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The nodal  m e m b r a n e  o f  amphib ian  and m a m m a l i a n  
myel inated nerve fibers contains sodium channels 
with a high surface density o f  1000-2000/gm 2. The 
corresponding average distance 20-30 nm between 
channels is so small that  interactions between neigh- 
boring channels could occur. Indeed,  the conductance  
o f  a single sodium channel  in a frog nerve fiber is 
higher when the number  o f  activatable channels  is 
reduced either by a more  positive holding potential  or 
by the addi t ion o f  the sodium-channel  blocker tetro- 
dotoxin 7. This seems to indicate that the ion flux 
through one open  channel  is h indered by the ion flux 
through neighbor ing channels. The nodal  m e m b r a n e  
is an ideal prepara t ion  to study such channel-channel  
interactions because o f  the extremely high channel  
density. Yet the total channel  n u m b e r  per node  is still 
low enough to allow the s imultaneous measurement  
o f  sodium currents and sodium-current  fluctuations 
with convent ional  analog-to-digital  converters. In- 
teractions between neighboring ionic channels could 
affect not  only their conductances  but  also the gating 
kinetics o f  individual  channels. It would be o f  great 
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interest to investigate whether  peculiarities o f  the 
kinetics o f  ionic currents in myel inated nerve (e.g. the 
p ronounced  non-exponent ia l  sodium inactivation) 
could originate in such interactions. It also seems to 
be promising to s tudy possible channel-channel  in- 
teractions in other  membranes  with a lower overall 
channel  surface density. Significant interactions 
would then indicate that  the channels are not equally 
distributed over the m e m b r a n e  but are probably  
arranged within local clusters o f  more  channels. 
The above list o f  still unexplained properties o f  
myel inated nerve fibers is by no means  complete,  and 
the selection o f  the topics has been biassed by the 
author 's  own electrophysiological investigations. It is 
hoped,  however,  that  the examples ment ioned  in this 
chapter  and the contents o f  all previous sections of  
this mul t i -author  review have illustrated the close 
interrelations between the electrical and structural 
aspects o f  myel inated nerve fibers and the importance 
o f  future electrophysiological and morphological  in- 
vestigations which m a y  contribute to a better under-  
standing o f  the funct ion o f  myel inated nerve fibers. 
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Summary. The effect o f  digitoxose (DIG)  on food intake, gold thioglucose ( G T G )  lesion format ion in the 
ventromedial  hypo tha lamus  (VMH), and V M H  glucose oxidation in vitro was investigated in mice. D I G  
significantly decreased the amoun t  o f  food ingested during the day compared  to controls (p < 0.01). D I G  had 
no effect on nocturnal  feeding. G T G  lesion format ion in the V M H  and V M H  glucose oxidat ion were not 
altered by D I G  treatment.  These results suggest that  D I G  alters dayt ime feeding behavior  by affecting extrahy- 
pothalamic  or peripheral  glucoreceptor  sites. 
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Mayer 22 proposed the original glucostat hypothesis on 
the basis of gold thioglucose (GTG) vulnerability of 
the ventromedial hypothalamus (VMH) coupled with 
subsequent hyperphagia. These data suggested that a 
mechanism for regulating food intake, which was 
sensitive to glucose analogs, was located in the VMH. 
GTG sensitivity in the VMH and subsequent lesion 
formation can be inhibited by systemic injections of 2- 
deoxy-D-glucose (2DG) 19. 2DG is a competitive inhi- 
bitor of glucose utilization 29'3~ which also induces 
hyperphagia 19. Phlorizin, a competitive inhibitor of 
glucose transport 2~ also will block GTG necrosis in 
the VMH 4,9 and induce hyperphagia 13. Pharmacolog- 
ic manipulation of VMH glucose utilization may 
affect feeding behavior. Smith and Epstein 2s have 
proposed a glucoprivic mechanism for the control of 
feeding behavior; brain glucoreceptors stimulate feed- 
ing when their glucose utilization is diminished. Since 
Marrazzi 21 has demonstrated the presence of glucose- 
sensitive neurons in the VMH, a glucoreceptor system 
may exist in the VMH which is important in control- 
ling food intake. 
However, specific GTG vulnerability in the VMH has 
not been widely accepted. Liebelt and Perry 18 present- 
ed evidence that the GTG-induced VMH lesion is 
nonspecific. They noted that other hypothalamic and 
extrahypothalamic nuclei can be damaged by GTG, 
and attributed this general destruction to blood-brain 
barrier damage. Caffyn 5,6 examined GTG-induced 
lesions by electron microscopy and concluded that 
GTG caused capillary damage, resulting in increased 
capillary permeability and subsequent downstream 
ischemia. These conditions produced edema and cel- 
lular damage. Levine and Sowinski 17 found that the 
polyamine, 3,3'-methylimino-bis- (N-methylpropyl- 
amine), produced VMH lesions very similar to those 
of GTG, even though the compounds are structurally 
unrelated. This evidence suggested that GTG is a 
drug which caused nonspecific lesions of the VMH via 
vascular damage. 
Recently, Young et al. 31 have observed that, while 
regions of the hypothalamus other than the VMH 
may be affected by GTG, the median eminence is not 
damaged. They concluded that GTG may have a 
specificity for certain hypothalamic structures and 
suggested GTG lesions might result from impairment 
of glucose uptake and utilization by the VMH. 
Debons et al.l~ have demonstrated that damage to the 
neuropil in the pericapillary regions occurs prior to 
observable capillary damage and is restricted to a 
small area of the VMH. They have suggested that 
GTG is specific, damaging target neuronal structures 
in the VMH before ischemia and edema develop. 
Recent studies of VMH glucose oxidation in vitro 
have revealed that several glucose analogs (unpub- 
lished observations), including 2DG, and inhibitors of 
glucose transport, such as phlorizin 4 do not inhibit 
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glucose oxidation significantly except at very high 
concentrations. This result is consistent with the ob- 
servations of Likuski et al. 19 that large doses of 2DG 
are required to block GTG lesion formation in the 
VMH in vivo. Brown and Viles 4 have shown that large 
systemic doses of phlorizin also were required to block 
GTG lesion formation in the VMH in vivo. However, 
the high concentrations of these inhibitors necessary 
to affect VMH glucose oxidation in vitro suggest that 
these compounds are not very effective inhibitors of 
glucose oxidation, and possibly not highly competitive 
glucoreceptor-binding analogs, at least in the VMH. 
The sugar digitoxose, 2,3-dideoxy-ribohexose, part of 
the cardiac glycoside digitoxin, has been shown to 
inhibit glucose-stimulated insulin release from the 
pancreatic islets without affecting glucose oxidation in 
the beta cells. Garcia Hermida and Gomez-Acebo 12 
attributed this phenomenon to the intereaction of 
digitoxose (DIG) with a glucoreceptor in the beta cell 
membrane, which did not interfere with glucose trans- 
port or oxidation. This proposal suggested 2 pathways 
for glucose utilization in this system: one affecting 
stimulus-secretion coupling and the other providing 
glucose for energy utilization. 
In this study, DIG was used as a chemical probe to 
test several aspects of VMH glucose sensitivity for 
evidence of differentiated glucose utilization, as pro- 
posed for the pancreas. The experiments included: 
1. measuring the effects of DIG on feeding behavior 
as an indicator of modulation of feeding behavior, 
2. the effects of DIG on GTG-induced necrosis as an 
indication of inhibition of GTG binding in the VMH, 
and 3. the effects of DIG on VMH glucose oxidation 
as an indicator of inhibition of glucose utilization. 

Materials and methods 

CF1 female mice (Charles River Breeding Labs), 
weighing 20-25 g, were used for these experiments. 
The mice were fed Tek-Lab Mouse and Rat Diet and 
given tap water freely. A photoperiod of t2 h light: 
12 h dark (lights on 08.00 h), and an environmental 
temperature of 23 ~ were maintained. A 1000 mg/kg 
DIG dose was given. If  more than 1 injection was 
used, the first 4 injections were given at 3-h intervals. 
Subsequent administrations were given every 6 h. 
GTG was given in a dose of 300 mg/kg. All injections 
were given i.p. The Mann-Whitney U and t test were 
used to test for significant differences. 

Feeding behavior 
Mice were assigned randomly to 2 groups: normal 
and obese. Within each group were controls (water 
injections, n = 4 )  and experimentals (DIG injections, 
n=4) .  Since food intake can vary tremendously be- 
tween the light and dark periods, the effects of DIG 
were assessed under both light and dark conditions. 
Under dark conditions, all injections and weighings 
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were done with red light. To enhance feeding, the 
animals were deprived of food for 18 h prior to 
experimemation a6. The light and dark experiments 
were begun 2 h after the end of the previous 12-h 
photoperiod. The control (water) and D I G  injections 
were given 15 min before food ITek-Lab Mouse and 
Rat Diet) was made available, and at 10.00 h for day 
experiments and 22.00 h for night experiments. Obese 
mice were derived from normal  mice given a G T G  
injection. These GTG-t rea ted  mice were judged obese 
if they weighed 25% or more than their uninjected 
littermates 6 weeks postinjection. Total food intake 
and group body weight were monitored every hour 
for the 6-h period. To determine whether or not the 
animal colony was responsive to drug-induced altera- 
tions of food intake, mice were selected at random 
from the stock colony, injected with 2DG (300 mg/kg)  
at approximately 10.00 h. and monitored for hyper- 
phagia. All of  these 2DG-treated mice {n = 8) became 
hyperphagic. The mice were thus considered respon- 
sive to drug-induced changes in feeding behavior. 

DIG and GTG interaction 
D I G  was injected 30 min before the G T G  injection, 
between 10.00 h and 12.00 h. After the G T G  injec- 
tion. the mice (n = 10) were subsequently injected with 
DIG at the appropriate intervals. A total of  6 DIG 
injections were given. Control animals (n=  10) were 
given H20 instead of DIG.  The mice were decapitated 
24 h after the G T G  challenge. The brains were 
removed from the skull, fixed in Bouin's fluid, dehy- 
drated, and embedded in paraffin. 7-gm-thick sec- 
tions were made through the VMH at the level of  the 
median eminence and stained with hematoxylin and 
eosin. The V M H  was examined for lesions by light 

~ o p y .  

In vitro glucose oxidation studies 
Animals were decapitated in the morning and the 
V M H  was dissected free from the brain at the level of  
the median eminence as a cube of  tissue. Two VMH 
tissue cubes (caps) were placed in a culture vessel (a 
25-ml Erlenmeyer flask with a gas trap; n = 6 )  con- 
taining 1.47 ml of  medium, 7.75 mg D I G  (Sigma) in 
H20,  and 7.5 gCi of  aqueous uniformly labeled [14C] 
D-glucose (Schwartz-Mann). Control vessels ( n = 6 )  
contained saline instead of  DIG.  The incubating 
media was similar to cerebral spinal fluid and pre- 
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pared according to Jones et al. 12. Other vessels pos- 
sessed no tissue and served as controls ( n = 6 )  for 
auto-oxidation of the [14C] D-glucose. The caps were 
allowed to incubate with DIG in the medium 15 min 
at 37 ~ The reaction was stopped and the [14C] CO2 
released by the addition of 9 N H2SO4 (0.2 ml) to the 
medium. Hyamine  (Sigma) (0.5 ml) was added to the 
gas trap to absorb the [14C] CO2 and incubated for an 
additional 60 min. The hyamine was collected from 
each vessel and [L4C] emissions counted with a Beck- 
man 250 liquid scintillation counter. As a test for 
tissue viability, saline vessels with hypothalamic tissue 
were supplemented with 15 gl of  2 mM dinitrophenol 
(Fisher) in an aqueous solution and processed as 
described above. 

Results 

Feeding behavior 
The effect of  D I G  on short-term feeding behavior (a 
6-h interval) was examined under light and dark 
conditions. D I G  was not effective in significantly 
altering food intake in the dark. However. in the light 
D I G  reduced short-term food intake significantly, 
p < 0 . 0 1  (table). The effect of  D I G  on short-term 
feeding was also tested in mice made obese with 
GTG.  D I G  had no effect on short-term feeding in 
GTG-t rea ted  obese mice during the light. Thus. the 
reduced food intake observed in normal mice in the 
light was abolished by a G T G  challenge. 
Normal  mice responded typically to changes in the 
photoperiod: more food was consumed at night than 
during the day ( p <  0.01). Also. the obese mice ate 
more food than the normals (p < 0.01). 

DIG inhibition of GTG necrosis 
D I G  injections did not alter the vulnerability of  the 
VMH to G T G  administration. Mice injected with 
either D I G  and G T G  or water and G T G  exhibit 
G T G  lesions of  similar dimensions (fig. 1). No signifi- 
cant difference existed in lesion size between the 2 
treatments (p > 0.05), as determined by planimetry. 
In addition, preliminary data indicated that D I G  
infused into the VMH did not interfere with G T G  
necrosis. These intrahypothalamic infusions of  D I G  
did not eliminate or alter size of  the G T G  lesion. 

Effect of DIG on food intake in food-deprived mice in light or dark 

Normal  mice food intake 
(g/g body weight, mean • SE) 
Water (control, n =  4) DIG ( n =  4) 

G T G  obese mice food intake 
(g/g body weight, mean_+ SE) 
Water (control, n =  4) DIG ( n =  4) 

Light 0.088 _+ 0.005 ~ 0.073 • 0.007 
(Range) (0.085-0.092) (0.064-0.077) 

Dark 0.108_+0.012 0.111 _+0.012 
(Range) (0.096-0.119) (0.103-0.125) 

0.132 • 0.048 0.134 __+ 0.050 
(0.080-0.176) (0.088-0�9 188) 

* A significant difference between treatments, p < 0.01. 
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In vitro glucose oxidation 
DIG enhanced glucose oxidation in the VMH by 
almost 13% at concentrations 3 times greater than 
glucose in the incubation medium (fig.2). However, 
this difference was not significant (p > 0.5). The effect 
of dinitrophenol, an uncoupler of oxidative phosphor- 
ylation, was similar to that observed earlier 3,4. Glu- 
cose oxidation increased approximately threefold, in- 
dicating that glucose oxidation pathways and regula- 
tory mechanisms were still functional. 

Discussion 

In this study, it has been demonstrated that the sugar 
DIG has no effect on GTG-induced lesion formation 
in the VMH, and in vitro glucose oxidation in VMH 
tissue. However, DIG injections did decrease daytime 
food intake significantly without affecting nocturnal 
feeding behavior. 
Debons et al. 7,8,11 have shown that VMH vulner- 
ability to GTG-induced necrosis is insulin-dependent; 
diabetic mice are resistant to G T G  lesion formation. 
DIG has been shown to inhibit glucose-stimulated 
insulin release from the pancreas t2. Thus, if DIG 
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decreased insulin levels sufficiently, G T G  lesion for- 
mation should be inhibited in DIG-treated mice. 
However, DIG injections did not prevent the develop- 
ment of  a GTG-induced lesion or alter the size of the 
lesion, nor did an intrahypothalamic infusion of  DIG. 
The possibilities of  DIG binding competitively to 
GTG-sensitive neural tissue or diminishing insulin 
secretion, and thereby inhibiting G T G  lesion forma- 
tion, is not supported. 
VMH caps incubated in vitro with DIG showed no 
inhibition of  glucose oxidation; instead they showed 
an enhanced (albeit insignificant glucose oxidation 
rate, about 13% greater than the controls. Garcia 
Hermida and Gomez-Acebo 12 observed a similar en- 
hancement of glucose oxidation in pancreatic islets 
treated with DIG. This evidence suggested that DIG 
is not an effective inhibitor of  glucose oxidation in the 
VMH, as has been observed with a number of  glucose 
analogs (unpublished observations). Indeed, phlori- 
zin, an inhibitor of glucose transport, showed a signifi- 
cant potentiation of  VMH glucose oxidation in vitro, 
but only at a low concentration 4. 
DIG significantly reduced food intake in mice during 
the light photoperiod, but had no effect on feeding in 
the dark. It might be expected that an effect would be 
more noticeable with darkness, since mice consume 
the majority of their food at night. However, this 
photoperiod-dependent difference in feeding behav- 
ior could be explained by a hypothalamic circadian 
rhythm. The suprachiasmatic nucleus in the hypothal- 
amus, an area associated with the control of diurnal 
variations, selectively bound 2DG during the day but 
not at night 27. In addition, Larue-Achagiotis and 
LeMagnen 15 have shown that a 2DG challenge inhib- 
ited food intake at night but stimulated feeding 

Figure  1. Cross  sections o f  m o u s e  brain,  depic t ing the V M H  at the 
level o f  the m e d i a n  eminence ,  24 h after  a G T G  chal lenge.  A W a te r  
given i.p. initially fol lowed by G T G  (300 m g / k g )  i.p. B D I G  (1000 
m g / k g )  injected i.p. fol lowed by 300 m g / k g  G T G  parenteral ly.  Bar 
equals  1.0 m m .  
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Figure  2. The  effect o f  D I G  on  glucose oxidat ion in the V M H  in 
vitro. The  bars  indicate  the m e a n + S E .  N o  signif icant  d i f ference is 
apparent .  
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dur ing  the day. The dayt ime results from their study 15 
are incongruen t  with our  data. This inconsistency may  
be l inked to the abili ty of 2 D G  to be a glucoprivic 
stimulus,  while D I G  is not. Rit ter  et al. 25 have demon-  
strated that the glucoreceptors responsible for eliciting 
hyperphagia ,  unde r  condit ions of glucoprivation,  are 
located in the h i n d b r a i n  and  not  in  the hypotha lamus .  
A glucoprivic s t imulus result ing from the adminis t ra -  
tion of 2 D G  or 5-thioglucose (5TG) is known  to 
produce an  increase in food intake 25. These 2 com- 

pounds  also inhibi t  G T G  lesion formation,  p resum-  
ably by b ind ing  to V M H  glucoreceptors (reference for 
2DG-19;  5TG-persona l  observations).  Since D I G  has 
an opposite effect on feeding behavior  compared  with 
these glucoprivic compounds  and  D I G  has no effect 
on G T G - i n d u c e d  necrosis in the VMH,  apparen t ly  
D I G  cannot  be described as a substance capable  of  
induc ing  glucoprivat ion or b ind ing  to hypo tha lamic  
glucoreceptors. D I G  probab ly  does not  affect day t ime 
feeding behavior  by a central  mechanism.  
Garcia  He rmida  and  Gomez-Acebo  12 demons t ra ted  
that D I G  affected glucose-st imulated insul in  secre- 
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tion, p resumably  by b ind ing  to beta  cell m e m b r a n e  
glucoreceptors. It has been  wel l -documented  that  
per ipheral  hepatic glucoreceptors play a role in  the 
regulat ion of  feeding behavior  24'26. The exact 
mechan i sm is unclear,  bu t  these per iphera l  glucore- 
ceptors may  produce feeding a n d / o r  satiety signals, 
which are relayed to the b ra in  via vagal  afferents 23. 
Phlorizin, when  infused in t ravent r icular ly  into the 
brain,  produced hyperphagia ,  apparen t ly  by b i nd ing  
to central  glucoreceptors 13. A n  infus ion of phlor izin 
into the liver decreased the vagal afferent  discharge 
rate, p robab ly  by affecting hepat ic  glucoreceptors 23. 
Fur thermore ,  infusions of 2 D G  into the hepatic portal  
system st imulated feeding 24'26. Since D I G  is know n  to 
affect insul in  secretion via glucoreceptors, it is 
conceivable that D I G  may  affect other per ipheral  
glucoreceptors, such as those found  in  the liver. Thus, 
our  observat ion that D I G  inhib i ted  dayt ime feeding 
behavior  may be due to a d iurna l  a l terat ion of  vagal  
afferent discharge media ted  by hepat ic  glucorecep- 
tors. Fur ther  invest igat ions are needed  to explore this 
possibility. 
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Summary. The kinetics of  prothoracicotropic hormone (PTTH) activation of pupal  prothoracic glands (PG) of  
the cabbage army worm, Mamestra brassicae, and silkworm, Bombyx mori, were determined in vitro. Activation 
was assessed by comparing the increase in the rate of  ecdysone synthesis by one member  of  a PG pair incubat- 
ed with a PTTH preparat ion from pupal  brains with the basal rate of  synthesis of  the other PG incubated 
without PTTH. A time course of  ecdysone synthesis revealed that Bombyx PTTH extract activated Bombyx PG, 
and Mamestra PTTH extract activated Mamestra PG. Dose responses of  activation of Bombyx and Mamestra 
PG by their respective PTTH were saturable and were indicative of  neurohormonal  activation. The Bombyx 
PG were half-maximally activated (As0) by far less PTTH than Mamestra PG, 0.34 and 0.91 brain equivalents, 
respectively. Heterologous dose response of activation studies, in which PTTH and PG from Mamestra, 
Bombyx and the tobacco hornworm, Manduca sexta, were assayed for interspecific PG sensitivity and PTTH 
specificity, revealed cross-reactivity among the three PTTH-PG axes, with Manduca PG being more sensitive to 
the PTTH of the other species and Bombyx PTTH being the most effective in activating the PG of  the other two 
species. 

The prothoracicotropic hormone (PTTH) is a peptide 
neurohormone 9,15 synthesized by specific neuro- 
secretory cells in the insect brain 5,15 and released 
from its neurohemal  organ, the corpus allatum 4 in 
Manduca sexta, into the hemolymph at specific times 
during insect development 9. Once released, PTTH 
activates the prothoracic glands (PG) to synthesize 
and release ecdysone which is converted to 20- 
hydroxyecdysone by tissues other than the PG 16,19. 
It is 20-hydroxyecdysone, or possibly a combination 
of ecdysone and 20-hydroxyecdysone, that elicits the 
molting process. Juvenile hormone acts in conjunction 
with the ecdysteroids as a modulator  of  cellular events 
in target tissues ]6. 
The ecdysteroids and juvenile hormones from a vari- 
ety of  insects have been characterized and these 
hormones appear  to be ubiquitous, exhibiting only 
subtle molecular heterogeneity 16. Although the chem- 
ical characterization of PTTH has been a matter  of  
intensive study, the structure of  this elusive peptide 
has not yet been elucidated 8,9,15. Therefore, the only 
available information pertaining to the degree of 
structural conservation of PTTH among insect species 
comes from classical brain transplantation studies and 

in vivo bioassays, which suggest that this neurohor- 
mone may be far less conserved structurally than are 
the ecdysteroids and juvenile hormones14. 
With the development of  a sensitive and specific in 
vitro assay for PTTH that quantifies activation of the 
PG by the neurohormone,  it is now possible to 
investigate the cross-reactivity of  PTTH among dif- 
ferent insect species without purifying the PTTH of  
each species. This study was conducted to compare 
PTTH specificity, as well as PG sensitivity to PTTH, 
among Bombyx mori, Mamestra brassicae and Man- 
duca sexta, representatives of  3 superfamilies of  Lepi- 
doptera; Bombycoidea, Noctuoidea and Sphingoidea. 

Materials and methods 

Animals. Larvae of the cabbage army worm, Mames- 
tra brassicae (Noctuidae), and the tobacco hornworm, 
Manduca sexta (Sphingidae), were reared on artificial 
diets at 25~ under a long-day photoperiod 
(LD 16:8) 6,20. Larvae of the silkworm, Bombyx mori 
(Bombycidae), a F] hybrid strain resulting from a 
cross between strains J.124 and C.124, were reared on 
fresh mulberry leaves at 25 ~ under constant light. 


