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Summary 

Functional and structural neuropathy was examined in hyperglycemic (diabetic) BB rats maintained on small 
maintenance doses of insulin, hyperglycemic BB rats receiving no insulin, and BB rats in whom hypoglycemia 
was induced by the administration of excessive insulin doses. The data were compared with those of non- 
diabetic age- and sex-matched BB rats. Functional deficits and structural abnormalities were comparable in 
diabetic rats with and without insulin supplementation, suggesting that the generally necessary insulin dosing 
in this model does not per se account for the neuropathy. Hypoglycemic neuropathy was characterized by 
slowing of nerve conduction velocity, marked loss of anterior horn motoneurons and Wallerian degeneration, 
as well as loss of large myelinated fibers, suggesting a neuropathy involving predominantly motoneurons. 
Diabetic neuropathy was not associated with nerve cell loss but showed marked axonal atrophy involving 
predominantly sensory fibers. Thus, diabetic and hypoglycemic neuropathies are two distinguishable entities 
under strict experimental conditions, but may overlap in human diabetic subjects in whom tight insulin 
control is desirable. 
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Introduction 

Diabetic neuropathy in human subjects is associ- 
ated with impaired nerve conduction velocity and a 
spectrum of structural changes that include axonal 
degeneration, paranodal demyelination and loss of 
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myelinated nerve fibers, as well as endoneurial 

ischemic damage [l-9]. 

The spontaneously diabetic BB rat is an authentic 

model of human insulin-dependent diabetes melli- 

tus (IDDM) and as such develops the whole spec- 

trum of functional and structural changes seen in 

human diabetic neuropathy including nerve fiber 

loss and endoneurial ischemic lesions. We have pre- 

viously used this model extensively to investigate 

the nature of underlying metabolic and functional 

abnormalities in diabetic peripheral nerve and to 

correlate these changes with the development of 

subsequent structural abnormalities [lo--201. In 

brief, these studies have suggested that the initial 

metabolic defect. involving an activated polyol 

pathway, decreased rvzjao-inositol content and im- 

paired activity of (Na,K)-ATPase. via a protein ki- 

nase C defect, is a consequence of hyperglycemia, 

and precedes and conditions the development of 

structural diabetic neuropathy [IO,21 331. The 

nerve conduction slowing in the BB rat has been 

attributed to alterations in nerve Na and Na-related 

metabolism, secondary to impaired (Na,K)-ATPase 

activity, resulting in a selective nerve conduction 

block of large and rapidly conducting myelinated 

nerve fibers [11-l 31. Accompanying histologically 

demonstrated paranodal nerve fiber swelling has 

been associated with a fivefold elevation of intra- 

axonal Na concentration [12]. These metabolic. 

electrophysiological and structural abnormalities 

are completely reversed by vigorous insulin treat- 

ment within the first 6 weeks of diabetes [IO,1 31. 

A countervailing opinion. however, holds that 

the degeneration of peripheral nerve seen in the dia- 

betic BB rat may be a complication of insulin treat- 

ment rather than a manifestation of diabetes 

[24,25], since the diabetic BB rat generally requires 

small daily maintenance doses of insulin for its sur- 

vival [26,27]. However. a small percentage of dia- 

betic BB rats can be maintained at substantial hy- 

perglycemic levels for prolonged periods of time 

without exogenous insulin supplementation. prob- 

ably due to an incomplete immune-mediated de- 

struction of insulin secreting /j cells [26,27]. 

To assess the role of even small doses of exog- 

enous insulin in the development of diabetic poly- 

neuropathy in the BB rat, we compared functional 

and structural peripheral nerve abnormalities in 

diabetic BB rats receiving small daily insulin injec- 

tions, and those maintained at identical hypergly- 

cemic levels without exogenous insulin supplemen- 

tation. The nerve conduction and morphometric 

data obtained from these two diabetic groups were 

compared with those obtained from BB rats ren- 

dered hypoglycemic following excessive exogenous 

insulin administration, since previously reported 

abnormalities in insulin-treated diabetic rats [24,25] 

could represent hypoglycemic nerve damage. 

Material and methods 

Anirnuls 

Prediabetic male BB rats and age-matched non-dia- 

betes-prone male BB rats were obtained from the 

Department of Pathology, University of Massachu- 

setts, Worchester, MA (courtesy of Dr. A.A. Like) 

and maintained in individual air-filtered metabolic 

cages with ad libitum access to water and rat chow 

(Wayne Lab. Blox F-6, Wayne Laboratory Animal 

Diets, Wayne Feed Div., Winnipeg, MB, Canada). 

Body weight, urine volume, glucosuria and ketonu- 

ria (Test Tape, Eli Lilly Canada Inc., Toronto, 

Ont., Canada) were monitored daily, and blood 

glucose was measured in tail-vein blood samples by 

Ames Eyetone (Miles Laboratory, Ltd., Rexdale, 

Ont., Canada) every week, as previously described 

in detail [ 18,221. 

Diabetic unimuls (DI and DII) 
One group of five diabetic BB rats was treated with 

small daily doses of protamine zink insulin (PZI) 

(0.5 3.0 U/day) from onset of diabetes at 3 months 

of age to 9 months of age (DI). They were main- 

tained hyperglycemic at blood glucose levels greater 

than 17 mmol/l. A second group of four diabetic BB 

rats was maintained at hyperglycemic levels greater 

than 17 mmol/l from onset of diabetes at 3 months 

of age to 9 months of age without ever having re- 

ceived exogenous insulin supplementation (DII). 
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Hypoglycemic animals (HI and HII) 

In eight non-diabetic BB rats, age 8.5 months, hy- 

poglycemia was induced by four daily injections of 

PZI (0.5-4.0 U/day) in order to achieve and main- 

tain blood glucose levels at less than 3.0 mmol/l for 

6 days. Four animals were killed after 6 days of 

excessive insulin treatment (HI), and four animals 

were left untreated for an additional 7 days before 

sacrifice (HII). 

Controls (Ci 

A group of seven non-diabetic age- and sex- 

matched BB rats was used as non-diabetic controls 

(C) and killed at 9 months of age. 

Electroph~lsiological studies 

The day before sacrifice, animals were lightly an- 

esthetized with ethyl ether (Fisher Scientific Co., 

Fair Lawn, NJ). Motor nerve conduction velocity 

(MNCV) was determined non-invasively in the sci- 

atic-posterior tibia1 nerves in a temperature-con- 

trolled environment as previously described in de- 

tail [28]. The left sciatic-tibia1 conducting system 

was stimulated proximally at the sciatic notch and 

distally at the ankle via bipolar electrodes using su- 

pramaximal stimuli (8 V) from a Tektronix TM 501 

stimulator (Tektronix Inc., Beaverton, OR). 

Evoked muscle potentials were collected from the 

first interosseous space of the hind paw by a uni- 

polar platinum recording electrode and displayed 

on a Tektronix 511 storage oscilloscope. MNCV 

was calculated by subtracting the distal from the 

proximal latency measured in ms from stimulus ar- 

tifact to take-off of the evoked muscle potential. 

The difference was divided into the distance be- 

tween the stimulating electrodes measured in mm, 

yielding a value for nerve conduction velocity in 

m/s. 

Tissue collection 

Animals were anesthetized with sodium phenobar- 

bital (50 mg/kg body weight; i.p.) and killed by 

whole body perfusion with a 0.05 M cacodylate- 

buffered (pH 7.4) 2.5% glutaraldehyde fixative, 

which for hyperglycemic animals was adjusted to an 

osmolality of 500 mosmol with sucrose to achieve 

serum iso-osmolality. The right sural and tibia1 

nerves, the right spinal ganglion of L5 as well as the 

LS segment of the spinal cord were dissected and 

immersed in the same fixative for 334 h at 4°C. The 

specimens were post-fixed in cacodylate-buffered 

1% osmium tetroxide (pH 7.4) for 2 h at 4°C and 

dehydrated through an ascending series of ethanol. 

The proximal 334 mm of the surai and tibia1 nerves 

were used for teased fiber preparations in Epon [16]. 

The remaining sural and tibia1 nerves as well as spi- 

nal cord segments were embedded in Epon. Semi- 

thin sections were used for light microscopic exam- 

ination and ultra-thin sections were stained with 

aqueous uranyl acetate and lead citrate for electron 

microscopic examination. 

Quantitative morphometr? 

Myelinated,fiher size, distribution, density and occu- 

pancy in sural and tibia1 nerves. Semi-thin (0.5 pm) 

toluidine-blue stained transverse sections of the en- 

tire unifascicular mainly sensory sural and mixed 

sensory-motor tibia1 nerve were photographed, and 

prints with a magnification of 1000 times were used 

to calculate the area of each myelinated fiber with 

the aid of a 9874 A digitizer interfaced with a 9825A 

desk computer and plotter (Hewlett-Packard Co., 

Cupertino, CA). Composite histograms were com- 

piled for each animal group, in which each fiber size 

frequency is expressed as a percentage of total fi- 

bers. as previously described in detail [16]. The fas- 

cicular area of each nerve was digitized from pho- 

tographic prints with a total magnification of 2.50 

times. Myelinated fiber density per unit area and 

myelinated fiber occupancy (percent of the fascic- 

ular area occupied by myelinated fibers) were calcu- 

lated as previously described [16]. 

A.xonPmyelin ratio. Electron microscopic prints 

with a total magnification of 20,790 times were used 

to calculate the ratio between the axonal area (pm’) 

and the corresponding myelin sheath thickness ex- 

pressed by the number of myelin lamellae [16]. A 

mean of 44.3 & 2.7 systematic randomly chosen 

fibers from each nerve were examined. 
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Densit!s of’unterior horn cd1.s untl dorsal root gut@- 

on cd1.s. The number of c( motoneurons of the an- 

terolateral anterior horn and of dorsal root gangli- 

on cells of the L5 segment was calculated from pho- 

tographic prints at a total magnification of 500 

times obtained from semi-thin (0.5 ktm) toluidine- 

blue stained sections. From each tissue block four 

sections were examined 30 pm apart. Neurons were 

counted and the areas of neuropil occupied by mo- 

toneurons and ganglion cells were digitized yielding 

nerve cell densities (rzimm’). A split cell error cor- 

rection factor of 0.542 was used for both x moto- 

neurons and dorsal root ganglion cells [29]. 

Teusc~l, fiber unu1~~si.s c!f surul cm1 tihiul nvrws. The 

spectrum of abnormal myelinated fibers was as- 

sessed by analysis of teased fibers. A mean of 63 f 

5 randomly teased single fibers from each nerve was 

examined light microscopically at a magnification 

of 480 times. Each fiber was assigned to one of eight 

categories based on characteristic structural fea- 

tures according to a modification [9] of the tech- 

nique described by Dyck et al. [8]: (A) normal fi- 

bers: (B) paranodal swelling defined as a paranodal 

diameter > 150% of the internodal diameter; (C) 

paranodal demyelination; (D) excessive myelin 

wrinkling; (E) intercalated (remyelinated) nodes; 

(F) Wallerian degeneration: (G) segmental demye- 

lination; (H) regenerated and/or remyelinated fi- 

bers. The frequencies of abnormalities were ex- 

pressed as a percentage of fibers examined. 

Stutisticul unulj~sis 
The results are presented as mean f SEM. and sig- 

nificance of difference was calculated using ANO- 

VA followed by modified t-test. Linear regression 

analysis was performed by the method of least 

squares. The comparison of myelinated fiber size 

distributions was performed using chi-square distri- 

bution. and the individual size frequencies were 

compared using Student’s t-test. 

Results 

Clinical ohservution 

Prediabetic rats (n = 9) developed diabetes at 94 * 

8 days of age and were persistently hyperglycemic 

for 182 f 9 days. At time of sacrifice diabetic rats 

receiving small maintenance doses of insulin (DI) 

and those receiving no exogenous insulin (DII) 

showed similar degrees of hyperglycemia (Table I ). 

Diabetic rats (Dl and DII) demonstrated a signif- 

icant (P < 0.001) reduction in body weight gain as 

well as a 26% slowing of MNCV (Table 1). Hy- 

poglycemic animals were never rendered comatose 

and after I week of excessive insulin treatment 

showed blood glucose levels of approximately half 

the normal control value (Table 1). One group 

killed immediately after 6 days of excessive insulin 

treatment (HI) showed no significant body weight 

loss. whereas animals maintained for an additional 

week (HII) demonstrated an 18% (P < 0.05) 

weight loss (Table I). MNCV in hypoglycemic ani- 

mals was 19% slower than in age-matched controls 

(Table I). Hyperglycemic BB rats exhibited no 

gross neurological deficits, whereas rats in whom 

hypoglycemia was induced revealed after 3-4 days 

of insulin injection weakness of the extremities. par- 

ticularly pronounced in the hind legs. This weak- 

ness disappeared 4-5 days after insulin injections 

were discontinued in the HIT group, except for one 

animal who showed persistent weakness. 

Quun ritutive wwrpholog~~ in surul ncrw 

H~*pogl?wnzic uninds ( HI unci HII). Insulin-in- 

duced hypoglycemia resulted in significant shifts in 

sural nerve fiber caliber spectra toward smaller fi- 

bers as compared with non-diabetic controls (P < 

0.001) due to a decrease in the frequencies of large 

myelinated fibers (Fig. la). The loss of large mye- 

linated fiber sizes in hypoglycemic rats was also re- 

flected in a significant (P < 0.0001) reduction in 
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TABLE I 

CLINICAL DATA AT TIME OF SACRIFICE 

Age 
(months) 

Weight (g) 

Control (C) 

()I = 7) Y r 553f 18 

P <O.OOl 

Diabetic (DI) 

(II = 5) 

Diabetic (Dll) Y i 

1 
P<O.05 

Y 382f 12 

(6 m diab) 

(t1 = 4) 

HYPO- 
glycemic (HI) 

(II = 4) 

Hypo- 

glycemic (HII) 

(rr=4) 

318*44 I 

(6 m diab) 

I 
PiO.01 

I 
6 503f I7 

6 451+32 - 

0 4.5hO.8 r 1 P<O.OOl 

0.5-3.5 

I 

‘o.g*I’.l 

P<O.O5 

0 23.4+ 1.0 

P<O.OOl 

0.54.0 

t 

2.4fb.2 - 

0.S~4.0 7.0fo.l*- 

r 54.7* I.1 

P<O.OOI 

______ 

Insulin 

(U/day) 

Blood 

glucose (mmol:l) 

MNCV (m:s) 

40.6fI).X 

1 I'< 0.05 

,40.4* 1.4 

44.2 zk I .o- 

43.4 f I 2 

Comparisons of body weight. daily insulin dose. blood glucose levels and motor nerve conduction velocities in hyperglycemic animals 

with (Dl) and without (DII) insulin supplementation and hypoglycemic animals immediately after 6 days of insulin-induced hypoglyce- 

mia (HI) and 7 days following 6 days of insulin-induced hypoglycemia (HII). The values (mean + SEM) are compared with those 

obtained from non-diabetes-prone euglycemic control rats. 

* Blood glucose values reflect those at termination of insulin treatment. 

mean myelinated fiber size (Table 2). Myelinated 

fiber density was moderately (P < 0.02) increased 

in acutely hypoglycemic rats (HI) while fiber occu- 

pancy was unchanged when compared with non- 

diabetic controls (Table 2). probably reflecting a 

significant (P < 0.001) increase in regenerating su- 

ral nerve fibers (see column H, Table 3 and below). 

Hypoglycemic animals who were allowed to survive 

for an additional week (HII) showed a similar re- 

duction in mean fiber size (Table 2). whereas fiber 

density was normalized and fiber occupancy was 

decreased to 61% of normal (Table 2), in keeping 

with loss of large myelinated fibers and the addition 

of small regenerating fibers. The axon-myelin ratios 

(regression coefficients b in Fig. 2a) were signifi- 

cantly decreased in both hypoglycemic groups (P < 

0.001) (HI and HII in Fig. 2a) compared with non- 

diabetic control rats (C in Fig. 2a), suggesting that 

axonal atrophy may, in addition to loss of large 

myelinated fibers, have accounted for the decrease 

in myelinated fiber size in hypoglycemic rats. 

Hyper&vemic animah (DI and DII). Similar to 

hypoglycemic animals diabetic rats showed highly 

significant shifts (P < 0.001) of myelinated fiber 

caliber spectra toward smaller fiber sizes (Fig. lb). 

These shifts in caliber size distribution were due to a 

simultaneous decrease in the frequencies of large 

myelinated fibers and an increase in the frequencies 

of small myelinated fibers (Fig. lb). The fiber size 

distribution in diabetic rats maintained on small 

doses of insulin (DI) was not markedly different 

from that in diabetic rats maintained on no insulin 

(Fig. lc). Mean myelinated fiber size was signifi- 

cantly reduced (P < 0.0001) in both diabetic groups 

(Table 2). Myelinated fiber densities were increased 
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with approximately 15% in both groups, whereas 

fiber occupancies showed no significant change (Ta- 

ble 2). in keeping with shrinkage of the endoneurial 

space and a substantial atrophy of myelinated fibers 

as previously reported [16]. Axonmyelin ratios in 

both diabetic groups revealed similar and signifi- 

cant decreases (P < 0.001) (DI and DII in Fig. 2a) 

compared with non-diabetic control rats (C in Fig. 

2a), suggesting that axonai atrophy may account 

for myelinated fiber atrophy. Axonmyelin ratios in 

b 

Q DI~bet,c (DI) (n=5) 
- 

7 5 

35 50 

C 

Fig. I. Myelinated fiber areas were measured from photographic prints, taken from toluidine blue cross-sections of the unifascicular 

sural nerve and magnified 1000 times. Histograms were constructed, in which each fiber size frequency is expressed as a percentage of total 

fibers, The fiber size distributions are compared using chi-square distribution and significance of difference is indicated in a. b and c. (a) 

Hypoglycemic rats killed immediately following a h-day period of excessive insulin injections (HI) are compard with age- and sex- 

matched control rats (C). The frequencies of large myelinated fibers are markedly decreased, indicating loss of large myelinated fibers. (b) 

Myelinated fiber caliber spectra ofdiabetic rats treated with small maintenance doses of insulin (DI) and control rats (C)are compared. In 

diabetic rats the frequencies of large fibers are decreased, while those of small fibers are increased. suggesting a generalized atrophy of 

fibers. (c) Myelinated fiber size frequencies of diabetic tats with insulin supplementation (Dl) are compared with those of diabetic rats 

who never received exogenous insulin (DII). No major differences are demonstrated in myclinated fiber size distribution between the two 

diabetic groups. y, P < 0.05: x x. P < 0.02: x x x. P < 0.01: x x x x. P < 0.001. 
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TABLE 2 

NUMERICAL MORPHOMETRIC DATA OF SURAL NERVES 

Mean fiber Fiber density 

size (pm) (fibers/mm) 

Fiber occupancy 

(%) 

Control (Cl 

(II = 7) 

*** 

49.4* I.0 

1 
P<O.O001 

Diabetic (DI) 

(tr = 5) 

35.7+ 1.7 

Diabetic (DII) 

(II = 4) 

38.7 f 2.0 

Hypoglycemic (HI) 

(II = 4) 

3X.2+ 1.3. 

Hypoglycemic (HII) 

(n = 4) 

35.5 f 2.0. -I 

P< 

! 13423k 396 

-I 

P<O.O2 

14300* 932 

P<O.O05 

I 
lOOX?f 1748 

** 

‘57.55 1.9 

49.4 f 2.9- 

0001 

51.7+ I.5 

P<O.Ol 

54.6 f 

3.x 

5.8 1 

1 
P<O.O05 

P<O.OOl 

I 
- 35.2 f 1 

Comparison of mean myelinated fiber size. myelinated fiber density and occupancy (endoneurial area occupied by myelinated fibers) 

between the various experimental groups. Values are expressed as mean f SEM. 

*** ANOVA P<O.OOOl 

** ANOVA P<O.OOl. 

* ANOVA P<O.O?. 

diabetic rats were not different from those calculat- 

ed from sural nerves of hypoglycemic animals (Fig. 

2a). 

Teased,fiher analysis qf sural nerve 

Hypogl_vcemic animals (HI and HII). Excessive 

insulin treatment resulted in a marked decrease in 

the frequencies of normal fibers in the HI group to 

48% oftotal fibers and an additional significant (P 

< 0.0001) decrease to 30% in rats allowed to sur- 

vive the hypoglycemic 6-day period for another 7 

days (Table 3). This decrease was to a large extent 

accounted for by significant increases in the fre- 

quencies of fibers exhibiting Wallerian degenera- 

tion, which increased from 13% in the HI group to 

38% in the HI1 group (Table 3), as well as marked 

(P < 0.005) increases in the frequencies of fibers 

exhibiting excessive myelin wrinkling (approxi- 

mately 15% in both groups). Other abnormalities 

which were demonstrated in single teased fibers in- 

cluded paranodal swelling, paranodal demyelina- 

tion, intercalated nodes, and segmental demyelina- 

tion which were all increased compared with non- 

diabetic control rats (Table 3). 

Hypergl_vcemic animals (DI and DIZf. The fre- 

quencies of normal fibers were reduced in both hy- 

perglycemic groups (P < 0.0002) compared to non- 

diabetic control rats with no intergroup difference 

(Table 3). Nevertheless, normal fibers were still 

demonstrated approximately twice as frequently in 
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AXON-MYELIN RATIO- SURAL NERVE 

2a 

AXON-MYELIN RATIO- TIBIAL NERVE 

Fig. 2. Axon-myelin ratio has calculated from measurements 01 

axonal area and the thickness of the corresponding myclin 

sheath. expressed as the number of myclin lamellae. The slopes 

of the linear regressions (h in the equation y = a + hx) obtained 

from each nerve wcrc compared between groups. (a) Intergroup 

comparisons of the sural nerve axon myelin ratios. Both diabet- 

ic groups (DI and DII) as well as both hypoglycemic groups (HI 

and HII) are significantly decreased compared with age- and sex- 

matched control rats (C). The decrease in axon-myelin ratio. 

indicating axonal atrophy. was similar in diabetic and hypogly- 

cemic rats and did not differ between the two diabetic (DI and 

DII) or the two hypoglycemic groups (HI and HII). (b) The same 

comparisons are made between axons-myelin ratios in the tibia1 

nerve. The axon-myclin ratio was only marginally decreased in 

diabetic rats, reaching significance in diabetic rats treated contin- 

uously with insulin (DI). when compared with control rats (C). 

Hypoglycemic rats (HI and HII) showed a slightly more severe 

decrease in their axon -myelin ratios compared with conlrol rats 

(C). and they were significantly (P < 0.05) lower when compared 

with non-insulin-treated diabetic rats (DII). 

hyperglycemic rats as in hypoglycemic animals (Ta- 

ble 3). The most commonly encountered abnormal- 

ity in diabetic nerves was excessive myelin wrinkling 

(Table 3) which reflects axonal atrophy [9]. Myelin 

wrinkling was slightly more common in non-insu- 

lin-treated diabetic rats (Table 3). while still ap- 

proximately half as frequent as in rats with induced 

hypoglycemia. Other previously described abnor- 

malities in teased myelinated fibers of the diabetic 

BB rat included paranodal swelling and demyelina- 

tion. intercalated nodes, segmental demyelination, 

as well as regenerating fibers (Table 3). Paranodal 

swelling was significantly (P < 0.002) more fre- 

quent in diabetic rats compared with hypoglycemic 

animals (HII), whereas paranodal demyelination 

occurred with similar frequencies in diabetic and 

hypoglycemic rats. In contrast. intercalated nodes. 

segmental demyelination and regenerating fibers 

tended to be more frequent in hypoglycemic rats 

(Table 3). 

H~pglwemic minds (HI und HII). Also in the 

tibia1 nerve the caliber spectra of myelinated fibers 

were shifted toward smaller fiber sizes (P < 0.001) 

(Fig. 3a) which was associated with a 20% reduc- 

tion in mean fiber size (P < 0.0001) (Table 4). 

These changes probably reflect Wallerian degener- 

ation and loss of predominantly large myelinated 

fibers, whereas myelinated fibers of lesser size ap- 

peared to be relatively spared (Fig. 4). No changes 

were demonstrated in fiber densities, whereas fiber 

occupancies were significantly reduced when com- 

pared with age-matched control rats (P < 0.02 and 

P < 0.001 in HI and HIT respectively compared to 

C in Table 4). This discordance in fiber density and 

occupancy probably reflects loss of large myelinat- 

ed fibers which are partly replaced by small regener- 

ating fibers (see column H in Table 5). and a notice- 

able endoneurial edema in hypoglycemic tibia1 

nerves. further decreasing the already diminished 

occupancy by small regenerating fibers (Fig. 5). The 

axon-myelin ratios of tibia1 nerve fibers in hypogly- 

cemic animals were markedly reduced compared 

with non-diabetic control animals (P < 0.01) (com- 

pare HI and HI1 with C in Fig. 2b) and were also 

reduced (P < 0.05) compared with hyperglycemic 

animals receiving no continuous insulin supplemen- 

tation (DII in Fig. 2b). Thus the greater decrease in 
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Fig. 3. Myelinated fiber size distributions in tibia1 nerves were calculated and constructed in the same way as for sural nerves. (a) Acutely 

hypoglycemic rats (HI) are compared with age- and sex-matched controls (C). Similar to the changes seen in the sural nerve, hypoglycem- 

ic rats exhibited marked decreases in the frequencies of large myelinated fibers, most likely representing loss of this fiber category. In 

addition, hypoglycemic rats showed a small increase in the smallest fibers, probably representing the addition of small newly regenerated 

myelinated fibers. (b) Myelinated fiber size distributions in insulin-treated diabetic rats (DI) and control rats (C) are compared. No 

significant differences are demonstrated. except for 3 pm fibers which are increased in diabetics. probably reflecting the significant increase 

in regenerating fibers (compare column H in Table 5). 

myelinated fiber size in hypoglycemic rats com- 

pared with hyperglycemic animals (Table 4) may in 

part reflect a more severe axonal atrophy in the for- 

mer groups. 

Hyperglycemic animals (DI and DII). Only mini- 

mal shifts toward smaller fiber sizes were demon- 

strated in myelinated fiber caliber spectra of the tib- 

ial nerve (Fig. 3b). Mean myelinated fiber size was 

only moderately (P < 0.02) reduced in diabetic ani- 

mals receiving insulin compared with age-matched 

control rats (compare DI with C in Table 4). How- 

ever. the mean myelinated fiber size in hyperglycem- 

ic animals was greater than in both hypoglycemic 

groups (compare DI and DII with HI and HI1 in 

Table 4). No differences were demonstrated in fiber 

densities when compared with non-diabetic control 

rats or hypoglycemic rats (Table 4). Myelinated ti- 

ber occupancy was not reduced in diabetic rats re- 

ceiving small maintenance doses of insulin, whereas 

those receiving no insulin showed a 20% reduction 

in fiber occupancy (P < 0.02) (Table 4). The mod- 

erate change in mean myelinated fiber size in the 

tibia1 nerve in hyperglycemic animals receiving in- 

sulin supplementation (Table 4) corresponded to a 

moderate decrease (P < 0.02) in the axonmyelin 

ratio (Fig. 2b), whereas diabetic animals receiving 

no insulin exhibited no significant change in the ax- 

on-myelin ratio (Fig. 2b). 

H_vpog,glJvemic animals (HI and HII). The pattern 

of single teased fiber abnormalities in the tibia1 
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TABLE 4 

NUMERICAL MORPHOMETRIC DATA ON TIBIAL NERVES 

Mean fiber 

size (pm) 

Fiber density 

(fibers/mm2) 

Fiber occupancy 

(%) 

Control (C) 

(12 = 7) 

Diabetic (DI) 

(n = 5) 

13318zk 296 

14019zk 672 

Diabetic (DII) 

(n = 4) 

11621+1670 

Hypoglycemic (HI) 

(n = 4) 

13010f819 

* 

-67.3k 1.1- 

- 64.7f2.1 

P<O 

53.4f4.6 

P < 0.005 

Hypoglycemic (HII) 

(n = 4) 

12348fl611 1 47.5 zk 6.6- 

Mean myelinated fiber size, fiber density and fiber occupancy of tibia1 nerves are compared in diabetic. hypoglycemic and non-diabetes- 

prone control rats. 

** ANOVA P<O.OOOl 

* ANOVA P<O.O05. 

nerve was similar to that in the sural nerve (Table kling and regenerating fibers appeared to be some- 

5). Excessive myelin wrinkling, characterizing axo- what greater in the tibia1 nerve compared with the 

nal atrophy and Wallerian degeneration, was more sural nerve (compare columns D and H in Table 5 

frequent in tibia1 nerves from hypoglycemic animals with those in Table 3). Paranodal swelling was sig- 

killed 1 week after excessive insulin treatment (HII) nificantly (P < 0.001) more frequent in diabetic rats 

(Fig. 4) than in those killed immediately following receiving no insulin supplementation than in hypo- 

insulin treatment (HI) (Table 5). glycemic rats (Table 5). 

Hyperglycemic animals (DI and DII). The fre- 

quency of single teased myelinated fiber abnormal- 

ities in tibia1 nerves of diabetic rats showed a similar 

distribution to that exhibited by sural nerves. The 

frequencies of fibers showing excessive myelin wrin- 

Density of u motoneurons and dorsal root ganglion 
cells 

Hypoglycemic animals (HI and HII). The density 

of a motoneurons of the L5 segment of the spinal 



Fig. 

varis 

4. Electron micrograph of the tihlal nerve in an acutely hypoglycemic rat (HI). There are several large myelinated fibers sl 

ous stages of Wailerian degeneration as well as smaller sized myelinated fibers showing axonal atrophy with wrinkling of the 

sheaths. 4400 x 

howing 

myelin 

cord was reduced to approximately 60% of normal 

in both hypoglycemic groups (P < 0.001 and P < 

0.002 for HI and HII respectively; Table 6). The loss 

of dorsal root ganglion cells, as reflected by their 

density, was less severe but increased following the 

discontinuation of excessive insulin treatment. In 

acutely hypoglycemic rats (HI) the density was re- 

duced to 80% (P < 0.05) with a further reduction 

to 65% (P < 0.001) of normal I week following the 

period of hypoglycemia (HIT) (Table 6). 

Hyperglycemic uninzals (DI md DII) No signif- 

icant loss of c( motoneurons or dorsal root ganglion 

cells could be demonstrated in either diabetic group 

(DI and DII in Table 6). 

Discussion 

The diabetic neuropathy occurring in the spontane- 

ously diabetic BB rat has previously been character- 

ized as a mainly sensory distal axonopathy 

[16.17,20]. The present findings tend to confirm this, 

since myelinated fiber atrophy was more pro- 

nounced in the mainly sensory sural nerve than in 

the mixed sensory-motor tibia1 nerve. Diabetic ani- 

mals failed in the present study to show any loss of 

sensory ganglion cells in the dorsal root ganglia or 

loss of IX motoneurons in the anterior horn, suggest- 

ing that the axonopathy is not the consequence of 

an underlying neuronopathy. 

Myelinated fiber atrophy occurring in diabetic 
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Fig. 5. Micrographs of tibia1 nerves in (a) a control rat; (b) non-insulin-treated diabetic rat (DII); and (c) hypoglycemic rat killed 1 wt :ek 

follc awing hypoglycemia (HII). In b, axonal atrophy is evident by the irregular myelin sheaths. In c, there is marked loss of la rge 

myf Gnated fibers. some of which are still undergoing Wallerian degeneration (left part in c). In addition there is endoneurial edema, wh ich 

in f )art may explain the discordance between fiber density and fiber occupancy in this hypoglycemic group (HII) (compare Table 4). 

400x. 
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TABLE 6 

DENSITY OF ALPHA MOTONEURONS AND DORSAL ROOT GANGLION CELLS 

Alpha motoneurons Dorsal root ganglion cells 

mean f SEM (/mm’) mean f SEM (/mm’) 

Control (C) 

(R = 7) 

Diabetrc (DI) 

(n = 5) 

Diabetic (DIJ) 

(n = 2) 

Hypoglycemic (HI) 

(II = 4) 

Hypoglycemic (HIJ) 

(n = 4) 

L 

1 
31.1 f3.1 

P<O.O5 

33.2 f I .Y 

I 
P<O.OOl 

I 
-22~110.3 

PiO.05 

1 21.5*1.7 - 

1 
P<O.OOl 

226.6f 20.2 

1 
PiO.05 P<C 

235.4~‘~ 17.6 

196.Oi 16.7 

P<O.OOl 

L 159.1 zt9.l - 

02 

The density of m motor neurons of the L5 segment and dorsal root ganglion cells of L5 expressed as number ofcells per mm2 is compared 

in the various experimental groups. 

* ANOVA P<O.OJ. 

polyneuropathy appears to be primarily due to axo- 

nal atrophy as demonstrated by axon-myelin ratios 

and increased frequencies of fibers exhibiting exces- 

sive myelin wrinkling. As illustrated by these mor- 

phometric parameters, axonal atrophy appears to 

affect the mainly sensory sural nerve more severely 

than the mixed sensory-motor tibia1 nerve [16,30]. 

Additional structural abnormalities previously 

described in peripheral nerve of the diabetic BB rat 

and human diabetic neuropathy involve the node of 

Ranvier, such as nodal and/or paranodal axonal 

swelling, paranodal demyelination, and remyelina- 

tion [9,12,13,18]. These findings were confirmed by 

the present teased fiber analysis. 

Continuous supplementation of small insulin 

doses to diabetic BB rats did not have an additional 

deleterious effect on the severity of the neuropathy, 

nor did it seem to alter the nature of the neuropathy 

when compared with diabetic BB rats that did not 

receive exogenous insulin but were maintained at 

similar hyperglycemic levels throughout their 

course of diabetes. On the contrary, non-insulin- 

supplemented rats tended to develop a more severe 

expression of the characteristic structural abnor- 

malities of diabetic neuropathy, such as paranodal 

swelling and excessive myelin wrinkling suggesting 

a small beneficiary effect of even small continuous 

insulin injections. These structural abnormalities in 

diabetic rats were paralleled by a similar decrease in 

motor nerve conduction velocity in the two diabetic 

groups. 

Thus it is unlikely that the neuropathy develop- 
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ing in the spontaneously diabetic BB rat with exog- 

enous insulin supplementation is a consequence of 

the usually necessary exogenous insulin treatment 

and/or its vehicle, as has been previously suggested 

[24.25]. 

In order to examine the possibility that previous- 

ly reported morphological findings in insulin-treat- 

ed diabetic rats [24,25] may have been misinterpret- 

ed and instead represent hypoglycemic peripheral 

nerve damage arising from even short periods of 

hypoglycemia [3 1,321, peripheral nerves were exam- 

ined from two groups of BB rats exposed to hy- 

poglycemia. The prevailing structural findings in 

these animals were Wallerian degeneration. seg- 

mental demyelination, and axonal atrophy which 

are in agreement with those previously reported in 

both experimental animals [31,32] and in man [?3- 

351 consequent to hypoglycemia. They are similar 

to the findings reported in insulin-treated diabetic 

rats by Mandelbaum and collaborators [24,25] who 

demonstrated an eightfold increase in the frequency 

of fibers exhibiting Wallerian degeneration com- 

pared with non-insulin-treated diabetic rats. 

The high frequencies of myelinated fibers exhib- 

iting Wallerian degeneration in both the sural and 

tibia1 nerves corresponded to marked losses of dor- 

sal root ganglion cells and anterior horn x moto- 

neurons, abnormalities which were not demonstra- 

ble in diabetic rats. These findings. therefore, con- 

firm that prolonged severe hypoglycemia affects pri- 

marily the cell bodies with subsequent Wallerian de- 

generation [3 I .32,35]. 

ln contrast to diabetic neuropathy which involves 

mainly sensory fibers, hypoglycemic neuropathy 

appears to affect motor fibers more severely as re- 

flected by a larger loss of motoneurons compared to 

sensory neurons, and by a more severe reduction in 

mean fiber size in the sensory-motor tibia1 nerve 

compared with the mainly sensory sural nerve. The 

increased vulnerability of motoneurons versus sen- 

sory ganglion cells in hypoglycemic BB rats appears 

to be similar to the situation in man as reflected by 

clinical findings and electrophysiologic deficits re- 

ported in a few patients with hypoglycemia [34,36- 

391. In addition to the acute effect of glucopenia on 

motoneurons. a prolonged and progressive adverse 

effect on nerve morphology was evident following 

discontinuation of hypoglycemic exposure with an 

accentuation of Wallerian degeneration and axonal 

atrophy. 

In summary therefore, it is unlikely that contin- 

uous small insulin dosing in the spontaneously dia- 

betic BB rat has any etiological relevance with re- 

spect to the development of diabetic neuropathy in 

this model. In contrast, it may have a marginally 

beneficiary effect on this complication despite the 

fact that the rats are maintained at severely hyper- 

glycemic levels. Hypoglycemia in the same model 

causes an acute and progressive severe neuropathy 

resulting in neurological deficits and slowing of 

MNCV. in contrast to diabetic neuropathy, hypo- 

glycemic nerve damage tends to affect motor fibers 

more than sensory fibers and might be character- 

ized as a neuronopathy rather than an axonopathy. 
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