose measurements? Diabetes technology & therapeutics. 2000;2: 461-72.
[124]Sternberg F, Meyerhoff C, Mennel FJ, Mayer H, Bischof F, Pfeiffer EF. Does fall in
tissue glucose precede fall in blood glucose? Diabetologia. 1996;39: 609-12.
[125]Wiedmeyer CE, Johnson PJ, Cohn LA, Meadows RL. Evaluation of a continuous
glucose monitoring system for use in dogs, cats, and horses. Journal of the American Veterinary Medical Association. 2003;223: 987-92.
[126]Wiedmeyer CE, Johnson PJ, Cohn LA et al. Evaluation of a continuous glucose
monitoring system for use in veterinary medicine. Diabetes technology & therapeutics.
2005;7: 885-95.
[127]MAUNSBACH A. The influence of different fixatives and fixation methods on the
ultrastructure of rat kidney proximal tubule cells. I. Comparison of different perfusion fixation methods and of glutaraldehyde, formaldehyde and osmium tetroxide fixatives. J
Ultrastruct Res. 1966;15: 242-82.

60

[128]Hayat M. Principles and techniques of electron microscopy: bilogical applications. 4
ed. Cambridge University Press, 2000.
[129]Krinke GJ, Vidotto N, Weber E. Teased-fiber technique for peripheral myelinated
nerves: methodology and interpretation. Toxicologic pathology. 2000;28: 113-21.
[130]Tatke M, Doyle, D. Effect of collagenase on nerve fibre teasing. J Clin Pathol.
1994;47: 774-5.
[131]Galey FR, Nilsson SE. A new method for transferring sections from the liquid surface of the trough through staining solutions to the supporting film of a grid. J Ultrastruct
Res. 1966;14: 405-10.
[132]Eyden. Biomedical Electron Microscopy. Edited by AB Maunsbach and BA Afzelius, Academic Press, San Diego, 1999, 548 pp. 1999:577-.
[133]Lindefors N, Amberg G, Ungerstedt U. Intracerebral microdialysis: I. Experimental
studies of diffusion kinetics. Journal of pharmacological methods. 1989;22: 141-56.
[134]Kehr J. A survey on quantitative microdialysis: theoretical models and practical implications. Journal of neuroscience methods. 1993;48: 251-61.
[135]de la Pena A, Liu P, Derendorf H. Microdialysis in peripheral tissues. Advanced drug
delivery reviews. 2000;45: 189-216.
[136]Arbuthnott GW, Fairbrother IS, Butcher SP. Brain microdialysis studies on the control of dopamine release and metabolism in vivo. Journal of neuroscience methods.
1990;34: 73-81.
[137]Kreilgaard M. Assessment of cutaneous drug delivery using microdialysis. Advanced
drug delivery reviews. 2002;54 Suppl 1: S99-121.
[138]Church MK, Skinner SP, Burrows LJ, Bewley AP. Microdialysis in human skin. Clin
Exp Allergy. 1995;25: 1027-9.
[139]Amberg G, Lindefors N. Intracerebral microdialysis: II. Mathematical studies of diffusion kinetics. Journal of pharmacological methods. 1989;22: 157-83.
[140]Chaurasia CS. In vivo microdialysis sampling: theory and applications. Biomed
Chromatogr. 1999;13: 317-32.
[141]McNay EC, Sherwin RS. From artificial cerebro-spinal fluid (aCSF) to artificial extracellular fluid (aECF): microdialysis perfusate composition effects on in vivo brain ECF
glucose measurements. Journal of neuroscience methods. 2004;132: 35-43.
[142]Bolinder J, Ungerstedt U, Arner P. Microdialysis measurement of the absolute glucose concentration in subcutaneous adipose tissue allowing glucose monitoring in diabetic
patients. Diabetologia. 1992;35: 1177-80.

61

[143]Hagstrom-Toft E, Enoksson S, Moberg E, Bolinder J, Arner P. Absolute concentrations of glycerol and lactate in human skeletal muscle, adipose tissue, and blood. The
American journal of physiology. 1997;273: E584-92.
[144]Schoonen AJ, Wientjes KJ. A model for transport of glucose in adipose tissue to a
microdialysis probe. Diabetes technology & therapeutics. 2003;5: 589-98.
[145]Davies MI, Cooper JD, Desmond SS, Lunte CE, Lunte SM. Analytical considerations
for microdialysis sampling. Advanced drug delivery reviews. 2000;45: 169-88.
[146]Rooyackers O, Myrenfors P, Nygren J, Thorell A, Ljungqvist O. Insulin stimulated
glucose disposal in peripheral tissues studied with microdialysis and stable isotope tracers.
Clinical nutrition (Edinburgh, Scotland). 2004;23: 743-52.
[147]Scheller D, Kolb J. The internal reference technique in microdialysis: a practical approach to monitoring dialysis efficiency and to calculating tissue concentration from
dialysate samples. Journal of neuroscience methods. 1991;40: 31-8.
[148]Jansson PA, Veneman T, Nurjhan N, Gerich J. An improved method to calculate adipose tissue interstitial substrate recovery for microdialysis studies. Life sciences. 1994;54:
1621-4.
[149]Lönnroth P, Strindberg L. Validation of the 'internal reference technique' for calibrating microdialysis catheters in situ. Acta physiologica Scandinavica. 1995;153: 375-80.
[150]Cryer PE. Symptoms of hypoglycemia, thresholds for their occurrence, and hypoglycemia unawareness. Endocrinology and metabolism clinics of North America. 1999;28:
495-500, v-vi.
[151]Hershey T, Bhargava N, Sadler M, White NH, Craft S. Conventional versus intensive
diabetes therapy in children with type 1 diabetes: effects on memory and motor speed.
Diabetes care. 1999;22: 1318-24.
[152]Hisa Y, Lyon MJ, Malmgren LT. Central projection of the sensory component of the
rat recurrent laryngeal nerve. Neuroscience letters. 1985;55: 185-90.
[153]Kalia M, Mesulam MM. Brain stem projections of sensory and motor components of
the vagus complex in the cat: II. Laryngeal, tracheobronchial, pulmonary, cardiac, and gastrointestinal branches. The Journal of comparative neurology. 1980;193: 467-508.
[154]Kalia M, Mesulam MM. Brain stem projections of sensory and motor components of
the vagus complex in the cat: I. The cervical vagus and nodose ganglion. The Journal of
comparative neurology. 1980;193: 435-65.
[155]Evans DH, Murray JG. Histological and functional studies on the fibre composition
of the vagus nerve of the rabbit. Journal of anatomy. 1954;88: 320-37.

62

[156]Qi BQ, Merei J, Farmer P et al. The vagus and recurrent laryngeal nerves in the rodent experimental model of esophageal atresia. Journal of pediatric surgery. 1997;32:
1580-6.
[157]Yagihashi S, Sima AA. Diabetic autonomic neuropathy in BB rat. Ultrastructural and
morphometric changes in parasympathetic nerves. Diabetes. 1986;35: 733-43.
[158]Zhang WX, Chakrabarti S, Greene DA, Sima AA. Diabetic autonomic neuropathy in
BB rats and effect of ARI treatment on heart-rate variability and vagus nerve structure.
Diabetes. 1990;39: 613-8.
[159]Sharma AK, Thomas PK. Peripheral nerve structure and function in experimental
diabetes. Journal of the neurological sciences. 1974;23: 1-15.
[160]Yagihashi S, Kamijo M, Ido Y, Mirrlees DJ. Effects of long-term aldose reductase
inhibition on development of experimental diabetic neuropathy. Ultrastructural and morphometric studies of sural nerve in streptozocin-induced diabetic rats. Diabetes. 1990;39:
690-6.
[161]Iturriaga R. Microtubule density and size of axons in early diabetes: implications for
nerve cell homeostasis. Experimental neurology. 1985;88: 165-75.
[162]Wright A, Nukada H. Sciatic nerve morphology and morphometry in mature rats
with streptozocin-induced diabetes. Acta neuropathologica. 1994;88: 571-8.
[163]Unger JW, Klitzsch T, Pera S, Reiter R. Nerve growth factor (NGF) and diabetic
neuropathy in the rat: morphological investigations of the sural nerve, dorsal root ganglion,
and spinal cord. Experimental neurology. 1998;153: 23-34.
[164]Britland ST, Sharma AK, Duguid IG, Thomas PK. Ultrastructural observations on
myelinated fibres in the tibial nerve of streptozotocin-diabetic rats: effect of insulin treatment. Life Support Syst. 1985;3 Suppl 1: 524-9.
[165]Sima AA, Zhang WX, Greene DA. Diabetic and hypoglycemic neuropathy--a comparison in the BB rat. Diabetes research and clinical practice. 1989;6: 279-96.
[166]Hinrichsen CF, Ryan AT. Localization of laryngeal motoneurons in the rat: morphologic evidence for dual innervation? Experimental neurology. 1981;74: 341-55.
[167]Sugimoto K, Baba M, Suda T, Yasujima M, Yagihashi S. Peripheral neuropathy and
microangiopathy in rats with insulinoma: association with chronic hyperinsulinemia. Diabetes/metabolism research and reviews. 2003;19: 392-400.
[168]Westfall SG, Felten DL, Mandelbaum JA, Moore SA, Peterson RG. Degenerative
neuropathy in insulin-treated diabetic rats. Journal of the neurological sciences. 1983;61:
93-107.
[169]Greene E. Anatomy of the Rat. Hafner Publishing Co, New York 1955.

63

[170]Nakanishi T, Norris FH, Jr. Motor fibers in rat sural nerve. Experimental neurology.
1970;26: 433-5.
[171]Moberg E, Hagstrom-Toft E, Arner P, Bolinder J. Protracted glucose fall in subcutaneous adipose tissue and skeletal muscle compared with blood during insulin-induced
hypoglycaemia. Diabetologia. 1997;40: 1320-6.
[172]Lönnroth P. Microdialysis in adipose tissue and skeletal muscle. Hormone and metabolic research Hormon- und Stoffwechselforschung. 1997;29: 344-6.
[173]Maggs DG, Jacob R, Rife F et al. Interstitial fluid concentrations of glycerol, glucose,
and amino acids in human quadricep muscle and adipose tissue. Evidence for significant
lipolysis in skeletal muscle. The Journal of clinical investigation. 1995;96: 370-7.
[174]Nielsen JK, Djurhuus CB, Gravholt CH et al. Continuous glucose monitoring in interstitial subcutaneous adipose tissue and skeletal muscle reflects excursions in cerebral
cortex. Diabetes. 2005;54: 1635-9.
[175]Bolinder J, Hagstrom-Toft E, Ungerstedt U, Arner P. Self-monitoring of blood glucose in type I diabetic patients: comparison with continuous microdialysis measurements
of glucose in subcutaneous adipose tissue during ordinary life conditions. Diabetes care.
1997;20: 64-70.
[176]Rosdahl H, Hamrin K, Ungerstedt U, Henriksson J. Metabolite levels in human
skeletal muscle and adipose tissue studied with microdialysis at low perfusion flow. The
American journal of physiology. 1998;274: E936-45.
[177]Hyllienmark L, Brismar T, Ludvigsson J. Subclinical nerve dysfunction in children
and adolescents with IDDM. Diabetologia. 1995;38: 685-92.

64

