
and nonischemic hemisphere by using 
[3H]naloxone and [3~]dihydromorphine 
in untreated group A gerbils (6). Twenty 
gerbils were killed 9 hours after ligation, 
and the hemispheres were dissected free 
of the cerebellum and the brain stem and 
then separated. Crude synaptosomal 
fractions were isolated from each hemi- 
sphere, and a standard binding assay 
similar to  that reported by Pert and Sny- 
der (7) was performed. Scatchard analy- 
sis of the data indicates that there was 
no significant difference in either the 
capacity or affinity of binding to both 
high- and low-affinity sites between the 
ischemic (right) and the control (left) 
hemispheres. 

Brains from several untreated group A 
gerbils were analyzed for concentrations 
of immunoreactive p-endorphin-like ma- 
terial by F .  E. Bloom at the Salk Insti- 
tute, L a  Jolla, California. Preliminary 
data (corrected for protein) indicate that 
the concentration of immunoreactive p- 
endorphin-like material was 40 to 80 
percent higher in the ischemic right 
hemisphere than in the left control hemi- 
sphere. 

These observations show that nalox- 
one reverses the neurologic-deficit 
caused by cerebral ischemia in gerbils 
and that continuous administration of 
naloxone reduces mortality due to  
stroke. Our results further suggest that 
the action of opiates and naloxone on the 
neurologic deficit is stereospecific and 
that there appears to  be no significant 
alteration in receptor binding capacity o r  
the affinity of ligand binding to recep- 
tors. 

Recently, Faden et al. (8) reported 
that systemically administered naloxone 
significantly prevented the development 
of hypotension after spinal cord injury in 
cats, which in turn prevented the devel- 
opment of extensive ischemic damage in 
the face of traumatic injury. Intracere- 
bra1 injections of naloxone at  doses 
much lower than those administered in- 
traperitoneally produced the same pro- 
tective effect on spinal cord function. 
Faden et al. postulated that hypotension 
produced by spinal cord injury may be 
mediated centrally and suggested the in- 
volvement of the endorphin system. 

We have not been able to  measure 
blood pressure in gerbils, although respi- 
ratory rate and thoracic excursion did 
not seem to be altered by either naloxone 
or morphine at  the doses given. In sever- 
al gerbils, arterial blood samples were 
obtained by cardiac puncture; gerbils 
treated with naloxone or opiate agonists 
had no significant alterations in arterial 
partial pressure of 0 2 ,  partial pressure of 
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C02 ,  or pH compared to untreated ger- 
bils. In the absence of other causes, 
cerebral ischemia often induces systemic 
hypertension in animals or humans (9). 
Moreover, there were no changes in vital 
signs in the two patients in whom hemi- 
plegia was reversed by naloxone ( la) .  
Therefore, we  do not feel that our obser- 
vation is related to  the pathophysiology 
that led to the observation of Faden et al. 

The depressive effect of intracerebral 
administration of p-endorphin on motor 
activity is well known (10). On the basis 
of our observations in gerbils and our 
findings in humans, it is tempting to 
assume that cerebral ischemia causes an 
increase in the level of p-endorphin that 
in turn, by an unknown mechanism, pro- 
duces hemiparesis. If there is no cerebral 
infarction, this effect can be reversed by 
naloxone. Our finding that naloxone did 
not reverse hemiplegia in a patient with 
focal cerebral infarction supports this 
hypothesis ( la) .  However, if the ische- 
mic insult is insufficient to  produce mo- 
tor manifestations, administration of ex- 
ogenous opiate may be sufficient to  alter 
homeostasis and produce stroke. As 
shown by our results in gerbils, stroke 
induced by opiate agonists is a stereo- 
specific phenomenon. The enkephalin 
analog Sandoz FK33824, which has po- 
tent analgesic activity in rodents ( l l ) ,  did 
not produce signs of stroke in group B 
gerbils. These observations are novel 
and suggest that treatment with naloxone 
may significantly improve functional 

neurologic recovery and reduce mortal- 
ity after ischemic cerebral insult in hu- 
mans. 
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Epinephrine Reduction of Heme: Implication for 
Understanding the Transmission of an Agonist Stimulus 

Abstract. Alpha-adrenergic agonists that promote platelet aggregation were found 
to  reduce ferric heme to  ferrous heme.  Agents that bind iron in heme inhibited 
epinephrine-induced platelet aggregation. It is proposed that epinephrineJirst binds 
to  its receptor and then reduces an adjacent heme group to  transmit its agonist 
stimulus. 

The mechanism of transduction of re- 
ceptor-mediated signals across biological 
membranes is of considerable interest 
( I ) .  Although the platelet a-adrenergic 
binding site has been studied (2), the 
chemical or physical changes that trans- 
mit the agonist signal are not known. We 
found that epinephrine and norepineph- 
rine can reduce ferric (Fe3+) heme to 
ferrous (Fe2+) heme (3). We now present 
evidence to  suggest that epinephrine 
causes platelet aggregation through its 
ability to reduce heme. 

Figure 1 shows heme reduction (4) 
by several compounds with known in- 

teractions with the platelet a-adrenergic 
receptor. The rank order of heme re- 
duction (epinephrine > norepinephrine 
> epinine > dopamine > phenylephrine) 
was similar to the rank order of the same 
compounds as  agonists (5). Phentol- 
amine, which binds to  the platelet recep- 
tor with high affinity (2) but is an inhibi- 
tor, not an agonist, was ineffective at  
reducing heme. Phenylephrine, which 
binds tightly to  the platelet receptor and 
is an inhibitor of epinephrine aggregation 
but has weak agonist activity itself (6), 
caused slight but significant heme reduc- 
tion at high concentrations. All com- 
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pounds that reduced heme at low con- 
centrations have two phenolic O H  
groups (the catechol moiety). Phenyl- 
ephrine, with only one phenolic O H  
group, had activity only at high concen- 
trations. Thus, the results are consistent 
with the catechol moiety being primarily 
responsible for heme reduction. 

Epinine and dopamine were both less 
effective than epinephrine and norepi- 
nephrine, suggesting a possible role for 
the @-OH group in heme reduction. A 
role for the P-OH group to stabilize 
binding to Fe3+-heme was considered. 
However, we were unable to demon- 
strate inhibtion of epinephrine reduction 
of heme by phenylethanolamine. Thus, if 
such an effect is present, it must be 
small. 

Our hypothesis that epinephrine acti- 
vates platelets by reducing a membrane 
heme group would require both binding 
of epinephrine to  the platelet a-adrener- 
gic receptor and heme reduction by epi- 
nephrine for cell stimulation. Thus, iso- 
proterenol, dobutamine, and ascorbic 
acid, which can reduce heme 
(1.34 * 0.1, 3.8 ? 0.05, and 1.7 ? 0.15, 
each x mole of heme reduced, re- 
spectively, at concentrations of 160, 90, 
and 250 pM under the conditions de- 
scribed in the legend of Fig. 1) but do not 
have the appropriate structure to  bind to 
the platelet a-adrenergic receptor (2), d o  
not promote or  initiate platelet aggrega- 
tion (7). Furthermore, the inability of 
phentolamine, which can bind tightly to  
the platelet receptor, to  initiate platelet 
aggregation can now be explained by its 
inability to  reduce heme. 

To see whether the heme group might 
bc important to  receptor binding, we  

Fig. I .  Reduction of 
heme by epinephrine 
and related com- 
pounds. Each agent 
was added to a solu- 
tion of heme in 25 per- 
cent pyridine. Reduc- 
tion of heme was 
evaluated by measur- 
ing absorption at 558 
nm. Values represent 
the maximum reduc- 
tion for each com- 
pound at the concen- 
tration shown. Such 
maximum reduction 
occurred within the 
first minute after ad- 
dition of the agent, 
except for norepi- 
nephrine, where peak 
reduction occurred at 
2 to 3.5 minutes. Do- 
oamine could not be 

Table 1. Inhibition of epinephrine- and ADP- 
induced platelet aggregation by heme binding 
agents. Results are shown as mean k S .E .M.  

1,lO-Phenan- 0 . 5 2 k 0 . 1 3  0 . 9 3 k 0 . 0 7 *  
throline 

3-Chloropyr- 0.95 k 0.26 3.8 k 0.4* 
idine 

2,2'-Dipyridyl 0.51 k 0.10 4.8 t 0.25* 
4,4'-Dipyridyl 0.31 k 0.24 1.3 k 0.3* 

- 
*P < .05 that the IC5, for epinephrine and ADP 
aggregation are different. 

studied the ability of phentolamine, 
phenylethylamine, and phenylethanol- 
amine to inhibit heme reduction by epi- 
nephrine. None of these compounds, 
which are a-adrenergic inhibitors in 
platelets ( 3 ,  had any effect on the ability 
of epinephrine to  reduce heme. The re- 
sults provide further evidence for disso- 
ciation of receptor binding and effector 
functions and suggest that the heme itself 
contributes little to receptor binding. 

We propose that a molecule must have 
both receptor binding and effector activi- 
ty to initiate aggregation. This concept is 
in accord with structure-activity studies 
of a-adrenergic agents on platelets that 
indicate that epinephrine is bound to its 
receptor primarily through interactions 
involving the methylamine and @-OH 
groups along with hydrophobic bonds 
involving the aromatic ring, while intrin- 
sic agonist activity is a function of the 
catechol moiety (5). We thus agree with 
the suggestion by Rossi et al. (5) that 
binding forces orient the epinephrine 
molecule on the receptor to position the 

Agent Epi- 
nephrine ADP 

- 4 -3  

Log concen t ra t ion  (M) 

tested at higher concentrations than those shown because of the formation of an interfering 
chromophore. Each point is the mean of triplicate determinations. 

catechol group in the location necessary 
for it to  interact with the component that 
triggers events leading to platelet aggre- 
gation. Such tight binding and position- 
ing at an adjacent receptor may make the 
heme reduction by epinephrine in the 
platelet membrane much more efficient 
(that is, with a much lower absolute 
concentration of epinephrine) than we 
can demonstrate with heme solubilized 
in pyridine. 

The transient, unstable, and highly ac- 
tive nature of reduced heme, when it is 
not specifically protected by a hydropho- 
bic pocket such as  exists in hemoglobin, 
makes reduction of heme an excellent 
candidate for modulating a rapid on-off 
process involved in enzyme activation 
(3, 8) or signal transmission across a 
membrane. We predict that heme in a 
membrane will behave similarly to heme 
under our artificial conditions. Indeed, 
this concept fits evidence that an oxida- 
tion-reduction reaction might be an im- 
portant step in the initial platelet re- 
sponse to epinephrine (9). 

Testing the hypothesis that epineph- 
rine activates platelets by reducing a 
Fe3+-heme in or near the receptor to  a 
~ e * + - h e m e  is not an easy task since 
unequivocal evidence may involve isola- 
tion of a heme protein, which is only a 
small proportion of platelet protein (2). 
As an initial step, we studied agents that 
bind iron in heme to see if they inhibit 
epinephrine aggregation. Two types of 
heme binding agents, phenanthroline and 
compounds related to dipyridyl, were 
assessed. 

Platelet aggregation was studied by 
using a Payton dual-channel aggregome- 
ter to monitor light transmission (10). 
Inhibition of aggregation to epinephrine, 
and for comparative purposes to adeno- 
sine diphosphate (ADP), was evaluated. 
In these studies, we considered only the 
first-wave responses. Second-wave ag- 
gregation responses reflect events such 
as prostaglandin synthesis that are sepa- 
rated by a considerable distance from 
transmission of the initial stimulus (11). 
It has been shown that dipyridyl and 
related compounds inhibit second-wave 
epinephrine aggregation (12) but, since 
the effect could have been solely due to  
inhibition of prostaglandin endoperoxide 
synthetase, it was essential to  restudy 
this question. The results show that all 
heme liganding agents tested were effec- 
tive in inhibiting first-wave epinephrine 
aggregation (Table 1). The effects of 
these heme liganding agents on epineph- 
rine aggregation were not solely related 
to an overall depressant influence on 
platelets since the median inhibition con- 
centrations (ICSo) for first-wave aggrega- 
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tion by epinephrine were significantly 
lower than those for ADP, showing some 
selectivity of their effect on the response 
to epinephrine. The unidentate binding 
agent 3-chloropyridine and 4,4'-dipyri- 
dyl, which has two liganding sites but is 
not a classical bidentate chelator, were 
effective in concentrations only slightly 
different from the bidentate chelator 
2,2'-dipyridyl, Since the heme prosthetic 
group allows liganding to only one site 
on the iron by one molecule of these 
inhibitors (12), a unidentate iron-binding 
agent like 3-chloropyridine should be ac- 
tive, as indeed it was, in concentrations 
similar to those of 2,2'-dipyridyl. The 
results are therefore consistent with the 
concept that heme reduction is involved 
in the action of epinephrine on platelets. 

The nature of the platelet process that 
might be activated by heme reduction is 
not known. One early event in the plate- 
let response to epinephrine is inhibition 
of adenylate cyclase, but this process 
has been dissociated from stimulation of 
aggregation (13). Further study of the 
potentially important and perhaps wide- 
spread role of heme reduction in signal 
transmission will require better defini- 
tion of this initial event. 
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Preferential Attack of Mitochondria1 DNA by 

Aflatoxin B1 During Hepatocarcinogenesis 

Abstract. Administration of the hepatic carcinogen ajatoxin £3, to experimental 
animals results in covalent binding to liver mitochondrial DNA at concentrations 
three to four times higher than nuclear DNA. The concentration of carcinogen 
adducts in mitochondrial DNA remains unchanged even after 24 hours, possibly 
because of lack of excision repair. Similarly, mitochondria1 transcription and 
translation remain inhibited up to 24 hours suggesting long-term effects of ajatoxin 
BI on the mitochondrial genetic system. 

Mitochondria from tumor cells have 
altered functional and structural proper- 
ties (I). It is not known if these abnor- 
malities are due to altered mitochondrial 
genetic systems or indirect effects in- 
volving the nuclear genes. Recent stud- 
ies in our laboratory showed the pres- 
ence of a cytochrome P-450 type of 
monooxygenase system in rat liver mito- 
chondria capable of activating the hepat- 
ic carcinogen aflatoxin B1 (AFB,) into an 
electrophilic reactive form which then 
covalently modifies mitochondrial DNA, 
RNA, and protein (2). Activated metabo- 
lites of benzo[a]pyrene and other poly- 
cyclic aromatic hydrocarbons (3) incu- 
bated with tissue culture cells cause sub- 
stantially more modification of mito- 
chondrial DNA than of nuclear DNA. 

We now report that AFBl administered 
to experimental animals covalently binds 
to liver mitochondrial DNA more than to 
nuclear DNA. The chemical modifica- 
tion of mitochondrial DNA persists even 
after 24 hours and is accompanied by 
pronounced inhibition of mitochondrial 
RNA and protein synthetic activities. 

When AFBl is administered intraperi- 
toneally to rats, the amount of carcino- 
gen in the hepatic tissue increases rapid- 
ly to reach a peak in about 2 to 3 hours 
with 15 to 18 percent of the drug dose 
localized in this tissue (4). At this time, 
nearly 60 percent of hepatic AFBl is in 
covalently bound form. Table 1 shows 
that at a peak time of 3 hours almost 24 
percent of the bound AFB1 is associated 
with mitochondria whereas 22 percent is 

Table 1. Intracellular distribution of AFBl in hepatic tissue. Male Sprague-Dawley rats (150 to 
180 g) were injected intraperitoneally with 30 pCi of [ 3 H ] A F ~ I  (30 pCi12.9 pmole) to yield a 
dose rate of 6 mglkg. At intervals, the rats were killed and the livers were removed, washed free 
of blood clots, minced, and homogenized in 2 mM Hepes (pH 7 . 3 ,  70 mM sucrose, 220 mM D- 
mannitol, l mM EDTA, and 0.5 g of bovine serum albumin per liter as described (2). The 
homogenate was adjusted to 10 percent (weight to volume) with the above buffer and used for 
isolating the nuclear fraction (the pellet obtained at 1100 g),  mitochondrial fraction (the pellet 
obtained at 8500g), and postmitochondrial supernatant as described (2, 10). The nuclear pellet 
was washed twice with buffer containing 20 mM tris-HCI (pH 7 . 3 ,  60 mM KCI, 2 mM CaC12, 
and 0.5 percent Triton X-100 to remove contaminating membranes (12); the mitochondrial pellet 
was washed with digitonin (0.1 mg per milligram of protein) to remove the outer membrane (13), 
and the soluble fractions from these washings were included in the postmitochondrial 
supernatant. The amount of bound [ 3 H ] A F ~ I  in each fraction was assayed by precipitation with 
cold CCI3COOH as described (2). Data from three independent estimates were used for 
calculating the mean and standard deviations. Values in parentheses are percentages of the total 
cellular bound [ 3 H ] A ~ B I  at the specified time points. 

Amount of 13H]AFBI bound (nmole) 
Cell fraction 

At 3 hours At 12 hours At 24 hours 

Total intracellular 199.0 ? 12.1 (100) 127.0 t 4.2 (100) 56.0 t 3.2 (100) 
Post mitochondria1 109.0 t 8.1 (54.4) 67.5 * 2.1 (53.4) 22.9 + 2.9 (38.2) 

supernatant 
Mitoplasts 49.6 t 4.1 (23.5) 36.5 2 4.1 (28.7) 27.1 t 4.8 (49.6) 
Nucleus 44.1 t 4.6 (22.1) 20.9 * 2.2 (15.0) 6.4 2 0.77 (12.1) 
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