
pole. The available evidence of phenaco- 
dontid phylogeny suggests that both the 
earliest perissodactyls and Phenacodus 
evolved from the middle Paleocene phe- 
nacodontid genus Tetraclaenodon (6, 7). 
If that is correct, the endocast of 
Phenacodus indicates the maximum de- 
gree of neocortical expansion one would 
expect in the phenacodontid condylarth 
ancestor of perissodactyls. Thus, expan- 
sion of the neocortex may reflect one of 
the adaptations responsible for the 
emergence and early success of the order 
Perissodactyla. 

The new Hyracotherium endocasts 
provide a baseline against which to com- 
pare later horse brain evolution. After 
Hyracotherium, the next good record is 
from endocasts of Mesohippus, a 30-mil- 
lion-year-old ancestor of modern horses 
(8). The brain of Mesohippus (Fig. 1D) 
had a more expanded neocortex than is 
seen in Hyracotherium, with the occipi- 
tal and frontal lobes in more extensive 
contact with cerebellum and olfactory 
bulbs, respectively. The ectolateral and 
lateral sulci were longer in Mesohippus, 
but the greatest change appears to have 
been in the frontal lobe, which was con- 
siderably larger and more convoluted in 
Mesohippus than in Hyracotherium. 
Thus, in the first 20 to 30 million years of 
horse brain evolution, there was contin- 
ued expansion of the neocortex, with the 
most marked increase in the area of the 
frontal lobe. 

The Hyracotherium endocasts suggest 
a brain volume of about 25 cm3, and asso- 
ciated skeletal materials suggest a body 
weight of about 9 kg (9). A useful index 
of relative brain size is the encephaliza- 
tion quotient, or E.Q., proposed by Jeri- 
son (10), which is the ratio of a given spe- 
cies' brain size compared to the brain 
size one would expect in an average liv- 
ing mammal of that species' body weight 
(11). The E.Q. of Hyracotherium was 
about 0.47, meaning that it had a brain 
about half the size one would expect in 
an average living mammal of the same 
body weight as Hyracotherium. For the 
condylarth Phenacodus, I estimate an 
E.Q. of 0.22; for Mesohippus, an E.Q. of 
0.77; and for modern horses and zebras, 
E.Q.'s of 0.95 to 1.09 (12). In other 
words, the relative brain size of Hyraco- 
therium was about twice that of the con- 
temporaneous condylarth Phenacodus, 
but about half that of modern horses; and 
during the 20 to 30 million years between 
Hyracotherium and Mesohippus, rela- 
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crease in relative brain size are probably 
correlated (13), and are seen in many oth- 
er groups of mammals besides horses 
(10, 14). The functional significance of 
those trends is unclear, and their elucida- 
tion remains one of the important un- 
solved problems in studies of mamma- 
lian brain evolution. Expansion of the 
frontal lobe, seen in evolution from Hyra- 
cotherium to Mesohippus, is a common 
trend in ungulate brain evolution (15). 
Extrapolation from cortical maps of liv- 

ing ungulates suggests that increased tac- 
tile sensitivity of the lips, reflected in ex- 
pansion of lip region representation in so- 
matic sensory cortex, was at least in part 
responsible for frontal lobe expansion in 
ungulates. Increased lip sensitivity, nec- 

essary for manipulation of vegetation pri- 
or to ingestion, would be expected in 
mammals specializing in browsing or 
grazing. 
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fying it as the optic foramen. In preserved mor- 
phology, including endocast gross morphology, 
YPM 11694 matches the condylarth Men- 
iscotherium [described by C. L. Gazin, Smithso- 
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mote the condensation of two molecules, 
so that 3,4,3',4'-tetrachloroazoxyben- 
zene (TCAOB), or 3,4,3',4'-tetrachlo- 
roazobenzene (TCAB) are formed as un- 
wanted contaminants. Several outbreaks 
of acne (chloracne) have occurred 
among workers in chemical plants manu- 
facturing 3,4-dichloroaniline or its deriva- 
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3,4,3',4'-Tetrachloro Azoxybenzene and Azobenzene: 

Potent Inducers of Aryl Hydrocarbon Hydroxylase 

Abstract. Two unwanted contaminants, 3,4,3',4 '-tetrachloroazoxybenzene 
(TCAOB) and 3,4,3',4'-tetrachloroazobenzene (TCAB), formed in the commercial 
synthesis of 3,4-dichloroaniline or of herbicides made from 3,4-dichloroaniline, were 
responsible for three outbreaks of acne among chemical workers. TCAOB and TCAB 
are approximately isosteric to 2,3,7,8-tetrachlorodibenzo-p-dioxin and 2,3,7,8-tet- 
rachlorodibenzofuran, two well-known contaminants that cause acne. All four of 
these agents are potent inducers of hepatic aryl hydrocarbon hydroxylase activity 
and compete for stereospecific binding sites in the hepatic cytosol, which are thought 
to be the receptor sites for the induction of this enzyme. Among the chlorinated 
azoxy and azobenzenes, the potency of a congener to induce aryl hydrocarbon hy- 
droxylase activity correlates with its binding affinity for the hepatic cytosol specific 
binding sites and its capacity to induce acne; this relation between structure and ac- 
tivity parallels that observed for the chlorinated dibenzo-p-dioxins and dibenzofu- 
rans. 
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Fig. 1. The chemical structures and molecular 
models of (1) 3,4,3',4'-tetrachloroazoxyben- 
zene, (2) 2,3,7,8-tetrachlorodibenzo-p-dioxin, 
and (3) 2,3,7,8-tetrachlorodibenzofuran. 

tives. The initial incident affected 41 
workers in a small factory using N-(3,4- 
dichlorophenyl)-hydroxylamine, and the 
agent responsible for the acne was found 
to be TCAOB (1). Since that time, two 
additional outbreaks of acne, attributed 
to TCAB, have been recorded (2). The 
severe and persistent chloracne ob- 
served in these workers was character- 
ized by epidermal cysts and often com- 
edones, papules, and scarring on ex- 
posed and covered areas of the body (1), 
and was typical of the acne evoked by a 
number of chlorinated compounds (3). 

Previous investigations have shown 
that several 3,4-dichloroacylanilide her- 
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bicides can be degraded in soil with the 
release of 3,4-dichloroaniline which can 
then be further transformed by soil fungi 
to TCAB and TCAOB (4). Despite 
awareness of the formation of these con- 
taminants both in the manufacturing 
process and in the degradation of herbi- 
cides in soil, we are unaware of any pre- 

Table 1. Comparison of the induction of hepatic AHH activity in the chick embryo by 2,3,7,8- 
tetrachlorodibenzo-p-dioxin, 2,3,7,8-tetrachlorodibenzofuran, and 3,4,3',4'-tetrachloroazoxy- 
benzene. Chicken embryos of 17 days gestation were injected with 25 ,tl ofp-dioxane (control) 
or 25 pl of solvent containing TCDD (1.55 x 10-10 mole per egg), TCDBF (4.66 x 10-8 mole per 
egg), TCAOB (4.66 x 10-8 mole per egg), or a combination of two of these drugs. Twenty-four 
hours later the embryos were killed, and the livers from four identically treated embryos were 
pooled and assayed for AHH activity (7). The AHH activity is expressed as units of activity per 
milligram of liver weight; each value represents the mean ? standard error of four groups of 
pooled liver. 

Percentage of 
Treatment AHH activity maximum 

response* 

Control (p-dioxane) 1.67 ? 0.11 0 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 16.40 ? 0.61 100.0 
2,3,7,8-Tetrachlorodibenzofuran 16.50 ? 0.56 100.7 
3,4,3',4'-Tetrachloroazoxybenzene 16.22 ? 1.34 99.8 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 

plus 2,3,7,8-tetrachlorodibenzofuran 17.27 ? 0.97 105.9 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 

plus 3,4,3',4'-tetrachloroazoxybenzene 15.90 ? 1.21 96.6 
2,3,7,8-Tetrachlorodibenzofuran 

plus 3,4,3',4'-tetrachloroazoxybenzene 14.09 ? 1.23 84.3 

*The percentage of maximum response was calculated by subtracting the AHH activity of the control group 
from each of the experimental groups, equating the response of the TCDD-treated group to 100 percent, and 
expressing each of the other treatment groups as the percentage of the response produced by TCDD. 

Table 2. Comparison of the potency of 2,3,7,8-tetrachlorodibenzo-p-dioxin, 2,3,7,8-tetrachlo- 
rodibenzofuran, and 3,4,3',4'-tetrachloroazoxybenzene in inducing hepatic AHH activity in the 
chicken embryo and C57BL/6J mouse. Each compound was administered to 17-day chicken 
embryos at five or more dosage levels and hepatic AHH activity was assayed 24 hours later (see 
legend of Table 1). At each dosage level four groups of four pooled livers were assayed. At least 
two log-dose response curves were generated for each compound, the ED5o was estimated 
graphically for each curve, and then the mean of these estimated values was reported. To 
convert the dose to nanomoles per kilogram, it was assumed that the average weight of a 
chicken egg was 50 g. Each compound was also administered intraperitoneally to 6-week-old 
female C57BL/6J mice at five different dosage levels. The compounds were dissolved in p- 
dioxane, and control animals received only the solvent (0.4 m/kg). Five mice were injected at 
each dose. Forty-eight hours later the animals were killed and their livers assayed for AHH 
activity (13). The ED50 for each compound was estimated graphically from the log-dose 
response curve. 

ED50 for hepatic AHH induction (nmole/kg) 
Compound 

Chicken embryo C57BL/6J mouse 

2,3,7,8-Tetrachlorodibenzo-p-dioxin 0.31 0.9 
2,3,7,8-Tetrachlorodibenzofuran 0.46 23 
3,4,3',4'-Tetrachloroazoxybenzene 0.45 8200 
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vious reports on the toxicity of these 
compounds. 

The chemical structure of TCAOB is 
shown in Fig. 1, together with a pho- 
tograph of the space-filling molecular 
model. In the trans configuration, 
TCAOB and TCAB (not shown) can 
assume a planar conformation, and have 
a molecular shape similar to both 2,3,7,8- 
tetrachlorodibenzo-p-dioxin (TCDD) and 
2,3,7,8-tetrachlorodibenzofuran (TCDBF), 
two well-known acnegens encountered 
in the production of the herbicide 2,4,5- 
T (2,4,5-trichlorophenoxyacetic acid) (3, 
5) and the PCB's (polychlorobiphenyls), 
respectively (6). We have shown (7) 
that TCDD and other halogenated di- 
benzo-p-dioxins and dibenzofurans are 
potent inducers of aryl hydrocarbon 
hydroxylase (AHH) activity, a micro- 
somal monooxygenase activity which 
is mediated by cytochrome P-450 and 
which metabolizes foreign compounds, 
especially polycyclic aromatic hydro- 
carbons. The potency of various hal- 
ogenated dibenzo-p-dioxins and diben- 
zofurans in inducing AHH activity close- 
ly parallels their toxic potency (includ- 
ing their potency to elicit acne) (7, 8). 
The similarity of TCAOB and TCAB 
to TCDD and TCDBF prompted the pres- 
ent investigation. 

Fertilized chicken eggs of 17 days ges- 
tation were injected with 25 ,ul ofp-diox- 
ane (control) or the same volume of 
solvent containing TCDD, TCDBF, 
TCAOB, or a combination of any two of 
these compounds. Twenty-four hours lat- 
er the embryos were killed and their liv- 
ers assayed for AHH activity as pre- 
viously described (7). As shown in Table 
1, all three compounds induce AHH ac- 
tivity to the same maximum response 
(approximately a tenfold increase), and a 
combination of maximally inducing 
doses of any two of these drugs produces 
no greater response than that elicited by 
any of the compounds administered 
alone. This suggests that the compounds 
act through a common mechanism. 

Each compound was administered to 
chicken embryos and C57BL/6J mice at 
several dosage levels. The hepatic AHH 
activity was then assayed, and from the 
log-dose response curves generated, the 
dose which evoked half the maximum re- 
sponse (ED50) was estimated. As shown 
in Table 2, all three compounds are near- 
ly equipotent in the chicken embryo, hav- 
ing ED50's from 0.3 to 0.5 nmole/kg. 
While TCDD is only slightly less potent 
in the mouse than the chicken embryo, 
TCAOB is 18,000 times less potent, prob- 
ably because it undergoes more rapid 
metabolic inactivation (9). 

We have recently identified a macro- 
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molecular species in the liver cytosol 
from C57BL/6J mice which appears to be 
the receptor for the induction of AHH ac- 
tivity (10). This hepatic cytosol species 
reversibly binds 3H-labeled TCDD with a 
high affinity and, in vitro, the binding af- 
finity of TCDD and its congeners corre- 
lates very well with their potency in vivo 
to induce AHH activity in the chicken 
embryo. If TCAOB and TCAB induce 
AHH activity by the same mechanism 
as TCDD, then these compounds 
should compete with TCDD for the 
stereospecific binding sites in the liver 
cytosol. 

Hepatic cytosol (105,000g superatant 
fraction) from C57BL/6J mice was in- 
cubated with [1,6-3H]TCDD and varying 
concentrations of TCAOB, TCAB, and 
related compounds for 2 hours at 0?C. 
The unbound [3H]TCDD was removed, 
the total amount of bound, labeled ligand 
was measured, and the results were cor- 
rected for nonspecific binding (see Fig. 2 
for details). The specific binding of 
[3H]TCDD as a percentage of control 
specific binding was plotted against the 
log of the concentration of the unla- 
beled ligand which was competing for 
binding sites. As shown in Fig. 2A, 
TCAOB, TCAB, and 3,4,3',4'-tetra- 
chlorohydrazobenzene all compete with 
[3H]TCDD for specific binding sites, 
while azobenzene even at 1000 times the 
molar ratio of [3H]TCDD fails to dimin- 
ish the binding of the labeled ligand. 

From such graphs of competitive bind- 
ing, the equilibrium dissociation con- 
stants (Kd) for a series of these com- 
pounds was calculated (Fig. 3). The bio- 
logical potency (ED50) for each of these 
compounds was estimated from the log- 
dose response curves for the induction of 
hepatic AHH activity in the chicken em- 
bryo. As shown in Fig. 3, there is very 
good agreement between the binding af- 
finity of these compounds in vitro and 
their biological potency in vivo. TCAOB 
is slightly more potent that both TCAB 
and 3,4,3' ,4'-tetrachlorohydrazoben- 
zene. 4,4'-Dichloroazoxybenzene is 20- 
fold less avid that TCAOB for hepatic cy- 
tosol specific binding, but four orders of 
magnitude less potent as an inducer of 
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TCDBF are approximately isosteric 
(Fig. 1), and all of them induce AHH ac- 
tivity and produce acne (11, 12). The 
compounds 3,5,3',5'-tetrachloroazoxy- 
benzene and 1,3,6,8-tetrachlorodibenzo- 
p-dioxin are also approximately isoster- 
ic, but neither of them induces AHH ac- 

tivity or produces acne. The evidence in- 
dicates that among the chlorinated 
azoxybenzenes, dibenzo-p-dioxins, and 
dibenzofurans, the capacity of any one 
of these compounds to induce AHH ac- 
tivity corresponds with its ability to elicit 
acne. 
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value was corrected for nonspecific binding and the data were plotted as the percentage of the 
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Note added in proof: A fourth chem- 
ical company, using N-(3,4-dichlorophe- 
nyl)-hydroxylamine, has reported an out- 
break of chloracne involving more than 
40 workers and is attributing the disease 
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Endorphins: Profound Behavioral Effects in Rats Suggest 
New Etiological Factors in Mental Illness 

Abstract. The endogenous morphinomimetic brain peptides Met5-enkephalin and 
a-, /3-, and y-endorphins have been evaluated in rats after intracerebrospinal fluid 
injection. ?-Endorphin produces marked, prolonged muscular rigidity and immobil- 
ity similar to a catatonic state, counteracted by the opiate antagonist naloxone; this 
effect occurs at molar doses 1/100 to 1/400 that at which the other peptides or mor- 
phine block the response to painful stimuli. All peptides evoked dose-related, nalox- 
one-reversible, wet-dog shakes in rats that had not been exposed to drugs. 3-Endor- 
phin produced hypothermia, whereas y-endorphin produced hyperthermia. Such po- 
tent and divergent responses to naturally occurring substances suggest that 
alterations in their homeostatic regulation could have etiological significance in men- 
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alterations in their homeostatic regulation could have etiological significance in men- 
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Five endogenous peptides with mor- 
phine-like biological properties have 
now been isolated from brain and charac- 
terized chemically: Met5-enkephalin and 
Leu5-enkephalin by Hughes et al. (1, 2) 
from whole brain extracts; and a-, /3-, 
and y-endorphins by Guillemin et al. (3-5) 
from extracts of hypothalamus-neuro- 
hypophysis. Met5-enkephalin is structur- 
ally identical (2) to the fragment of resi- 
dues 61 to 65 of the pituitary hormone 3- 
lipotropin (/3-LPH) (6). a-Endorphin (3) 
is structurally identical to 83-LPH-(61- 
76), y-endorphin (4, 5) is structurally 
identical to 3-LPH-(61-77), and /-endor- 
phin [see (7)] to /3-LPH-(61-91) (5, 6). 
The pharmacological properties of endor- 
phins have so far been screened through 
application of tests in vitro or in vivo pre- 
viously used to characterize opiate ago- 
nists and antagonists (1-5, 8-15). Most 
(1-5, 8-11, 13, 15), but not all (12, 14) of 
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these effects are counteracted by specific 
opiate antagonists. 

Although early reports of the effects of 
the endorphins suggested their relative 
equipotency to enkephalin pentapeptides 
in classical opiate assays (8, 9), much re- 
cent work indicates that 3-endorphin is 
from 2 to 40 times more potent than 
Met5-enkephalin in opiate displacement 
assays (4, 15) and in analgesia assays 
(10), and 4 to 5 times more potent than 
Met5-enkephalin in the guinea pig ileum 
assay (5). We now report that endor- 
phins affect several behavioral and physi- 
ological measures in addition to re- 
sponses to noxious agents and that each 
of the peptides exhibits different dose-ef- 
fect profiles on these measures: /3-endor- 
phin induces a marked catatonic state 
lasting for hours (Fig. 1) (16) at molar 
doses 1/100 that at which Met5-enkepha- 
lin transiently inhibits responses to 
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Fig. 1. Thirty minutes after the intracisteral injection of/3-endorphin (14.9 x 10-9 mole) this rat 
exhibited sufficient rigid immobility to remain totally self-supporting when placed across metal 
bookends which are in contact only at the upper neck and base of the tail. Such postures were 
maintained for prolonged periods. Note the erect ears and tail, widely opened eyelids and ex- 
tended lower limbs. 
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