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Abstract

Allodynia is a common feature of painful diabetic neuropathy. This phenomenon appears to be under endogenous noradrenergic control

and can be ameliorated effectively by a2 -adrenoceptor agonists. Accordingly, diabetic lumbospinal noradrenergic dynamics was evaluated

using high performance liquid chromatography with electrochemical detector (HPLC-ECD), in vitro ligand binding and RT±PCR-based

techniques. Streptozotocin (STZ)- treated and Goto±Kakizaki (GK) diabetic rats were included, respectively, as models for type I (insulin -

dependent) and type II (non- insulin -dependent) diabetes mellitus. The data from these studies revealed that lumbospinal norepinephrine

(NE) release, as indicated by the 3-methoxy-4-hydroxyphenyl glycol (MHPG)/NE ratio, was decreased as a function of diabetes. Similarly,

the binding density of [3H] p - aminoclonidine and the level of expression of mRNA transcripts encoding for the a2A -adrenoceptor subtype

and noradrenergic transporter were also reduced in this disease state. Analogous findings were obtained in non-diabetic Wistar rats rendered

hypercortisolemic by the subcutaneous implantation of slow releasing pellets containing a supraphysiological dose of glucocorticoid (GC).

Tactile allodynia was consistently observed in STZ- and GC- treated animals. The responsiveness of a2 -adrenoceptors to idazoxan (a2 -

adrenoceptor antagonist) indicated a dose-dependent enhancement of noradrenergic transmission in lumbar segments of normal spinal cord.

In stark contrast, this neurochemical action of idazoxan was attenuated in diabetic and hypercortisolemic animals. The institution of insulin

therapy ameliorated diabetes - related abnormalities in lumbospinal noradrenergic dynamics. Overall, the current finding suggests that

diabetic and hypercortisolemic allodynic symptoms may stem from, at least in part, down- regulation of a2 -adrenoceptors in these disease

states. D 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Dysfunction of sensory motor and autonomic neurons is

a consistent feature of long- term diabetic complications

[28]. Muscle atrophy and weakness, decreased motor ability,

impotence, allodynia and hyperalgesia [in response to both

non-noxious (thermal and mechanical) and noxious (ther-

mal, mechanical and chemical stimuli) are problems often

encountered during the course of diabetes [16,28,58,63,65].

A common anatomical site location for these diabetes-

related deficits is the spinal cord, since it represents the

main highway for the conduction of peripheral information

and central commands. In addition, the spinal cord is

involved in integrating nociceptive, proprioceptive as well

as mechanoreceptive functions. While information regard-

ing spinal cord function in diabetes is somewhat limited, a

number of studies have reported a reduction in axonal

content of neurofilaments and micro- tubules, loss of sy-

napses, dwindling of axonal diameters, a decrease in axonal

transport and an impairment of nerve conduction velocity

[2,13,16,24,46].

Bulbospinal monoaminergic descending inhibitory path-

ways emanating from the parabrachial nuclei, locus coer-

uleus (norepinephrine, NE) and medullary±pontine raphe

nuclei (serotonin) modulate pain transmission within the

spinal cord [8,26,45,67,68]. For example, stimulation of

discrete sites in the brain promotes spinal release of NE with
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consequent blockade of spinal nociceptive reflexes [30].

This analgesic action is thought to be mediated by NE-

related activation of dorsal horn a2-adrenoceptors [39,61],

of which four subtypes have recently been identified a2A,

a2B, a2C and a2D [40,52]. The a2D-adrenoceptor subtype

was determined to be a rat homologue of the human a2A-

adrenoceptor. Indeed systemic and intrathecal administra-

tion of a2-adrenoceptor agonists including clonidine and

dexmedetomidine have been shown to elevate nociceptive

thresholds both in human and animal models of pain

[18,41±43].

The pivotal role of NE in modulating pain transmission

was further corroborated by a previous report indicating

that the mechanical and thermal allodynia observed in the

spinal nerve ligation model of neuropathic pain are under

endogenous, noradrenergic control [69]. In this connection,

both tricyclic antidepressants, inhibitors of NE reuptake

and the a2-adrenergic agonists have been shown to be

effective in attenuating the associated neuropathic pain of

ligated nerves and diabetes [23,70,71]. In view of the

information summarized above and in consideration of

numerous experimental and clinical data documenting that

the diabetic state is associated with both thermal and tactile

allodynia [16], as well as a deficit in central noradrenergic

function [4,6], a hypothesis was formulated stating that

certain features of diabetic neuropathic pain may involve

an aberration in lumbospinal a2-adrenoceptors. As a first

step toward garnering relevant data regarding the above

proposal, we conducted a neurochemical study of the

lumbospinal noradrenergic system during diabetes. In addi-

tion, the response of this system to the selective a2 -

adrenoceptor antagonist idazoxan was also addressed.

Streptozotocin (STZ)- treated Wistar and Goto±Kakizaki

(GK) rats were used, respectively, as models of type I

(insulin-dependent) and type II (non- insulin-dependent)

diabetes mellitus.

2. Materials and methods

2.1. Animals

GK spontaneously diabetic and age-matched Wistar rats

(Kuwait University breeding colony) were housed on a 12-

h light±dark cycle (lights on from 0600 h). The ambient

temperature was kept at 22°C and the rats had free access

to standard laboratory food and tap water. At all times the

rats were handled in accordance with the ethical guidelines

for investigations of experimental pain in conscious ani-

mals [72].

2.2. Diabetes induction, insulin and steroid treatment

Diabetes was induced in male Wistar rats by an intrave-

nous (i.v.) injection of STZ (55 mg/kg b.wt) dissolved in

0.05 M sodium citrate buffer pH 4.5; control rats received

buffer alone by the same route. Diabetic animals were

randomly subdivided into two groups, with one group

receiving no antidiabetic treatment while the other was

subjected to daily subcutaneous injection of 5±8 U of a

mixture of crystalline zinc insulin / lente insulin at a ratio of

1:3. The insulin regimen was started 3 days after the STZ

injection and continued throughout the experimental period.

The dose of insulin was determined on the basis of the daily

urine and weekly blood tests of glucose. An additional

group of non-diabetic Wistar rats were rendered hypercor-

tisolemic by the subcutaneous implantation of slow-releas-

ing pellets containing glucocorticoid (GC). The pellet was

calibrated to release GC at a rate of 6.7 mg/day for 30 days.

This supraphysiological dose of GC has been shown in our

laboratory to reduce thymus tissue weight and increase

hepatic activity of tryptophan pyrrolase, a heme-containing

enzyme that is inducible by ethanol and GCs [27,33].

2.3. Assessment of noradrenergic dynamics

2.3.1. Tissue preparation

Animals derived from various experimental groups were

fasted for 6 h before sacrifice by decapitation. Blood was

collected into heparinized tubes, centrifuged at 3000 � g for

15 min and the plasma used for the measurement of insulin

and glucose concentrations. Spinal cord was obtained by

transecting the vertebral column at the level of the caudal

equina and applying hydraulic pressure to the caudal open-

ing of the spinal cord column with a saline-filled 20-ml

syringe connected to an 18-gauge needle. Following re-

moval, the spinal cord was chilled on an ice-cold glass

plate. Two slices of the middle portion of the lumbar

enlargement containing segments L5 and L6 were used for

catecholamine analysis and RNA isolation. The rest of the

spinal cord was used for the assay of ligand binding in vitro.

The above measurements were also conducted on other

areas of the central nervous system (CNS) including hy-

pothalamus, hippocampus and brain stem.

2.3.2. Drug treatment and NE metabolism

Several doses of idazoxan were evaluated in preliminary

experiments based on previously published data [37]. The

selected doses are in the range of effective concentrations

under the threshold to produce behavioral side effects.

Animals derived from various experimental groups were

injected i.p. with doses of idazoxan, dissolved in physiolo-

gical saline (2.5, 5, 10 and 20 mg/kg b.wt). Sixty minutes

later, animals were sacrificed and spinal cord and brain were

processed as described above.

Measurement of NE and 3-methoxy-4-hydroxypheny

glycol (MHPG) concentrations in discrete areas of the brain

and spinal cord was performed by high pressure liquid

chromatography with electrochemical detection (HPLC-

ECD, BAS 200B, West Lafayette, IN) [5]. On the day of

the assay, samples were thawed and sonicated (550 Sonic

Dismembrator, Fischer Scientific) in 10 volumes (w/v) of
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0.1 M sodium acetate buffer pH 5.0 containing 5 U/ml

ascorbic acid oxidase and 20 ng/ml of dihydroxybenzyla-

mine (DHB) as an internal standard. This enzymatic addi-

tion markedly reduced the front peak, thus making the first

peak representing MHPG more readily detectable. An

aliquot (100 ml) of the tissue homogenate was incubated

with 25 ml of sulfatase (15 mg/ml, Sigma, St. Louis, MA) at

37°C for 2 h, in order to liberate conjugated MHPG into its

free form so that it could be detected under our chromato-

graphic conditions. The reaction was terminated by the

addition of enough perchloric acid to establish a final

concentration of 0.05 M. To maximize protein precipitation,

samples were incubated overnight at 4°C and then centri-

fuged at 15000 � g for 20 min. The resulting supernatants

were filtered and 20 ml was injected onto a C-18 reverse-

phase column (Waters, Nova-Pak, 150 � 3.9 mm, 4 mm

spheres). The pellets were dissolved in 0.5 M NaOH and

assayed for protein. The HPLC mobile phase consisted of a

mixture of 0.02 M sodium citrate, 0.01 M sodium phos-

phate, 0.003 M octanesulfonic acid, 0.003 M hexanesulfo-

nic acid and 0.15 mM EDTA. A total of 5 ml of o -

phosphoric acid (85%) and 3.0 ml of diethylamine were

added per liter of solution. The final isocratic solvent was a

combination of 98.4% of the former solution, 1.2% acet-

onitrile and 0.4% methanol at a pH of 3.1. This mobile

phase was filtered and degassed using a solvent filtration

apparatus with GS 0.22 mm (pore size) Millipore filters

(Waters, Milford, MA). Subsequently, it was sparged with

helium continuously and recirculated through the HPLC

system. The EC detector was a LC-4B electronic controller

(BAS) with a dual glassy carbon working electrode. The

applied potential was + 0.75 V versus an Ag/AgCl refer-

ence electrode with the sensitivity set at 1 and 2 nA. NE and

MHPG concentrations were established from the peak area

ratio using an internal /authentic standard and the external

program (Chromgraph Report 4.0). Retention times in

minutes were: MHPG, 1.95; NE, 2.33.

2.3.3. Receptor binding

Spinal cord tissue was thawed and homogenized in ice

cold 0.32 M sucrose±0.05 M Tris pH 7.4 (1:10 w/v) and

centrifuged at 1000�g for 10 min. The supernatant was

removed, stored on ice and the resulting pellet was re-

homogenized in Tris buffer and centrifuged at 1000 � g

for 10 min. The synaptosomes remaining in the combined

supernatant were pelleted by a subsequent centrifugation at

30,000�g for 20 min. The pellet was washed in 10

volumes of fresh buffer (50 mM Tris±HCl buffer pH 7.4

containing 1mM MgCl2) and recentrifuged. The final pellet

was resuspended in the same buffer (equivalent to 15 mg

wet weight of tissue/ml) and used immediately in the

binding assays [32]. All centrifugations were carried out at

4°C. [3H]p -aminoclonidine was added to the synaptoso-

mal preparation, which contained 300±400 mg protein in 1

ml binding buffer (50 mM Tris±HCl pH 7.4 and 1 mM

MgCl2) to provide a final concentration of 0.1±5 nM

[3H] p -aminoclonidine. The binding was allowed to reach

equilibrium at 22°C for 45 min. Nonspecific binding was

determined using 10 mM phentolamine. The membranes

were separated by filtration with a Whatman GF/B filter

and washed twice with 5 ml of ice-cold buffer (50 mM

Tris±HCl pH 7.4 and 1 mM MgCl2). Radioactivity bound

to the membrane was determined by liquid scintillation

counting using Beckman ready made scintillation cocktail,

with an efficiency of 45%.

2.3.4. RNA isolation and reverse transcriptase±polymerase

chain reaction (RT±PCR)

Total cellular RNA was isolated from sections of spinal

cord lumbar enlargement containing segments L5 and L6

using the acid guanidinium isothiocyanate±phenol-chloro-

form method of Chomczyaski and Sacchi [15]. Briefly,

tissue (100 mg) was homogenized in 1 ml of denaturing

solution consisting of 4 M guanidinium isothiocyanate, 0.25

M sodium citrate pH 7.0, 0.5% sarcosyl and 0.1 M 2-

mercaptoethanol. RNA was extracted with a mixture of 3 M

sodium acetate pH 4.5, phenol and chloroform-isoamyl

alcohol. 49:9. The RNA contained in the aqueous layer

was precipitated with 70% ethanol and the final RNA pellet

dissolved in water. The optical density at 260 nm was

determined to estimate the amount of total RNA before it

was used in RT±PCR.

DNase- treated RNA from the lumbar enlargement of the

spinal cord was used as the template for the first strand

cDNA synthesis. Aliquots (4 mg) of total RNA were

annealed with 1 mM of oligo d(T) 16 primer (Perkin Elmer,

Madison, WI) by heating for 10 min at 70°C followed by

slow cooling to 37°C. RT reactions were carried out in a

total volume of 20 ml containing oligo dT-annealed RNA,

50 mM Tris±HCl, 75 mM KCl, 3.0 mM MgCl2, 10 mM

DTT, 1 mM each of dATP, dCTP, dGTP and dTTP (Phar-

macia, Sweden), 20 units RNA guard (Pharmacia) and 25

units Avian myeloblastosis virus reverse transcriptase (Phar-

macia). Extension was initiated at 42°C for 60 min and then

terminated at 80°C for 10 min.

PCR reactions were conducted in a total volume of 20 ml

containing 4 ml of the RT reaction product, 2 ml 10 � PCR

buffer (100 mM Tris±HCl, pH 8.3, 500 mM KCl), 1.5 mM

MgCl2, 0.2 mM NTPs, 1 unit DNA polymerase (Ampli Taq,

Perkin Elmer Cetus) and 50 pmol primer set specific for

a2A-adrenoceptor (forward primer, 50 -CGT GCT GGT TAT

TAT CGC AGT-30; reverse primer, 50 -CCC TTC TTC TCT

ATG GAG ATG-30) or noradrenergic transporter (NAT,

forward primer, 5-GCT TCT ACT ACA ACG TCA TCA

TC-3; reverse primer 5-CGA TGA CGA CGA CCA TCA

G-3). The oligonucleotide primers used to generate a 333-

bp (a2A-adrenoceptor) or 294 bp (NAT) fragment were

described previously [34,36].

The PCR amplification step was carried out using a

programmable Perkin Elmer Gene-Amp PCR-960. The

thermal profile includes denaturing at 94°C for 1 min,

(a2-adrenoceptor, histone, NAT) annealing at 57°C for 1
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min (a2-adrenoceptor, histone) or 2 min (NAT) and extend-

ing at 72°C for 1 min (a2-adrenoceptor, histone) or 2 min

(NAT). As a final extension step, the reaction was heated for

7 min at 72°C. Relative differences in gene expression were

determined after optimizing the following PCR conditions:

(1) The number of cycles for each primer set was carefully

selected such that the PCR products were within their linear

range (a2A-adrenoceptor, 32 cycles; NAT, 40 cycles; his-

tone, 22 cycles). 2) At the selected cycle number, different

amounts of total RNA were added to ensure that the

amplification of the specific PCR products were linear with

respect to input RNA. Negative controls included the

omission of RNA or reverse transcriptase. The PCR pro-

ducts were separated on ethidium bromide stained 2%

agarose gels and photographed by a gel documentation

system (BioMetra, Germany). Negatives were scanned on

a densitometer to obtain the area of the bands using

ScanPacK 3.0 gel analysis software (BioMetra). The results

are reported in relative densitometric units (arbitrary) in the

figures. Diabetes appears not to have any significant effect

on the house keeping gene histone. Thus, histone mRNA

was used as an internal standard to minimize the possible

sample to sample variability in the total cellular RNA

applied to the ethidium bromide stained agarose gel. The

level of a2A-adrenoceptor or NAT mRNA in the rat spinal

cord of different treatments is expressed as the ratio of a2A-

adrenoceptor or NAT mRNA to histone mRNA. Triplicate

quantification of the same total RNA sample from different

treatment groups showed a variability of 5±10% (mean

5.5%; n=8 per treatment group).

2.3.5. Pain test

Assessment of mechanical allodynia was achieved by

subjecting the dorsal surface of the animals' hind paw to

pressure from a von Frey monofilament. Rat vocalization or

paw withdrawal was recorded as a positive response.

2.3.6. Plasma glucose and insulin

Plasma glucose levels were measured with the o - tolui-

dine method [25]. Immunoreactive insulin was quantified by

radioimmunoassay using polyethylene glycol method with

rat insulin as a standard [21].

2.3.7. Protein

Tissue protein contents were determined as described

previously using bovine serum albumin as a standard [38].

2.4. Data analysis

The kinetic parameters (e.g. Kd and Bmax) of the satura-

tion binding data were analyzed using the Eadie±Hofstee

plot. Data on the effects of diabetes on spinal cord contents

of catecholamines, adrenoceptor binding and the abundance

of mRNA transcripts encoding for a2A-adrenoceptor and

NAT were analyzed by one-way or two-way ANOVA

followed by Tukey-Krmer's multiple comparison test. The

results of all statistical tests were considered significant if

p < 0.05. All values are reported as means � S.E.M.

3. Results

Physical and biochemical data revealed that the gain in

body weight of control Wistar and GK diabetic rats was,

respectively, about 28 and 26 g per week for a total duration

of 4 to 5 weeks. In contrast, the rate of growth was markedly

reduced in Wistar STZ-diabetic ( ÿ 5.8 g/week) and hy-

percortisolemic ( ÿ 10 g/week) animals. Plasma glucose

levels (mg/100 ml) were elevated in both STZ (STZ-D

475 � 33 vs. control 133 � 8) and GK (GK-D 326 � 20 vs.

control 133 � 8) diabetic rats. Hypercortisolemic Wistar rats

appeared to be normoglycemic. The plasma insulin level

(ng/ml) was not statistically different between the GK-D

and the corresponding control values (GK-D 1.29 � 0.18

vs. control 1.03 � 0.14). A marked decrease (0.32 � 0.07) in

the level of this hormone was evident, however, in the STZ-

D rats. Both diabetic and hypercortisolemic animals con-

sistently demonstrated tactile allodynia as reflected by the

response threshold to pressure exerted by a von Frey

monofilament (Fig. 1). Control animals tested concurrently

rarely showed any response to the von Frey filament below

the cut off of 80 g.

Diabetic and hypercortisolemic states appear to alter

several parameters of CNS noradrenergic dynamics. These

include (i) rate of NE release as reflected by the MHPG/NE

ratio, (ii) saturation isotherm of [3H] p - aminoclonidine

Fig. 1. Response threshold to von Frey filament stimulation of the hindpaw

of control and diabetic rats receiving placebo or drug treatment. Induction

of diabetes and hypercortisolemic state together with insulin treatment were

conducted as described in the legend of Table 1. Values are the

means � S.E.M. of at least eight animals /group. Abbreviations: Cont,

control; C - GC, glucocorticoid - treated control; STZ-D, streptozotocin -

treated diabetic; STZ- DI, insulin - treated diabetic; GK- D, Goto± Kakizaki

diabetic. * Significantly different from corresponding control values at

p < 0.05; y significantly different from corresponding vehicle - treated

diabetic at p < 0.05.
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binding to spinal cord synaptosomal preparation and (iii)

levels of expression of mRNA transcripts encoding for NAT

and a2-adrenoceptor. NE contents in lumbar segments of

the spinal cord of STZ-D and GK-D rats were increased by

17% and 32%, respectively, over their corresponding con-

trol values (Table 1). In stark contrast, a decrease in MHPG

level STZ-D (30%) and GK-D (35%) was evident in these

animals Table 1. The specific binding of various concentra-

tions of [3H] p -aminoclonidine (0.1±5 nM) to spinal cord

synaptosomal preparations appears to be a saturable process.

Eadie±Hofstee analysis of equilibrium isotherms revealed a

single class of binding sites with high affinity and low

capacity. Maximum binding (Bmax) of [3H] p -aminocloni-

dine to synaptosomal preparations from STZ-D and GK-D

rats was decreased, by 38% and 36%, respectively, as

compared to corresponding control values (Table 2). How-

ever, the dissociation constant Kd, was elevated but only in

the GK-D rats (Table 2).

The a2A -adrenoceptor subtype has been reported to

predominate in the spinal cord and also play a role in the

modulation of nociceptive impulses [35,44,49,53,59]. Thus,

it was measured in diabetes, together with NAT, using the

highly sensitive RT±PCR assay. Optical density -based

quantification of multiple PCR blots revealed that the

expression of lumbospinal mRNA transcripts encoding for

a2A-adrenoceptor and NAT was decreased as a function of

diabetes (Fig. 2). Although there are some pitfalls associated

with the RT±PCR assay, the conclusions derived from the

present experiments are supported by a number of controls.

(i) Under optimal conditions, only one PCR band was

visible on gels. (ii) The RNA samples used in the RT±

PCR reactions were free of carry-over or genomic DNA

contamination. For example, amplification of the negative

controls containing no reverse transcriptase or RNA re-

vealed no detectable PCR products. Most of the aforemen-

tioned neurochemical parameters in the STZ-D rats were

partially restored towards normal values following the

institution of insulin therapy (Tables 1 and 2 and Figs. 1

and 2).

Non-diabetic control animals rendered hypercortisole-

mic by the chronic administration of supraphysiological

doses of GC exhibited neurochemical features with high

degrees of resemblance to that seen with STZ-D and GK-D

rats. For example, MHPG/NE ratio, Bmax of p -aminoclo-

nidine and mRNA transcripts encoding for a2A-adrenocep-

tor subtype and NAT in hypercortisolemic animals were

Table 1

Lumbo-spinal NE metabolism in diabetic and hypercortisolemic states

Treatment

MHPG

( pmol /mg protein)

NE

( pmol / mg protein) MHPG/ NE

Cont 3.22 � 0.03 18.81 � 0.24 0.17 � 0.001

C- GC 2.73 � 0.05* 21.30 � 0.24* 0.13 � 0.006*

STZ- D 2.68 � 0.03* 22.02 � 0.18* 0.12 � 0.004*

STZ- DI 2.90 � 0.05 18.45 � 0.18y 0.16 � 0.001y

GK- D 2.72 � 0.04* 24.91 � 0.52* 0.11 � 0.003*

Diabetic and hypercortisolemic states in Wistar rats were induced,

respectively, by a single injection of STZ (55 mg/ kg, i.v.) and the

subcutaneous implantation of slow releasing pellet containing GC (6.7 mg /

day for 30 days). Insulin therapy consisted of daily subcutaneous injection

of 5 ±8 U of regular and lente insulin (1:3). HPLC- ECD based technique

was used to determine lumbospinal NE metabolism. All determinations

were done in duplicate, values are expressed as means � S.E.M. for at least

seven animals per treatment group. Abbreviations: Cont, control; C - GC,

glucocorticoid - treated control; STZ-D, streptozotocin - diabetic; STZ-DI,

insulin - treated diabetic; GK- D, Goto±Kakizaki diabetic.

* Significantly different from corresponding control values at p < 0.05.
y Significantly different from corresponding vehicle - treated diabetic

at p < 0.05.

Table 2

Spinal cord a2 - adrenoceptor binding in diabetic and hypercortisolemic

states

[3H] p - aminoclonidine

Treatment Bmax (fmol /mg protein) Kd (nM)

Cont 66.90 � 5.3 2.85 � 0.31

C- GC 47.53 � 7.6* 2.69 � 0.28

STZ-D 41.75 � 4.7* 2.73 � 0.22

STZ-DI 58.66 � 8.1y 2.97 � 0.44

GK- D 43.10 � 3.0* 0.63 � 0.29*

Induction of diabetes and hypercortisolemic states as well as insulin

treatment were conducted as described in the legend of Table 1.

Dissociation constant (Kd) and maximum binding capacity (Bmax) were

determined by Eadie± Hofstee analysis of specific [3H] p - aminoclonidine

binding. Values are expressed as means � S.E.M. from triplicates of at least

seven animals per group. Abbreviations: Cont, control; C - GC, glucocorti-

coid - treated control; STZ- D, streptozotocin - diabetic; STZ- DI, insulin -

treated diabetic; GK- D, Goto± Kakizaki diabetic.

* Significantly different from corresponding control values at p < 0.05.
y Significantly different from corresponding vehicle - treated diabetic

at p < 0.05.

Fig. 2. Densitometric analysis of mRNA expression of lumbospinal a2A -

adrenoceptor and NAT in diabetic and hypercortisolemic states. Induction

of diabetes and hypercortisolemic state together with insulin treatment were

conducted as described in the legend of Table 1. Values are the mRNA

levels relative to the house keeping gene histone. All were compared to the

control value that was defined as 1.0. Each value is the mean � S.E.M. for

three different RNA preparation, of six animals each. Abbreviations: Cont,

control; C - GC, glucocorticoid - treated control; STZ-D, streptozotocin -

treated diabetic; STZ- DI, insulin - treated diabetic; GK- D, Goto± Kakizaki

diabetic. * Significantly different from corresponding control values at

p < 0.05; y significantly different from corresponding vehicle - treated

diabetic at p < 0.05.
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reduced by 24%, 29%, 27% and 23%, respectively, when

compared to corresponding control values (Tables 1 and 2

and Fig. 2).

Hypoactivity of noradrenergic system in diabetic and

hypercortisolemic states is not limited to the lumbar seg-

ment of the spinal cord but extends to other areas of the

brain including the hypothalamus, hippocampus and brain

stem. For example, the rate of release of NE as indicated by

MHPG/NE ratios was reduced in the hypothalamus, hippo-

campus and brain stem of both animal models of diabetes

mellitus (Table 3). Similarly, these neurochemical changes

were also seen in non-diabetic Wistar rats rendered hyper-

cortisolemic with supraphysiological doses of GC. As in the

lumbar segment of spinal cord, insulin treatment partially

restored STZ-induced changes in brain noradrenergic me-

tabolism (Table 3).

The functional responsiveness of a2A-adrenoceptors was

examined in the context of idazoxan's ability to enhance NE

release as indicated by the MHPG/NE ratio. Idazoxan (2.5±

20 mg/kg, i.p.), 60 min post - injection, produced a dose-

dependent increase in NE release in normal spinal cord. The

minimum effective dose (lowest dose to produce a statisti-

cally significant effect) was 5 mg/kg (idazoxan 0.82 � 0.12

vs. vehicle 0.60 � 0.04, Fig. 3). A further elevation over

saline- treated values in MHPG/NE ratio was evident with

idazoxan at 10 mg/kg (58%) and 20 mg/kg (98%) (Fig. 3).

In stark contrast, the idazoxan-induced enhancement of

lumbospinal noradrenergic transmission was attenuated in

diabetic and hypercortisolemic animals (Fig. 3). Indeed,

over the dose range studied, only the highest dose (20

mg/kg) was effective in promoting NE release (Fig. 3).

4. Discussion

This study investigates lumbospinal noradrenergic dy-

namics under diabetic and hypercortisolemic states. HPLC-

ECD, in vitro radioligand receptor binding and RT±PCR-

based techniques were used, respectively, to assess the rate

of NE release, kinetic parameters (Bmax, Kd) of a2-adrenor-

eceptor functioning and the level of expression of mRNA

transcripts encoding for NAT and the a2A-adrenoreceptor

subtype. The data derived from these studies indicate that

lumbar segments of the spinal cord of both type I (STZ-

treated Wistar rats) and type II (GK) animal models of

diabetes mellitus were associated with several neurochem-

ical abnormalities including: (i) an increase in tissue content

of NE, (ii) a decrease in MHPG, a major metabolite of NE,

(iii) a reduction in the MHPG/NE ratio, an index of NE

turnover or release, (iv) a decrease in [3H] p -aminoclonidine

binding site density, and (v) a reduction in the level of

expression of mRNA transcripts encoding for a2A-adrenor-

eceptor and NAT. Most of these neurochemical changes also

exist in STZ-treated Sprague±Dawley rats [4] and they

were amenable to insulin therapy at doses that maintained

near-normoglycemia. Together, these findings rendered un-

likely the possibility that the abnormalities in CNS nora-

drenergic dynamics of Wistar and Sprague±Dawley rats

stemmed from the toxic effects of STZ.

Table 3

Brain norepinephrine -metabolism in diabetic and hypercortisolemic states

MHPG NE MHPG/NE

Treatment

HYP

( pmol /mg)

HIP

( pmol / mg)

BST

( pmol /mg)

HYP

( pmol /mg)

HIP

(pmol / mg)

BST

( pmol / mg) HYP HIP BST

Cont 19.4 � 0.3 8.9 � 0.4 6.7 � 0.2 88.3 � 5.0 34.9 � 0.6 28.8 � 0.5 0.22 � 0.02 0.25 � 0.01 0.23 � 0.02

C- GC 16.4 � 0.5* 6.4 � 0.3* 5.4 � 0.4* 97.0 � 2.3 40.5 � 0.6* 31.5 � 0.9 0.17 � 0.04* 0.16 � 0.01* 0.17 � 0.04*

STZ- D 16.0 � 0.9* 6.5 � 0.2* 5.4 � 0.4* 108.8 � 0.7* 50.1 � 1.8* 34.3 � 0.5* 0.15 � 0.01* 0.13 � 0.03* 0.16 � 0.02*

STZ- DI 18.8 � 1.2y 9.7 � 0.3y 6.5 � 0.3y 86.3 � 5.4y 36.3 � 0.8y 28.8 � 0.3y 0.22 � 0.01y 0.26 � 0.04y 0.23 � 0.01y

GK- D 14.50 � 0.5* 7.3 � 0.3* ND 106.8 � 4 44.1 � 3.0* ND 0.13 � 0.01* 0.16 � 0.01* ND

Induction of diabetic and hypercortisolemic states together with insulin treatment were conducted as described in the legend of Table 1. Values are

expresses means � S.E.M. of eight animals / treatment. Abbreviations: HYP, hypothalamus; HIP, hippocampus; BST, brain stem; Cont, control; C -GC,

glucocorticoid - treated control; STZ- D, streptozotocin - diabetic; STZ- DI, insulin - treated diabetic; GK- D, Goto± Kakizaki diabetic. ND, not determined.

* Significantly different from corresponding control value at p < 0.05.
y Significantly different from corresponding diabetic value at p < 0.05.

Fig. 3. Effect of idazoxan on lumbospinal MHPG/NE ratio in diabetic and

hypercortisolemic states. Induction of diabetes and hypercortisolemic state

together with insulin treatment were conducted as described in the legend of

Table 1. Lumbospinal MHPG/ NE ratio was determined 60 min after the

administration of saline or various doses of idazoxan (2.5 mg to 20 mg/kg).

Values are expressed as means � S.E.M.; n > 6 per data point. Abbrevia-

tions: Cont, control; C - GC, glucocorticoid - treated control; STZ - D,

streptozotocin - treated diabetic; STZ-DI, insulin treated diabetic; GK- D,

Goto± Kakizaki diabetic. * Significantly different from corresponding

saline - treated value at p < 0.05.
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The above neurochemical data observed in GK rats, a

new genetic model of non-insulin dependent diabetes, are

novel and to the best of our knowledge has not been

reported previously. No attempt was made in this study to

delineate whether hyperglycemia, shared by both animal

models of diabetes, hypoinsulinemia (STZ-D) or decreased

insulin sensitivity (GK) contributed to the diabetes -related

alterations in central noradrenergic dynamics.

Insulin- and non- insulin -dependent diabetes mellitus

exemplified, respectively, by the STZ-Wistar and GK rats,

appear to reduce the MHPG/NE ratio within the lumbar

segment of the spinal cord as well as in other brain areas

including hypothalamus, hippocampus and brain stem. The

MHPG/NE ratio reflects to a large extent the rate of release

of NE. In this context, an agonist such as clonidine, which

suppresses central NE impulse flow, has been shown to be

associated with a reduction in MHPG levels [9,54]. In

contrast, an increase in noradrenergic neuronal activity

produced by stress or the a2-adrenoreceptor antagonists

(e.g. yohimbine, idazoxan and piperoxan) resulted in a

marked elevation of neuronal tissue content of MHPG

[14,37,55,56,66]. Our data with Wistar STZ-D and GK-D

rats compare favorably with those previously reported in the

STZ Sprague±Dawley rats [4]. Together, these results are

consistent with the concept that diabetes -related suppres-

sion of NE release within the CNS is neither strain- nor

type-dependent.

Diabetes mellitus of both types appears to be associated

with a reduction in central NE release or turnover as

indicated by the MHPG/NE ratio. The cellular mechanism

responsible for the development of this phenomenon is yet

to be established. It has been reported, however, that the a2-

adrenergic autoreceptor modulates NE release in various

tissues, including the CNS, by means of a negative feedback

mechanism [60,64]. Indeed, a2-adrenergic agonists such as

clonidine and dexmedetomidine inhibited, whereas yohim-

bine and idazoxan enhanced, the release of NE from various

areas of the CNS [17,20,62]. Accordingly, it is reasonable to

suggest that diabetes- related suppression of noradrenergic

neuronal transmission may stem from an up-regulation of

the autoinhibitory a2-adrenoceptor. Our current data do not

support this proposition and clearly showed that binding

sites and a2-adrenoceptor mRNA levels are diminished

during diabetes. A plausible explanation for this incongruity

lies in the fact that diabetes may interfere with NE reuptake

mechanism, thus provoking transmitter accumulation in the

synapse and continued stimulation of a2 -adrenoceptors.

Consequently, down-regulation of a2-adrenoceptor would

ensue concomitantly with a decrease in the rate of NE

turnover. Indeed, the results regarding the lumbospinal

density of a2-adrenoceptors, MHPG/NE ratios and the

levels of mRNA transcripts encoding for NAT and a2A-

adrenoceptors give credence to the above suggestion. Alter-

natively, synaptic degeneration in diabetic spinal cord may

contribute, at least in part, to the above neurochemical

abnormalities including a decrease in the maximum binding

of a2-adrenoceptors and rate of release of NE. This view is

of interest in the light of previous studies showing that the

spinal cord of diabetics is accompanied by loss of synapses

and a reduction in axonal content of neurofilaments and

microtubules [2,13,16,24,46].

The functional responsiveness of lumbospinal a2-adre-

noceptors in diabetes was evaluated in the context of

idazoxan. This a2-adrenoceptor antagonist facilitates the

release of NE via the blockade of both somatodendritic and

terminal autoreceptors [22,57]. Idazoxan has a considerable

selectivity for the a2-adrenoceptor, with an affinity ratio of

about 30 for presynaptic a2-as compared to a1-adrenocep-

tors [22,48]. Our studies showing that idazoxan's ability to

enhance NE release was diminished as a function of

diabetes, favor the concept that a direct relationship exists

between a2-adrenoceptor sensitivity and idazoxan action on

NE release, at least as far as the lumbar segment of the

spinal cord is concerned. The observation of diabetes-

induced attenuation of idazoxan action on noradrenergic

transmission is reminiscent of that seen with the analgesic

and hyperalgesic action of clonidine and yohimbine, respec-

tively [7,29]. Additional studies are in progress to establish

a link between a2-adrenoceptor function, NE release and

GTP-binding proteins during diabetes. G-proteins serve as

intermediaries in transmembrane signal transduction of a2-

adrenoceptor [10].

A wealth of evidence indicates that GCs are implicated

in the regulation of noradrenergic systems within the CNS.

In this context, previous reports have shown that chronic

administration of a supraphysiological dose of GCs sup-

pressed yohimbine- induced release of NE in the hypotha-

lamus of conscious rats [47]. Similar data were obtained

with idazoxan in lumbar segments of the spinal cord

(present data). These findings suggest that hypercortisole-

mia negatively controls the expression of a2-adrenocep-

tors. In total agreement with this premise, our current

finding demonstrates a reduction in the binding sites and

mRNA levels of a2-adrenoceptor in non-diabetic hyper-

cortisolemic animals. By contrast, an adrenal deficiency

state appears to favor the expression of a2-adrenoceptors

[31,50]. In view of this information, it is possible to

champion the notion that the attenuation in idazoxan's

ability to enhance NE-release during diabetes is mediated

by GC. Support for this premise is related to the previous

experiment [3] and clinical data [11,51] that indicate that

the diabetic state is associated with hypercortisolemia.

Obviously, further studies aimed at counteracting the ex-

cessive action of GCs in diabetes are needed in order to

support or refute the above hypothesis.

Neuropathy is a common feature of both clinical and

experimental diabetes. This phenomenon is associated with

a variety of aberrant sensations including spontaneous pain,

allodynia and hyperalgesia [1]. Treatment such as topical

capsaicin and oral mexiletine are occasionally effective in

relieving pain but they exhibit a number of side effects, thus

restricting their use clinically [12,19]. Recent data showed,
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however, that certain symptoms of painful diabetic neuro-

pathy such as mechanical and cold allodynia are under

spinal noradrenergic control [69]. For example a2-adrener-

gic agonists as well as tricyclic antidepressants (inhibitors of

NE and serotonin reuptake) are effective in ameliorating

neuropathic pain [23,70,71]. Overall, the present findings

together with those reported previously suggest that diabetic

and hypercortisolemic allodynic symptoms may stem at

least in part from lumbospinal down-regulation of a2-

adrenoceptors. Obviously, further work is necessary to

address the potential involvement of the various subtypes

of a2-adrenoceptors in the diabetic and hypercortisolemic

models of neuronal sensitization. For example, would

chronic intrathecal administration of an antisense oligodeox-

ynucleotide probe specific for a selective a2-adrenoceptor

subtype (e.g. a2A-adrenoceptor) negate the anti -allodynic

activity of clonidine or dexmedetomidine?
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