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Abstract. Patch clamp techniques were used to record 
whole cell and single channel Na + currents from 
NB41A3 neuroblastoma cells grown in culture. Cells 
were grown for two weeks in control medium or medium 
supplemented with 30 rnM D-glucose of 30 mM L-fucose. 

Cells exposed to glucose or L-fucose had smaller 
whole cell Na + currents than cells grown in unsupple- 
mented medium, consistent with earlier studies (Yorek, 
Stefani & Wachtel, 1994). Whole cell macroscopic cur- 
rents showed no change in activation or inactivation ki- 
netics. Single channel current properties and opening 
probability were also unchanged. 

The number of [3H]saxitoxin binding sites, and 
therefore the total number of Na + channels, was not re- 
duced in ceils grown in glucose or L-fucose (Yorek et al., 
1994). Therefore, we conclude that some of the channels 
must have been rendered nonfunctional by the condition- 
ing media. The finding that single channel properties are 
not altered suggests that channels become nonfunctional 
in an all-or-none manner. 
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Introduction 

Peripheral neuropathy is one of the most frequent long- 
term complications associated with insulin-dependent di- 
abetes mellitus (see review by Ross, 1993). Patients may 
exhibit both sensory and motor dysfunction that is usu- 
ally more severe in distal portions of the limb. These 
neuropathies may be secondary to vasculopathies and/or 
to derangements of metabolic function in the nerve. 

Neuroblastoma cells in culture have been used as a 
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model system to examine some of the metabolic changes 
associated with chronic exposure to the high carbohy- 
drate levels found in diabetes. When grown in the pres- 
ence of high glucose, neuroblastoma cells exhibit numer- 
ous abnormalities, including a noncompetitive inhibition 
of the myo-inositol transporter, a decrease in myo- 
inositol accumulation and incorporation into phospholip- 
ids, a depletion of intracellular myo-inositol, a decrease 
in Na+/K+/ATPase pump activity, and a reduction in rest- 
ing membrane potential (Yorek & Dunlap, 1989, 1991; 
Yorek, Dunlap & Ginsberg, 1987, 1988a). Depletion of 
intracellular myo-inositol is accompanied by accumula- 
tion of sorbitol, a product of glucose metabolism (Yorek 
et al., 1987; Yorek, Dunlap & Ginsberg, 1988b). These 
changes in metabolism are similar to those seen in ani- 
mal models of diabetic neuropathy (Clements & Stock- 
ard, 1980; Gillon, Hawthorne & Tomlinson, 1983; 
Greene et al., 1984; Green, Lattimer & Sima, 1987; 
Tomlinson, Moriarty & Mayer, 1984). 

u-fucose is another sugar elevated in diabetes that is 
normally found in low concentrations in serum (Sirakor, 
1971; Radhakrishnamurthy et al., 1976). Like glucose, 
L-fucose also decreases myo-inositol accumulation and 
decreases Na+/K+/ATPase activity in neuroblastoma 
cells (Yorek et al., 1992). u-fucose is not metabolized by 
the aldose reductase pathway, however, and does not 
cause polyol accumulation (Yorek et al., 1992, 1993). 
Comparisons between the effects of glucose and L-fucose 
can be used to help elucidate specific metabolic alter- 
ations that underlie changes in cellular function. 

We previously reported that cultured neuroblastoma 
cells grown in the presence of elevated levels of glucose 
or L-fucose had smaller peak inward sodium currents 
(Yorek,  Stefani & Wachtel ,  1994). Veratr idine-  
stimulated 22Na+ uptake was also inhibited by about 50% 
in glucose or 30% in L-fucose. In contrast, [3H]saxitoxin 
binding was not reduced, indicating that the number of 
sodium channels was not affected. These earlier results 
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suggested that the reduction in sodium current was not 
due simply to a decrease in the number or expression of 
sodium channels, but resulted from an alteration in func- 
tion of existing channels. 

The present studies were undertaken to determine 
whether channel properties, including gating kinetics and 
channel opening probability, had been altered by growth 
conditions. Results demonstrate that channel properties 
are unchanged, suggesting that the observed decrease in 
peak current is simply due to a decrease in the number of 
functional channels available for activation. 

Materials and Methods 

NB41A3 mouse neuroblastoma cells were cultured in Hams F10 me- 
dium containing 5.6 mM glucose. The medium was supplemented with 
15% horse serum, 2.5% heat-inactivated bovine serum, 100 U/ml pen- 
icillin, 100 ~tg/ml streptomycin, and 294 gg/ml glutamine. The me- 
dium was replaced every other day and cells were passed weekly 1:20. 
Cultures were used for a maximum of 18 weeks. The medium was 
supplemented for 2 weeks prior to study with 30 mM D-glucose or 30 
mM L-fucose, concentrations which previously have been shown to 
produce maximal effects (Yorek et al., 1987, 1988b). When confluent, 
cells were seeded onto cover slips for electrophysiological experiments. 

Patch clamp techniques were used to record whole cell and single 
channel voltage-gated sodium currents. Currents were recorded with a 
Dagan 3100 integrating patch clamp, low-pass filtered at 4 kHz, digi- 
tized at 200 gsec per point, and stored on the hard disk of an IBM 
PC-AT. Pulse protocols and data collection were performed by 
pCLAMP software package (Axon Instruments). Experiments were 
performed at room temperature. 

For recording of whole cell currents, cells were bathed in a so- 
lution containing (in mM): 145 NaC1, 4 KC1, 1.8 CaCI 2, 0.4 MgC12, 1 
CoCIe, 5 glucose, and 5 HEPES (4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid), pH 7.4. Electrodes had tip diameters of 4-8 p.m 
and resistances of 2-4 Mohm, and were filled with a solution containing 
(in ms) :  12 NaC1, 120 CsC1, 20 TEACI (tetraethylammonium chlo- 
ride), 2 EGTA (ethylene glycol-bis(~-aminoethylether-N,N,N',N'- 
tetraacetic acid) and 5 HEPES, pH 7.1. To generate l-Vplots for steady 
state activation studies, cells were held at a resting potential of -110 
mV and depolarized by a series of 8 msec voltage clamp pulses to 
potentials ranging from -50  to +80 mV in 10 mV increments. The 
interval between pulses was 5 sec. For steady state inactivation exper- 
iments, cells were held for 3 sec at conditioning potentials from -110 
to -40  mV, then depolarized by an 8 msec test pulse to -10  mV. To 
determine the time course of inactivation, cells were depolarized to -10  
mV for 2 sec to induce inactivation, then held at potentials from -110 
to -60  mV for durations ranging from 1.25 to 2000 msec to permit 
recovery. The extent of recovery was assessed by measuring the peak 
current at a test potential of -10  mV. 

For single channel experiments, the bathing solution contained (in 
raM): 140 KCI (to "zero" membrane potential), 5 NaC1, 0.8 MgC12, 1.5 
CoCI 2, 5 glucose, and 5 HEPES, pH 7.4, while electrodes were filled 
with 145 NaC1, 5 KC1, 0.4 MgCl 2, 2.8 CoCI 2, 5 glucose, and 5 HEPES, 
pH 7.4. Cell attached patches were hyperpolarized to -110 mV (pi- 
pette potential +110 mV), then depolarized by a series of 8 msec pulses 
to -15 mV (pipet potential +15 mV) at 1 Hz. Single channel currents 
were analyzed to determine single channel amplitude, mean channel 
open time, and probability of channel opening. Single channel ampli- 
tude was determined from the mean amplitude of events greater than 
0.5 msec in duration. Mean channel open time was determined accord- 

ing to the method of maximum likelihood and was corrected for missed 
events less than 0.1 msec in duration (Colquhoun & Sigworth, 1983; 
Wachtel, 1991). Empty traces not containing opening events were used 
to subtract capacitive transients. All sweeps were averaged, and open- 
ing probability was calculated from the ratio of current amplitude at the 
peak of the average to the amplitude that would be expected if the 
channel opened during every depolarizing pulse. Only patches con- 
taining a single channel were used to calculate opening probability. 

A patch was assumed to contain only a single channel if no 
double openings were observed in 250 sweeps. Assuming the channels 
in a patch are homogeneous and open independently, then the number 
of channels in a patch will obey a binomial distribution (Horn, 1991). 
A z distribution may be invoked to determine statistically the minimum 
number of sweeps needed to assume that only a single channel is 
present in the patch: 

y/n - Po 
>/ Z(Ot) 

Po ( 1 -  1~ 

where y is the number of double openings observed (O), n is the 
number of sweeps, Po is open probability, and z(o0 refers to the stan- 
dard normal distribution function at tail probability cc With an ob- 
served open probability of about 0.26, there could conceivably be two 
channels present, each with an open probability of 0.13. The proba- 
bility of observing two simultaneous openings is then 0.132, or/to = 
0.017. With y = 0 and c~ = 0.05, about n = 250 sweeps without a double 
opening are required to assume that only a single channel is present in 
the patch. 

Results 

As previously reported (Yorek et al., 1994), average peak 
inward sodium currents were reduced in cells exposed to 
glucose or L-fucose for two weeks (Fig. 1B). Glucose 
reduced peak inward sodium current about 35%, while 
L-fucose reduced the current about 70%. Inward currents 
were maximum at -10  mV and were 816 + 69 pA (n = 
39 + SEM) in control, 523 _+ 77 pA (n = 27) for glucose 
cells, and 247 _+ 45 pA (n = 34) for L-fucose cells. 

Although peak sodium currents were smaller in cells 
grown in glucose or L-fucose, current properties were not 
otherwise affected. Figure 2 shows that the voltage- 
dependence of steady state activation and inactivation 
was not altered. To determine steady state activation, 
normalized conductance was plotted as a function of de- 
polarizing potential. Data points were fit by Boltzmann 
functions giving half-maximal activation at -19 mV in 
control, -21 mV for glucose, and -22 mV for c-fucose. 
To determine steady state inactivation, relative current 
was plotted as a function of the size of the depolarizing 
prepulse. Half-maximal inactivation occurred at -76  
mV in control, -78 mV for glucose, and -81 mV for 
L - f u c o s e .  

The time course and voltage dependence of recovery 
from inactivation were also studied. Cells were depolar- 
ized to -10  mV for 2 sec to induce inactivation. They 
were then allowed to recover during a conditioning pre- 
pulse, and the extent of recovery was assessed by a test 
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Fig, l. (A) A representative family of voltage clamp currents recorded 
from a control cell. The pulse protocol is illustrated in the upper right; 
cells were held at -110 mV and depolarized by a series of 14 8-msec 
voltage clamp pulses to various potentials. Leakage currents and ca- 
pacitive transients have not been subtracted. (B) Averaged current- 
voltage relationships. Peak current is plotted as a function of pulse 
potential. Inward currents were maximum at -10 mV and were 816 + 
69 pA (n = 39 + SEM) in control, 523 +__ 77 pA (n = 27) for glucose, and 
247 _+ 45 pA (n = 34) for L-fucose. Reversal potentials were +45 mV 
in control, +43 mV for glucose, and +41 mV for L-fucose. 

pulse to - 1 0  mV.  Figure 3A shows an example  of  the 
t ime course  o f  recovery  f rom inact ivat ion for prepulses  

to - 8 0  inV. Recove ry  curves  were  fit by two exponent ia l  

components .  At  all potentials  tested the fast componen t  
a lways const i tuted at least 80% of  the total recovery ,  and 

Fig. 3B shows how the faster t ime constant  varies with 

prepulse potential .  A l though  the t ime constants  appear 

to differ  sl ightly at the more  depolar ized  potentials ,  this 

apparent  d i f ference may  s imply arise f rom the diff iculty 
in measur ing  s low macroscop ic  currents smal ler  than 

1 0 0  pA. 
The s lower  t ime constant  for recovery  f rom inacti- 

vat ion became  more  prominent  at more  hyperpolar ized  
potentials.  It was s lowest  at - 9 0  to - 1 0 0  mV,  with a 

t ime constant  of  about  200 msec.  No consistent  differ-  
ences  in s low recovery  were  found be tween  control ,  glu- 
cose, and L-fucose cells. 

For  cells  exposed  to g lucose  or  L-fucose, sodium 
channel  act ivat ion and inact ivat ion profi les  appear u n -  

Fig. 2. Steady state activation (m~) and inactivation curves (h~). (m<.,) 
Cells were held at a resting potential of -110 mV and depolarized by 
a series of 8 msec voltage clamp pulses to potentials ranging from -50 
to +80 mV in 10 mV increments, m 3 is relative conductance, deter- 
mined from the ratio of peak current to driving force, I/(V,,, - Vr,.v), 
where I is peak current, V m is the step potential, and Vro v is the reversal 
potential for the currents. Smooth curves are Bohzmann functions 1/(1 
+ exp ((V,,, - VV2) / b)), where half-maximal activation occurred at VV2 
= -19 mV in control, -21 mV for glucose, and -22 mV for t,-fucose. 
b = 6.0 mV in control, 5.3 mV for glucose, and 6.5 mV for t,-fucose. 
(h=) Cells were held for 3 sec at conditioning potentials from -110 to 
-40 mV, then depolarized by 8 msec test pulses to -10 inV. Current 
was measured at each prepulse potential relative to the current obtained 
at a conditioning potential of -110 inV. Smooth curves are Bohzmann 
functions 1/(1 + exp ((Vt/: - V,,)/b)), where half-maximal inactivation 
occurred at V3/2 = -76 mV in control, -78 mV for glucose, and -81 mV 
for L-fucose. b = 5.6 mV in control, 6.0 mV for glucose, and 7.0 mV 
for L-fucose. 

changed  even though peak currents are reduced.  There-  

fore the observed  decrease in sodium current  does not 
result f rom a shift in the vo l tage-dependence  of  channel  

gating. The  reduct ion must  instead be due to a decrease 
in the number  of  funct ional  sodium channels,  a decrease 

in single channel  current or open time, or a decrease in 

channel  opening probabil i ty.  
S ingle  channel  exper iments  were  therefore des igned 

to measure  single channel  propert ies and opening prob- 

ability directly. F igure  4 shows examples  of  single chan- 
nel currents recorded f rom cell  at tached patches in re- 

sponse to depolar iz ing pulses f rom - 1 1 0  mV to - 1 5  mV 

(changes in pipette potential  f rom +1 l0  mV to +15 mV).  

Ensemble  averages  of  250 sweeps  each are shown be low 
the single channel  currents, Both single channel  current 

ampli tude and mean  channel  open t ime were  unaffected 
by growth in glucose  or  L-fucose (Fig. 5). Channel  open- 
ing probabil i ty  measured  at the peak of  the ensemble  

averages  was also unchanged (Fig. 6A). These  results 
suggest  that the observed  decrease in peak current must 

be due to a reduct ion in the number  of  funct ional  chan- 
nels in the membrane .  This  possibi l i ty is supported by 
the f inding that a greater  number  of  patches f rom glucose  
and L-fucose cells did not contain any channels  and were  



190 R.E. Wachtel et al.: Sodium Channels and High Glucose 

A 

L .  

O 

"10 
O 
N 

o f- 

1,0 

0.5 

0.0 
0 

coo,ro, 

-" : CO 
~ T  -80 mV o....o glucose 
( -~--+ fucose 
w- 

, , I I I I J | , 

100 200 300 400 500 

pre-pulse duration (ms) 

B 80 

"~' 60 
E 

b 4o 
O 

O 
O 

P 2o 

0 
-120 

-" : control 

o...,o glucose t 
-~--+ fucose 4 

/ /  

L ~  . " "  ~ . ~ ,  . . . .  

I i I I i I i I 

-110 -100 -90 -80 -70 
I 

-60 

pre-pulse potential (mY) 

Fig. 3. Voltage-dependence of the time course of recovery from inac- 
tivation. Cells were depolarized to -10 mV for 2 sec to produce com- 
plete inactivation, then held at conditioning potentials of -110 to -60 
mV for durations ranging from 1.25 to 2000 msec to permit recovery 
from inactivation. (A) The time course of recovery at -80 mV. The 
relative current in response to a test pulse to -10 mV is plotted as a 
function of the duration of recovery. The smooth curves are the sums 
of two exponential components with time constants 28 msec and 240 
msec and relative amplitude 0.87 for the faster component in control. 
time constants 20 msec and 100 msec and faster component amplitude 
0.80 with glucose, and time constants 35 msec and 80 msec and faster 
component amplitude 0.80 with L-fucose. Error bars are standard de- 
viations. (B) Time constants of the faster component of recovery curves 
as a function of recovery potential. Recovery curves were described as 
the sum of two exponential in the range -110 to -80 mV, but only a 
single component was required at -70 inV. Error bars are asymptotic 
standard deviations derived from the nonlinear regressions. 

c l a s s i f i e d  as  e m p t y  (Fig.  6B).  W h i l e  all  p a t c h e s  f r o m  

c o n t r o l  ce l l s  s h o w e d  c h a n n e l  ac t iv i ty ,  a n d  i n v a r i a b l y  

c o n t a i n e d  m o r e  t h a n  a s i n g l e  c h a n n e l ,  5 ou t  o f  19 p a t c h e s  

f r o m  g l u c o s e  ce l l s  a n d  13 ou t  o f  23 p a t c h e s  f r o m  L-fu-  

c o s e  ce l l s  s h o w e d  n o  ac t iv i ty  e v e n  a f t e r  5 0 0  s w e e p s .  

D i s c u s s i o n  

P r e v i o u s  s t u d i e s  h a v e  s h o w n  tha t  c u l t u r e d  n e u r o b l a s t o m a  

ce l l s  g r o w n  in  t he  p r e s e n c e  o f  30  mM g l u c o s e  o r  30 mM 

L - f u c o s e  s h o w e d  a d e c r e a s e  in  p e a k  i n w a r d  N a  § c u r r e n t s  

( Y o r e k  et  al.,  1994).  B i n d i n g  o f  [ 3 H]s ax i t o x i n  w a s  no t  

r e d u c e d ,  h o w e v e r ,  i n d i c a t i n g  tha t  t he  to ta l  n u m b e r  o f  

N a  + c h a n n e l s  w a s  n o t  a l t e red .  

glucose fuc0se 

Fig. 4. Representative single channel currents recorded from cell- 
attached patches in response to depolarizing pulses that changed mem- 
brane potential from -110 mV to -15 mV. Ceils were bathed in high 
K + solution to zero resting membrane potentials. The first trace in each 
group is an empty sweep in which no openings occurred. Capacitive 
transients have been subtracted. Ensemble averages of 250 sweeps are 
shown below the single channel currents. Calibration marks are 1 pA 
for the single channel currents and 0.25 pA for the averages. 
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Fig. 5. (A) Single channel current amplitude and mean channel open 
time were not altered by growth conditions. Single channel current at 
a membrane potential o f -15  mV was 0.98 + 0.03 pA (n = 4 cells + SD) 
in control, 0.95 + 0.09 pA (n = 6) for glucose, and 1.00 + 0.05 pA (n 
= 4) for cells grown in L-fucose. (B) Mean channel open time was not 
affected by growth conditions. Channel open time at -15 mV was 0.54 
+ 0.18 pA (n = 4) in control, 0.45 _+ 0.10 msec (n = 6) for glucose, and 
0.52 + 0.14 msec (n = 4) for cells grown in L-fucose. 

T h e  e f f e c t  w a s  no t  s i m p l y  an  o s m o t i c  o n e ,  s i n c e  30 

mM D-f ruc tose ,  a s u g a r  tha t  d o e s  n o t  a l te r  myo-inositol 
m e t a b o l i s m ,  h a d  no  e f f e c t  o n  N a  § c u r r e n t s  ( Y o r e k  et  al.,  

1994).  In  a d d i t i o n ,  30 mM g l u c o s e  o r  g a l a c t o s e  d id  no t  
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Fig. 6. (A) Channel opening probability was not altered by growth 
conditions. Opening probability was calculated from the ratio of current 
amplitude at the peak of the average to the amplitude that would be 
expected if the channel opened with every sweep. Only patches con- 
taining a single channel were used to calculate opening probability, 
which was 0.26 _+ 0.03 (n = 3 cells _+ SD) in control, 0.26 +_ 0.04 (n = 
5) for glucose, and 0.23 _+ 0.03 (n = 4) for cells grown in L-fucose. (B) 
In cells treated with glucose or L-fucose, some patches were empty and 
did not appear to contain any channels, while all control patches tested 
contained at least one channel. A patch was considered not to contain 
any channels if no openings were observed after at least 500 sweeps. 

alter cell shape or size or affect intracellular space 
(Yorek & Dunlap, 1991). 

Results of the present study demonstrate that chan- 
nels from cells grown in high glucose or L-fucose have 
normal properties. Macroscopic currents do not show 
any alterations in the voltage-dependence of channel ac- 
tivation or inactivation or the time course or voltage- 
dependence of recovery from inactivation. Single chan- 
nel currents do not show any changes in amplitudes, 
open times, or opening probability. Thus the channels 
that do open appear to be functioning normally. 

These results suggest that the observed decrease in 
peak current is due to a reduction in the number of func- 
tional channels. Since [3H]saxitoxin binding is not al- 
tered, there must be channels still present in the mem- 
brane that are nonfunctional and are not available for 
opening. Channels are rendered nonfunctional in an all- 
or-none fashion, however, since those channels that can 
open appear to have normal properties. 

A reduction in the number of functional channels 

may conceivably arise from disturbances in any of sev- 
eral aspects of cell metabolism. For example, phosphor- 
ylation by cAMP-dependent protein kinase has been 
shown to alter the function of neuronal Na + channels 
(Rossie & Catterall, 1987; Dascal & Lotan, 1991; Nu- 
mann, Catterall & Scheuer, 199l; Li et al., 1992), and 
channels that are not in the proper state of phosphoryla- 
tion may be unavailable for opening. Godoy and Cu- 
kierman (1994) have reported that activators of protein 
kinase C modulate the behavior of Na + channels by at 
least three distinct mechanisms. Increased nonenzymatic 
glycation of the Na + channel may also be a factor, since 
glycation is important in the maintenance of channel ac- 
tivity (Waechter, Schmidt & Catterall, 1983; Zona, Eu- 
sebi & Miledi, 1990). Additional experiments will at- 
tempt to explore the mechanism by which growth in high 
glucose or L-fucose renders Na + channels nonfunctional. 

This work was supported by Merit Review Awards to M.A. Yorek and 
R.E. Wachtel from the Department of Veterans Affairs and by National 
Institutes of Health grant DK45453 to M.A. Yorek. 

References 

Clements, R.S., Stockard, C.R. 1980, Abnormal sciatic nerve myo- 
inositol metabolism in the streptozotocin-diabetic rat. Diabetes 
29:227-235 

Colquhoun, D., Sigworth, F,J. 1983. Fitting and statistical analysis of 
single-channel records. In: Single-Channel Recording. B. Sakmann 
and E. Neher, editors, pp. 191-263. Plenum, New York 

Dascal, N., Lotan, I. 1991. Activation of protein kinase C alters voltage 
dependence of a Na + channel. Neuron 6:1165-1175 

Gillon, K.R.W., Hawthorne, J.N., Tomlinson, D.R. 1983. myo-Inositol 
and sorbitol metabolism in relation to peripheral nerve function in 
experimental diabetes in the rat: The effect of aldose reductase 
inhibition. Diabetologia 25:365-371 

Godoy, C.M.G., Cukierman, S. 1994. Multiple effects of protein kinase 
C activators on Na + currents in mouse neuroblastoma cells. J. Mem- 
brane Biol. 140:101-110 

Greene, D.A., Yagihashi, S., Lattimer, S.A., Sima, A.A.F. 1984. Nerve 
Na+-K+-ATPase, conduction and myo-inositol in the insulin defi- 
cient BB-rat. Am. J. PhysioL 247:E534-539 

Greene, D.A., Lattimer, S.A., Sima, A.A.F. 1987. Sorbitol, phospho- 
inositides, and sodium-potassium-ATPase in the pathogenesis of 
diabetic complications. New Engl. J. Med. 316:599-605 

Horn, R. 1991. Estimating the number of channels in patch recordings. 
Biophys. J. 60:433-439 

Li, M., West, J.W., Lai, Y., Scheuer, T., Catterall, W. 1992. Functional 
modulation of brain sodium channels by cAMP-dependent phos- 
phorylation. Neuron 8:1151-1159 

Numann, R., Catterall, W.A., Scheuer, T. 1991. Functional modulation 
of brain sodium channels by protein kinase C phosphorylation. 
Science 254:115-118 

Radhakrishnamurthy, B., Berenson, G.S., Pargaonkar, P.S., Voors, 
A.W., Srinivasan, S.R., Plavidal, F., Dolan, P., Dalferes, E.R. 1976. 
Serum free and protein-bound sugars and cardiovascular complica- 
tions in diabetes mellitus. Lab. Invest. 34:159-165 

Ross, M.A. 1993. Neuropathies associated with diabetes. Contempo- 
rary Clin. Neurology 77:111-124 



192 R.E. Wachtel et al.: Sodium Channels and High Glucose 

Rossie, S., Catterall, W.A. 1987. Cyclic AMP-dependent phosphory- 
lation of voltage-sensitive sodium channels in primary cultures of 
rat brain neurons. J. Biol. Chem. 262:12735-12744 

Sirakor, L.M. 1971. Serum fucose levels in diabetic patients. Acta 
Diabetol. Lat. 8:949-956 

Tomlinson, D.R., Moriarty, R.J., Mayer, J.H. 1984. Prevention and 
reversal of defective axonal transport and motor nerve conduction 
velocity in rats with experimental diabetes by treatment with the 
aldose reductase inhibitor sorbinil. Diabetes 33:470-476 

Waehtel, R.E. 1991. Fitting of single channel dwell time distributions. 
Methods Neurosci. 4:410-428 

Waechter, C.J., Schmidt, J.W., Catterall, W.A. 1983. Glycosylation is 
required for maintenance of functional sodium channels in neuro- 
blastoma cells. J. Biol. Chem. 258:5117-5123 

Yorek, M.A., Dunlap, J.A. 1989. The effect of galactose and glucose 
levels and sorbinil treatment on myo-inositol metabolism and Na +- 
K + pump activity in cultured neuroblastoma cells. Diabetes 
38:996-1003 

Yorek, M.A., Dunlap, J.A. 1991. Resting membrane potential in 
NB41A3 mouse neuroblastoma cells: Effect of increased glucose 
and galactose concentrations. Biochim. Biophys. Acta 1061:1-8 

Yorek, M.A., Dunlap, J.A., Ginsberg, B.H. 1987. Myo-inositol metab- 
olism in neuroblastoma cells: J. Neuroehem. 48:53-61 

Yorek, M.A., Dunlap, J.A., Ginsberg, B.H. 1988a. Na+/K + pump ac- 
tivity in neuroblastoma cells: Effect of elevated glucose levels. J. 
Neurochem. 51:605--610 

Yorek, M.A., Dunlap, J.A., Ginsberg, B.H. 1988b. Effect of sorbinil on 
inositol metabolism in cultured neuroblastoma cells exposed to in- 
creased glucose levels. J. Neurochem. 51:331-338 

Yorek, M.A., Dunlap, J.A., Stefani, M.R., Davidson, E.P. 1992. L-fu- 
cose is a potent inhibitor of myo-inositol transport and metabolism 
in cultured neuroblastoma cells. J. Neurochem. 58:1626-1636 

Yorek, M.A., Wiese, T.J., Davidson, E.P., Dunlap, J .A, Stefani, M.R., 
Conner, C.E., Lattimer, S.A., Kami]o, M., Greene, D.A., Sima, 
A,A.F. 1993. Reduced motor nerve conduction velocity and Na+/K + 
ATPase activity in rats maintained on a L-fucose diet. Reversal by 
myo-inositol supplementation. Diabetes 42:1401-1406 

Yorek, M.A., Stefani, M.R., Wachtel, R.E. 1994. Elevated levels of 
glucose and L-fucose reduce 22Na uptake and whole cell Na + cur- 
rent in cultured neuroblastoma cells. J. Neurochem. 62:63-69 

Zona, C., Eusebi, F., Miledi, R. 1990. Glycosylation is required for 
maintenance of functional voltage-activated channels in growing 
neocortical neurons of the rat. Proc. R. Soc. Lond. 239:119-127 


