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ABSTRACT Nerve conduction impairment in ex-
perimental diabetes has been empirically but not
mechanistically linked to altered nerve myo-inositol
metabolism. The phospholipid-dependent membrane-
bound sodium-potassium ATPase provides a potential
mechanism to relate defects in diabetic peripheral
nerve myo-inositol-phospholipid metabolism, impulse
conduction, and energy utilization. Therefore, the ef-
fect of streptozocin-induced diabetes mellitus and di-
etary myo-inositol supplementation on rat sciatic
nerve sodium-potassium ATPase was studied. ATPase
activity was measured enzymatically in sciatic nerve
homogenates from 4-wk streptozocin diabetic rats and
age-matched controls either fed a standard or 1% myo-
inositol supplemented diet. The sodium-potassium
ATPase components were assessed by ouabain inhi-
bition or the omission of sodium and potassium ions.
Diabetes reduced the composite ATPase activity re-
covered in crude homogenates of sciatic nerve. The
40% reduction in the sodium-potassium ATPase was
selectively prevented by 1% myo-inositol supplemen-
tation (which preserved normal nerve conduction).
Thus, in diabetic peripheral nerve, abnormal myo-ino-
sitol metabolism is associated with abnormal sodium-
potassium ATPase activity. The mechanism of the ef-
fect of dietary myo-inositol to correct diabetic nerve
conduction may be through changes in a sodium-po-
tassium ATPase, possibly via changes in myo-inositol-
containing phospholipids.

INTRODUCTION

Nerve conduction is impaired in overt diabetic neu-
ropathy by a combination of structural and metabolic
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defects in peripheral nerve (1, 2). Furthermore, the
histologically demonstrable axonal degeneration and
segmental demyelination are thought to reflect long-
standing metabolic derangements in diabetic periph-
eral nerve Schwann cells and/or axons (2). These un-
known metabolic abnormalities alone presumably
explain the acute and rapidly reversible conduction
impairment in newly diagnosed human diabetes (2).

Nerve conduction defects in acutely diabetic ani-
mals resemble the metabolically mediated conduction
impairment in human diabetics (3-6). In the acute
streptozocin diabetic rat, where diabetic nerve metab-
olism and function are readily compared, impaired
nerve conduction has been linked to an alteration in
peripheral nerve myo-inositol (MI)! metabolism (3, 7,
8) that results from insulin deficiency and/or hyper-
glycemia (3) (an analogous alteration in MI metabo-
lism was recently demonstrated in human diabetic
nerve [9]). In vitro studies with rabbit peripheral nerve
suggest that competitive inhibition of sodium-depen-
dent MI uptake by hyperglycemic glucose concentra-
tions may contribute to this fall in diabetic nerve MI
content (10), as may increased polyol-pathway metab-
olism (8, 11, 12).

The relationship between altered MI metabolism
and impaired nerve function is poorly understood.
Recent single-node voltage-clamp studies in peripheral
nerve from the spontaneously-diabetic BB rat ascribe
impaired nerve conduction to a reduction in the rest-
ing axonal transmembrane sodium potential, possibly
attributable to reduced sodium-pump activity (13).
The sodium-potassium ATPase, which generates the
transmembrane sodium gradient in peripheral nerve,
consumes the major fraction of the tissue’s energy flux
(14). Impaired resting energy utilization is a prominent
metabolic defect in diabetic peripheral nerve (15).

! Abbreviations used in this paper: M1, myo-inositol.
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Furthermore, Das et al. (16) documented a reduction
in sciatic nerve sodium-potassium ATPase activity in
chronic streptozocin diabetic rats, but did not explore
its possible metabolic relationships to insulin defi-
ciency or hyperglycemia. Since conduction impair-
ment in the acutely streptozocin diabetic rat is cor-
rected by normalization of peripheral nerve MI me-
tabolism (3, 7, 8), and since endogenous MI-containing
phospholipids may modulate sodium-potassium ATPase
in some tissues (17), we hypothesized that abnormal
MI metabolism might underlie a sodium-potassium
ATPase defect in diabetic peripheral nerve (18). This
line of speculation was previously suggested by Clem-
ents (2), and may be strengthened by the recent ob-
servation that peripheral nerve free MI levels influ-
ence the metabolism of MI-containing phospho-
lipids (19).

Therefore, we measured sodium-potassium-acti-
vated and ouabain-inhibited ATPase enzymatically in
sciatic nerve homogenates from normal and strepto-
zocin diabetic rats fed either normal or MI-supple-
mented diets (3, 7). Acute streptozocin-induced dia-
betes produced a 40% reduction in sodium-potassium-
activated and ouabain-inhibited ATPase activity. This
defect was selectively and completely prevented by
the dietary 1% MI administration that normalizes
nerve MI content and conduction velocity in strepto-
zocin diabetic rats (3, 7).

METHODS

Animal model. Caesarian-delivered barrier-sustained
male Wistar rats, initial weight 180-200 g, were fed and
given water ad lib. throughout the 4-wk study. Animals re-
ceived either a standard 0.011% MI (wt/wt) synthetic diet
or a 1% MI synthetic diet, both consisted of pellets composed
of 18% vitamin-free casein, 68% sucrose, 10% vegetable oil,
4% inorganic salts, and all known rat vitamin requirements
(Nutritional Biochemical Corp., Cleveland, OH) (3, 7). To
induce diabetes, streptozocin (Upjohn Co., Kalamazoo, MI),
60 mg/kg, was injected in 0.10 ml of 0.01 M citrate buffer,
pH 5.5, into the tail vein of rats fasted overnight (nondiabetic
controls received equal volumes of buffer alone). Strepto-
zocin-treated rats with nonfasting plasma glucose concen-
trations < 300 mg/dl at 24 or 48 h after injection (heparin-
ized tail-vein blood) or at death (heparinized cardiac blood)
were excluded from the study.

Tissue and plasma collection. After 4 wk, nonfasted an-
imals were anesthetized with 30-40 mg/kg i.p. sodium pen-
tobarbitol. Midthigh segments of left and right sciatic nerves
were surgically exposed with preservation of hemostasis,
dissected free from contaminating extraneural connective
tissue as previously described (3), rapidly weighed on a mi-
crobalance (final weight ~ 20 mg/nerve), and processed
either for enzymatic ATPase studies, or snap-frozen in liquid
nitrogen partially evacuated to its freezing point (20) for
subsequent gas-liquid chromatographic determination of MI
content as described below. Cardiac blood was then obtained
percutaneously, and the animal killed by a lethal dose of
sodium pentobarbitol.

Analytical techniques. Plasma glucose was determined
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in a Beckman Glucose Analyzer II (Beckman Instruments,
Inc., Fullerton, CA) (3).

Plasma and sciatic nerve MI were determined by gas-liq-
uid chromatography in protein-free Somogyi filtrates of car-
diac blood plasma or sciatic nerve homogenates as previously
described (3) and expressed per milliliter of plasma or per
gram wet weight of whole nerve (3, 7). The determinations
of MI were performed on trimethylsilyl derivatives of ly-
ophilized aliquots of the plasma or nerve filtrates containing
alpha-D-methyl mannopyranoside as an internal standard in
a Varian 3700 gas-liquid chromatograph on a 6 ft X 4 mm
3% SE-30 Gaschrom Q glass column at 185°C with a nitrogen
carrier-gas flow rate of 40 ml/min using a flame ionization
detector maintained at 250°C. Standard curves were deter-
mined daily, and the recovery of added MI to nerve or
plasma samples consistently exceeded 95%.

Sodium-potassium activated and ouabain-inhibited ATPase
activity was measured in freshly prepared crude homoge-
nates of whole sciatic nerve and expressed per gram wet
weight or milligram Lowry protein (21). Fresh sciatic nerve
segments were minced and homogenized at 40°C in 2 ml
of 0.2 M sucrose-0.02 M Tris~HCI buffer solution pH 7.5,
using a Polytron homogenizer (model PT 10-35, Brinkman
Instruments, Inc, Westbury, NY), for at least three periods,
not exceeding 15 s each (16) and centrifuged at 100 g for
2 min at 4°C. 5-20 ul of supernatant was added to 1.0 ml
X 1.0 cm disposable cuvettes (Fisher Scientific, Pittsburgh,
PA) containing (final concentration) 100 mM NaCl, 10
mM KCI, 2.5 mM MgCl,, 1 mM Tris-ATP, 1 mM
tri(cyclohexylammonium) phosphoenolpyruvate, 30 mM im-
idazole-HCI buffer (pH 7.3), 0.15 mM NADH, and 50 ug of
lactate dehydrogenase and 30 ug of pyruvate kinase (22).
After initial stabilization, the oxidation of NADH was mon-
itored at 340 nm in a Cary 210 Spectrophotometer in the
dual-beam mode, and was linear with respect to time for at
least 45 min. Sodium-potassium-activated ATPase activity
was computed by subtracting (a) the reaction rate in an
identical cuvette from which NaCl and KCI were omitted
from (b) the reaction rate in the cuvette containing both of
these salts (preliminary studies indicated that identical re-
sults were obtained if sodium alone were omitted). Ouabain-
inhibited ATPase activity was measured by comparing the
reaction rate before and after the addition of 0.10 mM oua-
bain (final concentration). (Preliminary experiments indi-
cated that the final reaction rate was identical in cuvettes
in which ouabain was added initially or after an initial linear
rate was obtained in the absence of ouabain. Furthermore,
0.1 mM ouabain produced maximal inhibition within the
concentration range of 0.05-1.0 mM ouabain.) The addition
of ouabain had no effect on the apparent rate of the reaction
in the absence of both sodium and potassium ions. Both oua-
bain-inhibited and sodium-potassium-stimulated activities
were linear with time for at least 45 min and proportional
to protein concentration between 2.5 and 15 ug/ml. Addition
of MI (8 nmol) to the cuvettes, calculated to exceed the
concentration of MI in sciatic nerve homogenates from MI-
supplemented animals, did not alter the apparent rate of
composite, ouabain-inhibited or sodium-potassium stimu-
lated ATPase activity in diabetic or nondiabetic nerve ho-
mogenates. No additional ouabain-inhibited or sodium-po-
tassium stimulated ATPase activity was recovered when the
pellet resulting from the 100-g centrifugation (containing
~6% of total Lowry protein) was resuspended in sucrose
buffer and resonicated.

All reagents were obtained from Sigma Chemical Co. (St.
Louis, MO) and were of the highest available purity unless
otherwise stated.
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Statistics. Results are presented as mean+SEM, and sig-
nificance of difference calculated by the t test (23).

RESULTS

Effect of streptozocin diabetes and dietary
MI on body weight, plasma glucose, and
plasma and sciatic nerve MI (Table 1)

Dietary MI supplementation and 4-wk streptozocin
diabetes produced the expected effects on final body
weight, plasma glucose, and plasma and nerve MI con-
centrations (3, 7). The 1% MI diet had no detectable
effect on nondiabetic or diabetic rat body weight,
while experimental diabetes significantly lowered final
body weight by ~40% in both dietary groups. Con-
versely, dietary MI had no detectable effect on final
nondiabetic or diabetic plasma glucose concentration,
while experimental diabetes raised plasma glucose in
both dietary groups. Experimental diabetes produced
no significant alteration in plasma MI in either dietary
group, while the 1% MI diet raised final nonfasting
plasma MI almost sevenfold in both nondiabetic and
diabetic animals.

Effect of streptozocin diabetes and dietary
MI on sciatic nerve ATPase activity
(Table 11)

Composite ATPase activity (column 1). Sciatic
nerve homogenate composite ATPase activity, ex-
pressed per gram wet weight of nerve, was signifi-

cantly reduced in diabetic rats in both dietary MI
groups. The 1% MI diet did not affect nondiabetic com-
posite sciatic nerve ATPase activity. Although com-
posite ATPase activity tended to be slightly higher in
MI-supplemented diabetic rats than in diabetic rats
fed the standard diet, this effect did not achieve sta-
tistical significance (0.05 < P < 0.1).

Ouabain-inhibited ATPase activity (column 2).
Ouabain (0.1 mM) inhibited nondiabetic composite
ATPase activity in both dietary groups by 21-22%; the
absolute magnitude of the ouabain-inhibited ATPase
fraction was thus not altered by dietary MI in non-
diabetic rat sciatic nerve. Experimental diabetes di-
minished the ouabain-inhibited ATPase component by
40% in animals fed the standard diet (compare lines
1 and 3). The 1% MI diet increased ouabain-inhibited
ATPase activity by 54%, so that it was no longer sig-
nificantly smaller than in nondiabetic rats in either
dietary group.

Sodium-potassium-stimulated ATPase activity
(column 3, Fig. 1). The absence of sodium and po-
tassium ions inhibited composite ATPase activity from
sciatic nerve homogenates to the same degree as did
the presence of 0.1 mM ouabain in each experimental
condition. Thus, ouabain-inhibited ATPase activity
and sodium-potassium-stimulated ATPase activity
were of similar magnitude in each group, and were
similarly affected by experimental diabetes and di-
etary MI (compare columns 2 and 3). Dietary MI did
not affect nondiabetic sodium-potassium-stimulated
ATPase activity; experimental diabetes reduced so-
dium-potassium-stimulated ATPase activity by 43%

TaBLE |
Effect of Streptozocin Diabetes and Dietary MI on Rat Body Weight, Plasma Glucose and MI
Concentration, and Sciatic Nerve MI Content

Animal/diet n Body weight Plasma glucose Plasma Mi Sciatic nerve Ml
g mg/dl uM mmol /kg

Nondiabetic/

Standard (18) 364+8 178+7 34.5%+1.7 2.98+0.20

1% MI 9) 3547 164+5 228+31 3.88+0.39

P < 0.005

Diabetic/

Standard (20) 213+10 566+30 35.1+2.8 2.21+0.08

NS
1% MI (18) 223+11 600+32 245+27 L3.93i0.23

After the 4-wk study period, animals were anesthetized with sodium pentobarbital 30-40 mg/kg i.p. and
weighed. Blood for plasma glucose and MI was obtained by cardiac puncture and processed as described
in Methods. One sciatic nerve was removed for ATPase determination as described in Methods and Table
IL. The contralateral nerve was removed, dissected free of contaminating non-neural connective tissue,
weighed on a microbalance, frozen in liquid N,, and homogenized and deproteinized with ZnSO,/
Ba(OH), as previously described (3, 7) for gas-liquid chromatographic determination of MI as described

in Methods. Values are expressed as mean+SEM.
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TABLE II
Effect of Streptozocin Diabetes and Dietary MI on Rat Sciatic Nerve ATPase Activity

ATPase activity
Animal/Diet n Composite Ouabain inhibited Sodium-p i imulated Nonouabain inhibited
umol/g wet wt/h
Nondiabetic/
Standard (18) (42012 (96.8+3.8 (973245 (33311
NS NS NS NS
1% MI ©) Lsgs+o7 lo1.5+5.8 Lo1.5+5.8 l3s1+25
Diabetic/ P <0001 P<0001 NS P<0001 NS P <0001  P<0001 P <0001
Standard (20) si2£ll 7 57.5+2.9 1 55.3+33 3 25449
NS P < 0,001 P < 0,001 NS
1% MI (18) 346+15 J 88.423.5 J 87.5+3.8 25813 J

ATPase activity was measured enzymatically (20) in sciatic nerve crude homogenates from normal and 4-wk streptozocin diabetic rats
fed either a standard or 1% MI supplemented diet. OQuabain-inhibited ATPase activity denotes the differential rate of ADP generated
upon addition of 0.10 mM ouabain to the reaction mixture; non-ouabain-inhibited ATPase activity denotes residual ADP generation in
the presence of ouabain. Sodium-potassium-stimulated ATPase activity indicates the differential rate of ADP generation when sodium
and potassium ions are omitted from the reaction mixture. Values are mean+SEM, and P values are computed with the student’s two-

tailed ¢ test (21).

in the absence of dietary MI supplementation; and the
1% MI diet raised diabetic sodium-potassium-stimu-
lated ATPase activity by 58%, so that it no longer dif-
fered significantly from the nondiabetic in either di-
etary group. Thus, both ouabain inhibition and so-
dium-potassium stimulation appeared to define the
same ATPase activity in sciatic nerve homogenates,
i.e., the sodium-potassium ATPase.

Nonouabain-inhibited ATPase activity (column 4).
Nonouabain-inhibited ATPase activity (i.e., residual
activity in the presence of inhibitory concentrations
of ouabain) was significantly lowered by experimental
diabetes, but was unaffected by dietary MI in either
diabetic or nondiabetic nerve. Similar results were
obtained in the non-sodium-potassium-stimulated
component (Fig. 1). Therefore, the statistically insig-
nificant tendency for MI supplementation to raise di-
abetic composite ATPase activity reflected only the
significant rise in the sodium-potassium ATPase com-
ponent.

Relationship to homogenate protein concentration.
When data were expressed per milligram Lowry pro-
tein instead of per gram wet weight of nerve, complete
normalization of diabetic ouabain-inhibited and so-
dium-potassium stimulated ATPase activity was not
achieved with dietary MI supplementation (data not
shown). Instead, 1% dietary MI now raised diabetic
sciatic nerve ouabain-inhibited and sodium-potas-
sium-stimulated ATPase activity from 60% of normal
to only 86% of normal, P < 0.001. However, this ap-
parent shortfall in response derives entirely from an
unexpected, small but statistically significant tendency
for MI-treated diabetic nerve homogenates to have a
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higher Lowry protein content (78.5+1.8 ug/mg wet
weight in diabetics on the 1% MI diet vs. 72.0+1.4
ug/mg wet weight in diabetics on the standard diet
[P < 0.010], 78.5+2.0 ug/mg wet weight in normal
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FiIGURE 1 Effect of experimental diabetes and 1% dietary
MI supplementation on composite and sodium-potassium-
stimulated ATPase activity in rat sciatic nerve. Sciatic nerve
homogenates were prepared from nondiabetic rats, 4-wk
diabetic rats, and 4-wk diabetic rats fed 1% MI diets, as
described in Methods and Table II. ATPase activity was
determined enzymatically by the method of Yoda and Yoda
(22) in the presence and absence of sodium and potassium
ions. Composite ATPase activity denotes the rate of ADP
formation in the presence of both sodium and potassium
jions, while sodium-potassium-stimulated ATPase activity
(hatched bar) refers to the difference in the rate of ADP
formation when sodium and potassium ions are omitted as
discussed in Methods. Error bars indicate standard error of
the mean for composite (upper error bar) and sodium-po-
tassium-stimulated (lower error bar) ATPase activity. Figure
is based on columns 1 and 3 of Table II.
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rats on standard diet [P = NSJ], and 70.0+2.7 ug/mg
wet weight in normal rats on the 1% MI diet [P
< 0.025]). The basis for this anomaly is not understood,
especially since nerve water content, usually reduced
in our hands by acute experimental diabetes, was not
affected by 1% dietary MI (18). This phenomenon is
presently under investigation, and may possibly reflect
an effect of dietary MI supplementation on axonal
transport of proteins (8).

DISCUSSION

Acute streptozocin diabetes in the rat reduces sodium-
potassium ATPase activity in crude homogenates of
whole sciatic nerve by 40% (Fig. 1). Dietary MI sup-
plementation, which prevents the characteristic fall in
diabetic nerve MI (3, 7, 8), specifically and completely
prevents the reduction in sodium-potassium ATPase
activity, suggesting that the diabetic nerve sodium-
potassium ATPase impairment results from MI defi-
ciency. Furthermore, MI deficiency in diabetic pe-
ripheral nerve is caused by insulin deficiency and/or
hyperglycemia (3), probably via competitive inhibi-
tion of sodium-dependent MI uptake by hypergly-
cemic concentrations of glucose (10) and/or increased
polyol pathway activity (8, 11, 12). Thus, the sodium-
potassium ATPase abnormality in diabetic peripheral
nerve is an indirect consequence of insulin deficiency
and/or its consequent hyperglycemia.

The sodium-potassium ATPase plays a central role
in both nerve metabolism and function (24); accord-
ingly, its 40% reduction in diabetes, if expressed in
vivo, would appear to have important pathophysio-
logical implications in experimental diabetic neurop-
athy. First, nerve conduction slowing in the sponta-
neously-diabetic BB rat has been attributed to a re-
duction in the resting transaxolemmal sodium
electrochemical gradient (13) generated by the so-
dium-potassium ATPase (14). Second, nerve conduc-
tion slowing in the streptozocin diabetic rat is pre-
vented by dietary MI administration (3), which nor-
malizes nerve sodium-potassium ATPase activity. Thus,
the conduction impairment in diabetic rat sciatic nerve
and its correction by 1% dietary MI are probably both
mediated by changes in sodium-potassium ATPase
activity (18). (Peripheral nerve is a heterogeneous tis-
sue comprised of axons, Schwann cells, the perineurial
epithelium, and endo- and epineurial connective, vas-
cular and adipose tissue, all of which may possess so-
dium-potassium ATPase activity. However, the elec-
trophysiological observations cited above suggest that
variation in whole-nerve homogenate sodium-potas-
sium ATPase activity parallels that of the cellular ele-
ments responsible for nerve impulse conduction in
vivo.)
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The mechanism(s) relating intracellular free MI and
sodium-potassium ATPase function are unclear. The
strikingly high intracellular MI concentration char-
acteristic of many mammalian cell lines has no well-
defined biological role, although its major metabolic
activity is reversible incorporation into membrane
phosphoinositide (2, 25). Since tissue MI levels influ-
ence nondiabetic peripheral nerve phosphoinositide
turnover (19), abnormalities in diabetic peripheral
nerve phosphoinositide metabolism (26-28) may re-
flect altered tissue free MI levels (2). Since membrane
phosphatidylinositol is an endogenous activator of
renal microsomal sodium potassium ATPase in the rat
(29), it is tempting to speculate that altered membrane
phosphatidylinositol composition or metabolism un-
derlies the sodium-potassium ATPase defect in dia-
betic rat peripheral nerve. The preservation of the so-
dium-potassium ATPase defect in cell-free homoge-
nates of diabetic rat sciatic nerve is consistent with
either a numerical reduction or compositional altera-
tion in the sodium-potassium ATPase-membrane com-
plex, the latter involving either the ATPase protein
subunits themselves, their attached oligosaccharide
residues, tightly-bound regulatory ligands, or the sur-
rounding membrane lipid and protein milieu (30).
Detailed metabolic and compositional studies in dia-
betic peripheral nerve are necessary to fully clarify
the relationship(s) between nerve sodium-potassium
ATPase activity and MI metabolism.

In summary. acute streptozocin diabetes reduces
sciatic nerve MI concentration (3, 7, 8, 26, 27), con-
duction velocity (3, 6, 7) and sodium-potassium ATPase
activity. MI administration obviates the fall in tissue
MI and prevents the decrease in both nerve conduction
velocity (3, 7, 8) and sodium-potassium ATPase. Since
conduction impairment in experimental diabetes is
attributable to a reduction in the ATPase-generated
(14) sodium gradient (13), the ameliorative effect of
MI administration on diabetic nerve conduction is
likely mediated via a sodium-potassium ATPase effect.
Because peripheral nerve sodium-potassium ATPase
is fundamental to both energy (14) and substrate (31)
metabolism, MI-related sodium-potassium ATPase
perturbations might have widespread consequences in
diabetic nerve (a recent report attributes the impaired
“slow axonal transport” implicated in the “distal ax-
onopathy” of diabetes [32], to altered diabetic rat
nerve MI metabolism, since it is corrected by MI ad-
ministration [8]). Finally, since nerve MI uptake is a
sodium-gradient-dependent process (10), impaired so-
dium-potassium ATPase activity plus the competitive
inhibition of sodium-dependent MI uptake by glucose
(10) may synergistically blunt MI uptake by forming
a self-reinforcing cycle of progressively reduced MI
uptake, altered MI metabolism, and impaired sodium-



potassium ATPase function leading to widespread
functional and possible structural alterations in dia-
betic peripheral nerve (18).
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