
the hypocenters of great shallow-thrust 
earthquakes are located near the deep- 
est, most landward extent of their rup- 
ture zones (2). These hypocenters are 
only a few tens of kilometers from re- 
gions of possible magma generation. 
Therefore, deformation in the hypocen- 
tral region may affect the production or 
rise of magma from its source region. 
Dilatancy in the hypocentral region and 
diffusion of a vapor phase from the re- 
gion of magma generation is a more spec- 
ulative cause. 

The concept of interrelated seismic 
and volcanic activity cannot yet be eval- 
uated everywhere. A systematic exami- 
nation of the occurrence parameters of 
great earthquakes is not yet available for 
many regions (Indonesia and most of the 
southwestern Pacific island arcs). In oth- 
er regions volcano catalogs either do not 
exist (Aleutian arc) or do not extend 
back more than a few decades (most of 
the southwestern Pacific). 

In many areas there is no clear asso- 
ciation of volcanic and seismic activity. 
A few segments of convergent plate mar- 
gins have neither large earthquakes nor 
active volcanoes (northern Peru-south- 
ern Ecuador, Tonga from 23?S to 28?S) 
(10). Many segments have active volca- 
noes but infrequent large earthquakes 
(northern Ryukyus, Izu-Bonin-Marian- 
as, Indonesia from 106?E to 122?E) (10). 
Other segments have great earthquakes 
but little or no recent reported volcanic 
activity (Nankai Trough, Peru, Mexico, 
southern Kuriles, southern Ryukyus). 
Northern Honshu and Ecuador have 
both large earthquakes and active volca- 
noes but no obvious volcanic sequence 
related to great shallow earthquakes, 
perhaps because the rupture zones in 
these areas are a great distance from the 
volcanic chain. 

Qualitative forecasts of varying levels 
of reliability can be made from the asso- 
ciations described here. It is fairly cer- 
tain that in Central America volcanic ac- 
tivity near the rupture zones of future 
large shallow-thrust earthquakes will be 
unusually high for about a decade after 
the earthquakes. In the past the two 
largest eruptions in Central American 
history (Cosiguina in 1835 and Santa 
Maria in 1902) occurred within months 
after nearby great earthquakes. 

The pattern of volcanic activity can 
suggest regions that might be preparing 
for a large shallow-thrust earthquake and 
therefore deserve careful study. Two 
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The pattern of volcanic activity can 
suggest regions that might be preparing 
for a large shallow-thrust earthquake and 
therefore deserve careful study. Two 
such regions are suggested here. One is 
central and western El Salvador in Cen- 
tral America (Fig. 1), which is a promi- 
nent seismic gap (7). The volcanoes of 
this region have been dormant since 1955 
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with the exception of one small eruption 
in 1966. Before 1955 there was essen- 
tially continuous volcanic activity in this 
region. The other region deserving atten- 
tion is the Guadeloupe arc of the north- 
ern Antilles (Fig. 4), where the current 
pattern of volcanic activity is very simi- 
lar to the volcanic activity which preced- 
ed the large earthquake of 1897. 

The crude method of evaluating vol- 
canic activity used here probably masks 
some relations between volcanic and 
seismic activity. For example, it does 
not reveal the relation between earth- 
quakes and volcanic activity in the Sa- 
gami Trough region of Japan which is 
made clear only by a detailed study of 
the eruption pattern of a particular volca- 
no in that region (5). Such detailed stud- 
ies of active volcanoes may have great 
value in the long-range forecasting of 
large shallow earthquakes. 
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Although the catechol estrogens, in- 
cluding 2-hydroxyestradiol (20HE2) and 
2-hydroxyestrone (20HE1), have been 
recognized as major urinary metabolic 
products of estrogen for over 20 years 
(1), their presence in tissues has never 
been established. The instability of cate- 
chol estrogens, as well as the relatively 
low concentrations of estrogens in tis- 
sues in general, has hampered previous 
attempts at identifying catechol estro- 
gens in situ (2). Recent evidence in- 
dicates that catechol estrogens are not 
only metabolic end products, but pos- 
sess potent biological and endocrine ac- 
tivities of their own (3-6). For this rea- 
son, we undertook a series of studies de- 
signed to identify catechol estrogens in 
tissues and to measure their concentra- 
tions in brain and other neuroendocrine 
organs. 

Several years ago our laboratory 
described the formation of a stable ra- 
dioactive O-methylated derivative of 
catechol estrogen following the incuba- 
tion of estradiol with liver microsomes, 
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reduced nicotinamide-adenine dinuncleo- 
tide phosphate, catechol-O-methyltrans- 
ferase (COMT; E.C. 2.1.1.6) of rat liver, 
and [14C]methyl-S-adenosylmethionine 
(7). Since COMT specifically O-methy- 
lates dihydroxylated phenols, such as the 
catecholamines (8) and catechol estro- 
gens (9), it seemed feasible to utilize this 
enzyme to form a stable methoxy deriva- 
tive for the measurement of catechol es- 
trogens in biological materials. By em- 
ploying a radioactive methyl donor of 
high specific activity ([3H]methyl-S- 
adenosylmethionine), a partially purified 
preparation of COMT, and selective 
solvent extraction with nonpolar 
solvents, an extremely sensitive (< 10 
pg) assay for catechol estrogens was de- 
veloped (10). We now report the pres- 
ence of catechol estrogens in various 
brain and endocrine tissues of the rat; 
and in concentrations that exceed those 
of their parent estrogens. 

Female Sprague-Dawley rats (180 to 
200 g) were obtained from Zivic-Miller 
and housed with free access to food and 
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Catechol Estrogens: Presence in Brain and Endocrine Tissues 

Abstract. Catechol estrogens have been identified and measured in rat brain and 
various endocrine tissues with the use of a sensitive radioenzymatic assay. The speci- 
ficity of this assay was confirmed by thin-layer chromatography and mass spectral 
analysis of the reaction products. The concentration of catechol estrogens in the 
hypothalamus and pituitary are at least ten times higher than reported previously for 
the parent estrogens. Catechol estrogens have potent endocrine effects and, because 
of their normal occurrence in the hypothalamic-pituitary axis, they may have an 
important role in neuroendocrine regulation. 
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water. Surgically ovariectomized female 
rats (2 weeks after operation), along with 
sham-operated controls, were obtained 
from the same source and housed under 
identical conditions. In some experi- 
ments, ovariectomized female rats were 
injected subcutaneously with 100 1tg of 

estradiol-17fi (in 0.1 ml of sesame oil) 
daily for 5 days. Control rats were given 
sesame oil alone. Rats were killed by 
decapitation and tissues were immedi- 
ately removed and placed on ice. Blood 
from two to three rats was collected in 
heparinized tubes just after decapitation 
and pooled. Immediately after dis- 
section, all tissues were frozen on Dry 
Ice and stored at - 20?C. Tissue speci- 
mens were thawed just prior to assay and 
homogenized in 25 times their volume of 
0. lN HCl. The homogenate was extract- 
ed with three volumes of anhydrous eth- 
yl ether (Mallinckrodt), then centrifuged 
at 10,000g for 10 minutes. The extraction 
procedure was repeated three times and 
the supernatants from the first two ex- 
tracts were pooled and evaporated under 
a stream of nitrogen. The third extract 
was treated similarly and used for esti- 
mating the extraction efficiency. Plasma 
samples (0.25 to 2 ml) were extracted 
twice with six volumes of ethyl ether. 
After evaporation, the sediment was re- 
suspended in 200 ,tl of buffer (0.1M tris- 
HCl,pH 7.6). Standard curves were con- 
structed by using various concentrations 
of authentic 20HE1 and 20HE2. The au- 
thentic standards were assayed simulta- 
neously with the tissue samples and, af- 
ter being corrected for the extraction ef- 
ficiency, they were used in measuring 
the concentration of these catechols in 
the tissue or plasma samples. The 0- 
methylation reaction was initiated by the 
addition of 50 Ml of a solution containing 
the following: 25 kl of 0.1M tris-HCl buf- 
fer, pH 7.6; 10 /l of 1M MgCl2; 10 A1 of 
partially purified COMT (11); 5 /pl (2.5 
,uc) of [3Hlmethyl-S-adenosylmethionine 
with a specific activity of 11.2 c/mmole 
(New England Nuclear). Blanks con- 
sisted of heated enzyme including sub- 
strate (that is, nonradioactive standards, 
tissue, or plasma extracts) or buffer with 
no substrate. After incubation for 60 
minutes at 37?C the reaction was termi- 
nated by the addition of 0.5 ml of 0.5M 
borate buffer, pH 10. The radioactive 0- 
methylated catechol estrogens were ex- 
tracted into 6 ml of n-heptane (Fisher 
Scientific) by shaking for 30 seconds; the 
organic phase was then separated by 
centrifugation. This extraction proce- 
dure has been shown to result in little or 
no extraction of radioactive 0-meth- 
ylated catecholamines (10, 12) and also 
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results in low blank values. Duplicate 2- 
ml portions of the organic phase were 
placed in scintillation counting vials and 
evaporated to dryness at 80?C in a chro- 
matography oven. To determine "total 
catechol estrogens," 10 ml of Aquasol 
was added to one set of vials and the ra- 

Table 1. Concentrations of catechol estrogens 
in various brain and endocrine tissues of the 
female rat. Results are expressed as the 
mean + standard error; N indicates the num- 
ber of animals analyzed for each group. 

Tissue Total catechol N 
estrogens (ng/g) 

Pituitary 31.21 + 2.64 4 
Hypothalamus 15.53 + 1.20 4 
Cerebral cortex 9.40 ? 1.06 4 
Liver 5.68 + 0.54 8 
Ovary 3.79 + 0.41 4 
Plasma 0.38 + 0.02* 6 

*The mean ? standard error of six separate determi- 
nations on pooled plasma from two to three rats. 
Data are expressed as nanograms per milliliter. 
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Fig. 1. Thin-layer chromatography of the 3H- 
labeled methoxy estrogens formed from the 
endogenous catechol estrogens of rat hypo- 
thalamus. The solvent systems used [(i) in A, 
(ii) in B, (iii) in C (13)] allowed good separa- 
tion of the reaction products of 2-hydroxy- 
estradiol and 2-hydroxyestrone. Nonradio- 
active standards were visualized by expo- 
sure to iodine vapor (see text for details). 

dioactivity was counted. To measure and 
identify the individual radioactive meth- 
oxy catechol estrogens, nonradioactive 
2-hydroxyestradiol-2-methyl ether 
(2ME2), 2-hydroxyestradiol-3-methyl 
ether (3ME2), 2-hydroxyestrone-2-meth- 
yl ether (2ME,), and 2-hydroxyestrone- 
3-methyl ether (3ME1) (10 ,g of each in 1 
ml of ethanol) were added to the other 
set of vials. The volume of these samples 
was reduced under a stream of nitrogen 
and then subjected to unidimensional 
and bidimensional thin-layer chromatog- 
raphy in several solvent systems (13). 
The nonradioactive standards were visu- 
alized by briefly exposing the plates to 
iodine vapor. 

Greater than 90 percent of the radio- 
activity cochromatographed with the 
four nonradioactive standards (Fig. 1). 
In our initial experiments the identity of 
the reaction products, 2-methoxyestrone 
and 2-hydroxy-estrone-3-methyl ether 
was confirmed by subjecting the prod- 
ucts (after first separating them by thin- 
layer chromatography) to mass spectral 
analysis (14). The identification of the 
methoxy derivatives by several chro- 
matographic solvent systems, the abso- 
lute specificity of the COMT reaction for 
catechols, and the mass spectral analysis 
of the reaction products clearly estab- 
lishes the presence of these compounds 
in tissues. The concentrations of cate- 
chol estrogens (15) are higher in the hy- 
pothalamus and pituitary than in the liver 
(Table 1). Since only free (noncon- 
jugated) catechol estrogens are capable 
of being 0-methylated, the lower values 
in liver might be explained by this or- 
gan's well-known capacity for con- 
jugation of steroids or the brain's capac- 
ity for deconjugating such steroids (16). 

Animals treated with estradiol-17/3 
have markedly increased concentrations 
of catechol estrogens in the liver 
(5.68 ? 0.54 ng/g compared to 31.4 ? 

2.16 ng/g, P < .005); the concentrations 
are also increased, but to a lesser extent, 
in other tissues. Ovariectomy alone, 
while decreasing the catechol estrogen 
concentration of plasma and liver, had 
less effect on brain concentrations at 2 
weeks after ovariectomy. Plasma con- 
centrations of total catechol estrogens 
were not markedly different between 
groups of intact females when pooled 
blood was used; however, treatment 
with estradiol increased plasma catechol 
estrogen levels significantly. 

There have been only a few reports 
concerning the endogenous levels of es- 
trogens in neuroendocrine tissues. In the 
rat, Challis and co-workers (17) reported 
estrogen levels of approximately 1 ng/g 
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in the hypothalamus and pituitary levels 
of approximately 4 ng/g. Our data dem- 
onstrate that the catechol metabolites of 
estradiol and estrone have tissue concen- 
trations at least ten times those of their 
parent compounds. The higher levels of 
2-hydroxy estrogen might be explained 
by the marked binding of catechol estro- 
gens to tissue proteins (18). The relative- 
ly high concentration of catechol estro- 
gens in brain may also be a result of syn- 
thesis within the central nervous system 
(19). Recent studies in our laboratory 
(20) have confirmed the presence of a 
catechol estrogen-forming enzyme in 
brain that has activity comparable to that 
found in liver. Nevertheless, the results 
presented here, coupled with the recent 
reports demonstrating a potent com- 
petition by catechol estrogens for estro- 
gen receptors of the pituitary and hypo- 
thalamus in vitro (4, 21) suggest that this 
last finding may be of physiological sig- 
nificance. In addition, the administration 
of catechol estrogens intracerebrally to 
ovariectomized guinea pigs (3) or periph- 
erally to immature male rats (5) and es- 
trogen-primed female rats (6) has been 
shown to have profound effects on the 
circulating levels of plasma luteinizing 
hormone. These responses were similar 
to (6) or greater than (3, 5) those ob- 
served with the estrogens themselves 
and again suggest that the catechol estro- 
gens are acting at the level of the pitui- 
tary or hypothalamus. The data, present- 
ed here establish the catechol estrogens 
as major estrogenic constituents of brain 
and various endocrine tissues, occurring 
in concentrations that exceed those of 
their parent compounds. Taken together 
with their biological actions these results 
indicate that the catechol estrogens may 
have an important role in neuroendo- 
crine regulation. 

STEVEN M. PAUL 
JULIUS AXELROD 

Laboratory of Clinical Science, 
National Institute of Mental Health, 
Bethesda, Maryland 20014 
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with their biological actions these results 
indicate that the catechol estrogens may 
have an important role in neuroendo- 
crine regulation. 

STEVEN M. PAUL 
JULIUS AXELROD 

Laboratory of Clinical Science, 
National Institute of Mental Health, 
Bethesda, Maryland 20014 
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dase and maintained on the surface of 
plastic petri dishes (60 mm in diameter) 
in a medium containing 5 ml of 
Waymouth MD 705/1; each liter of 
Waymouth medium was supplemented 
with 60 mg of penicillin G, 100 mg of 
streptomycin sulfate, 1.0 mg of insulin, 
and 1.0 mg of thyroxine. For measure- 
ment of steroid-induced ALA-synthetase 
accumulation, cells were maintained on 
the surface of 100-mm petri dishes con- 
taining 15 ml of the above medium. After 
an initial incubation of 24 hours at 37?C 
in 5 percent CO2 in air, the medium was 
discarded and replaced with fresh medi- 
um, and the dishes were incubated for a 
further 24 hours. Steroids were dissolved 
in 10 ,ul of 95 percent ethanol for addition 
to 60-mm dishes and in 30 ,ul of 95 per- 
cent ethanol for addition to 100-mm dish- 
es, and were added during the second 24- 
hour incubation period only. 

Porphyrins and ALA-synthetase were 
assayed as described (6). To assay ALA- 
synthetase, we pooled the cells from two 
100-mm diameter dishes in order to ob- 
tain sufficient material for the assay. The 
activity of the steroids was studied at 
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