
culatlng progesterone. The concentra- 
tions of progesterone and 17/3-estradiol 
in the serum after Kepone administration 
were measured by radioimmunoassay 
(16) and compared to the concentration 
achieved by injecting doses of pro- 
gesterone or 17/3-estradiol that give in- 
termediate to full induction of ovalbumin 
and conalbumin. The serum concentra- 
tion of 17/3-estradiol was unaffected by 
Kepone, but the concentration of pro- 
gesterone increased from 0.7 nM to 
about 2 nM with 12.5 mg of Kepone and 
to about 3.5 nM with 50 mg of Kepone 
(injected intraperitoneally). A 3.5 nM 
concentration of total serum proges- 
terone is sufficient to achieve about 
70 percent of maximum conalbumin in- 
duction and 25 percent of maximum 
ovalbumin induction. This effect of Ke- 
pone on serum progesterone is similar to 
that of ethionine which also induces egg 
white protein synthesis in the chicken 
oviduct (17). These drugs may raise 
serum progesterone either by stimulating 
the synthesis and secretion of pro- 
gesterone from the adrenals or ovaries or 

by inhibiting the breakdown and excre- 
tion of progesterone. The end result is 
that Kepone behaves in vivo like a com- 
bination of estrogen plus progesterone. 
Consistent with this interpretation is our 
observation that tamoxifen only partially 
inhibits Kepone induction of egg white 
protein synthesis in vivo, whereas it is 
completely effective in vitro. Doses of 
tamoxifen (30 mg) were used that com- 
pletely prevented the induction of oval- 
bumin by 1 mg of estradiol-benzoate but 
had no effect on the induction of oval- 
bumin by 1 mg of progesterone. The ef- 
fect of Kepone on oviduct growth is en- 

tirely consistent with this dual effect of 

Kepone in vivo (5, 6). 
The fact that Kepone has estrogenic 

activity is surprising to us, considering 
its structure. Although it may be modi- 
fied in vivo, this is less likely in vitro and 

only a remote possibility in the com- 

petition assay with nuclear estrogen re- 

ceptors. The neurological symptoms ap- 
pear in chicks at doses slightly lower 
than those required to induce egg white 
protein synthesis. These symptoms are 
not ameliorated by tamoxifen, suggest- 
ing that they are unrelated to the estro- 
genic activity of Kepone. It is likely that 

exposure of humans and other verte- 
brates to high levels of Kepone would 
have deleterious effects on normal repro- 
ductive physiology as well as the more 

culatlng progesterone. The concentra- 
tions of progesterone and 17/3-estradiol 
in the serum after Kepone administration 
were measured by radioimmunoassay 
(16) and compared to the concentration 
achieved by injecting doses of pro- 
gesterone or 17/3-estradiol that give in- 
termediate to full induction of ovalbumin 
and conalbumin. The serum concentra- 
tion of 17/3-estradiol was unaffected by 
Kepone, but the concentration of pro- 
gesterone increased from 0.7 nM to 
about 2 nM with 12.5 mg of Kepone and 
to about 3.5 nM with 50 mg of Kepone 
(injected intraperitoneally). A 3.5 nM 
concentration of total serum proges- 
terone is sufficient to achieve about 
70 percent of maximum conalbumin in- 
duction and 25 percent of maximum 
ovalbumin induction. This effect of Ke- 
pone on serum progesterone is similar to 
that of ethionine which also induces egg 
white protein synthesis in the chicken 
oviduct (17). These drugs may raise 
serum progesterone either by stimulating 
the synthesis and secretion of pro- 
gesterone from the adrenals or ovaries or 

by inhibiting the breakdown and excre- 
tion of progesterone. The end result is 
that Kepone behaves in vivo like a com- 
bination of estrogen plus progesterone. 
Consistent with this interpretation is our 
observation that tamoxifen only partially 
inhibits Kepone induction of egg white 
protein synthesis in vivo, whereas it is 
completely effective in vitro. Doses of 
tamoxifen (30 mg) were used that com- 
pletely prevented the induction of oval- 
bumin by 1 mg of estradiol-benzoate but 
had no effect on the induction of oval- 
bumin by 1 mg of progesterone. The ef- 
fect of Kepone on oviduct growth is en- 

tirely consistent with this dual effect of 

Kepone in vivo (5, 6). 
The fact that Kepone has estrogenic 

activity is surprising to us, considering 
its structure. Although it may be modi- 
fied in vivo, this is less likely in vitro and 

only a remote possibility in the com- 

petition assay with nuclear estrogen re- 

ceptors. The neurological symptoms ap- 
pear in chicks at doses slightly lower 
than those required to induce egg white 
protein synthesis. These symptoms are 
not ameliorated by tamoxifen, suggest- 
ing that they are unrelated to the estro- 
genic activity of Kepone. It is likely that 

exposure of humans and other verte- 
brates to high levels of Kepone would 
have deleterious effects on normal repro- 
ductive physiology as well as the more 
obvious neurological manifestations. 

RICHARD D. PALMITER 
EILEEN R. MULVIHILL 

Department of Biochemistry, University 
of Washington, Seattle 98195 

obvious neurological manifestations. 
RICHARD D. PALMITER 
EILEEN R. MULVIHILL 

Department of Biochemistry, University 
of Washington, Seattle 98195 

References and Notes 

1. P. D. Hrdina, R. L. Singhal, G. M. Ling, Adv. 
Pharmacol. Chemother. 12, 31 (1975). 

2. J. Bitman, H. C. Cecil, S. J. Harris, G. F. Fries, 
Science 162, 371 (1968). 

3. W. L., Heinrichs, R. J. Gellert, J. L. Bakke, N. 
L. Lawrence, ibid. 173, 642 (1971). 

4. V. P. Eroschenko and W. O. Wilson, Toxicol. 
Appl. Pharmacol. 31, 491 (1975). 

5. T. Oka and R. T. Schimke, J. Cell Biol. 43, 123 
(1969). 

6. R. D. Palmiter,J. Biol. Chem. 247, 6450(1972). 
7. B. W. O'Malley and A. R. Means, Science 183, 

610 (1974). 
8. R. T. Schimke, G. S. McKnight, D. J. Shapiro, 

D. Sullivan, R. Palacios, Rec. Prog. Horm. Res. 
31, 175 (1975); B. W. O'Malley, H. C. Towle, R. 
J. Schwartz, Annu. Rev. Genet. 11, 239 (1977); 
M. Bellard, F. Gannon, P. Chambon, Cold 
Spring Harbor Symp. Quant. Biol., in press; 
M. C. Hguyen-Huu, A. A. Sippel, N. E. Hynes, 
B. Groner, G. Schiitz, Proc. Natl. Acad. Sci. 
U.S.A., in press. 

9. R. D. Palmiter, P. B. Moore, E. R. Mulvihill, S. 
Emtage, Cell 8, 557 (1976). 

10. E. T. McBee, C. W. Roberts, J. D. Idol, Jr., R. 
H. Earle, Jr.,J. Am. Chem. Soc. 78, 1151 (1956). 

References and Notes 

1. P. D. Hrdina, R. L. Singhal, G. M. Ling, Adv. 
Pharmacol. Chemother. 12, 31 (1975). 

2. J. Bitman, H. C. Cecil, S. J. Harris, G. F. Fries, 
Science 162, 371 (1968). 

3. W. L., Heinrichs, R. J. Gellert, J. L. Bakke, N. 
L. Lawrence, ibid. 173, 642 (1971). 

4. V. P. Eroschenko and W. O. Wilson, Toxicol. 
Appl. Pharmacol. 31, 491 (1975). 

5. T. Oka and R. T. Schimke, J. Cell Biol. 43, 123 
(1969). 

6. R. D. Palmiter,J. Biol. Chem. 247, 6450(1972). 
7. B. W. O'Malley and A. R. Means, Science 183, 

610 (1974). 
8. R. T. Schimke, G. S. McKnight, D. J. Shapiro, 

D. Sullivan, R. Palacios, Rec. Prog. Horm. Res. 
31, 175 (1975); B. W. O'Malley, H. C. Towle, R. 
J. Schwartz, Annu. Rev. Genet. 11, 239 (1977); 
M. Bellard, F. Gannon, P. Chambon, Cold 
Spring Harbor Symp. Quant. Biol., in press; 
M. C. Hguyen-Huu, A. A. Sippel, N. E. Hynes, 
B. Groner, G. Schiitz, Proc. Natl. Acad. Sci. 
U.S.A., in press. 

9. R. D. Palmiter, P. B. Moore, E. R. Mulvihill, S. 
Emtage, Cell 8, 557 (1976). 

10. E. T. McBee, C. W. Roberts, J. D. Idol, Jr., R. 
H. Earle, Jr.,J. Am. Chem. Soc. 78, 1151 (1956). 

Granulocytes and their products (pus) 
are associated with the massive brain 
edema found in fatal cases of purulent 
meningitis and brain abscess. Experi- 
mental models of such cases of "gran- 
ulocytic brain edema" have the features 
of vasogenic, cytotoxic, and interstitial 
(hydrocephalic) edema (1). Using single 
cortical slices of the rat brain as a 
bioassay system in vitro, we have dem- 
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onstrated that metabolism was altered by 
incubation of the slices with crude prepa- 
rations of membranes from granulocytic 
leukocytes (WBC) obtained from glyco- 
gen-induced rat peritoneal exudates. 
Such leukocytic preparations induced 
brain edema characterized by increases 
in water content, cellular swelling (de- 
creases in inulin space), increased intra- 
cellular sodium, and decreased intra- 
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Table 1. Effects of leukocyte membrane fractions on brain swelling and lactate production in 
vitro. Single, first cortical brain slices 40 to 50 mg in weight and 0.35 mm in thickness, and 
leukocyte membranes from glycogen-induced rat peritoneal exudates were prepared as de- 
scribed (1, 17). Each slice was incubated in 5 ml of Krebs-Ringer medium or medium with lipid 
for 90 minutes at 37?C. The membranes obtained from 3.0 x 107 leukocytes were extracted with 
chloroform-methanol (2:1, by volume) and centrifuged at 12,000 rev/min for 10 minutes at 4?C. 
The pellet was dialyzed for 24 hours with at least one change of Krebs-Ringer buffer. The 
chloroform-methanol soluble fraction was dried under a stream of N2 in the dark. A mixture of 
0.5 ml of methanol and water (1:1, by volume) was added and mixed, and the two phases were 
then separated. The water-soluble fraction was dried in vacuo and then washed again with 
water and dried several times. The final water-soluble fraction was dissolved in Krebs-Ringer 
buffer. The methanol-soluble fraction was dried under N2 in the dark, and the solvent was 
changed to methanol-ethanol (1:1, by volume) followed by ethanol-water (1:1, by volume) and 
finally to Krebs-Ringer buffer to obtain the experimental medium. Cortical slices were dried at 
105?C for 16 hours to determine tissue water. The percentage of swelling was determined by 
subtracting the percentage of initial from the final water content and dividing by the initial water 
content. Lactate was determined enzymatically as described (1, 17). Values are means + 
standard error of slices given in parentheses. 

Swelling Lactate production E~xperiment (%) [mmole (kg dry wt)-1 90 min-1] 

Medium alone (control) 1.85 + 0.09 (13) 213.8 ? 7.2 (13) 
Medium plus lipid fraction 3.40 + 0.27 (8)* 305.2 + 35.2 (6)t 
Medium plus water-soluble fraction 1.99 + 0.17 (6) 276.5 + 9.6 (6)* 
Medium plus insoluble fraction 1.70 + 0.35 (9) 220.2 + 19.2 (6) 

*P < .001. tP < .05, Student's t-test. 
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membranes prompted study of their possible role in the induction of brain edema. 
Polyunsaturated fatty acids including sodium arachidonate, sodium linoleate, so- 
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cortex. This cellular edema was specific, since neither saturated fatty acids nor a 
fatty acid containing a single double bond had such effect. 
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cellular potassium. Glucose oxidation 
and lactate production were also stimu- 
lated, and the energy charge was re- 
duced in the edematous brain tissue. 

To better define the factors in WBC re- 
sponsible for edema formation, we pre- 
pared a crude membrane fraction of peri- 
toneal exudate cells as described (1) and 
partitioned the preparation with chloro- 
form-methanol extraction into three ma- 
jor fractions (2): (i) a chloroform-meth- 
anol soluble lipid fraction (containing 
free fatty acids, phospholipids, and gly- 
colipids); (ii) a water-soluble fraction 
(containing free amino acids, glucose, 
salts, and other small water-soluble 
molecules); and (iii) an insoluble fraction 
(containing protein, glycoprotein, and 
other insoluble particulates). Table 1 
shows that cortical brain slices swell 1.85 
percent in Krebs-Ringer medium. The 
addition of chloroform-methanol soluble 
lipid fraction increased brain swelling to 
3.4 percent, but water-soluble and in- 
soluble fractions had no effect. The lipid 
fraction also increased brain lactate pro- 
duction, the water-soluble fraction had a 
lesser effect, and the insoluble fraction 
had none. 

The chloroform-methanol soluble lipid 
fraction of rabbit peritoneal exudate 
granulocytes, as well as human leuko- 
cytes, have predominantly these fatty 
acids (3): linoleic (C18:2), palmitic 
(C16:0), oleic (C18:1), stearic (C18:0), 
and arachidonic (C20:4) acids. The local 
injection of arachidonic acid induces rat 
paw edema (4), and inhibition of arachi- 
donic acid release from membrane phos- 

pholipids has been suggested as a mecha- 
nism for the anti-inflammatory action of 
corticosteroids (5). These observations 
have led us to compare the effects of in- 
dividual saturated and unsaturated fatty 
acids on brain swelling in vitro, inulin 
(extracellular fluid) space, and on so- 
dium and potassium content. The data 
are shown in Table 2. Cortical slices in- 
cubated for 90 minutes in Krebs-Ringer 
medium swelled 1.81 percent, and the in- 
ulin space was 46.11 percent. The satu- 
rated fatty acids nonanoic (C9:0), lauric 
(C12:0), and palmitic (C16:0) affected 
neither brain swelling nor the inulin 
space. The polyunsaturated fatty acids 
(PUFA's) including linoleic (C18:2), lin- 
olenic (C18:3), arachidonic (C20:4), as 
well as docosahexaenoic acid (C22:6) in- 
creased brain swelling two- to threefold. 
Sodium arachidonate was much more ef- 
fective than the other PUFA's. Although 
lactate production was increased by both 
unsaturated and saturated fatty acids, 
PUFA's induced lactate production two- 
fold, whereas the saturated fatty acids 
had much smaller effects. Brain sodium 
was dramatically increased and potas- 
sium decreased in association with the 
edema induced by PUFA's. (A lesser in- 
crease in sodium induced by palmitic 
acid is not explained.) These opposing 
changes in tissue sodium and potassium 
induced by PUFA's are characteristic of 
both vasogenic and cytotoxic brain ede- 
ma (6). 

The mechanism of the induction of 
brain edema by PUFA's requires eluci- 
dation. The PUFA's might induce cellu- 

lar swelling by a nonspecific detergent 
effect on cellular membranes or by a 
more specific effect on membrane per- 
meability to cations. Thus, arachidonic 
acid has been identified as the precursor 
for the biosynthesis of prostaglandins 
which are involved in the induction of 
various aspects of inflammation (7). The 
transformation of arachidonate to pros- 
taglandins by cyclooxygenase (E.C. 
1.14.99.1) is inhibited by aspirin or indo- 
methacin. Our data indicate that prosta- 
glandins are not involved in the cellular 
swelling induced by PUFA's, because 
incubation of aspirin or indomethacin 
with cortical slices did not inhibit ara- 
chidonate-induced brain swelling (8). 
Furthermore, incubation of prostaglan- 
din PGE2 or PGF2a, the prostaglandin 
products of arachidonate, at a concentra- 
tion of 0.5 mM, did not induce brain 
swelling (9). These data suggest that nei- 
ther the prostaglandins nor their inter- 
mediate precursors were responsible for 
the induction of edema. The various 
PUFA's may also undergo oxygena- 
tion by means of lipoxygenase (E.C. 
1.13.11.12) to form hydroxyl or hydro- 
peroxyl fatty acids (10), a reaction not in- 
hibited by aspirin or indomethacin. 

The addition of arachidonic acid or 
homo-y-linolenic acid to a suspension of 
rabbit peritoneal neutrophils led to the 
synthesis of 5-L-hydroxy-9,11,14-eicosa- 
tetraenoic acid and 8-L-hydroxy-9,11,14- 
eicosatrienoic acid by way of lipoxy- 
genase (10). Our data indicate that when 
cortical slices were incubated with lino- 
leate in the presence of lipoxygenase (0.1 

Table 2. Effects of saturated and unsaturated fatty acids on brain swelling, inulin space, lactate production, and Na+ and K+ content in vitro. 
Single, first cortical brain slices weighing 40 to 50 mg were incubated with individual fatty acids (0.5 mM) in 5 ml of Krebs-Ringer buffer in the 
presence of 1 /Ci of [3H]inulin for 90 minutes at 37?C. Inulin was repurified by column chromatography (1, 17). After the incubation, the lactate 
content of the incubation media was measured. Dried slices were extracted with 2.0N nitric acid for 16 hours, and the portions were used to 
determine inulin space and Na+ and K+ content as described (1, 17). All the fatty acids were in sodium form, except docosahexaenoic acid which 
was in oil form. Fatty acids (Sigma) had a purity of 99+ percent. Fatty acids were free of peroxides determined by the method of Kellogg and 
Fridovich (18). Sodium laurate was dissolved in Krebs-Ringer buffer containing 0.1 percent ethanol. Sodium oleate was dissolved in fatty acid- 
free bovine serum albumin (BSA) with a molar ratio of 5 (oleate/albumin) according to the method of Spector et al. (19). Sodium palmitate was 
dissolved in hot ethanol and finally prepared in Krebs-Ringer buffer containing 0.1 percent ethanol, or was dissolved in BSA as described above. 
(The effect of palmitate solubilized with these two methods on brain swelling was very similar.) The control values of swelling with 0.1 percent 
ethanol and BSA (0.1 mM) were 1.58 + 0.15 percent (N = 7) and 1.65 ? 0.12 percent (N = 5) (mean + standard error), respectively. The 
control values of lactate production with 0.1 percent ethanol and BSA (0.1 mM) were 231.5 ? 2.6 (N = 4) and 241.3 + 25.7 (N = 4) mmole/kg 
dry weight (mean ? standard error), respectively. The values are means + standard error; the number of slices is given in parentheses. 

Fattyacid Swelling Inulin space Lactate Na+ K+ 
(%) (%) (mmol/kg dry wt) (meq/kg dry wt) (meq/kg dry wt) 

Control 1.81 ? 0.13 (15) 46.11 + 0.87 (14) 235.6 + 8.8 (14) 599.2 + 15.4 (14) 392.7 ? 15.4 (14) 
Saturated fatty acids 

Nonanoic(C9:0) 2.02 + 0.19 (8) 49.42 + 2.16 (5) 268.7 + 6.2 (6)* 518.8 ? 29.1 (4) 311.7 + 31.4 (4) 
Lauric(C12:0) 1.86 + 0.37 (5) 49.22 + 0.8 (5) 319.9 + 16.9 (5)* 651.0 ? 54.1 (5) 315.4 + 5.8 (5) 
Palmitic (C16:0) 1.51 ? 0.14 (12) 46.12 + 2.7 (4) 257.9 + 28.9 (4) 838.0 ? 10.8 (4)* 386.7 + 17.8 (4) 

Unsaturated fatty acids 
Oleic(C18:1) 1.69 ? 0.14 (6) 41.07 + 1.68 (6)t 277.9 + 11.4 (6)t 694.2 + 19.8 (6)t 418.5 + 17.8 (6) 
Linoleic(C18:2) 5.21 ? 0.16 (16)* 33.43 + 1.92 (6)* 519.3 + 21.2 (13)* 1339.8 + 32.8 (4)* 91.56 ? 2.2 (4)* 
Homo-y-linolenic(C18:3) 4.16 + 0.34 (5)* 42.88 + 2.16 (5) 390.9 + 4.0 (5)* 948.7 ? 9.5 (5)* 188.4 ? 16.3 (5)* 
Arachidonic(C20:4) 5.64 + 0.10 (17)* 32.6 + 1.7 (4)* 527.1 + 13.9 (12)* 1239.1 ? 32.8 (9)* 140.1 + 22.4 (8)* 
Docosahexaenoic (C22:6) 5.36 + 0.24 (5)* 41.47 + 1.5 (5)* 542.7 + 19.2 (5)* 1215.0 ? 21.9 (5)* 76.7 + 3.4 (5)* 

*P < .001. tP < .02; Student's t-test. 
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mg per 5-ml bath), brain edema forma- 
tion was not affected. Autooxidation of 
PUFA's occurs readily in the presence 
of light and oxygen; such effects were 
eliminated by performing our experi- 
ments in the dark, and by the addition of 
free radical scavengers and antioxidants 
(11). These data suggest that the hy- 
droxyl and hydroperoxyl fatty acids pro- 
duced enzymatically or chemically by 
autooxidation are not the primary factors 
affecting brain swelling in vitro. 

With regard to the possible non- 
specific detergent effect of PUFA's on 
cellular membranes, it has been sug- 
gested that PUFA's are capable of form- 
ing micelles which can bind either hy- 
drophilic or hydrophobic substances, 
rendering them soluble in otherwise in- 
compatible media (12). The PUFA's 
could then be inserted into membranous 
structures and act in a manner similar to 
detergents by denaturing membrane pro- 
teins (13). 

In order to differentiate the specific ef- 
fects between PUFA's and detergents on 
the induction of brain edema, we studied 
the dose-response kinetics of sodium 
arachidonate and sodium dodecyl sulfate 
(SDS), an ionic detergent, on brain swell- 
ing, inulin space, lactate production, 
and Na+ and K+ content. Figure 1, A and 
B, shows the similarities between ara- 
chidonate and SDS on cortical slice 
swelling, lactate production, and Na+ 
and K+ content, although the Na+ con- 
centration in the SDS dose-response 
curve at the 0.5 mM concentration did 
not achieve saturation. However, the ex- 
tracellular space, expressed as percent- 
age of inulin space and shown in the SDS 
curve, was quite different. Extracellular 
space increases with the increases in 
SDS concentration. These data suggest 
that the ionic detergent effect on brain 
edema is similar, but not identical to, the 
effect of sodium arachidonate. We have 
also shown that when oil forms of oleic 
acid and PUFA's were used in place of 
the respective sodium salt forms, a simi- 
lar effect on brain edema resulted (14). 
These data suggest that the increased 
aqueous solubility of the sodium salts of 
PUFA's probably was not the primary 
factor inducing brain swelling in vitro. 
Furthermore, the dose-response curves 
for brain swelling, induced with a non- 
ionic detergent, were not similar to the 
curves of either arachidonate or SDS 
(15). Whether the detergent-like action 
of the ionic or nonionic forms of PUFA's 
has a role in inducing brain edema in 
vivo requires further study. Never- 
theless, our present data indicate that 
PUFA's with multiple double bonds spe- 
cifically induce brain edema in vitro. The 
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Fig. 1. Dose-response curves of sodium ara- 
chidonate and sodium dodecyl sulfate on 
brain swelling, inulin space, lactate produc- 
tion, and Na+ and K+ content. Sodium dode- 
cyl sulfate (SDS; Sigma) was dissolved in 5 ml 
of Krebs-Ringer buffer. Experimental proce- 
dures are described in the legends to Tables 1 
and 2. Dashed lines, sodium dodecyl sulfate; 
solid lines, sodium arachidonate. Each 
point represents the mean from at least four 
rat brain cortical slices (mean + stan- 
dard error). 

presence of arachidonic acid and other 
PUFA's in leukocytic membranes sug- 
gests their importance in the genesis of 
granulocytic brain edema. Similarly, the 
major PUFA in the phospholipids of nor- 
mal brain and brain tumors (16) is arachi- 
donic acid, and its release might have a 
role in inducing the edema characteristic 
of brain injury and tumors. 
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