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Sodium- and Energy-dependent Uptake of Myo-inositol
by Rabbit Peripheral Nerve

COMPETITIVE INHIBITION BY GLUCOSEAND LACK OF

AN INSULIN EFFECT

DOUGLASA. GREENEand SARAHA. LATTIMER, Diabetes Research Laboratories of
the Department of Medicine, School of Medicine, University of Pittsburgh,
Pittsburgh, Pennsylvania 15261

A B S T R A C T Experimental diabetes consistently re-
duces the concentration of free myo-inositol in pe-
ripheral nerve, which usually exceeds that of plasma
by 90-100-fold. This phenomenon has been explicitly
linked to the impairment of nerve conduction in the
acutely diabetic streptozocin-treated rat. However, the
mechanism by which acute experimental diabetes low-
ers nerve myo-inositol content and presumably alters
nerve myo-inositol metabolism is unknown. Therefore,
the effects of insulin and elevated medium glucose
concentration on 2-[3H]myo-inositol uptake were
studied in a metabolically-defined in vitro peripheral
nerve tissue preparation derived from rabbit sciatic
nerve, whose free myo-inositol content is reduced by
experimental diabetes. The results demonstrate that
myo-inositol uptake occurs by at least two distinct
transport systems in the normal endoneurial prepa-
ration. A sodium- and energy-dependent saturable
transport system is responsible for at least 94% of the
measured uptake at medium myo-inositol concentra-
tions approximating that present in plasma. This car-
rier-mediated transport system has a high affinity for
myo-inositol (K, = 63 gtM), and is not influenced
acutely by physiological concentrations of insulin; it
is, however, inhibited by hyperglycemic concentra-
tions of glucose added to the incubation medium in
a primarily competitive fashion. Thus, competitive
inhibition of peripheral nerve myo-inositol uptake by
glucose may constitute a mechanism by which diabetes
produces physiologically significant alterations in pe-
ripheral nerve myo-inositol metabolism.

Received for publication 14 December 1981 and in re-
vised form 27 May 1982.

INTRODUCTION

Metabolic abnormalities in peripheral nerve resulting
from chronic insulin deficiency and/or hyperglycemia
are thought to influence heavily the development of
diabetic neuropathy. Whether the major influence is
mediated directly by deficient insulin action on pe-
ripheral nerve or indirectly by altered patterns of cir-
culating metabolites is unresolved. Contrary to pre-
vious views (1, 2), circulating insulin does not pri-
marily regulate peripheral nerve glucose and energy
metabolism (3). Consequently, experimental diabetes
does not impair glucose-derived energy production in
peripheral nerve (4) although subtle insulin-sensitive
metabolic perturbations in diabetic peripheral nerve
have been described (4, 5). Recent attention has fo-
cussed on possible direct pathogenetic effects of hy-
perglycemia on peripheral nerve metabolism (6, 7).
Both increased polyol (sorbitol) pathway activity and
nonenzymatic protein-glycosylation occur in many tis-
sues, including peripheral nerve, as a consequence of
elevated ambient glucose concentration (8-14). The
relationship, however, between these metabolic ab-
normalities in peripheral nerve and alterations in tissue
structure or function is entirely obscure (7).

In contrast, although altered sciatic nerve myo-ino-
sitol metabolism in experimental diabetes has been
explicitly linked to impairment of nerve conduction
(15, 16), the mechanism(s) by which experimental di-
abetes lowers nerve myo-inositol content and alters
nerve myo-inositol metabolism is entirely unclear at
present (17, 18). In contrast to most other carbohy-
drates, myo-inositol is maintained at high intracellular
concentrations by most tissues. Both endogenous syn-
thesis from glucose and active concentration from
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plasma have been invoked to explain this phenomenon
(19, 20). Active concentration of myo-inositol has been
described in kidney (21), small intestine (22), choroid
plexus (23), ciliary body (24), and ocular lens (25). It
has been postulated (17), but never demonstrated, in
peripheral nerve (20). Although myo-inositol synthesis
has been observed in crude homogenates of peripheral
nerve (26), the relative importance of active concen-
tration, intracellular sequestration (20), and endoge-
nous synthesis in the maintenance of nerve myo-ino-
sitol concentrations is unknown (17, 18, 20). In the
studies presented here, we demonstrate that myo-ino-
sitol uptake occurs in endoneurial tissue via a sodium-
and energy-dependent, ouabain-inhibitable, high af-
finity, carrier mediated transport system. Hypergly-
cemic concentrations of glucose competitively inhibit
carrier-mediated myo-inositol uptake, and may hereby
contribute to the reduction of nerve myo-inositol con-
tent in experimental diabetes.

METHODS

In vitro peripheral nerve preparations. Endoneurial
preparations were derived from the tibial division of rabbit
sciatic nerve as previously described (27). Male white New
Zealand rabbits weighing 1.5-2.0 kg were maintained on
Wayne Rabbit Ration (free myo-inositol content, 0.04% wt/
wt) and were fasted overnight before study (fasting plasma
myo-inositol concentration, 21.2±2.4 uM, n = 16). After se-
dation (diazepam 2 mg/kg i.m.) and induction of anesthesia
(sodium pentabarbital 24-36 mg/kg i.v.), a defined segment
of each sciatic nerve was surgically exposed, ligated, re-
moved with preservation of hemostasis, and transferred to
a 125-ml Erlenmeyer flask containing 70 mg of collagenase
(Type I, Sigma Chemical Co., St. Louis, MO) dissolved in
10 ml of 4.5% dialyzed defatted (28) bovine serum albumin
(BSA) (Sigma fraction V powder, Sigma Chemical Co.) and
20 mMglucose in Krebs Ringer bicarbonate buffer medium
(KRB),' pH 7.4, equilibrated with 5% C02/95% 02 at 370C.
After controlled digestion for 12-14 min, the nerve segments
were rinsed in 30 ml of similar medium containing apopro-
tinin, 200 Kallikrein Inactivation U/ml (Trasylol, FBA Phar-
maceuticals, New York). A branch-free segment of the major
fascicle of the tibial division of each sciatic nerve was ligated
and microdissected to produce the endoneurial prepara-
tion (27).

Standard incubation medium for the endoneurial prepa-
ration was 4.5% dialyzed defatted BSA and 5 mMglucose
in KRB, pH 7.4, equilibrated with 5% C02/95% 02 . In
contrast to previously published studies with the endoneurial
preparation, myo-inositol was absent from the standard in-
cubation medium.

In the initial characterization of the endoneurial prepa-
ration, 500,MM medium myo-inositol was necessary to pre-
vent slow declines in oxygen uptake and tissue myo-inositol
concentration (27), but these initial studies were performed

' Abbreviations used in this paper: KRB, Krebs Ringer
bicarbonate buffer; K,, the substrate concentration at which
the initial velocity is one-half of Vmax; K,, transport inhibitor
constant; NEM, N-ethylmaleimide; Vmax, maximum initial
velocity.

before fraction V BSA was routinely defatted before use.
Charcoal treatment (28) of fraction V BSA obviates the re-
quirement for myo-inositol in the medium.2 This observation
was confirmed in this laboratory as well: after paired en-
doneurial preparations were incubated for 2 h under stan-
dard conditions either in the presence or absence of 500
,uM myo-inositol, oxygen uptake was 27.4±2.2 and 25.0±2.2
mmol/kg per h, respectively (mean A of paired samples
-2.3±1.5 mmol/kg per h, n = 5, 0.4 > P > 0.2). The re-
duction in endoneurial tissue myo-inositol after incubation
with the myo-inositol-free medium was shown to be the re-
sult of extracellular loss: paired samples of the endoneurial
preparation were incubated in standard medium with or
without 500 MMmyo-inositol; 1-['4C]mannitol was added as
a marker of extracellular space. Extracellular myo-inositol
concentration was presumed to be negligible in tissue sam-
ples incubated in myo-inositol-free medium and equal to
500 AMin samples incubated with myo-inositol. Intracellular
myo-inositol was 3.46±0.30 mmol/kg and 3.53±0.21 mmol/
kg in samples incubated with and without myo-inositol, re-
spectively (mean A of paired samples +0.07±0.13 mmol/kg,
n = 6, 1.0 > P > 0.5).

Label uptake experiments. The endoneurial preparation
was routinely preincubated in 3 ml of standard medium in
a 10-ml Erlenmeyer flask in a Dubnoff metabolic shaker set
at 88 cycles/min and 37°C. The preincubated endoneurial
preparation was transferred to a new flask containing stan-
dard medium with 1 MCi/ml of 2-[3H]myo-inositol at the
desired medium myo-inositol concentration and 0.5 MCi/ml
of 1-[14C]mannitol, 45 mCi/mmol (New England Nuclear,
Boston, MA). To assess the effects of sodium ion in the ex-
tracellular fluid on myo-inositol uptake, sodium was replaced
by equimolar concentrations of choline during the last 15
min of preincubation and during the exposure to isotopically
labeled compounds. Sodium-dependent 2-[3H]myo-inositol
uptake was taken as the difference in intracellular uptake
by tissue in the presence or absence of sodium under each
experimental condition. Other experimental modifications
in the incubation conditions for specific studies are described
in the relevant portions of the text, tables, and figures.

After brief, timed exposure to isotopically-labeled me-
dium, the endoneurial preparation was rapidly rinsed in
myo-inositol-free standard medium, and frozen in liquid
nitrogen that had been evacuated to its freezing point (29).
The frozen endoneurial preparation was rapidly weighed on
a microbalance, powdered in liquid nitrogen, and homog-
enized in 6% perchloric acid as previously described (27).
Incubation medium was quantitatively transferred to a vol-
umetric flask and made to a 5-ml vol with water. Aliquots
were deproteinized with equal volumes of 12% perchloric
acid. After centrifugation at 2,500 g for 15 min at 4°C, the
supernatant of the tissue or medium perchloric acid extract
was neutralized with KOHand recentrifuged. A 0.4-ml al-
iquot of the resulting supernatant was added to 15 ml of
Aquasol II (New England Nuclear) and counted for 3H and
'4C in a liquid scintillation spectrometer (Packard Tri-Carb,
Packard Instrument Co., Downers Grove, IL) with automatic
external standard ratios to correct for quenching. Cross-over
of 14C and 'H radioactivity was determined at varying au-
tomatic external standard ratios in vials containing varying
amounts of acetone in water as a quenching agent. Recovery
of 2-[3H]myo-inositol added to nerve homogenates was >93%
on a volume basis when compared with recovery after neu-

2 Personal communication, Albert I. Winegrad, University
of Pennsylvania.
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tralization and centrifugation of 2-[3H]myo-inositol added
to 6% perchloric acid.

The extracellular tissue space in milliliters per gram wet
weight was calculated as dpm "4C/g wet wt of tissue/dpm
'4C/ml incubation medium.

The tissue water-soluble 3H was partially characterized by
lyophilization and column chromatography. Pooled neu-
tralized perchloric acid tissue extracts were applied to a 6
g X 15 mmcolumn of AG-501-X8 mixed-bed resin (Bio-Rad
Laboratories, Richmond, CA) with 5 Amol of unlabeled car-
rier myo-inositol and mannitol and eluted to 50 ml with
distilled water. The effluent was pooled, lyophilized, recon-
stituted in 2 ml of water, and counted in 15 ml of Aquasol
II for 3H and 14C. After correction for recovery of 14C or for
the recovery of pure 2-[3H]myo-inositol applied to the col-
umn, >97% of the 3H label was recovered from the column.
In separate studies, the column retained >95% of myo-ino-
sitol-IP and myo-inositol-2P when eluted with 50 ml of water
and assayed by the method of Barnett et al. (30). Both phos-
phorylated derivatives were easily eluted by 5 N NaOH.

To assess high affinity tissue myo-inositol binding, endo-
neurial preparations were homogenized in 59 mMpotassium
phosphate buffer containing 0.3 M sucrose and 2.5 mM
EDTA, and treated with charcoal (Norit A, Fisher Scientific
Co., Pittsburgh, PA) as described by Peach and Russell (31).
Supernatants were prepared by centrifugation, incubated for
up to 24 h at room temperature in the presence and absence
of 2.5 mMmagnesium with 2-[3H]myo-inositol, and then
chromatographed over G-25 Sephadex (Pharmacia Fine
Chemicals, Piscataway, NJ). Aliquots of the column effluent
were added to Aquasol II and counted for 3H. No significant
binding of 2-[3H]myo-inositol was detectable.

To estimate the proportion of 2-[3H]myo-inositol incor-
porated into nonwater soluble fractions, endoneurial prep-
arations were incubated under standard conditions with 5
AtM myo-inositol and 5 mMglucose for 10 min. The nerves
were digested in 1.0 ml Protosol (New England Nuclear) at
37°C and counted for 3H and 14C. Total incorporation of 2-
[3H]myo-inositol, corrected for medium contamination, was
not significantly greater than water soluble 3H. Incorporation
of 2-[3H]myo-inositol into total lipids was assessed in separate
experiments. After incubation for 10 min in medium con-
taining 5 mMglucose and 5 uM 2-[3H]myo-inositol, endo-
neurial preparations were homogenized in 6% perchloric
acid and centrifuged as.usual. The supernatant was neu-
tralized and counted for both 3H and "4C for determination
of saturable myo-inositol uptake. The perchloric acid pre-
cipitate was extracted with calcium containing neutral and
acidified chloroform methanol (32), and the extracts were
washed with appropriate upper phase (33), pooled, evapo-
rated under nitrogen in scintillation vials, and counted for
3H in 15 ml of Aquasol II.

Analytical methods. Tissue, diet, and plasma myo-ino-
sitol were measured by gas-liquid chromatography as pre-
viously described (15). Tissue P-creatine was measured by
an enzymatic spectrofluorometric technique (34). Oxygen
uptake was measured polarographically in a YSI Oxygen
Monitor model 53 (Yellow Springs Instrument Co., Yellow
Springs, OH) as previously described (27). Reagents and
standards were purchased from Sigma Chemical Co., unless
otherwise stated, and were of the highest available purity.
Gas-liquid chromatographic analysis of the glucose used in
these studies demonstrated no detectable myo-inositol peak.
Monocomponent porcine insulin was a generous gift of Dr.
Mary A. Root of the Eli Lilly Co., Indianapolis, IN. Dr. Carol
Coffee of the Department of Biochemistry, School of Med-
icine, University of Pittsburgh, generously supplied purified
myo-inositol-1-phosphate and myo-inositol-2-phosphate.
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FIGURE 1 Endoneurial intracellular 2-[3H]myo-inositol up-
take as a function of time. Endoneurial preparations were
isolated, preincubated for 1 h, and exposed to 2-[3H]myo-
inositol in the presence of 1-['4C]mannitol and 5 mMglucose
for varying time periods as described in Table II and Meth-
ods. Tritium and 4C radioactivities were measured in de-
proteinized, neutralized perchloric acid extracts of tissue
rapidly frozen in liquid nitrogen after incubation, and in
medium samples. Intracellular 2-[3H]myo-inositol uptake
was calculated on the basis of the tissue 3H content corrected
for extracellular medium contamination by the ['4C]mannitol
space, and expressed in terms of wet weight of the tissue and
the specific activity of medium 2-[3H]myo-inositol. 2 [3H]myo-
inositol uptake was measured in the presence (solid lines) or
absence (dotted lines) of 144 mMsodium at 5 and 50 gM
medium myo-inositol. Sodium-dependent uptake (dashed
lines) was calculated as the difference between uptake in the
presence and absence of sodium at each time point. Error
bars indicate ±SEM; and the lines of best fit were derived
by the method of least squares. Each data point represents
the mean of at least four determinations.

Statistical methods. Data were calculated as mean±SEM.
Significance of difference between groups was analyzed by
the Student's two-tailed t test (35). The differences between
paired samples were analyzed by the t test for paired com-
parisons (35). Kinetic analysis of 2-[3H]myo-inositol uptake
was performed by the Eadie-Hofstee and Lineweaver-Burk
transformations of the Michaelis-Menten equation. The in-
hibitor constant for glucose (Kigiucosej)was estimated by the
Dixon convention. Linear regression analysis was performed
by the method of least squares (35).

RESULTS

Intracellular uptake of 2-[3H]myo-inositol by the en-
doneurial preparation at 5 tM myo-inositol and in the
presence of 5 mMglucose and physiological concen-
trations of sodium increased linearly with respect to
time for 15 min after a 1-h preincubation (Fig. 1, lower
solid line). This pattern was unaltered when the period
of preincubation was increased to 2 h (data not shown).
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Substitution of sodium ion in the KRBwith equimolar
concentrations of choline ion during the last 15 min
of preincubation and during exposure to 5 MM 2-
[3H]myo-inositol reversibly abolished intracellular 3H
uptake (Fig. 1, lower dotted line). At higher medium
myo-inositol concentrations (e.g., 50 uM), detectable
intracellular 2-[3H]myo-inositol uptake in the absence
of sodium was nonlinear with respect to time (Fig. 1,
upper dotted line). However, the differences between
uptake in the presence and absence of sodium, i.e., the
sodium-dependent uptake, were linear with respect to
time for 15 min (Fig. 1, upper and lower dashed lines).
Therefore, 10-min incubations with 2-[3H]myo-inositol
were chosen to estimate initial rates of sodium-depen-
dent myo-inositol uptake under various incubation
conditions after preincubation periods ranging from
1 to 2 h.

The mean composite (sodium-dependent plus in-
dependent) intracellular 2-[3H]myo-inositol uptake rate
during 10-min incubations in the presence of sodium
was measured at medium myo-inositol concentrations
ranging over three orders of magnitude to detect the
presence of a saturable transport component. The
mean 10-min composite uptake rate increased pro-
gressively over the concentration range tested (Fig. 2,
solid line). The rate increased linearly with medium
myo-inositol concentration from 0.8 to 16 ,M, with a
correlation coefficient (r) of 0.999 and a slope of 17.3
nmol/kg per min per MM. Partial saturation occurred
between 16 and 200 MM myo-inositol. Thereafter,
mean 10-min composite uptake increased linearly with
medium myo-inositol concentration to the highest
level tested (5,000,MM), but with a much lower slope
(0.675 nmol/kg per min per uM, r = 0.990, Fig. 2,
solid line). These data suggested that composite uptake
was comprised of at least two distinct transport com-
ponents, one with a high affinity for myo-inositol that
became fully saturated within the concentration range
tested, and one with a lower affinity for myo-inositol
that demonstrated little or no saturation over the con-
centration range tested.

The mean 10-min intracellular 2-[3H]myo-inositol
uptake rate in the absence of extracellular sodium was
directly proportional to medium myo-inositol concen-
tration over the entire range tested (r = 0.991, slope
= 0.529 nmol/kg per min per MM, Fig. 2, dotted line),
which suggests that this process was unsaturable. In
contrast, the initial rate of sodium-dependent 2-
[3H]myo-inositol uptake increased linearly with me-
dium myo-inositol concentration only to 16 MAMmyo-
inositol (r = 0.999, slope 16.8 nmol/kg per min per
MAM) and completely saturated below 5,000 MMmyo-
inositol (Fig. 2, dashed line). Therefore, 2-[3H]myo-
inositol uptake was considered to consist of two
transport components, one sodium-dependent and sat-
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FIGURE 2 Mean 10-min rate of intracellular 2-[3H]myo-ino-
sitol uptake by the endoneurial preparation as a function of
medium myo-inositol concentration. Intracellular 2-[3H]myo-
inositol uptake was measured at varying medium myo-ino-
sitol concentrations after 10-min incubations as described in
the previous figure in the presence (solid line, filled circles)
or absence (dotted line, triangles) of sodium. Sodium-de-
pendent uptake (dashed line, open circles) was computed by
subtracting the uptake in sodium-free medium from the
composite uptake measured in the presence of sodium. Inset
shows sodium-dependent uptake plotted in double reciprocal
fashion (Lineweaver-Burk transformation). Each point rep-
resents the mean of at least three determinations. Medium
glucose concentration was 5 mM.

urable, and the other sodium-independerit and unsa-
turable within the concentration range tested.

Whensodium-dependent uptake and medium myo-
inositol concentration were plotted as their double re-
ciprocals (Fig. 2, inset), or when uptake velocity was
plotted as a function of the ratio of uptake velocity to
medium myo-inositol concentration (Eadie-Hofstee
transformation, Fig. 3, middle panel), linear relation-
ships were generated (r = 0.995 and 0.922, respec-
tively). By the Lineweaver-Burk transformation of the
double reciprocal plot, the apparent substrate concen-
tration (K,) was 88.9 MMand the apparent maximum
initial velocity of transport (Vmax) was 1,450 nmol/kg
per min in the presence of 5 mMglucose. The Eadie-
Hofstee transformation of the Michaelis-Menten equa-
tion yielded values of 82.5 MMand 1,390 nmol/kg per
min for K, and Vmax, respectively. These kinetic data
suggested that sodium-dependent 2-[3H]myo-inositol
uptake conformed to Michaelis-Menten kinetics,
hereby implying that this uptake process represented
carrier-mediated transport.

Since carrier-mediated transport systems are char-
acteristically highly stereospecific, the ability of struc-
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FIGURE 3 Sodium-dependent intracellular 2-[3H]myo-ino-
sitol uptake as a function of the ratio of uptake velocity to
medium myo-inositol concentration (Eadie-Hofstee conven-
tion) at 0 mM(top panel), 5 mM(middle panel), and 20 mM
(bottom panel) medium glucose concentration. Sodium-de-
pendent uptake was assessed as described in the preceding
figure. Each data point represents the mean of at least three
determinations. v, rate of sodium-dependent 2-[3H]myo-ino-
sitol uptake (nanomoles per kilogram per minute); s, medium
myo-inositol concentration (micromolars).

turally similar D-glucose to inhibit sodium-dependent
2-[3H]myo-inositol uptake was assessed. When com-
pared with uptake in physiological glucose concentra-
tions (5 mM), sodium-dependent 2-[3H]myo-inositol
uptake in 20 mMglucose was reduced by 27 and 26%
at medium myo-inositol concentrations of 5 and 50
sM, respectively (Tables I and II). Sodium-dependent

myo-inositol uptake was not reduced by 20 mMglu-
cose when medium myo-inositol concentration was
5,000 MM, i.e., >50 times the apparent K5 (Fig. 3,
points nearest the vertical axis).

The Eadie-Hofstee plot of sodium-dependent 24[3H
myo-inositol uptake and medium myo-inositol con-
centration in the presence of 20 mMglucose was linear
(r = 0.921, Fig. 3, lower panel). The apparent Vmax was
1,420 nmol/kg per min, but the apparent Kt with 20
mMglucose was 38.2% higher than at 5 mMglucose
(Table III).

Sodium-dependent uptake was assessed at several
concentrations of myo-inositol in the absence of glu-
cose. Preliminary experiments demonstrated that sig-
nificant decreases in tissue ATP and P-creatine were
not detectable in the endoneurial preparation after 10-
min incubations in the absence of substrate. The Eadie-
Hofstee plot of sodium-dependent 2-[3H]myo-inositol
uptake was linear in the absence of glucose (r = 0.976,
Fig. 3, upper panel). The apparent Vrnax was 1,310
nmol/kg per min, but the apparent Kt of 63.3 ltM
without glucose was lower than that at 5 or 20 m.M
glucose (Table III).

Thus, increasing medium glucose concentration was
associated with progressively higher values for appar-
ent Kt without similar increases in apparent Vmax.
Dixon plots of sodium-dependent uptake at 5, 8, 16,
and 50,M myo-inositol yielded a consistent apparent
Ki(glucose) of 37.8±2.2 (n = 6) (Fig. 4). These data are
consistent with the hypothesis that glucose competed
with 2-[3H]myo-inositol for the transport carrier with an
apparent K, of -38 mM(Table I). However, subtle non-
competitive components to the interaction of medium
glucose and 2-[3H]myo-inositol uptake cannot be rigor-
ously excluded by the currently available data.

Sodium-dependent 2-[3H]myo-inositol uptake was

TABLE I
Endoneurial Sodium-dependent 243H]Myo-inositol Uptake

(Medium Myo-inositol Concentration 5 AM)

Sodium- P vs. 5 mM,
Incubation conditions dependent uptake glucose alone

nmol/kg/min

5 mMglucose 77.5±3.8 (28) -

20 mMglucose 56.6±3.2 (8) <0.001
20 mMfructose 74.7±7.0 (6) NS
20 mMmannitol 81.9±11.2 (6) NS
No substrate 88.7±9.6 (6) NS
0.1 mMNEM' 76.6±7.0 (6) NS
1.0 mMNEM° 72.4±2.4 (6) NS
Nitrogen atmosphere*4 55.2±6.4 (5) <0.005
2 mMOuabain' 40.8±5.1 (6) <0.001
100 uU/ml Insulin' 71.8±7.0 (5) NS

Endoneurial preparations from rabbit sciatic nerve were isolated
and preincubated as described in Methods. After 10-min exposure
to 5 AM2-3HJmyo-inositol under the incubation conditions noted
above, tissue water-soluble 3H content was measured and then cor-
rected for both extracellular medium contamination (by the
['4CJmannitol tissue space) and for sodium-independent intracel-
lular 2-(HJmyo-inositol accumulation as detailed in Methods. Re-
sults are expressed as mean±SEM, bracketed figures denote number
of experiments, and P values are calculated on the basis of the
Student's t test.
* 5 mMglucose present as substrate.

Gas phase 95% N2/5% CO2.

Myo-inositol Uptake by Peripheral Nerve 1013



TABLE II
Endoneurial Sodium-dependent 2-3H]Myo-inositol Uptake

(Medium Myo-inositol Concentration 50 uM)

Sodium-
dependent P vs. 5 mM,

Incubation conditions uptake glucose alone

nmol/kg/min

5 mMGlucose 415±43 (9)
20 mMGlucose 310±15 (9) <0.05
1.0 mMNEM° 446±25 (6) NS
1,000 MU/ml Insulin'I 390±41 (5) NS

Endoneurial tissue preparations were isolated and preincubated as
described in Table I. Following 10-min exposure to 50 MM2-
[3H]myo-inositol under the incubation conditions noted above, tissue
water-soluble 3H content was measured, corrected for extracellular
medium contamination and sodium-independent intracellular up-
take, and expressed as in the previous table.

5 mMglucose present as substrate.
4 Insulin was present both during the incubation with 243Hlmyo-
inositol and in the preceding 1-h preincubation.

assessed in the presence of 20 mMfructose or 20 mM
mannitol, two related compounds with molecular
weights similar to that of glucose. Sodium-dependent
uptake in 20 mMconcentrations of fructose or man-
nitol was similar to uptake in the presence of 5 mM
glucose, and greater than that which occurred in the
presence of 20 mMglucose (Table II). Thus, neither
fructose nor mannitol demonstrated the inhibitory ef-
fect of glucose on sodium-dependent uptake of 5 uM
myo-inositol. (In contrast, sodium-dependent uptake
was not influenced by medium glucose, fructose, or
mannitol [data not shown]).

The reversibility of 2-[3H]myo-inositol uptake at 5
and 5,000 ,uM myo-inositol was assessed. At these con-
centrations, 97 and 35%, respectively, of total intra-
cellular uptake could be attributed to the sodium-de-
pendent component. After 15 min of labeling with 2-
[3H]myo-inositol and ['4C]mannitol in the presence of
sodium and 5 mMglucose, tissue radioactivity was
compared in paired endoneurial samples either before
or after a 10-min washout in myo-inositol-free me-
dium. Results were expressed as the percentage change
in total and intracellular 2-[3H]myo-inositol during the
washout. Whenendoneurial preparations were labeled
in the presence of sodium at 5 MMmyo-inositol, ap-
proximately one-quarter of the total tissue 3H was lost
during the subsequent 10-min washout (mean A of
paired samples =-28.7±3.6%, n = 6, P <0.005).
However, when tissue 3H was corrected for contami-
nating 2-[3H]myo-inositol remaining in the mannitol
(extracellular) space, the mean A was +25.4±13.7%,
n = 6, 0.2 > P > 0.1. Thus, intracellular 2-[3H]myo-

inositol uptake occurring primarily by the sodium-de-
pendent system was largely irreversible (and may have
continued during incubation in label-free media). In
contrast, when 2-[3H]myo-inositol was introduced into
the tissue in the presence of sodium at a medium myo-
inositol concentration of 5,000,uM, 80.1±0.9% of total
and 42.7±12.2% of intracellular 3H was lost during the
subsequent 10-min washout (n = 5, P < 0.001 and P
<0.05, respectively). Thus, 2-[3H]myo-inositol intro-
duced into the tissue primarily via the sodium-inde-
pendent transport component equilibrated more rap-
idly and/or to a much greater extent with the sur-
rounding incubation medium than did label entering
the tissue by the sodium-dependent uptake compo-
nent.

Sensitivity to sulfhydryl reducing agents is charac-
teristic of some carrier-mediated transport systems,
including that described for myo-inositol in choroid
plexus (36). The sensitivity of sodium-dependent en-
doneurial 2-[3H]myo-inositol uptake to 0.1 and 1.0 mM
N-ethylmaleimide (NEM) was measured in the pres-
ence of 5 mMglucose and at myo-inositol concentra-
tions well below and near the apparent K1 (5 and 50
MuM). In neither case did the presence of NEMalter
2-3Hlmyo-inositol uptake (Tables I and II).

To assess energy dependence, sodium-dependent 2-
[3H]myo-inositol uptake was measured in the presence
of a 95% nitrogen atmosphere in medium containing
5 MMmyo-inositol and 5 mMglucose. Sodium-depen-
dent uptake was reduced by ~-30% (Table II). Tissue
P-creatine concentrations were reduced by 83% from
1.54±0.15 to 0.26±0.09 mmol/kg (mean A of paired
samples = -1.29±0.12 mmol/kg, n = 5, P < 0.005)
during the 10-min exposure to nitrogen.

Ouabain sensitivity of sodium-dependent 2-[3H]myo-

TABLE III
Estimates of Kinetic Parameters of Sodium-dependent 2-
[3H]Myo-inositol Uptake by the Endoneurial Preparation

Medium glucose V. K, r n

mM nmol/kg/min $gM

Lineweaver-Burk analysis
5 1,450 88.9 0.995 1 1

Eadie-Hofstee analysis
0 1,310 63.3 0.976 5
5 1,390 82.5 0.922 1 1

20 1,420 114 0.921 5

Sodium-dependent 2{3H]myo-inositol uptake was measured and
analyzed as described in the preceding tables. Kinetic parameters
were estimated graphically by linear regression analysis as de-
scribed in Methods. By Dixon analysis, Kj(gI,,e) was 37.8±2.2 mM.
' Number of data points.
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FIGURE 4 Graphic evaluation of Kj(gI,,,.,st.) for sodium-de-
pendent 2-[3H]myo-inositol uptake by the Dixon plot. The
reciprocal of sodium-dependent 2-[3H]myo-inositol uptake
measured at medium myo-inositol concentrations of 5, 8, 16,
and 50 uM myo-inositol (top to bottom lines) were plotted
as a function of medium glucose concentration. According
to the Dixon convention, the intersection of each pair of
linear regression lines for different myo-inositol concentra-
tions constitutes an estimate of the Kj(gI,,s,,.). v, rate of so-
dium-dependent 2-[3H]myo-inositol uptake; (nanomoles per
kilogram per minute) i, medium glucose concentration
(millimolars).

inositol uptake was assessed. In the presence of 5 mM
glucose, 144 mMsodium, and 5 gM myo-inositol, 2
mMouabain inhibited sodium-dependent 2-[3H]myo-
inositol uptake by 48% (Table II). A similar degree of
inhibition occurred when sodium was present in the
medium during preincubation, but was replaced by
choline only during the labeling period (data not
shown).

Sodium-dependent 2-[3H]myo-inositol uptake was
measured in the presence of insulin, 100 jU/ml, in
medium containing 5 ,uM myo-inositol and 5 mMglu-
cose. In a separate set of experiments, 1,000 ,uU/ml
insulin was present both during the 1-h preincubation
and during the exposure of the tissue to 50 uM 2-
[3H]myo-inositol in 5 mMglucose. In neither experi-
ment did the presence of insulin alter the apparent
rate of sodium-dependent 2-[3H]myo-inositol uptake
(Tables II and III). Neither insulin nor NEMaltered
sodium-independent uptake (data not shown).

During a 10-min incubation in 5 ,uM 2-[3H]myo-ino-
sitol and 5 mMglucose, 2-[3H]myo-inositol incorpo-
ration into total lipid occurred at a mean rate of
0.484±0.083 nmol/kg per min (n = 7), or -0.6% of
the sodium-dependent 2-[3H]myo-inositol uptake of
77.0±10.2 nmol/kg per min (n = 7) measured in the
same tissue samples.

DISCUSSION

The free myo-inositol concentration in mammalian
peripheral nerve, which normally exceeds that in
plasma by 90-100-fold, (15, 17, 37, 38) is significantly
and reproducibly reduced by experimental diabetes
(4, 15-17, 37) as a consequence of insulin deficiency
and/or hyperglycemia (15). The present studies ex-
plore the possibility that myo-inositol uptake by en-
doneurial tissue contributes to the high steady-state
tissue concentration of myo-inositol in peripheral
nerve and that altered ambient insulin or glucose con-
centration directly influences this uptake process.

2-[3H]myo-inositol uptake was examined under met-
abolically defined conditions in a metabolically stable
peripheral nerve tissue preparation (3, 27) whose free
myo-inositol concentration is reduced by acute exper-
imental diabetes (4). 10-min periods of 2-[3H]myo-ino-
sitol uptake were used to estimate unidirectional flux
from the medium into the tissue preparation under
various incubation conditions. The results demonstrate
that uptake occurs by at least two distinct transport
systems. A sodium-dependent transport system is re-
sponsible for -94% of the measured uptake at medium
myo-inositol concentrations approximating that pres-
ent in plasma (endoneurial fluid myo-inositol concen-
tration is unknown). The sodium dependency is ab-
solute since saturable 2-[3H]myo-inositol uptake is ef-
fectively abolished within 15 min in a sodium-free
medium (the ability of other small ions to substitute
for sodium was not assessed). Sodium-dependent myo-
inositol uptake demonstrates relative specificity, since
it is inhibited in a primarily competitive fashion by
structurally-similar D-glucose, but not by mannitol or
fructose. Saturability and stereospecificity would in-
dicate that this uptake process is carrier-mediated. The
sodium-dependent component of 2-[3H]myo-inositol
uptake is linear with respect to time, and demonstrates
classical Michaelis-Menten kinetics. The transport car-
rier has a high affinity for myo-inositol, with an ap-
parent K, of 82.5 ,uM in the presence of 5 mMglucose,
63.3 ,M in the absence of glucose, and 114 ,M in the
presence of 20 mMglucose (Table I). The resultant
apparent Ki(glucose) of 37.8 mMimplies an apparent
affinity of the carrier for myo-inositol -500 times
stronger than for glucose.

Carrier-mediated 2-[3H]myo-inositol uptake by the
endoneurial preparation is tightly linked to the so-
dium-ion electrochemical gradient at the plasma
membrane since uptake is impaired by conditions
which either raise intracellular sodium (ouabain) or
lower extracellular sodium (choline buffer). Metabo-
lite-concentrating transport systems in animal cell
plasma membranes uniformly depend on electrochem-
ical gradients generated by membrane ion pumps for
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their energy source (39). The sodium-gradient depen-
dence and apparent irreversibility of carrier-mediated
2-[3H]myo-inositol uptake suggest myo-inositol con-
centrating capacity. (It is unlikely that nonmediated
sodium-independent transport functions in this fashion
since it is readily reversible). The recovery of virtually
all tissue 3H in a water soluble, nonvolatile and non-
polar moiety excludes intracellular accumulation of 2-
[3H]myo-inositol phosphates or phosphoinositides, or
metabolism of 2-[3H]myo-inositol to myo-inosose-2
(releasing 3H20) as the basis of the irreversible carrier-
mediated entry of 3H.

The endoneurial preparation demonstrates a stable,
high tissue myo-inositol concentration, little myo-ino-
sitol efflux during incubation in myo-inositol-free me-
dium, absence of obvious intracellular myo-inositol
binding capacity, and a sodium- and energy-depen-
dent, irreversible carrier-mediated transport system
for myo-inositol. Sodium-dependent endoneurial myo-
inositol transport resembles saturable uptake systems
in other tissues thought to concentrate myo-inositol,
e.g., brain (40), lens (25, 41), choroid plexus (36, 42),
ciliary body (24), small intestine (22), and kidney tu-
bules (21, 22, 43). Taken together, these observations
suggest that carrier-mediated transport contributes to
the maintenance of high myo-inositol concentrations
in some endoneurial components(s). Although the
transport Vmax is low, a slow-leak hypothesis has been
invoked to reconcile high tissue-to-plasma myo-inosi-
tol concentration gradients with low myo-inositol
transport capacity in other tissues (25). The stability
of the endoneurial intracellular myo-inositol concen-
tration during incubation in myo-inositol-free medium
is consistent with this hypothesis, i.e., the existence of
a slow-leak of myo-inositol from the normal endoneu-
rial preparation. Implicit in the slow-leak hypothesis,
however, is the prediction that independent factors
that influence passive efflux may prominently affect
steady-state tissue-to-plasma concentration gradients.

The physiological significance of glucose-mediated
inhibition of myo-inositol uptake would depend on at
least two factors: (a) the quantitative contribution of
sodium-dependent uptake to the maintenance of high
tissue myo-inositol concentrations, and (b) the relative
concentrations of glucose and myo-inositol in endo-
neurial fluid. Neither myo-inositol pool size nor
synthetic or metabolic flux is sufficiently well char-
acterized in peripheral nerve to permit meaningful
quantitative comparison with sodium-dependent myo-
inositol uptake (17, 18, 26, 42, 44, 45). Moreover, en-
doneurial fluid myo-inositol concentration, which may
possibly differ from that of plasma (46, 47), is un-
known. However, both in vivo (48) and in vitro (3)
experiments suggest that endoneurial fluid glucose
freely equilibrates with plasma glucose and should

therefore reflect plasma glucose concentration. Un-
equivocal evaluation of the physiological relevance of
glucose-mediated inhibition of sodium-dependent myo-
inositol uptake in diabetic peripheral nerve must await
reliable endoneurial fluid sampling techniques.

Furthermore, the endoneurial preparation is a com-
posite of heterogeneous cell types, primarily myelin-
ated and unmyelinated axons and their accompanying
Schwann cells (27). Free myo-inositol is highly and
selectively concentrated within specific cell popula-
tions in brain, and a similarly heterogeneous distri-
bution may occur in peripheral nerve (49). Since the
high tissue level of myo-inositol in peripheral nerve
has been variously attributed by indirect means to both
the axon (50) and the Schwann cell (38), cellular lo-
calization of sodium-dependent myo-inositol uptake
within peripheral nerve remains controversial.

The present studies describe a saturable, carrier-
mediated sodium- and energy-dependent transport
system for myo-inositol in the endoneurial prepara-
tion. Uptake by this system is not acutely influenced
by physiologic concentrations of insulin, but is inhib-
ited by hyperglycemic concentrations of glucose in a
primarily competitive fashion. In view of the consis-
tent and physiologically significant reduction in steady-
state peripheral nerve myo-inositol content produced
by experimental diabetes, it is reasonable to hypoth-
esize (a) that carrier-mediated myo-inositol uptake
contributes to the maintenance of high tissue myo-ino-
sitol levels within some component of peripheral
nerve, and (b) that hyperglycemia reduces this con-
centration of free myo-inositol in part by competi-
tively inhibiting sodium-dependent myo-inositol up-
take. Thus, inhibition of peripheral nerve myo-inositol
uptake by glucose constitutes a mechanism by which
hyperglycemia may directly induce a specific meta-
bolic alteration that has been implicated in impaired
tissue function in experimental (15, 16) and human
(51-53) diabetes.
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