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a b s t r a c t

Decreased hind limb pressure pain threshold (PPT) is an early indicator of insulinopenia and neuropathy
developing in STZ-rat models of type 1 diabetes and pre-diabetes. To test if pain on pressure is also a hall-
mark of compensated insulin resistance and type 2 diabetes in this work we measured PPT of Zucker lean
(ZL), Zucker fatty (ZF) and Zucker fatty diabetic rats (ZDF; 8 animals per group). Using clinically accepted
cut-off values for diagnosis of human diabetes and pre-diabetes, at 6th week of age (the study entry),
all animals maintained random blood glucose within a normal range (<7.9 mM). Over the following 4
weeks, the random glucose remained normal in lean and ZF rats; it however crossed 11 mM cut-off for
the diagnosis of diabetes in all ZDF rats. With no detectable relation to blood glucose levels or changes
throughout the study, lean, ZF and ZDF rats maintained respectively highest, intermediate and lowest
PPT levels (83 ± 1, 70 ± 1 and 59 ± 1 g; mean values for all tests per group). Thus in Zucker rat model,
type 2 diabetes-associated impairment of nerve function precedes the development of hyperglycemia.

Furthermore, since normoglycemic, but displaying decreased PPT, ZF rats were strongly hyperinsuline-
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iffuse peripheral neuropathy (DPN) is a frequent and severe
omplication of diabetes [4,6]. Hyperglycemia is considered as an
mportant trigger of DPN; however whether it is a sole cause for
he variety of symptoms of the disease is not known [6,28]. Pain
n pressure is present in people with diabetes and DPN with 70%
revalence [17]. It is also one of most consistent and early sign of
PN observed in rat model of streptozotocin (STZ)-induced type 1
iabetes and Zucker and Sand rat models of spontaneous type 2
isease [30,31,29]. Recent studies in STZ-rats have shown that the
nset of pain on pressure occurs during pre-diabetes, preceding
asting and post-prandial hyperglycemia in this model [21,20]. In
his work, to test if the early onset of exaggerated pain on pres-
ure is a model or type of diabetes-specific phenomenon, we have

easured and compared characteristics of glucose metabolism and

PT in Zucker lean (ZL, control), Zucker fatty (ZF) and in Zucker
iabetic fatty (ZDF) before and after spontaneous onset of overt
yperglycemia in the latter model.
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tion 30 ± 4 ng/ml vs. 2.4 ± 0.3 ng/ml in lean rats) these data suggest that
g for glucose metabolism might not restore compromised nerve function.

Published by Elsevier Ireland Ltd.

All experiments were conducted in accord with National Insti-
ute of Health Guide for the Care and Use of Laboratory Animals
nd protocols were approved by UAMS Animal Use Committee.

Five-weeks-old male ZL+/+, ZF/Gmi-fa/fa and ZDF/Gmi-fa/fa
ats, 8 per group, were purchased from Charles River Genetic Mod-
ls Inc. (Indianapolis, IN) and maintained at local animal facilities
ith free access to water and Purina 5008 rat chow. Experiments

tarted after 1 week of animal acclimation to animal facilities and
ondition of behavioral setting and continued until the onset of
iabetes (random glucose ≥11 mM) in the last of ZDF rats. On the
ame day the last PPT test was conducted and all animals were
nesthetized for terminal blood sample collection.

During the experiment animal’s weight, random plasma glu-
ose and PPT were determined on regular, 2–3 days intervals. In
ddition three determinations of fasting glucose and food toler-
nce tests were conducted and glycated hemoglobin A1c (HbA1c)
as assayed in the beginning and at the end of experiments. In

ll these tests tail blood samples for glucose and HbA1c were col-

ected using a pin-prick technique. Glucose was measured using the
olorimetric Accu-Chek blood glucose monitoring system (Roche
iagnostics Corporation, Indianapolis) and HbA1c was determined
sing DCA 2000 Analyzer, (Bayer Corporation, Elkhart, IN). In food
olerance test, overnight fasted rats were placed in individual cages

http://www.sciencedirect.com/science/journal/03043940
mailto:Dobretsovmaxim@uams.edu
dx.doi.org/10.1016/j.neulet.2008.08.087
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ith the access to a standard (3 g/kg of rat weight) piece of Purina
008 chaw, the amount that was completely consumed by a rat
ithin 5–10 min. Glucose was measured at 30, 60, 90, and 120 min

hereafter. Food instead of glucose tolerance test (FTT vs. GTT)
as chosen because while GTT amplifies glucose intolerance, FTT

s less stressful and it is more relevant with respect to measures
f post-prandial hyperglycemia the state that is frequently impli-
ated as an alternative to chronic hyperglycemia as a trigger of
PN [19,22,7]. Progression of diabetes-induced impairment of glu-
ose metabolism in rats seems to closely mimic that in humans
6]. Therefore, the clinically recommended random and fasting
lood glucose cut-off values [2] are used in this work to define
re-diabetes and diabetes in rats.

In behavioral tests, dorsal hind-limb paw pressure pain with-
rawal thresholds (PPT) were determined using Randal–Selitto
nalgesia-meter and a standard for our laboratory technique
21,20]. Briefly, 10 determinations of PPT per animal (5 per each
ind limb with interval between sequential measurements greater
han 10 min) were collected in each test session, filtered using

ean ± S.D. cut-off, averaged for both limbs and expressed in
rams. Threshold force of linearly increasing pressure (16 g/s) was
efined as a force that induces the first physical attempt of the ani-
al to escape the stimulus. To avoid tissue injury the cut-off force
as set to 250 g of pressure. In terminal experiments, blood was

ollected by a ventricular puncture technique, plasma separated by
entrifugation (5000 × g, 5 min), and stored at −20 ◦C for insulin
easurements. Insulin was determined using Ultra Sensitive Rat

nsulin ELISA Kit (Crystal Chem Inc., Downers Grove, IL) following
he manufactures protocol.

Unless stated otherwise, the results were analyzed using multi-
ariate repeated measures ANOVA (RM-ANOVA) with rat’s age and
roup as independent and weight, glucose and PPT determinations
s dependent variables, and Tukey HSD test for post hoc compar-
sons. Effects were considered as statistically significant at p < 0.05.

Throughout the study, ZF rats were heavier and gained weight
aster than either ZDF or ZL rats (65 ± 2, 47 ± 1, and 38 ± 2 g/week,
lopes of respective regression lines; Fig. 1A). Different weight gains
y ZL and ZDF rats has translated into a significant difference in
erminal weights of these animals (Fig. 1A, asterisk, Tukey HSD test,
< 0.05).

With regard to glucose metabolism, ZL rats maintained the low-
st levels of all measured indexes, fasting and random glucose, and
eak glucose in food tolerance test (Fig. 1B–D; open circles; for any
iven group of rats behavior of peak and 2-h glucose in FTT was
dentical, therefore data on 2-h glucose are not presented). Except
or small but statistically significant increase in fasting glucose in
.5-week-old animals (Fig. 1B, arrow) no age-dependent changes

n characteristics of glucose metabolism was detected in ZL rats
RM-ANOVA, p > 0.05). Probably reflecting a raise in fasting glucose,
he integral measure of glycemic history [12], the level of HbA1c
as increased in ZL rats from 2.79 ± 0.03 to 3.01 ± 0.01%, although
he difference does not reach statistical significance (p = 0.69, Tukey
est).

When comparing with ZL rats, ZF rats displayed fasting hyper-
lycemia and glucose intolerance (manifested by heightened peak
lucose in FTT; Fig. 1 B, D and F; half-filled circles). These abnor-
alities were mild, always remaining below diagnostic of state of

mpaired fasting glucose or impaired glucose tolerance thresholds
5.6 mM or 7.9 mM, respectively, [2]; and dashed lines in Fig. 1B
nd D). Throughout the first half of experiment, ZL and ZF animals

aintained the same levels of random glucose. Starting at the 8th
eek of age, random glucose of ZF rats slowly increased above the

evel in ZL rats. By Tukey HSD test however, even on the last day
f experiment the difference between ZF and ZL rats random glu-
ose did not approach the level of statistical significance (p > 0.05;

t
g
[
v
a
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ig. 1C). Glycated hemoglobin increased from 2.8 ± 0.1 to 3.5 ± 0.2%
p < 0.01, Tukey test).

Among studied animals, ZDF rats demonstrated the most
rominent versatility in levels and changes of parameters of glu-
ose metabolism (Fig. 1B–F; filled circles). Similarity to ZF, ZDF
ats steadily maintained a mild degree of fasting hyperglycemia
Fig. 1B). Unlike that in ZF rats, peak and 2-h glucose in FTT in ZDF
ats were not different from those measured in ZL rats in the begin-
ing of the study. However, both parameters of glucose intolerance
tarted to increase in 7.5-week-old ZDF rats and by the 9.5-week-
ld ZDF rats they were statistically higher than those of ZL rats
nd not different from those of ZF animals (Fig. 1D, arrow). Finally
n the beginning of experiment, similarly to the other groups of
nimals, ZDF rats had low “normal” levels of random glucose and
bA1c (2.8 ± 0.1%), but starting in the 9th week of age all ZDF ani-
als developed severe random hyperglycemia and diabetes, and

y the end of the study the average glucose level in these animals
as 19 ± 2 mM and mean HbA1c level was 4.3 ± 0.1% (the average

ge of onset of diabetes, defined as random plasma glucose equal
r exceeding 11 mM, was 9.2 ± 0.2 weeks, Fig. 1C).

Considering current views on the nature of the abnormalities of
asting glucose and the response to an oral glucose challenge [1],
ur data suggest that 6–10-week-old ZF rats maintain mild liver
nd skeletal muscle insulin resistance, while young, pre-diabetic
DF rats constitute a model of maintained liver and progressive
keletal muscle insulin resistance. Furthermore by terminal tests,
he ZF and ZDF rats maintained the same, 26 ± 3 and 25 ± 5 ng/ml
p > 0.05, two-population t-test; 2.4 ± 0.2 ng/ml for ZL rats) levels of
ompensatory hyperinsulinemia. Therefore, it is likely not the fail-
re of insulin production but the deterioration of muscle sensitivity
o insulin constituted the major reason for the progression of ZDF
ats to overt hyperglycemia in these experiments.

Hyperglycemia is undoubtedly an important factor of neuro-
athic complications of diabetes [28]. Therefore, perhaps the most
ovel and intriguing result of our work is that despite their very
ifferent glycemic state ZL, ZF and ZDF rats maintained throughout
his study, respectively, highest, intermediate and lowest pressure
ain thresholds (83 ± 1, 70 ± 1 and 59 ± 1 g; mean values for all tests
er group; Fig. 1E; p < 0.01 for between-group comparisons by RM-
NOVA; F = 129 (d.f. = 2168)). Furthermore, despite the progression
f ZDF animals from the state of isolated mild fasting hyperglycemia
o glucose intolerance and overt chronic hyperglycemia, the inten-
ity of pressure pain in these animals remained without change
compare Fig. 1C and E). Post hoc Tukey test has confirmed statisti-
al significance (p < 0.05) of differences of PPT measured in ZDF and
L animals for each age point studied. By the same test however, ZF
ats represent a transitional state with their PPT being not different
rom either ZL or ZDF rats at any but 8.5- and 9-week age points at
hich PPT of ZL and ZF rats are different at p < 0.05 (Fig. 1E). Such

ransitional state of ZF rats is also confirmed by the comparison of
istributions of PPT measured in these, ZL and ZDF rats thought the
tudy (Fig. 1F).

In U.S., the number of cases of type 2 diabetes, the decrease
f carbohydrate, lipid and protein metabolism associated with the
mpairment of peripheral sensitivity to the action of insulin (insulin
esistance), has approached an epidemic scale [2,25]. Diffuse
eripheral neuropathy is one of the most severe and debilitating
omplications of diabetes; the natural causes of this complication
re however not determined and treatment options are limited [4].
hronic hyperglycemia affects endoneurial circulation and func-

ion of glial cells and neurons [28], and therefore control of blood
lucose is a required step in treatment of diabetic complications
14]. However, intensive insulin replacement therapy fails to pre-
ent new DPN in about 30% of treated type 1 diabetic patients
nd has even less efficacy toward neuropathy in type 2 diabetic
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Fig. 1. Weight (A), fasting (B), random (C), and peak in FTT (D) plasma glucose and pressure pain thresholds (by age (E) and frequency distributions (F)) of Zucker lean,
pre-diabetic fatty and diabetic fatty rats (ZL, ZF and ZDF, open circles/bars, half-shaded circles/hatched bars, filled circles/grey bars, respectively). Asterisks indicate statistical
difference (Tukey test, p < 0.05) for the given day of study between ZL vs. ZDF rats (A), ZDF vs. ZL and ZF rats (C) and ZL vs. ZDF rats (E). Arrows denote statistical difference of
given measurement from baseline (first) measurement for the ZL (B) and ZDF (D) groups of rats. Lines in (A) are regression lines. Horizontal lines represent diagnostic cut-off
l (dash
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imits: fasting glucose >5.6 mM ((B), dashed line) or 2-h glucose in OGTT >7.9 mM
nd random glucose >11 mM for diabetes (dotted line in (C)). Curves in (F) are be
orthampton, MA).

atients [26,9]. Accumulating reports of increased prevalence of
PN in people with mild glucose intolerance and/or fasting hyper-
lycemia (see [24]), further suggest that some symptoms of this
isease may be triggered by conditions other than chronic hyper-
lycemia. Identification of these non-glycemic triggers of DPN is of
bvious importance [6].

Studied in this work, pain on pressure is the sign of abnormal
ensitivity of group III and IV muscle nociceptors [23,13] that cor-
elates with the presence of deep chronic aching pain symptom of

PN in people with diabetes [17]. It is also one of most consistent

igns of DPN observed in rat models of overt hyperglycemia and
ype 1 and 2 diabetes [30,31,29,21]. Specifically after about 6 weeks
f diabetes, PPT were decreased in Sand rat (Psammomys obesus) to
bout 80% and in ZDF rats to about 70% of respective age-matched

a
t
f
h
p

ed lines in (C) and (D)) for pre-diabetes and 2-h glucose in OGTT for pre-diabetes
o the data Gaussian curves (Origin 7.0 Non-linear fit tool, OriginLab Corporation,

ontrols [31,29]. Our study, in which PPT of ZDF rats was 71 ± 3% of
hat measured in ZL rats (Fig. 1E), confirms these observations. The
ovel finding of our work is this level of increased pressure pain

s maintained in ZDF rats starting during pre-diabetes and with-
ut detectable changes during the progression of ZDF animals from
lucose-tolerant to intolerant state and then to overt hyperglycemia
nd diabetes. Exaggerated sensitivity to pressure was also found in
tably pre-diabetic, ZF rats displaying mild fasting hyperglycemia
nd glucose intolerance but without progression to diabetes (Fig. 1E

nd F, mean PPT in ZF rats is 84 ± 4% of that in lean animals). Impor-
antly, questioning the role of post-prandial hyperglycemia as a
actor (see [24]), while as compared to ZF animals, young ZDF rats
ad lower peak glucose in FTT they manifested stronger pain on
ressure. Thus these data support the existence of non-glycemic
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riggers of certain aspects of diabetic impairment of function of
NS [6,11]. Finally, the point of mild degree of impairment of glucose
etabolism in pre-diabetic Zucker rats was emphasized repeatedly

hroughout the paper. Indeed, clinical pre-diabetes is defined as a
tate of impaired fasting glucose and/or impaired glucose tolerance
fasting or 2-h OGTT plasma glucose >5.6 or 7.9 mM, respectively
2]) and in none of studied ZF or young ZDF rats fasting glucose or
eak post-meal glucose has reached these limits (dashed lines in
ig. 1B and D). The important implication of this observation is that
n the natural history of diabetes, some pro-neuropathic conditions

ay exist as early as at the time of “pre-clinical” pre-diabetes.
Considering the putative reason for PPT differences detected in

his study, it is important that Zucker lean, fatty and diabetic fatty
ats are genetically uniform animals with exception of the presence
r absence of two independent autosomal recessive genetic defects
10]. First defect is homozygous, fa/fa leptin receptor mutation
eading to obesity, peripheral insulin resistance and compensatory
yperinsulinemia. Unlike Fa/Fa or Fa/fa (ZL rats), both ZF and ZDF
nimals have the fa/fa genotype and, starting at 3–4 weeks of age,
nsulin resistance. The second defect is a deficiency in �-cell gene
ranscription, which when occur on a background of fa/fa genotype
esults in failure of compensatory insulin production and progres-
ion of the disease to the stage of overt hyperglycemia (inbred from
F-strain ZDF rat [10,27,8,3]. Thus, insulin resistance appears as a
ajor common denominator distinguishing studied in this work

–10 week-old ZF and ZDF rats from their lean counterparts. Pres-
ure pain develops in STZ-rat models of type 1 pre-diabetes and
iabetes, and in these models it was attributed to the direct effect
f declining action of insulin in peripheral nervous system [6,21].
y analogy, it can be suggested that pressure hyperalgesia in type
pre-diabetes results from peripheral insulin resistance and the

ailure of targeting glucose homeostasis compensatory insulin pro-
uction to meet the requirements of insulin-resistant PNS [6]. This
uggestion however, requires verification by PPT measurements in
ther rat models of insulin resistance, such as female ZDF rats that
rogress from pre-diabetes to overt diabetes when maintained on
igh-fat diet only [5] or perhaps more importantly in an outbred
Sprague–Dawley, for example) rat with diet-induced insulin resis-
ance [18]. Furthermore, the role of other non-glycemic factors, such
s nerve effects of dyslipidemia, hyperinsulinemia and declining
upport by insulin-like growth factors (reviewed in [6,11]), has not
een addressed in our work and awaits future studies in Zucker and
ther rat models of type 2 pre-diabetes and diabetes. Finally our
ork was focused on the measurements of PPT and pre-diabetic

ge of ZDF rats. Therefore, further studies in ZDF rats are needed
o determine if prolonged period of overt hyperglycemia may aug-

ent pre-diabetic, non-glycemic pressure pain and to assess the
ole of glycemic and non-glycemic factors in the pathogenesis
bserved in ZDF rat manifestations of DPN other than mechani-
al hyperalgesia such as the slowing of nerve conduction velocity
nd heat hypoalgesia [15,16]).
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