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ABSTRACT The phosphorylation state of the Na,K-
ATPase a subunit has been exaied in -uP-abee sciatic
nerves of control and eptozo-treated dbetic rats.
Intact nerves were c d with protein kiause (PK) mod-
ulators and a-subunit p lab was analyzed after Immu-
noprecipitatlon. In control nerves, the PKC activator phorbol
12-myristate 13-acetate (PMA) had little effect on a-subunit
32P labeling. In otrst suoporine, a PKC inhbor, and
extracelur calcium omisson de ea d It. In Ca2+_-fe con-
ditions, PMA restored the belng to basal levels. The cAMP-
raising agent forskolin reduced the 32p labIng of the a
subunit. The results suggest that nerve Na,K-ATPase Is toni-
cally phosp ated byPKC in a Ca2+-dependent manner and
that PKA modulates the phsphorylation process. In nerves of
diabetic rats, PMA i sed 3p labeling the a subunit. In
cotrst to tau o orextraceflular cciumom n, the
decreased state of p lto seen with forskolin was no
longer s ct in diabetic nerves. No change In the level of
a-subunit ioorms (al or a2) was de %ed by Western blot
analysis in such nerves. In conduslon, the altered effect ofPK
activators on Na,K-ATPase p phorylation state is t
with the view that a defect in PKC activation exists in diabetic
nerves.

Na,K-ATPase is a key enzyme in the function of all mam-
malian cells. In addition to maintaining membrane potential,
the Na+ gradient produced by this pump drives the transport
across the cell membrane of ions as well as amino acids,
glucose, and myo-inositol. The functional enzyme comprises
distinct a and 8 subunits of, respectively, 100 and 40-60 kDa
and possibly a third y subunit of 12 kDa (1). The a and P
subunits both exist as multiple isoforms (2, 3). The short-term
regulation of the pump is still poorly understood. A phos-
phorylation/dephosphorylation regulatory mechanism via
protein kinases and phosphatases has been suggested. In
particular, it was found that the catalytic a subunit of
Na,K-ATPase can serve both in subcellular fractions and in
intact cells as a substrate for protein kinases (PKs). Phos-
phorylation of the enzyme by PKC and cAMP-dependent
PKA in subcellular fractions from different cell types has
been described (4-6). With either kinase, phosphorylation
was associated with inhibition of enzyme activity (5). PKC
activation by phorbol 12,13-dibutyrate was shown to increase
32p labeling of the a subunit in kidney epithelial cells, thus
supporting the notion that PKC might also phosphorylate the
enzyme in intact cells (7).

In peripheral nerves, diabetes leads to a reduction of
Na,K-ATPase activity as measured directly or indirectly as

ouabain-inhibitable oxygen consumption (8-10). This defect
is proposed to be the common denominator for altered energy
metabolism, diminished nerve conduction, and paranodal
swelling found in acute experimental diabetes (11). Further-
more, the impaired activity of the pump can be corrected by
PK modulators, thus providing a model for the functional
implication of phosphorylation of the pump. Published re-
sults based on indirect approaches are, however, conflicting.
On the one hand, the acute application of PKC activators
specifically corrected the impaired activity of the pump in
peripheral nerves (10, 12, 13) and in erythrocytes of diabetic
animals (14). On the other hand, altered Na,K-ATPase ac-
tivity in sciatic nerves of diabetic mice was apparently
increased by inhibitors of PKC (15, 16). PKA activation also
improved Na,K-ATPase activity in nerves of diabetic rats
(17).

In view of these conflicting observations, it is important to
define whether PKs act directly on the Na,K-ATPase in
intact nerves. This would help to elucidate both the mecha-
nism of regulation of the pump and the defect underlying the
initiating events of diabetic peripheral neuropathy. In the
present study, we have examined the phosphorylation state
ofthe Na,K-ATPase a subunit in sciatic nerves ofnormal and
diabetic rats under basal conditions and in response to PK
modulators.

MATERIALS AND METHODS
Animals and Surgery. Male Wistar rats (200-250 g) were

made diabetic by injection of streptozotocin (65 mg/kg) as
described (18) and were used 9-10 weeks after injection.
Age-matched controls received buffer only. Diabetic rats
displayed marked hyperglycemia [35.6 ± 3.1 mM glucose for
diabetics; 6.6 ± 1.1mM glucose for controls (mean ± SEM)],
moderate weight gain [124 ± 21 g for diabetics; 275± 20 g for
controls (mean ± SEM)J, and cataract formation. Sciatic
nerves were dissected under anesthesia and rapidly
desheathed in a nominally Ca2+-free Krebs-Ringer bicarbon-
ate Hepes buffer (KRBH; 140 mM NaCl/3.8 mM Ka/0.2
mM NaH2PO4/0.5 mM MgSO4/10 mM Hepes/2 mM
NaHCO3, pH 7.4) supplemented with glucose (10 mM) and
myo-inositol (1 mM). Thereafter, random nerves were tied
with surgical thread at both extremities and pooled by pairs.
When indicated, n refers to nerve pairs.
Nerve P L and IcubM . Nerve pairs were pre-

incubated (15 min) in cold KRBH (with or without 1.5 mM
CaCd2, as mentioned) supplemented with glucose (10 mM),

Abbreviations: PK, protein kinase; PKC, protein kinase C; PKA,
cAMP-dependent protein kinase; PMA, phorbol 12-myristate 13-
acetate; [Ca2+]i, intracellular calcium concentration; PLC, phospho-
lipase C; DAG, diacygllycerol.
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myo-inositol (1 mM), and pyruvate (5 mM) and gradually
brought to 37rC. They were then transferred to the solution
containingd [32PjorthophoSphate (New England Nuclear) (1
mCi/ml in KRBH; 1 Ci = 37 GBq) (3TC) for 60 min.
Thereafter, the nerves were placed in KRBH contaningth
stimuli for 15 mini. The reaction was terminated by rinsing the
nerves in ice-cold phosphate-buffered saline/0.5 mM EGTA,
pH 7.4, containing NaF (30 mM), Na3VO4 (1 mMA), and
Na4O7P2 (30 mM).

Subceflular Fractionation. Each pair of nerves was homog-
enized in 20mM Tris-HCI/2 mM EGTA/2 mM EDTA/6 mM
2-mercaptoethanol/l p0g of leupeptin per ml/4 pg of apro-
tinin per mi/i mM Na3VO4/30mM NaF/30mM Na4O7P2, pH
7.4, whereupon cytosolic and membrane fractions were pre-
pared (18). Rat brain membranes were similarly prepared.
The protein content of the samples was determined by the
Bradford method (19) using bovine serum albumin as stan-
dard. The recovery of Na,K-ATPase between the cytosolic
and membrane fractions was evaluated by Western blot
analysis. For both control and diabetic rats, the al and a2
isoforms of the a subunit were reproducibly detected exclu-
sively in the membrane fr-action (n = 6 for each group; data
not shown).
Membrane Phosphoprotein Pattern and a-Subunit Immu-

nopredipitatlon. Phosphorylated membrane proteins (10 pug)
were analyzed by SDS/PAGE and autoradiography (-700C;
6-14 h) of dried gels with preflashed Fuji x-ray fl~ms. The a
subunit was imnpeipitated from phosphorylated mem-
brane samples (100 gg), as described (20), by addition of
anti-a, a polyclonal rabbit antiserum raised against the Bufo
marinus enzyme (21). Its 32P labeling was revealed by auto-
radiography (7-15 days exposure) after SDS/PAGE. West-
ern blot analysis of the immunoprecipitate obtained from rat
brain membranes, using isoform-specific antibodies defined
below (data not shown), demonstrated that anti-a does not
discriminate between the al, a2, and a3 a-subunit isoforms.
Western Blotting. Western blotting was done essentially as

described (18) using mouse monoclonal anti-al McK1 (22),
rabbit polyclonal. anti-a2 (Upstate Biotechnology, Lake
Placid, NY), mouse monoclonal anti-a3 McB-X3 (23), and
anti-a (21) as primary antibodies with horseradish peroxidase
conjugates as secondary antibodies. Immunoreactivity was
visualized by chemilumunescence (Amersham).

Quantitative Analysis of Autoradlograms. Quantification of
both the 32P labeling and the immunoreactivity of antibodies
was done under conditions of linearity using the VD620
videodensitometer (Bio-Rad). To take into account differ-
ences in 32P uptake between nerves, the intensity of the
immunoprecipitated band was normalized to the mean value
of two phosphoproteins of 160-165 (P1) and 55-60 (P2) kDa
seen in the general membrane phosphoprotein pattern. These
two bands (see Figs. 1 and 3) were chosen as they were not
changed by the stimuli or by diabetes. With okadaic acid
(GIBCO), the levels ofphosphorylation of the a subunit were
evaluated as -fold increase (see ref. 24). Results are expressed
as means ± SEM. Values were compared by the Mann-
Whitney U test.

RESULTS
In Vivo Phosphorylation of the Na,K-ATPase a Subunit in

Control Sciatic Nerves. Nerve pairs from normal rats labeled
with [V2P~orthophosphate were challenged or not for 15 min
with PK modulators. Since Na,K-ATPase a subunit is de-
tected exclusively in the nerve membrane fr-actions (18), the
latter were analyzed for phosphoproteins. Treatment of the
nerves with phorbol 127-myri tstate 13-ae-etate (PMA) (10(pM),
the PKC inhibitor staurosporine, (100 nM), or forskolin (10
pMV) did not cause major changes in the general pattern of
phosphoproteins (Fig. lA). At least 12 phosphoproteins of
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FIG. 1. Effects of PK modulators on protein and Na,K-ATPase
a-subunit phosphorylation in normal rat sciatic nerve. Nerves la-
beled (60 mini) with [32Plorthophosphate were challenged (15 min)
with either no test substance (basal) or with PMA (10 pM), forskolin
(10 pM), or staurosporine (100 nM) in normal KRBH. (A) General
phosphorylation pattern of membrane proteins. Membrane proteins
(10 jig) were analyzed by SDS/PAGE (5-15% polyacrylamide gra-
dient) and autoradiography. Molecular size markers (kDa) are indi-
cated on the left. e, P1 and P2 proteins used for normalization; x,
80-kDa PKC substrate. (B) a-Subunit immunoprecipitation. Mem-
brane proteins (100 tig) shown in A were immunoprecipitated with
the anti-a antiserum and the precipitates were analyzed by SDS/
PAGE and autoradiography. (C) Relative effect (%Y) of PMA, for-
skolin, and staurosporine on a-subunit 32P labeling: intensities of
bands shown in B (6.2, 7.9, 3.8, 3.5) were normalized to that of P1
(2.9, 3.8, 3.9, 5.0) and P2 (3.6, 3.8, 3.1, 4.6) shown in A. Values in
parentheses correspond to intensities (arbitrary units) measured by
densitometric, scanning for basal, PMA, forskolin, and staurospo-
rine, respectively.

molecular mass ranging from 20 to 170 kDa were detected.
Two protein bands (--30 and -:25 kDa) displayed the strong-
est 32P labeling. According to their molecular mass and
relative abundance (>80% of all stained proteins), they
probably represent the protein P0 and a proteolysis product
of P0 (24, 25). PMA application led to increased 32p incor-
poration in an -=80-kDa band (Fig. lA, x); conversely,
staurosporine decreased it. This band probably represents
the MARCKS protein (26). Since it was an easily detectable
PKC substrate in rat sciatic nerves, it was used as a positive
control for the effect of PMA (27). However, no resolved
phosphoprotein band could be identified as the Na,K-
ATPase a subunit (=z100 kDa) (Fig. lA). Therefore, immu-
noprecipitation of the a subunit from the same membrane
fr-actions shown in Fig. 1A was performed in order to examine
unequivocally its 32P labeling. A single radioactive band was
detected in each lane (-=100 kDa; Fig. 1B) and was identified
as the Na,K-ATPase a subunit in parallel experiments by
Western analysis. In the absence of any stimulus, the a
subunit showed a basal 32P labeling (Fig. 1B), which was not
affected by PMA, in contrast to staurosporine application,
which reduced it sigifcnty(Figs. iC and 2; Table 1).
To investigate the mechanisms underlying the basal a-sub-

unit 32]p labeling, nerves were incubated in nominally Ca:2+-
free buffer (Fig. 2; Table 1). This maneuver is known to
decrease both intracellular calcium concentration ([Ca2+]j)
(29) and basal inositol phospholipid turnover in peripheral
nerves (30). Low calcium throughout decreased the 32P
labeling of the a subunit. Under these conditions, PMA (31)
or readdition of extracellular Ca2-+ (data not shown) restored
basal phosphorylation levels in 15 mini. These results, to-
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FiG. 2. Effect of PKC modulators and extracellular Ca2+ omis-
sion on a-subunit phosphorylation in normal sciatic nerve. After
labeling (60 min) with [32P]orthophosphate, nerves were challenged
(15 min) or not (basal) with PMA (10 M) or staurosporine (100 nM)
in normal (first three lanes) or in nominally calcium-free (Ca2+-free;
last three lanes) KRBH. Experimental procedure is similar to that
described in legend to Fig. 1.

gether with the inhibitory effect of staurosporine, seen only
in the presence of Ca2+ (Table 1), suggest that Ca2+ is
involved in the tonic Na,K-ATPase phosphorylation via the
activation of PKC. To test whether PKA directly phospho-
rylates the Na,K-ATPase, forskolin (10 pM) was applied to
the nerves. Forskolin significantly reduced the labeling ofthe
a subunit to a similar extent as extracellular Ca2+ omission
(Fig. 1; Table 1). It is noteworthy that forskolin was shown
to stimulate 45Ca2+ efflux and to decrease [Ca2+]i in periph-
eral nerves (32). To test whether forskolin was acting indi-
rectly through an effect on [Ca2+]j, the drug was added in
Ca2+-free buffer. Indeed, under these conditions, the inhib-
itory effect of forskolin was almost obliterated (Table 1).
Furthermore, when PMA was added simultaneously with
forskolin, the effect of forskolin was also canceled (Table 1).
These results indicate that, in contrast to PKC, PKA nega-
tively regulates phosphorylation of the a subunit.
The rapid reduction of the 32p labeling caused by both

staurosporine and forskolin points to the presence ofa strong
phosphatase activity in the vicinity of the Na+ pump. There-
fore, the effect of the protein phosphatase inhibitor okadaic
acid was tested on the basal labeling ofthe a subunit. Okadaic
acid (1 pM) treatment for 15 min enhanced the degree of
phosphorylation [(2.4 + 0.25)-fold increase; n = 4] of all
phosphoprotein bands as well as that ofthe a subunit [(3.2 +
0.3)-fold increase; n = 4] evaluated after immunoprecipita-
tion. In preliminary experiments (n = 2), the simultaneous
application of forskolin with okadaic acid did not fiurther
increase the labeling of the subunit. This was observed

Table 1. Effect of PK modulators on Na,K-ATPase a-subunit
32p labeling in sciatic nerves from control rats

(Cai+ in 32p incorporation
Test substance buffer into a subunit, %

PMA (10 M) 1.5 mM 106 11(8) NS
Staurosporine (100 nM) 1.5 mM 41 ± 3 (5) **
Forskolin (10 JAM) 1.5 mM 67 ± 9(6) **
PMA (10 M) + forskolin (10 M) 1.5 mM 93 (2) ND
None Ca2+-free 69 ± 9 (6) *
PMA (10 pM) Ca2+-free 101 ± 13 (4) NS
Staurosporine (100 nM) Ca2+-free 61 ± 17 (3) *
Forskolin (10 pLM) Ca2+-free 57 ± 2 (3) *
Values are means ± SEM of the number ofexperiments indicated

in parentheses. They are expressed as percentage of the value
obtained under basal conditions in control nerves; [Ca2+] in the
Ca2+-free buffer was <1 PM, as determined with the fluorescent dye
Fluo3 (28). *, P < 0.05; **, P < 0.01 as compared with basal
conditions. NS, not significantly different; ND, not determined.
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FiG. 3. Effect of PKC modulators and extracellular CA2+ omis-
sion on a-subunit phosphorylation in diabetic sciatic nerve. Auto-
radiograms of two independent experiments showing the effect of
PMA (10 AM) (B) or PMA (10 pM), staurosponne (100 aM), and
extracellular Ca2+ omission (C). Experimental procedures were
similar to those described in Figs. 1 and 2. (A) General phosphory-
lation pattern ofmembrane proteins used in B. InA andB, the effect
of PMA in diabetic nerves is compared to a nonstimulated control
(basal). Molecular size markers (kDa) are indicated on the left. e, P1
and P2 proteins; x, 80-kDa PKC substrate.

despite the synergism of okadaic acid and forskolin on the
labeling of other proteins (data not shown).
In Vivo Phosphorylatlon of the Na,K-ATPase a Subunit n

Diabetic Sciatic Nerves. a-Subunit phosphorylation levels
were compared in sciatic nerves from diabetic rats and
age-matched controls 9 weeks after diabetes induction (Fig.
3), by which time peripheral neuropathy is known to have
developed (33). The relative basal level of 32P incorporation
in the a subunit (Fig. 3B) was slightly lower in the diabetic
nerves (86% ± 8% of controls; n = 8; P = 0.15). However,
the a-subunit 32p incorporation was markedly increased by
PMA (Fig. 3 B and C; Table 2). Furthermore, in diabetic
nerves, PMA application had a much greater phosphorylating
effect on the a subunit (300% ± 72%; n = 3) than on the
80-kDa PKC substrate (142% ± 13%; n = 4). Indeed, the
labeling effect of PMA on the 80-kDa protein was not
significantly greater in diabetics compared to controls (120%
± 6%; n = 4; P = 0.06). Staurosporine and extracellular Ca2+
omission still caused a decrease in the phosphorylation level
of the a subunit in diabetics (Fig. 3C). The reducing effect of
forskolin, although marginal, was no longer significant (P =
0.06; Table 2).

Table 2. Effect of PK modulators on Na,K-ATPase a-subunit
32p labeling in sciatic nerves from streptozotocin-induced
diabetic rats

[Ca2+] in 32p incorporation
Test substance buffer into a subunit, %

PMA (10 AM) 1.5 mM 300 ± 72 (3) **
Staurosporine (100 nM) 1.5 mM 58 ± 20 (4) *
Forskolin (10 pAM) 1.5 mM 73 ± 14 (4) NS
None Ca2+-free 44 ± 19 (3) *

Values are means ± SEM of the number of experiments indicated
in parentheses. They are expressed as percentage of the value
obtained under basal conditions in diabetic nerves. *, P < 0.05; **,
P < 0.01 as compared with basal conditions. NS, not signiicantly
different.
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FIG. 4. Representative Western blot analysis of Na,K-ATPase a-subunit isoforms in sciatic nerves of control and diabetic rats. Membrane
proteins of control Qanes CN) and diabetic (lanes DN) nerves were resolved by SDS/PAGE (8% polyacrylamide), transferred to nitrocellulose,
and probed with anti-al (Upper Left), anti-a2 (Lower Left), anti-a3 (Upper Right), and anti-a (Lower Right) antibodies. Lanes B, rat brain
membrane proteins as control. Molecular size markers (kDa) are indicated on the left.

Western Analysis of Na,K-ATPase a-Subunit Isoforms In
Sciatic Nerve of Control and Diabetic Rats. To test for a
change in the level of Na,K-ATPase a-subunit expression in
diabetic rats, which could underlie the difference in sensi-
tivity to PMA, Western analysis with isoform-specific anti-
bodies was performed. The al and a2 isoforms were iden-
tified in sciatic nerve; in contrast to brain, the a3 isoform was
not detected (Fig. 4). The nondiscriminating anti-a antibody
detected a doublet both in peripheral nerve and in brain
membranes, although in the former the upper band was much
fainter than in the latter. The lower band in both preparations
was also stained by the anti-al-specific antibody. Although
this suggests that al is the main isoform of the peripheral
nerve, further characterization is needed to substantiate this.
As evaluated by densitometric scanning, no significant dif-
ference in a-subunit immunoreactivity was observed with the
anti-a (100%6 ± 5% vs. 96% ± 11%; n = 4; P = 0.88), with the
anti-al (100%t ± 14% vs. 87% ± 12%; n = 6; P = 0.34), and
with the anti-a2 antibodies (100%o ± 15% vs. 103% ± 11%; n
= 6; P = 0.65) for controls and diabetics, respectively.

DISCUSSION
This report describes the in vivo phosphorylation state of the
Na,K-ATPase a subunit in rat sciatic nerve. The results
suggest a tonic regulation of this phosphorylation in the
normal rat sciatic nerve. Although PMA did not enhance the
a-subunit 32p labeling in normal nerves, the involvement of
PKC is suggested from the inhibitory effect of staurosporine.
Since low extracellular Ca2+ significantly decreased the
labeling of the a subunit that could be restored to control
values by PMA, Ca2+ is suggested to activate PKC indirectly.
This is supported by the previous demonstration that iono-
mycin, a Ca2+ ionophore, promoted the translocation ofPKC
to the membrane fraction of this nerve (18). Hence, by
modulating the Ca2+-sensitive phospholipase C (PLC) of
sciatic nerve (34), Ca2+ may sustain diacylglycerol (DAG)
formation and thus basal PKC activity underlying the tonic
phosphorylation of Na,K-ATPase. In this way, Ca2+ would
link the rapid basal turnover of specific inositol phospholipid

pools, PKC, and Na,K-ATPase activity (11, 35, 36). Indeed,
basal inositol monophosphate production is also inhibited by
Ca2+-entry blockers in peripheral nerve (30). Furthermore,
the rapid reduction of 32p labeling by staurosporine and,
conversely, the pronounced increase in labeling by okadaic
acid both indicate that a strong phosphatase activity permits
a phosphorylation/dephosphorylation process with rapid
turnover.
Even though Na,K-ATPase a subunit can serve as sub-

strate forPKA in vitro (5, 6), the reduction by forskolin ofthe
phosphorylation process suggests that the situation is appar-
ently different in intact sciatic nerve. The inhibitory effect of
PKA is probably secondary to an inhibition of PKC activa-
tion rather than to the direct stimulation of a dephosphory-
lation process. Indeed, no PKA-activated protein phospha-
tase has been reported so far in the literature (37). Lower
PKC activity may thus. result from the inhibition of DAG
production by PLC consequent to either a decrease in nerve
[Ca2W]i caused by forskolin (32) or to an inhibitory. action of
PKA on PLC (38). Furthermore, the lack of phosphorylating
effect offorskolin in calcium-free buffer or in the presence of
okadaic acid furither argues against the participation ofPKA
in phosphorylation of the nerve Na,K-ATPase.

In diabetic nerves, 32p labeling of the Na,K-ATPase a
subunit was specifically increased by PMA, while phosphor-
ylation of the 80-kDa PKC substrate was not potentiated by
diabetes. Although okadaic acid was not tested in diabetic
nerves, the preserved inhibitory actions of staurosporine and
extracellular calcium omission apparently exclude a defect in
phosphatase activity. Rather, these findings point to a defect
in PKC activation. The well-documented diminution in dia-
betic nerves both of specific inositol phospholipid pools (11,
36) and of arachidonyl-containing species of DAG (39), the
physiological activators of PKC, may be implicated in this
defect. This is strengthened by previous demonstrations (18,
40) that no alteration of PKC itself was detected in the
Na,K-ATPase-containing fractions ofdiabetic nerves. Taken
together, these findings favor the view that the decreased
Na,K-ATPase activity measured in sciatic nerves of strep-
tozotocin-induced diabetic rats may result from an alteration
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of its phosphorylation state by PKC. The similar basal 32p
incorporation in the a subunit in controls and in diabetics
contrasted with the responses obtained with PMA. M uor
differences in the total amount or in a-subunit isoform
expression explaining this phenomenon were ruled out by
Western analysis. Nevertheless, reciprocal changes in iso-
form expression in Schwann cells and axons as well as other
diabetes-linked alterations could still be involved. The latter
include (i) an increased number of nonphosphorylated serine
and threonine sites due to decreased PKC activation and/or
heightened phosphatase activity combined with an increased
phosphorylation of distinct sites by other kinases; and (ii)
modifications in [('032P]ATP specific activity in discrete ATP
pools associated with Na,K-ATPase phosphorylation (41),
on the one hand masking a decreased a-subunit basal phos-
phorylation, and on the other hand amplifying the 32P-labeling
response of PMA.

It is still under debate whether the nerve Na,K-ATPase is
activated (10, 12, 13) or inhibited (15, 16) after its phosphor-
ylation, as suggested in other tissues (5, 42). Thus, a defect
in Na,K-ATPase activity has been proposed to be associated
with decreased adenylyl cyclase activity in diabetic nerves
(17). However, while cAMP analogues apparently enhance
Na,K-ATPase activity in both normal and diabetic tissues
(17), phorbol esters do so only in diabetic nerve (10, 12, 13).
Consequently, a positive correlation between the phosphor-
ylation state of the a subunit described here and the reported
effects of kinase modulators on the pump activity in diabetic
nerves can be established only for the activation ofPKC (10,
12, 13, 16, 17). Thus, stimulation of the pump by PKA
activators must be exerted on other closely related targets
also sustaining directly or indirectly the activity ofthe pump.

In summary, Na,K-ATPase phosphorylation in the normal
sciatic nerve appears to be tonically controlled via regulation
ofPKC activity. The latter is proposed to depend on the rate
of DAG production by the nerve PLC influenced by both
[Ca2+]i andPKA activity. The dynamic phosphorylation state
of the a subunit would thus result mainly from the balance
between a strong phosphatase activity and the degree ofPKC
activation. Although the phosphorylation process was highly
sensitive to staurosporine, a participation of Ca2+/
calmodulin-dependent protein kinases (43) cannot be ex-
cluded. If the extent of phosphorylation caused by PMA
application is considered to reflect the Na,K-ATPase-
associated PKC activity, it follows that there is a deficit in
PKC activation in the diabetic nerve.

The authors acknowledge with gratitude the inspiration for this
research received from the founder of the Institute of Clinical
Biochemistry (Geneva), the late Professor Albert E. Renold. We
would like to thank Doctor Kathleen Sweadner for the generous gift
of the McK1 and McB-X3 antibodies and Doctor Amira Klip for the
anti-a2 antibody. This work was supported by grants from the
Stanley Thomas Johnson Foundation (Bern, Switzerland) and from
the Fidia Research Laboratories (Abano Terme, Italy).

1. Jorgensen, P. L. (1982) Biochim. Biophys. Acta 694, 27-68.
2. Sweadner, K. J. (1989) Biochim. Biophys. Acta 968, 185-220.
3. Lingrel, J. B., Orlowski, J., Shull, M. M. & Price, E. M. (1990)

Prog. Nucleic Acid Res. 38, 37-89.
4. Lowndes, J. M., Hokin-Neaverson, M. & Bertics, P. J. (1990)

Biochim. Biophys. Acta 1052, 143-151.
5. Bertorello, A. M., Apeia, A., Ivar Walaas, S., Nairn, A. C. &

Greengard, P. (1991) Proc. Natl. Acad. Sci. USA 88, 11359-
11362.

6. Chibalin, A. V., Vasilets, L. A., Hennekes, H., Pralong, D. &
Geering, K. (1992) J. Biol. Chem. 267, 22378-22384.

7. Middleton, J. P., Khan, W. A., Collinsworth, G., Hannun,
Y. A. & Medford, R. M. (1993) J. Biol. Chem. 268, 15958-
15964.

8. Das, P. K., Bray, G. M., Aguayo, A. J. & Rasminsky, M.
(1976) Exp. Neurol. 53, 285-288.

9. Greene, D. A. & Lattimer, S. A. (1983) J. Clin. Invest. 72,
1058-1063.

10. Greene, D. A. & Lattimer, S. A. (1986) Diabetes 35, 242-245.
11. Greene, D. A., Sima, A. A. F., Stevens, M. J., Feldman,

E. L. & Lattimer, S. A. (1992) Diabetes Care 15, 1902-1925.
12. Lattimer, S. A., Sima, A. A. F. & Greene, D. A. (1989) Am. J.

Physiol. 256, E264-E269.
13. Kim, J., Kyriazi, H. & Greene, D. A. (1991) Diabetes 40,

558-567.
14. Kowluru, R., Bitensky, M. W., Kowluru, A., Dembo, M.,

Keaton, P. A. & Buican, T. (1989) Proc. Natl. Acad. Sci. USA
86, 3327-3331.

15. Hermenegildo, C., Felipo, V., Mifiana, M.-D. & Grisolia, S.
(1992) J. Neurochem. 58, 1246-1249.

16. Hermenegildo, C., Felipo, V., Mifiana, M.-D., Romero, F. J. &
Grisolia, S. (1993) Diabetes 42, 257-262.

17. Shindo, H., Tawata, M. & Onaya, T. (1993) Endocrinology 132,
510-516.

18. Borghini, I., Ania Lahuerta, A., Regazzi, R., Ferrari, G.,
Gjinovci, A., Wollheim, C. B. & Pralong, W.-F. (1994) J.
Neurochem. 62, 686-696.

19. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254.
20. Geering, K., Girardet, M., Bron, C., Kraehenblhl, J. P. &

Rossier, B. C. (1982) J. Biol. Chem. 257, 10338-10343.
21. Girardet, M. K., Geering, K., Frantes, J. M., Geser, D., Ross-

ier, B. C., Kraehenbuhl, J.-P. & Bron, C. (1981) Biochemistry
20, 6684-6691.

22. Felsenfeld, D. P. & Sweadner, K. J. (1988) J. Biol. Chem. 263,
10932-10942.

23. Urayama, O., Shutt, H. & Sweadner, K. J. (1989) J. Biol.
Chem. 264, 8271-8280.

24. Schrama, L. H., Berti-Mattera, L. N. & Eichberg, J. (1987)
Diabetes 36, 1254-1260.

25. Roomi, M. W., Ishaque, A., Khan, N. R. &Eylar, E. H. (1978)
Biochim. Biophys. Acta 536, 112-121.

26. Aderem, A. (1992) Cell 71, 713-716.
27. Blackshear, P. J., Wen, L., Glynn, B. P. & Witters, L. A.

(1986) J. Biol. Chem. 261, 1459-1469.
28. Minta, A., Kao, J. P. Y. & Tsien, R. Y. (1989) J. Biol. Chem.

264, 8171-8178.
29. Pralong, W. F. & Straub, R. W. (1985) J. Physiol. (London)

371, 266P.
30. Sierro, C. D., Vitus, J. & Dunant, Y. (1992) J. Neurochem. 59,

456-466.
31. Castagna, M. Y., Takai, K., Kaibuchi, K., Sano, R., Kikkawa,

U. & Nishizuka, Y. (1982) J. Biol. Chem. 257, 7847-7853.
32. Maire, J.-C. E., Medilansky, J., Pralong, W.-F. & Straub,

R. W. (1985) Neurosci. Lett. Suppl. 22, S361.
33. Sharma, A. K. & Thomas, P. K. (1974) J. Neurol. Sci. 23,1-15.
34. Natarajan, V. & Schmid, H. H. 0. (1987) J. Neurochem. 49,

1878-1887.
35. Simmons, D. A., Winegrad, A. I. & Martin, D. B. (1982)

Science 217, 848-851.
36. Zhu, X. & Eichberg, J. (1990) Proc. Natl. Acad. Sci. USA 87,

9818-9822.
37. Cohen, P. (1989) Annu. Rev. Biochem. 58, 453-508.
38. Campbell, M. D., Subramaniam, S., Kotlikoff, M. I., William-

son, J. R. & Fluharty, S. J. (1990) Mol. Pharmacol. 38, 282-
288.

39. Zhu, X. & Eichberg, J. (1990) J. Neurochem. 55, 1087-1090.
40. Kim, J., Rushovich, E. H., Thomas, T. P., Ueda, T., Agranoff,

B. W. & Greene, D. A. (1991) Diabetes 40, 1545-1554.
41. Lowery, J. M., Berti-Mattera, L. N., Zhu, X., Peterson, R. G.

& Eichberg, J. (1989) J. Neurochem. 52, 921-932.
42. Bertorello, A. & Aperia, A. (1989) Am. J. Physiol. 256, F370-

F373.
43. Wang, J. K. T., Ivar Walaas, S. & Greengard, P. (1988) J.

Neurosci. 8, 281-288.

Medical Sciences: Borghini et al.


