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    Abstract  

  In following chapter we present the basic information about the use of 
diabetic rats in experimental models. Historic attempts of diabetic model 
development are discussed. Various breeds of diabetic rats are presented 
and characterized. Finally we outline organ-specifi c complications 
observed in diabetic rats and present our experience in nerve regeneration 
in Zucker Diabetic Fatty (ZDF) rat model.  
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  Abbreviations 

   BB    Bio breeding   
  CD    Cluster of differentiation   
  CVD    Cardiovascular disease   
  DM    Diabetes mellitus   
  DP    Diabetes prone   
  DR    Diabetes resistant   

  GLUT    Glucose transporter   
  PBG    Postprandial blood glucose   
  SSEP    Somatosensory evoked potentials   
  STZ    Streptozotocin   
  T1D    Type 1 diabetes   
  T2D    Type 2 diabetes   
  ZDF    Zucker diabetic fatty   

          Historic Development of Diabetic 
Animals for Experimental Studies 

 Early studies using animal model of diabetes 
mellitus (DM) are dated back to the fi rst half of 
twentieth century. After insulin (initially called 

mailto: mlukaszuk@ump.edu.pl


534

pancreatin) had been discovered in 1921 by 
Frederick Banting and Charles Best and its role 
in pathogenesis of hyperglycemia a year later, a 
new need for metabolic models arose in research. 
Until 1950s dogs, rabbits and rats after surgical 
procedure of pancreatectomy (pancreas removal) 
were used for experimental purposes. They 
expressed a total lack of internal insulin and 
served as models of what we call now type 1 dia-
betes [ 1 ]. This situation changed in 1950s, when 
Dr. Douglas Coleman from The Jackson 
Laboratory observed, that some of his extremely 
obese mice expressed insulin resistance and high 
blood glucose levels. Backcrossing of selected 
individuals resulted successfully in the fi rst line 
of inbred species with type 2 diabetes phenotype 
[ 2 ]. In 1960s eye of science turned to detailed 
explanation of metabolic pathways in diabetes 
based on alloxan-induced rat model studies [ 3 , 
 4 ]. Following years brought a variety of rodent 
experimental models of diabetes mellitus and its 
complications. Rats contributed greatly to under-
standing pathologic pathways and treatment of 
diabetes, as literally thousands of studies using 
diabetic strains have been conducted. It’s note-
worthy, no animal model fully mimicking pathol-
ogy of human diabetes has been developed so far. 
An appropriate model should always be selected 
and used according to the individual study design.  

    Type 1 Diabetes Rat Models 

 Type 1 diabetes mellitus (T1D) in its natural his-
tory is characterized by a selective autoimmune 
destruction of β cells in pancreatic islets. This 
results in pancreatic insuffi ciency and a direct 
lack of endogenous insulin. In experimental ani-
mals this result can be achieved by either pres-
ence of insulitis-triggering genes conserved in 
strains through inbreeding (spontaneous diabe-
tes) or administration of toxic agents in the 
genetic-competent breeds (induced diabetes). 
Pancreatectomy is nowadays the least usable 
method of diabetes induction, due to its technical 
complicity and possible unwanted complications 
of initial procedure. 

    Bio Breeding (BB) Rat 

 This model of spontaneous diabetes was devel-
oped in Bio Breeding Laboratories (Ottawa, 
Canada) in 1974 and is the most frequently stud-
ied T1D rat model. It comprises of two diabetes- 
prone (DP) colonies: inbred BBDP/Wor and 
outbred BBdp. Diabetes resistant BBDR rats are 
also available as controls. The usual age of diabe-
tes onset is 8–14 weeks, sex-independent. 
Absolute insulinopenia, hyperglycaemia, poly-
uria, polydipsia and weight loss are present. 
Ketoacidosis is severe, and resembles status typi-
cally found in human type 1 disease. Exogenous 
insulin is necessary for survival. Autoimmune 
thyroiditis is commonly found, but rats do not 
become hypothyroidic. This model is compro-
mised by immunopathologic CD4+ and CD8+ T 
lymphocyte defi cits due to a severely reduced life 
span of peripheral T cells, not found in natural 
course of human T1D. Diabetes in BBDP rats is 
closely associated with depletion of rat-specifi c 
ART2+ T-reg cells and can be prevented by their 
transfusion [ 5 – 7 ].  

    Long Evans Tokushima Lean (LETL) 
and Komeda Diabetic Prone 
(KDP) Rats 

 LETL was the fi rst rat model of spontaneous 
autoimmune T1D without coexisting lymphope-
nia (developed 1991). Incidence of diabetes in 
colonies was however low, 15–20 %. Following 
years of selected breeding gave origin to the KDP 
substrain exhibiting high incidence of 70 %. 
Insulitis is mild to severe with the onset usually at 
17–32 weeks of age. Course of diabetic lesions is 
moderate. Lymphocytic infl ammation is present 
in both thyroid gland and kidneys [ 7 ].  

    LEW.1AR1/Ztm-iddm Rat 

 The strain was selected in 2001 from a regular 
colony of Lewis rats at the Institute of Laboratory 
Animal Science of Hannover Medical School. 
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Spontaneous diabetes onset is observed usually 
at the age of 8–9 weeks, preceded by a week-long 
insulitis. Incidence is around 60 % and equal in 
both genders. The animals do not exhibit other 
autoimmune diseases or lymphopenia. Overt dia-
betes is moderate with good survival [ 6 ].  

    Chemically-Induced Diabetes in Rat 

 Several drugs have been tested and used for dia-
betes induction in experimental studies: alloxan, 
streptozotocin, vacor (rodenticide), dithizone, 
8-hydroxyquinolone and others. From all the tox-
ins streptozotocin (STZ) confi rmed its position as 
a primary diabetes-inducing agent [ 5 ]. STZ 
(2-deoxy-2-(3-(methyl-3-nitrosoureido)- d - 
glucopyranose ) is a nitrourea derivative obtained 
from  Streptomyces achromogenes . In vivo it 
expresses a strong alkylating ability and is a 
source of free radicals. The particles are similar 
to glucose and are heavily taken up by GLUT2 
transporter in pancreatic cells. Fasting animals 
are more susceptible as STZ competes with glu-
cose. When administered intravenously or intra-
peritoneally a single dose 50–65 mg/kg STZ 
produces diabetes in selected rat strains (com-
monly Wistar rats) through direct toxicity to β 
cells. Hyperglycaemia becomes stable after 
5 days. Alternatively multiple lower doses 
20–40 mg/kg per day over consecutive 5 days can 
be administered to induce insulitis and a subse-
quent β cell destruction to achieve similar patho-
physiological effect. In some cases spontaneous 
regeneration of pancreatic cells occurs [ 5 ,  6 ,  8 ]. 

 Alloxan (2,4,5,6-tetraoxypyrimidine;5,6- 
dioxyuracil) has diabetes-inducing capability 
mainly attributed to the formation of free radicals 
in pancreatic islets and oxidation of essential –
SH groups in glucokinase. Usual single dose 
ranges 40–200 mg/kg with intraperitoneal and 
subcutaneous administration up to three times 
higher than intravenous. Alloxan has a very 
restricted diabetogenic dose and even light over-
dosing is considered extremely toxic to liver and 
kidneys. Therefore alloxan has been widely 
replaced by STZ in experimental models [ 6 ,  8 ].  

    Virally-Induced Diabetes in Rat 

 Several viruses have been tested as diabetes 
inducers in rodents. Coincidence between diabe-
tes and virus infection is known since late 1960s. 
Coxsackie B virus, encephalomyocarditis virus 
or Kilham rat virus infection triggers insulitis and 
β cells destruction either due to direct effect of 
viral clones or an autoimmune response targeting 
pancreatic cells. Model is fl uctuant, however it 
can be used to determine potential role of those 
viruses in type 1 diabetes pathology [ 6 ].   

    Type 2 Diabetes Rat Models 

 Type 2 diabetes mellitus (T2D, 90 % of all cases 
of DM) is a complex metabolic disease, mainly 
characterized by insulin resistance and insuffi -
cient secretion of endogenous insulin (relative 
lack, β cells failure). Obesity is present in almost 
all cases. Skeletal muscle defect is a primary 
cause for clinical resistance to insulin in human. 
Compensatory hyperinsulinemia is switched on 
to maintain glucose tolerance. After this mecha-
nism becomes ineffective, hyperglycaemia 
occurs, but it is usually milder than in type 1 dis-
ease. T2D is frequently accompanied by a variety 
of concomitant disorders, like dyslipidaemia, 
hypertension, atherosclerosis and cardiovascular 
disease (CVD). This represents a typical pheno-
type of polimetabolic syndrome (syndrome X) 
[ 9 ]. Majority of rodent models of T2D are obese 
to refl ect condition in human. 

    Zucker Diabetic Fatty (ZDF) Rat 

 The colony was selected from obese Zucker 
strain. ZDF is a monogenic inbred model with fa/
fa genotype representing dysfunction of hypotha-
lamic leptin receptor (leptin resistance). It’s man-
ifested by insatiable hunger and habitual 
stationary life style, that lead to fast weight gain, 
obesity and insulin resistance. Increased mass of 
fat tissue and inherited β cells expansion failure 
express as relative lack of endogenous insulin. 
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Defects in pancreatic GLUT2 and muscular 
GLUT4 glucose transporters appear to play addi-
tional role in diabetes onset. Animals become 
obese at 4 weeks of age. Impaired glucose toler-
ance, hyperinsulinaemia, hyperlipidaemia and 
hypertension are exhibited usually 4–6 weeks 
later in males. Females do not develop full image 
of diabetes. Histologically ZDF rats do not dis-
play the same pathology (amyloid deposits) in 
pancreatic islets as it is observed in human T2D 
[ 6 ,  9 ].  

    Goto-Katazaki (GK) Rat 

 GK rat model was developed in 1976 by selective 
breeding of Wistar rats with highest blood glu-
cose levels. Diabetes is moderate, hyperglycae-
mia is observed in adult life. Insulin resistance in 
both skeletal muscles and liver as well as impaired 
insulin secretion in pancreas are present at the 
onset. Rats do not exhibit hyperlipidaemia and 
obesity [ 5 ,  10 ].  

    Otsuka Long-Evans Tokushima Fatty 
(OLETF) Rat 

 OLETF rat was developed in 1984 from Long- 
Evans colony exhibiting glucose intolerance. The 
model is polygenic. Obesity is mild, with stron-
ger expression in males. Hyperglycaemia has late 
onset at the age of 18 weeks. The wild-type con-
trols are not available for this model [ 5 ,  6 ].  

    Muridae Family 

 Due to taxonomic confusions some authors 
include Shafrir Israeli sand rat (properly desert 
gerbil,  Psammomys obesus ) and Nile grass rat 
( Arvicanthis niloticus ) into the pool of diabetic 
rat models. In fact, these particular species of 
 Muridae  family don’t belong to the genus  Rattus , 
but they are valuable rodent models of specifi c 
diabetic phenotype. In natural conditions gerbils 
have vegetarian diet. When fed with fat-rich 
chow they develop obesity, hyperglycaemia and 
insulin resistance followed by hyperlipidaemia, 

atherosclerosis and overt type 2 diabetes. The 
strain is useful for studying diet impact in diabe-
tes [ 5 ].  Arvicanthis  is a novel complex model of 
metabolic syndrome. Obesity is spontaneous, 
along with dyslipidaemia and hyperglycaemia on 
a normal laboratory chow diet. These are fol-
lowed by β cells failure, atherosclerosis, liver ste-
atosis, abdominal fat accumulation, nephropathy 
and hypertension. The overt diabetes is observed 
by 1 year of age [ 11 ].   

    Other-Type Diabetic Rat Models 

    Transgenic and Knock-Out 
Metabolic Models 

 This relatively new technique is used to create 
models with single genetic impairment. Virus- 
assisted gene transfer allows to change enzyme 
or other protein composition and effect or even 
knock-out some metabolic pathways. Modifi ed 
genes are incorporated into the zygote and born 
pups exhibit desired phenotype according to the 
study design. Models with insulin under- and 
overexpression are possible to develop. Studies 
using modifi ed insulin receptor, insulin recep-
tor substrate (IRS), glucokinase, insulin-like 
growth factor 1 (IGF1) and glucose transporter 
4 (GLUT4) were published [ 5 ]. Some knock-
out models require high fat feeding to exhibit 
overt diabetes [ 6 ].  

    Gestational Diabetes Models 

 Streptozotocin-induced gestational diabetes in 
outbred non-diabetic rats (i.e., Wistar) is a useful 
and popular model for studies. An usual single 
dose of 40–50 mg/kg is given intravenously within 
the fi rst week of gestation. Clinical diabetes can be 
also triggered prior to pregnancy. In a study com-
paring dams with clinical diabetes during preg-
nancy a group with blood glucose levels >300 mg/
kg exhibited signifi cantly higher rate of pre- and 
postimplantation loss than a group with glycaemia 
120–300 mg/dl. Mild diabetes in the latter group 
was induced by a single intraperitoneal dose of 
STZ (70 mg/kg) on day 5 of dam’s life. Both 
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groups presented intrauterine growth restriction of 
the offsprings, which is opposite to human, prob-
ably due to the short time of pregnancy in rats [ 12 ]. 
According to other studies streptozotocin adminis-
tered in pregnant rat females caused also impaired 
glucose tolerance in fetuses and decreased insulin 
secretion in later life, however a considerable vari-
ability in glucose concentrations was observed 
[ 13 ,  14 ]. An interesting study showed, that Wistar 
rat embryos (low risk of diabetes) when trans-
ferred to the uterus of Goko-Katazaki rat exhibited 
hyperglycaemia in adult life. Thus the intrauterine 
environment appears to play a crucial role in 
development of diabetes in later life [ 15 ].   

    Blood Glucose Levels 
in Diabetic Rats 

 Glycaemia in diabetic rats is a strong variable, 
that requires careful monitoring. In non-diabetic 
rats a mean postprandial blood glucose (PBG) 

concentration was reported to oscillate around 
102 mg/dl [ 16 ]. Fasting and PBG levels in non- 
diabetic Wistar and diabetic ZDF rats noted in 
our laboratory are presented in Figs.  66.1  and 
 66.2 . We observed a daily amplitude in diabetic 
rat blood glucose concentration, with its values 
signifi cantly higher in the afternoon than in the 
morning. Similar tendency but not signifi cant 
was observed in non-diabetic rats.   

    Blood Acquisition Method 

 A drop of blood for analysis can be obtained 
from tail capillary vessels. In this technique a 
person restrains rat with one hand using a plastic 
cone, with a tip of the cone cut off to allow the 
animal access to the fresh air. Tail needs to be 
warmed up by immersing it in warm water for 
few seconds. After tail is dried with a tissue, a 
small incision or puncture is made at the tail tip 
using a sterile lancet or a needle. “Milk-out” 

Average blood glucose levels in non-diabetic LEW rats at certain timepoints in sciatic nerve
regeneration study
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  Fig. 66.1    Blood glucose concentration in non-diabetic 
Lewis rats observed in sciatic nerve repair study, average 
age at the procedure – 10 weeks and 4 days: fasting – after 
16 h of fasting, 9 weeks old; ( A ) before the procedure, 
around 9 weeks old; ( B ) within 3 days after the procedure, 

( C ) at 6 weeks after the procedure (around 17 weeks old), 
( D ) at 12 weeks after the procedure (around 23 weeks 
old); ( 1)  indicates blood acquisition in the morning (8–9 
A.M.), ( 2 ) indicates blood acquisition in the afternoon 
(4–5 P.M.)       
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technique helps to obtain full droplet, that should 
be directly transferred onto a glucometer strip. 
Blood acquisition can be repeated daily from the 
same tail tip.   

    Organ-Specifi c Complications 
of Diabetes in Rats 

 Chronic hyperglycaemia or hyperinsulinaemia 
lead to a variety of complications. Some of the 
diabetic rat strains described above represent 
valuable models of complications of diabetes. 
Due to the slow development of disease Goto- 
Kakizaki rat was used in studies of ongoing dia-
betic complications: nephropathy [ 17 ], peripheral 
neuropathy [ 18 ] and retinal lesion [ 19 ]. Diabetic 

neuropathy in T1D was studied using Bio breed-
ing BB/Wor rats [ 20 ]. Studies on chronic renal 
disease in T2D were conducted with use of 
OLETF rat model, allowing 50 weeks-long 
observation [ 21 ]. According to Cefalu and coau-
thors microvascular and cardiovascular compli-
cations are already present during the pre-diabetic 
metabolic syndrome initial phase, before the 
clinical onset of diabetes (i.e., in human increased 
risk for CVD 15 years before the diagnosis of 
DM) [ 9 ]. No animal model of diabetic complica-
tions fully refl ects their nature seen in human. 
Therefore model selection should be always 
adjusted to the study design. Ideally experiments 
should be performed using various complemen-
tary animal models of diabetic complications to 
achieve rewarding results.  

Average blood glucose levels in diabetic ZDF rats at certain timepoints in sciatic nerve
regeneration study
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  Fig. 66.2    Blood glucose concentration in diabetic ZDF 
rats observed in sciatic nerve repair study, average age at 
the procedure – 10 weeks and 5 days: fasting – after 16 h 
of fasting, 9 weeks old; ( A ) before the procedure, around 
9 weeks old; ( B ) within 3 days after the procedure, ( C ) at 

6 weeks after the procedure (around 17 weeks old), 
( D ) at 12 weeks after the procedure (around 23 weeks 
old); ( 1 ) indicates blood acquisition in the morning (8–9 
A.M.), ( 2 ) indicates blood acquisition in the afternoon 
(4–5 P.M.)       
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    Nerve Regeneration in Diabetes- 
Induced Neuropathy 

 Peripheral neuropathy is one of the most com-
monly found complication of diabetes. Several 
rodent and non-rodent animal models were pro-
posed to be used to study this topic. Pathogenesis 
of this particular complication is yet not fully 
understood, therefore no single experimental 
model of neuropathy refl ecting human condition 
is known. Generally degeneration of all fi ber 
types in affected nerve occurs in conjunction with 
chronic hyperglycaemia and hyperinsulinaemia. 
Clinical sensory lost, increased vibration and 
thermal perception thresholds, paresthesia, hyper-
algesia and spontaneous pain are present as a 
result [ 22 ]. These symptoms are very subjective 
and their assessment is diffi cult in experimental 
studies using animals. Thus design of such study 
should be aimed at evaluation of objective results, 
like histopathology, direct observation of nerve 
lesion or regeneration, neuronal electrophysiol-
ogy measurements or animal- independent clinical 
tests based on refl exes. Non-diabetic controls are 
needed for comparison. 

 In our study we used ZDF rats to evaluate 
sciatic nerve regeneration after injury (20 mm 
gap) and subsequent repair by either auto-
logous nerve graft or a novel technique 
using autologous hollow epineural sheath con-
duit graft (experimental groups) (Fig.  66.3 ). 

A respective control groups of non-diabetic 
Lewis rats were treated according to the same 
protocol. Number of animals in every group 
was eight. Criteria of inclusion for ZDF rats 
were: glycaemia >200 mg/dl (twice) and gly-
cemia after 16 h of fasting >110 mg/dl (overt 
diabetes). Animals were not treated with oral 
antidiabetics or exogenous insulin. Lewis rats 
were matched with ZDF rats for similar weight 
at the day of surgical procedure. Nerve regen-
eration was assessed 12 weeks after the opera-
tion. Relative results showed impaired 
regeneration in diabetic rats, when compared 
to the control groups. Clinical sensory and 
motor tests gave 22–29 % worse results in ZDF 
groups. Conduction velocity in regenerated 
nerve in diabetic animals was reduced by 
4–9 % at week 12 after the procedure (assessed 
in somatosensory evoked potentials (SSEP) 
protocols) (unpublished data). Denervation 
atrophy in surgically reinervated muscles was 
signifi cantly milder in non-diabetic rats 
(micromorphometric muscle fi ber assessment), 
ending up with 53 % of control fi ber cross-sec-
tional area retained in Lewis vs 42 % in ZDF 
rats [ 23 ]. To the best of our knowledge this is 
the fi rst study using experimental animal type 
2 diabetes model in assessment of peripheral 
nerve regeneration. It is also the fi rst applica-
tion of epineural sheath conduit in nerve repair 
under diabetic conditions.      

  Fig. 66.3    Surgical procedure of sciatic nerve gap cre-
ation and repair in ZDF diabetic rat: I – 20 mm gap is 
created in right sciatic nerve, II – epineural sheath con-
duit is created from the dissected nerve segment, III – 
epineural sheath conduit during implantation, proximal 
coaptation is performed, IV – nerve regeneration at 

12 weeks after the procedure, ingrowth of nerve fi bers 
can be observed in the conduit; ( A ) incisions made in 
sciatic nerve, ( B ) epineural sheath conduit, ( C ) nerve 
fi bers, ( D ) distal nerve stump, ( E ) proximal coaptation, 
( F ) distal coaptation, ( G ) nerve fascicle inside the 
conduit       
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