
ognition that changes in the molecular 
weight profile o f  ip-EP occur during 
stimulated secretion could help to clarify 
conflicting findings on the molar ratio o f  
P-EP to p-LPH (18); the range o f  report- 
ed values might reflect differences in 
time elapsed from the onset o f  stimulated 
secretion to collection of  plasma speci- 
mens. 
5) The enhancement o f  ip-EP release 

during naloxone administration is evi- 
dence o f  "short-loop" feedback-previ- 
ously observed only in unstressed sub- 
jects (19)-modulating stress-induced se- 
cretion of  endogenous opioids. This find- 
ing implies that the amelioration of  
endotoxic shock by naloxone ( I )  occurs 
despite acute augmentation of  already 
high circulating levels o f  P-EP and P-  
LPH. 

6)  The demonstration of  late increases 
in CSF iP-EP after endotoxin administra- 
tion suggests that physiological stimuli, 
such as fever, that provoke an outpour- 
ing of  iP-EP into the periphery may 
occur in concert with alterations of  cen- 
tral opioid peptide metabolism. Though 
not in itself evidence either for direct 
secretion o f  ip-EP from the brain into the 
CSF or "leakage" o f  ip-EP into the CSF 
through the blood-brain barrier, this last 
finding supports the hypothesis that cer- 
tain behavioral correlates o f  fever mav 
be manifestations o f  altered central me- 
tabolism of  peptides related to iP-EP 
(20). 
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Significance of Tissue myo-Inositol Concentrations in 

Metabolic Regulation in Nerve 

Abstract. Approximately 25 percent of resting energy utilization in isolated nerve 
endoneurium is inhibited by medium containing defatted albumin and selectively 
restored by arachidonic acid but is unaffected by indomethacin or nordihydroguaiar- 
etic acid. The same component of energy utilization is inhibited by small decreases in 
endoneurial myo-inositol, which decrease incorporation of carbon-14-labeled ara- 
chidonic acid into phosphatidylinositol. The fraction of the resting oxygen uptake 
inhibited by ouabain is decreased 40 to 50 percent by a reduced tissue myo-inositol 
concentration or. by defatted albumin. Metabolic regulation by rapid, basal phos- 
phatidylinositol turnover is dependent on the maintenance of normal tissue myo- 
inositol concentrations. 

The significance o f  the high concen- 
trations of  myo-inositol (MI) normally 
maintained in most mammalian tissues 
( 1 )  is unknown. This question has much 
broader import, but is central to a hy- 
pothesis that a decrease in nerve MI is a 
critical factor in the pathogenesis o f  dia- 
betic neuropathy (2). myo-Inositol is di- 
rectly incorporated into phosphatidyl- 
inositol ( P I )  by CDPdiacylglycerol-ino- 
sit01 3-phosphatidyltransferase (PI syn- 
thetase) in the terminal step o f  PI 
synthesis (3). Studies with 32P-labeled 
inorganic phosphate and labeled MI indi- 
cate that most tissues contain pools o f  
membrane PI that undergo a rapid cycle 
o f  partial degradation and resynthesis (PI 
turnover) (3); this occurs in peripheral 
nerve axons (4). The cycle is initiated by 
a phospholipase C cleavage of  PI and 
ultimately is completed by the PI synthe- 
tase reaction (3). The predominant spe- 
cies o f  PI in tissues is 1-stearyl-2-arachi- 
donoyl (3, 5 ) ,  and free arachidonic acid 
(AA)  may also be released and reincor- 
porated during PI turnover (3, 6).  Rapid 
PI turnover in specific pools serves as a 
mechanism for metabolic regulation (3, 
6) .  

848 0036-807518210827-0848$01.0010 Copyright O 1982 AAAS 

Recently, interest in PI turnover has 
centered on its role in regulating free AA 
levels and prostanoid metabolism (6) and 
its relationship to the regulation o f  cy- 
toplasmic free ca2+ (3, 7);  a role in regu- 
lating Nai ,K+-adenosinetriphosphatase 
(ATPase) in some tissues is also postulat- 
ed (3). The regulatory functions ascribed 
to rapid PI turnover in specific pools 
requires the largely unnoted assumption 
that the resynthesis o f  PI in these pools 
is normally independent o f  the MI con- 
centration, although most PI synthetases 
have a relatively high Michaelis constant 
(K,) for MI-for instance, 1.5 mM for 
guinea pig brain PI synthetase (8). W e  
found evidence that in an endoneurium 
preparation approximately 25 percent o f  
resting energy utilization, including a 
component o f  Na+,K+-ATPase activity, 
is regulated through PI turnover by 
mechanisms that do not appear to in- 
volve prostanoid metabolism. The activi- 
ty o f  this fraction of  energy utilization is 
acutely and reversibly inhibited by de- 
pletion of  free A A  or by small decreases 
in tissue MI, which decrease [l-14C]AA 
incorporation into PI approximately 40 
percent. Regulation of  this fraction ap- 
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pears to be mediated by rapid PI turn- 
over in small, discrete PI pools and to be 
dependent on the maintenance of normal 
MI concentrations at these sites. 

Composite axonal and Schwann cell 
metabolism was studied in endoneurium 
derived from a preparation of the major 
fascicle of rabbit tibia1 nerve by remov- 
ing its perineurial membrane (9). [The 
perineurial membrane surrounding each 
nerve fascicle bounds an endoneurial 
compartment; it is a diffusion barrier and 
a component of the blood-nerve barrier 
which regulates the composition of the 
endoneurial fluid surrounding the axons 
and Schwann cells (lo).] Endoneurium 
preparations maintain a nearly steady 
state of energy metabolism (stable 0 2  

uptake, lactate production, and ATP and 
phosphocreatine) for at least 2 hours 
when incubated in a standard medium 
(9). The standard medium consists of 
Krebs-bicarbonate buffer, pH 7.4 at 
37"C, continuously gassed with 5 percent 
C02  in air, and containing 5.0 mM glu- 
cose, 0.50 mM MI, and 4.5 percent dia- 
lyzed, defatted bovine serum albumin 
(BSA). In endoneurium glucose is the 
major physiological fuel and respiration 
provides 99 percent of the energy re- 
quirements (9); thus the rate of energy 
utilization can be assessed by 0 2  uptake 
during incubations with glucose under 
near-steady-state conditions. In endo- 
neurium from normal rabbits, the initial 
MI concentration, 5.88 i 0.47 mmolei 
kg, is 100 times that in plasma and re- 
mains stable during incubation in the 
standard medium, which contains the MI 
concentration present in rabbit cerebro- 
spinal fluid (9). The medium contains 4.5 
percent defatted BSA to prevent any 
change in water content during incuba- 
tion (9); this should deplete endogenous 
free fatty acids (11) but does not affect 
the availability of substrate for energy 
provision (9). However, use of BSA with 
a low free fatty acid content in standard 
medium results in an approximately 20 
percent higher rate of endoneurial ener- 
gy utilization, which more closely ap- 
proximates the rate in the fascicle prepa- 
ration from which the endoneurium is 
derived (9). The perineurial membrane is 
a diffusion barrier to albumin in life (10) 
and protects the endoneurium in the fas- 
cicle preparation from exposure to albu- 
min during incubation. This suggested 
that there is a component of endoneurial 
energy utilization that is inhibited by 
depletion of endogenous free fatty acids 
and restored by BSA with a low free 
fatty acid content. This was shown to be 
related to the depletion and replenish- 
ment of free AA. 

Paired samples of endoneurium were 
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Table I .  Effects of albumm-bound arachidonic, y-linolenic, and palmitic acids on O2 uptake In 
endoneurium that had been incubated for 30 minutes in standard medium. Uptake was 
determined after a 10-minute incubation and compared with that of paired controls incubated in 
standard medium. Values are means or mean changes t standard errors for paired experi- 
ments. Probabilities were determined by Student's t-test for paired comparisons; N.S., not 
significant. 

Oxygen uptake (mmoleikg per hour) 

Control Test Difference N 

sample sample (mean t S.E.M.) 

Albumin-bound AA 
19.6 +1.5 i 1.9 6 
21.8 +4.0 i 1.3 7 
23.0 +5.3 t 1.3 7 
23.2 +5.5 i: 1.7 10 

Albumin-bound y-linolenic acid 
19.4 +1.4 i: 1.4 6 

Albumin-bound palmitic acid 
16.5 -2.1 i 0.5 6 

Albumin-bound AA plus indomethacin" 
22.4 +3.6 F 0.7 7 

Albumin-bound AA plus NGDAt 
22.7 +4.0 i 1.1 8 

Molar ratio 

P of free 
fatty acid 

to albumin 

N.S. 0.022 
< .05 0.11 
<.01 0.22 
<.01 1.11 

N.S. 0.22 

<.01 0.07 

<.01 0.22 

<.01 0.22 

*Indomethacin (10-4M) present during preincubation and incubation and present in control. I.NGDA 
(nordihydroguaiaretic acid) (10-411.1) present during preincubation and incubation and present in control. 

incubated for 30 minutes in standard 
medium and then for 10 minutes in simi- 
lar medium or medium containing albu- 
min-bound AA in molar AAialbumin ra- 
tios of 0.022 to 1.11. This range was 
selected since it should result in ex- 
tremely small increments in tissue-asso- 
ciated free AA as the molar ratio is 
increased, particularly relative to that 
resulting from exposure to free AA in 
medium lacking albumin (11). Albumin- 
bound AA had no effect on 0 2  uptake at 
a molar ratio of 0.022, but over the range 
0.11 to 1.11 it caused an acute increase in 
0 2  uptake, which was relatively constant 
in magnitude, 22 to 31 percent (Table 1). 
This effect requires live tissue and glu- 
cose as substrate. The increased O2 
uptake remained stable for at least 
90 minutes and was not accompanied 
by changes in ATP or phosphocreatine 
(data not shown). The effect of albumin- 
bound AA was not reproduced by albu- 
min-bound y-linolenic acid (Table 1) and, 
as expected from previous studies (9), 
albumin-bound palmitate acutely de- 
pressed O2 uptake even at a low molar 
ratio (Table 1). The effect of albumin- 
bound AA was not inhibited by indo- 
methacin M )  or by nordihydro- 
guaiaretic acid M) (Table 1). Re- 
plenishing endoneurial free AA over a 
restricted range results in an increased 
near steady state of energy utilization 
that does not appear to require AA me- 
tabolism by cyclooxygenase or lipoxy- 
genase pathways. The magnitude of the 
increase in energy utilization is not di- 
rectly related to the molar ratio of AA to 
albumin, or presumably to the level of 
tissue-associated free AA, once a thresh- 
old is exceeded. 

The effect of albumin-bound AA (Ta- 
ble 1) was demonstrated under condi- 
tions in which the initial tissue MI con- 
centration was kept stable by the 0.50 
mM MI present id standard medium (9). 
Endoneurium can be partly depleted of 
its initial MI content by incubation in 
medium lacking MI. In samples prepared 
and equilibrated (for 10 minutes) in stan- 
dard medium, approximately 6 percent 
of the tissue MI is present in the extra- 
cellular (inulin) space. When samples 
were equilibrated in standard medium 
lacking MI and their MI was compared 
with that in paired samples after a subse- 
quent 2-hour incubation in medium lack- 
ing MI, there was a 16 percent decrease; 
the mean change in eight paired exper- 
iments was -0.75 k 0.22 mmoleikg 
(P < .02). In standard medium, which 
rapidly depletes endogenous free AA, 
the initially decreased rate of 0 2  uptake 
is unaffected by a subsequent decrease in 
tissue MI of roughly 22 percent over 2 
hours. Oxygen uptake was compared in 
paired samples after equilibration in 
standard medium and after a 2-hour incu- 
bation in standard medium lacking MI; 
the mean change in seven paired experi- 
ments was -0.9 i 1.5 mmole of 0 2  per 
kilogram per hour, and ATP and phos- 
phocreatine were also unaltered. How- 
ever, the effect of albumin-bound AA on 
0 2  uptake cannot be demonstrated in 
endoneurium previously incubated for 30 
minutes in standard medium lacking MI 
to reduce the initial MI content approxi- 
mately 10 percent. When paired samples 
were incubated in this way and albumin- 
bound AA was added to one sample 
during a subsequent 10-minute incuba- 
tion, there was no effect on 0 2  uptake 



Table 2. Effects of albumin-bound AA and of MI on O2 uptake in endoneurium samples that were preincubated in medium lacking MI and 
containing defatted albumin to reduce their initial MI content and deplete endogenous FFA.  In all instances the medium. Krebs-bicarbonate 
buffer, pH 7.4, contained 5.0 m M  glucose. Additions to the medium were AA -, 4.5 percent defatted albumin; AA +, albumin-bound AA with a 
molar ratio of 0.22; MI -, no MI; and MI +, 0.50 m M  MI. Values for O2 uptake are means or  mean differences i S.E.M. for a group of paired 
experiments. 

Addition to the medium 

Preincubation (30 minutes) Incubation (10 minutes) 
Grouv 

Oxygen uptake 
(mmolelkg per hour) 

Control Test Control Test Difference 
Control Test (mean i 

AA MI AA MI AA MI AA MI S.E.M.) 
-- 

A - - - - - - + - 17.1 18.1 + 1 . 0 i 0 . 8  6 N.S. 
B - - - + + + + 20.1 27.5 +7.4 2 0.8 6 <.001 - 

C - - - - + - + +" 19.7 22.6 +2.9 i 0.4 5 <.01 
D - - - - - - - +" 19.1 18.5 -0.6 i 1.0 7 N.S. 

*MI absent from medium during 10-minute incubation, but 1.0 rnM MI added to medium immediately before recording O2 uptake in an O2 monitor. 

(Table 2, group A). When paired samples 
were incubated for 30 minutes in stan- 
dard medium with or without 0.50 mM 
MI and then incubated with albumin- 
bound AA, the sample in which the 
initial tissue MI was maintained had a 
higher rate of Oz uptake (Table 2, group 
B). When paired samples were incubated 
in standard medium lacking MI for 30 
minutes, then incubated in medium lack- 
ing MI but containing albumin-bound 
AA to replenish a free AA pool, and 
transferred into similar medium in O2 
monitor chambers, the addition of 1.0 
mM MI to one sample caused a signifi- 
cant increase in its O2 uptake, which was 
apparent within 1 to  2 minutes (Table 2, 
group C). In contrast, addition of 1.0 mM 
MI had no effect on O2 uptake in tissue 
with a decreased MI content in medium 
containing defatted albumin (Table 2, 
group D). Thus, the same component of 
resting energy utilization appears t o  be 
inhibited by depletion of free AA or by a 
decrease in endoneurial MI. 

Incorporation of [ 1 - 1 4 c ] ~ A  into PI 
was compared in paired samples that 
were incubated for 30 minutes in stan- 
dard medium with and without 0.50 mM 
MI and then for 90 minutes in similar 
medium containing albumin-bound [ l -  
1 4 C ] ~ ~  (molar ratio, 0.11; specific activ- 
ity, 2 pciipmole). [The tissue was rinsed 
in medium containing defatted BSA and 
rapidly blotted, frozen, and powdered in 
liquid NZ The powder was extracted 
twice with 50 volumes of chloroform and 
methanol (2: 1) with 2.5M KC1 to main- 
tain a 5 percent aqueous component. 
Unlabeled PI was added as  carrier. The 
extract was partitioned with 0.20 volume 
of 0.25M KC1; the lower phase was 
washed five times with upper-phase sol- 
vents containing 0.25M KC1 (12) and 
dried under Nz. PI was isolated by two- 
dimensional thin-layer chromatography 
on silica gel G (13) and scraped into a 
liquid scintillation vial; 15 ml of Aquasol- 
2 was added and the samples were count- 

850 

ed with an external standard.] Incorpo- 
ration of [ 1 - 1 4 C ] ~ ~  into PI in the sam- 
ples that maintained their initial MI con- 
centration averaged 4.78 t 0.46 ymolei 
kg. This was 60 percent higher than in 
the samples partially depleted of MI 
( 3 . 0 0 k 0 . 3 7  pmoleikg); the mean 
change in seven paired experiments was 
+ 1.78 * 0.32 pmoleikg per 90 minutes 
( P  < .005). The increased O2 uptake in- 
duced by albumin-bound AA in tissue 
depleted of endogenous free fatty acids 
appears to  require incorporation of AA 
into PI at sites of PI formation in which 
MI becomes limiting when the initial MI 
concentration is decreased. An increase 
in PI formation of roughly 1.78 pmoleikg 
per 90 minutes is required to  restore this 
component of energy utilization, but the 
energy required for an increase in PI 
formation of this magnitude is a t  least 
1000 times too small to account for the 
changes in O2 uptake induced by albu- 
min-bound AA (Table 1) or by a decrease 
in tissue MI (Table 2, group B). These 
changes in 0 2  uptake probably result 
from changes in the rates of energy- 
requiring processes that are regulated 
through PI turnover in pools in which it 
is rapidly restricted by depleting free AA 
or by small decreases in total tissue MI. 
This suggests that small, discrete, rapid- 
ly turning over pools are involved, and 
that these are at sites in which MI is 
critically reduced by incubation in medi- 
um lacking MI. Axons are thought to  
contain much lower MI concentrations 
than Schwann cells (14); whether incuba- 
tion in medium lacking MI preferentially 
depletes a small axonal MI pool remains 
to  be clarified. 

The fraction of resting energy utiliza- 
tion that is related to  Na+,K+-ATPase 
activity was estimated from the percent 
decrease in resting O2 uptake caused by 
1 0 - 4 ~  ouabain within 30 minutes. [In 
rabbit vagus nerve ~ o - ~ M  ouabain 
causes a 31 percent fall in resting 01 
uptake in 30 minutes and a 40 percent fall 

in 1 hour (15).] In paired endoneurium 
samples incubated in standard medium 
containing albumin-bound AA (molar ra- 
tio, 0.22), ouabain caused a 30.3 + 2.3 
percent decrease in O2 uptake ( N  = 6). 
In samples incubated in standard medi- 
um the lower resting O2 uptake was 
decreased only 14.8 t 3.4 percent by 
ouabain ( N  = 7). In samples incubated 
(for 30 minutes) in standard medium 
lacking MI and then incubated with albu- 
min-bound AA without MI, ouabain 
caused a 16.7 + 3.6 percent fall in O2 
uptake ( N  = 13). A component of 
Na+,Ki-ATPase activity is included in 
the energy-requiring processes that are 
regulated through rapid PI turnover in 
endoneurium. 

The normal MI concentration in nerve 
endoneurium appears to  be required to  
prevent a restriction on PI synthetase 
activity at sites of rapid PI turnover 
involved in metabolic regulation. This 
may be one function of the high MI 
concentrations normally present in most 
tissues, and could explain the provision 
of mechanisms to maintain these concen- 
trations when the diet lacks MI (I).  Our 
data also suggest the existence of a 
mechanism which could contribute to 
the pathogenesis of diabetic complica- 
tions in nerve and other tissues in which 
the maintenance of normal MI concen- 
trations is impaired (2). 
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Institute, Department of Medicine, 
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Anomalous Patterns in Cultured Cell Monolayers 

Abstract. Gridlike patterns of d~rering cell density were observed in evenly seeded 
cell monolayers. Such patterns were obtained in Jive of six cell lines tested, 
suggesting widespread occurrence. The mechanism appears to involve small, 
transient temperature changes related to incubator tray structure. The very short 
time course of appearance of the patterns implicates attachment rather than growth 
as the critically affected factor. Impaired adhesion or directed sedimentation 
resulting from thermally induced microcurrents in the medium are the two most likely 
mechanisms. 

Achieving a uniform distribution of 
cells in a culture vessel is of primary 
importance in cell culture. Such basic 
considerations as plating efficiency and 
contact inhibition of cell growth are di- 
rectly related to the density with which 
suspended cells settle out and attach to 
the culture dish. In addition, in many cell 
lines function at high cell densities differs 
from function at low densities. Mullin et 
al. ( I )  found that confluent but not sub- 
confluent cultures of LLC-PK, cells ac- 
tively accumulated a-methyl-D-gluco- 
side and that the development of mor- 
phological polarity in this line (appear- 
ance of apical microvilli) was also 
correlated with culture density. Cerei- 
jido et al. (2) found that monolayers of 
MDCK cells seeded at superconfluent 
densities developed transepithelial 
resistance more rapidly when the cells 
were derived from confluent cultures 
than when they were derived from sub- 
confluent cultures. The investigators 
suggested that information for synthesiz- 
ing tight junctions was not present in the 
subconfluent cultures. Similarly, cilia 
development in rat liver cells (3) and the 
appearance of a 60,000-dalton cell sur- 
face protein in endothelial cell cultures 
(4) have been correlated with high cell 
density. In many nonepithelial cell lines, 
attainment of cell confluence and densi- 
ty-dependent growth inhibition is associ- 
ated with decreased transport activity. 
Decreased transport of K', phosphate, 
nucleosides, and sugars have all been 
observed as cultures become confluent 
(5). The existence of cell populations of 
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nonuniform density could thus introduce 
a significant error into investigations of a 
number of parameters. 

During a routine check of cell growth 
on collagen-coated Nuclepore filters in 
plastic petri dishes, we observed a grid- 
like growth pattern. Areas of heavy cell 
growth surrounded evenly spaced patch- 
es of low cell density. The growth pat- 

tern appeared to correspond to the struc- 
ture of the incubator tray on which the 
petri dishes had been placed during incu- 
bation, with areas of low cell density 
corresponding to holes in the tray and 
areas of higher density corresponding to 
the metal framework (Fig. 1,  A and 
B). This correspondence between cell 
growth pattern and incubator tray design 
was previously observed with HeLa 
cells by Puck (6). The phenomenon was 
attributed to an extreme sensitivity of 
cell growth to small transient tempera- 
ture differences presumed to be created 
between holes in the tray and the frame- 
work when the incubator door was 
opened. 

To examine the mechanism of the ob- 
served patterning of cell growth in more 
detail we suspended trypsinized LLC- 
PK, cells in Eagle's minimum essential 
medium (Flow) containing 10 percent 
fetal bovine serum (Flow) and seeded 
them at different densities into 60-mm- 
diameter Falcon petri dishes (7). The 
cultures were incubated at 37°C in a 
humidified 5 percent C02 atmosphere in 
a water-jacketed incubator (capacity, 
0.15 m3) with perforated aluminum 
shelves. At the end of each experiment 
the cells were fixed with absolute metha- 
nol for 30 minutes and stained with 
Giemsa. For experiments in which cell 
density was assayed by DNA analysis, 
cells were grown on collagen-coated Nu- 
clepore filters. Halved filters were 

Fig. 1. (A) Patterned cell growth in a 60-mm-diameter petri dish. (B) Tray on which the dish was 
placed during incubation. (C) Petri dish not exhibiting patterning. This is typical of dishes 
resting on glass plates during incubation. (D) Sheet of liquid crystals (sensitivity, 35' to 40°C) on 
an incubator tray that has just been removed from an incubator at 39°C (color spectrum 35' to 
40°C: black, brown, red, yellow, green, blue, and black). 

0036-807518210827-0851$01.00/0 Copyright 0 1982 AAAS 85 1 




