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Summary. Diabetic neuropathy is associated with some early 
defects of axonal transport in experimental animals. Axonal  
transport is dependent  on intact microtubules, and unsub- 
stituted lysine residues of tubulin are essential for microtu- 
bule polymerization. As lysine residues are the major target 
for the non-enzymatic attachment of glucose, the effect of 
diabetes on the extent of glycation of tubulin was investi- 
gated. There was a more than four-fold increase in the extent 
of glycation of tubulin in the sciatic nerve of rats with strepto- 
zotocin-induced diabetes of 2 weeks duration compared with 
control rats. In contrast, no such increase in glycation was ob- 

served in brain microtubule protein from diabetic rats at that 
stage of diabetes. Incubation of brain microtubule protein 
with glucose prior to in vitro polymerization showed that the 
early stages of glycation were not associated with inhibition 
of microtubule assembly. The observed glycation of periphe- 
ral nerve tubulin in early experimental diabetes may never- 
theless contribute to axonal transport abnormalities through 
an as yet undetermined impairment of microtubule function. 
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Non-enzymat ic  glycation of  per ipheral  nerve prote in  is in- 
creased in exper imental  diabetes [1]; however  the precise 
nerve proteins  undergoing  glycation have not  been  char-  
acterised. 

Certain aspects of  axonal  t ranspor t  are compromised  at 
an early stage in the diabetic rat [2, 3]. Fast  an te rograde  and 
re t rograde  axonal  t ranspor t  are dependen t  on intact 
microtubules  [4], while slow axonal  t ranspor t  involves 
m o v e m e n t  o faxona l  microtubules  or  their subunit  proteins 
[5]. Williams et al. [6] descr ibed a significant increase in the 
extent  of  glycation of  rat brain microtubule  protein,  and an 
associated decrease  in in vitro polymer iza t ion  of microtu-  
bule prote in  after s t reptozotocin-diabetes  of  unspecified 
durat ion.  We sought  to determine if such an increased gly- 
cation was found  in per ipheral  nerve as early as 14 days 
after s t reptozotocin- induced diabetes, a t ime when the first 
axonal  t ransport  abnormali t ies  are known  to occur. 

Materials and methods 

Induction of  diabetes 

Diabetes was induced in female Wistar rats (weight 200-250 g) by a 
single intraperitoneal injection of 60 mg/kg streptozotocin. Rats 
with a non-fasting blood glucose > 15 mmol/1 were considered to be 
diabetic. 

Preparation of  tubulin from rat sciatic nerve and brain 
and measurement of glycation 

Fourteen days after injection of streptozotocin, diabetic and age- 
matched control rats were killed and one sciatic nerve (30-50 mg wet 
weight) from each animal was homogenized in 1 ml of ice-cold 
0.1 mmol/1 sodium phosphate buffer, pH 7.0. Brain microtubule pro- 
teins were also prepared up to a first cycle of polymerization, as for 
pig brain (see below). The homogenates were then incubated with 
I mg sodium borohydride (NaB3H4), specific activity 5-20 Ci/mmol 
(Amersham International plc, Amersham, Bucks., UK) for 40 min 
at room temperature. The reduced homogenates were dialysed to 
remove unbound radioactivity and the proteins separated by two- 
dimensional polyacrylamide gel electrophoresis by the method of 
O'Farrell [7], first on isoelectric focussing rod gels pI gradient 5-7 
then on 1.5 mm thick, 6-14% gradient polyacrylamide slab gels. Pro- 
teins were visualised by silver staining. Spots corresponding to c~- 
and [3-tubulin [8] were cut from the gel and the gel pieces heated at 
55~ in 0.5 ml 30% hydrogen peroxide overnight to elute the pro- 
teins. Samples (0.5 ml) were incubated in 0.5 mi 6 mol/I HC1 in 
sealed, evacuated tubes at 110~ for 12 h. The resulting amino acids 
were dissolved in 0.5 m125 mmol/1 sodium phosphate buffer, pH 9.0. 
Aliquots were counted to determine total radioactivity and the re- 
mainder was applied to a 1 ml column of Affi-ge1601 (Bio Rad, 
Hemel Hempstead, Hefts., UK). A first fraction, containing non- 
specific amino acid-bound radioactivity, was eluted with 50 ml of 
25 mmol/1 phosphate buffer pH 9.0. The second fraction, containing 
the radiolabelled, borohydride-reduced glycated amino acids, was 
eluted with 50 ml 25 mmol/1 HC1. Aliquots of each fraction were 
analysed by liquid scintillation counting. 
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Purification of pig brain microtubule protein and in vitro 
polymerization 

Pig brains were homogenised in a buffer consisting of 100 mmol/1 
piperazine-N, N'-bis(2-ethane) sutphonic acid (PIPES); 1 mmol/1 
MgC12; 1 mmol/1 ethylene glycol-bis(-aminoethylyether) N, N, N ~, 
NLtetraacetic acid (EGTA), pH 6.8 (buffer A) at 4~ The resulting 
homogenate was centrifuged at 75,000 g for i h at 4~ The superna- 
tant obtained was incubated with a half-volume of 100% glycerol 
and 0.5 mmol/1 GTP for 20 rain at 37~ to permit a first cycle of 
microtubule polymerization, and then centrifuged at 85,000 g for 
1.5 h at 37~ The resulting pellet of microtubule protein was resus- 
pended, incubated on ice for 30rain and then centrifuged at 
100,000 g for 30 min at 4~ GTP was added to 0.5 ml samples of the 
ensuing supernatant, to a final concentration of 1 mmol/1, and the 
polymerization into microtubules was measured at 37~ as an in- 
crease in optical density of the solution at 350 nm in a Cecil CE599 
automatic spectrophotometer. The change in optical density was fol- 
lowed during up to three further cycles of temperature-dependent 
polymerization, in the presence or absence of 20 mmol/1 glucose, 
either added directly or i h previously and maintained at 37~ 

Statistical analysis 

Differences in glycation of tubulin between control and diabetic rats 
were analysed statistically by the Mann-Whitney U-Test. Differen- 
ces in extent of assembly were analysed by Student's t-test for un- 
paired data. 

Results 

Extent of glycation of  sciatic nerve and rat brain tubulin 
in control and 14-day diabetic rats 

M e a n  b l o o d  glucose af te r  14 days  of  d iabe tes  was 
19.0 + 6.2 mmol/1 c o m p a r e d  to  tha t  of  the  con t ro l  rats  at 
6.0 + 0.6 mmol/1 ( m e a n  + SD, n = 5 in each  group) .  

The  ex ten t  of  g lyca t ion  of  tubu l in  was expres sed  as dis- 
in tegra t ions  pe r  minu te  (dpm)  in the  g lyca ted  f rac t ion  as a 
% of  the  to ta l  radioact iv i ty ,  and  is shown in F igu re  1. 
T h e r e  was a s ignif icant  increase  in the  ex ten t  of  g lyca t ion  
of  tubu l in  in the  sciatic ne rve  of  rats  af ter  14 days  of  s t rep-  
t ozo toc in -d i abe t e s  (p < 0.005) 

T h e  g lyca t ion  of  the  once -cyc led  p r e p a r a t i o n  of  ra t  
b ra in  m i c r o t u b u l e  p ro t e ins  was expres sed  as d p m  in the  
g lyca ted  f rac t ion  p e r  ~tg pro te in ,  since the re  was a d e q u a t e  
p r o t e in  for  it to be  assayed  in this case. G lyca t ion  of micro-  
tubule  p ro te ins  f rom cont ro l  rats  was 50 + 15 and f rom 
d iabe t ic  rats  was 42 + 8 d p m / g g  p ro t e in  (mean  + SD, 
n : 5 ) .  

The effect of  preincubation with glucose on the in vitro 
assembly of pig brain microtubule protein 

T h r e e  samples  were  ana lysed  concur ren t ly  each  t ime  for 
the effects of  g lucose  on mic ro tubu l e  assembly.  The  re-  
sults a re  shown in F igure  2. T h e r e  was no  signif icant  effect  
on porc ine  m i c r o t u b u l e  a s sembly  of  p r e i n c u b a t i o n  with 
20 mmol/1 glucose.  Iden t i ca l  da t a  were  found  with  a ra t  
m ic ro tubu l e  p r e p a r a t i o n  (results  not  shown).  
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Fig.1. Tubulin was purified from control [ ]  and streptozotocin- 
diabetic [ ]  rat sciatic nerve by two-dimensional polyacrylamide gel 
electrophoresis, reduced with NaB3H4 and the glycated and non@y- 
cated amino acids separated by phenylboronic acid chromatography. 
Glycation is expressed as disintegrations per minute (dpm) eluted in 
the fraction that contains glycated amino acids as a % of the total 
bound radioactivity. Results are means _+ SD, n = 5 in each group. 
There is a significant increase in glycation of tubulin after 2 weeks of 
streptozotocin-diabetes (p < 0.005) 
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Fig.2. Microtubule protein was purified from pig brain and incu- 
bated for 1 h in the absence or presence of glucose. Polymerization 
was measured spectophotometrically. Three samples were run con- 
currently in each experiment; microtubute protein alone [~, micro- 
tubule protein with glucose added to a final concentration of 
20 mmol/1 [ ]  and microtubule protein incubated with 20 mmol/1 glu- 
cose for I hour [] .  Results are expressed as mean optical density 
change + SEM for eight experiments using two different microtu- 
bule preparations 

Discussion 

Previous  w o r k  by  Vlassa ra  and  co -worke r s  [1] e s t ab l i shed  
an a lmos t  th ree - fo ld  increase  in the  ex ten t  of  g lyca t ion  of  
p e r i p h e r a l  ne rve  p ro t e in  of  ra ts  with d i abe te s  of  3 mon ths  
dura t ion ;  the  m e t h o d s  used  were  the  same  as those  used  in 
this work.  A m i n o  acid  analysis  has p i n - p o i n t e d  the  m a j o r  
site of  g lyca t ion  to be  lysine res idues  [1, 9]. We found  the  
p r o p o r t i o n  of  sciatic nerve  tubu l in  g lyca ted  in d iabe t ic  
rats  to be  nea r ly  five t imes  tha t  in con t ro l  rats,  a l though  
the  pa r t i cu la r  amino  acid res idues  invo lved  were  not  
ident i f ied .  

Mic ro tubu le s  a re  essent ia l  for  axona l  t ranspor t ,  a p ro-  
cess k n o w n  to be  af fec ted  by  as ear ly  as 14 days  of  ex- 
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perimental  diabetes [2, 3]. Highly reactive lysine residues 
are essential for assembly of tubulin into microtubules, 
and their substitution prevents assembly [10, 11]. We have 
now provided direct evidence of an increase in the extent 
of glycation of peripheral  nerve tubulin after 2 weeks of 
experimental  diabetes, at a time when axonal t ransport  
abnormalities are known to occur. We were unable, how- 
ever, to detect any increased glycation of rat brain micro- 
tubule proteins at that stage of diabetes. This is in contrast 
to the work of Williams et al. [6], who showed an increased 
glycation of rat brain microtubule proteins and implied 
that even the early stages of glycation impair microtubule 
assembly. The difference f rom our results may be that, at 
14 days of diabetes, peripheral  nerve tubulin is glycated 
while brain microtubule proteins are not. However,  the 
method those authors used for measuring glycation i. e. by 
incubation with NaB3H4 followed merely by dialysis and 
scintillation counting measures not only reduced keto- 
amine bonds but also fatty acid esters and peptide bonds. 
Because the bulk of the radioactivity is thus non-specific, 
it is necessary to separate the glycated amino acids by phe- 
nylboronic acid chromatography [1]. 

Equally, we have found no evidence that the early 
stages of glycation of brain microtubule proteins in vitro 
produced by incubation of proteins with up to 20 mmol/1 
glucose, affect the assembly into microtubules. The 
method used for the measurement  of microtubule assem- 
bly in this case was the same spectrophotometr ic  one de- 
scribed by Williams et al. [6]. Their  preparations,  however, 
displayed kinetic propert ies which have not been ob- 
served in this laboratory, nor described previously in the 
literature, namely a lag time before polymerization com- 
menced of approximately 12 min. Longer  incubation peri- 
ods with glucose, to effect a greater  degree of glycation, 
were not possible due to the inherent instability of tubulin 
whilst in solution. Thus, although we showed, as did Wil- 
liams et al. [6], that some glucose had been incorporated 
into the porcine microtubule protein preparat ion after in- 
cubation for 1 h (own unpublished data), we were unable 
to demonstrate  that this early Schiff base formation inter- 
feres with the in vitro polymerization of tubulin into 
microtubules. 

The extent to which an increased glycation of periphe- 
ral nerve tubulin would interfere with axonal transport  re- 
mains to be determined.  Recent  work by Abba te  et al. [12] 
suggests that fast anterograde transport  is unaffected and 
retrograde transport  only slightly affected in the sciatic 
nerve of diabetic rats. The in vitro conditions of their study 
might permit  a reversal of short- term influences on trans- 
port  that would exist in vivo, but not, presumably, a rever- 
sal of non-enzymatic glycation. Tubulin glycation may, 
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however, contribute to the rather more clearly defined 
changes in slow transport  of cytoskeletal proteins in ex- 
perimental  diabetes [3, 13] that may be related to reduced 
axon diameter. 
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