
quencies; the rate of this transition ap- 
pears to increase as the proliferative po- 
tential of the clone decreases (Fig. la 
and inset). 

The information given in this report 
should be useful for testing hypotheses 
that seek to explain the limited doubling 
potential of human diploid cells. It is 
clear that neither a precise counting 
mechanism (13) nor the commitment the- 
ory of aging (14) are compatible in their 
current form with our findings. How- 
ever, if one considers the involvement of 
stochastic mechanisms in stem cell dif- 
ferentiation (15), our data may be seen as 
compatible with a process of genetically 
controlled terminal differentiation, such 
as has been proposed by Martin et al. (4) 
and Bell et al. (5). The gradual decrease 
in proliferative potential would also be 
compatible with a continuous buildup of 
damage or errors, a process that has 
been theorized. However, the wide vari- 
ability in doubling potentials, especially 
in mitotic pairs, suggests an unequal par- 
titioning of damage or errors at division. 
The transition of the proliferative poten- 
tial subset from large to small suggests 
the occurrence of a more serious species 
of damage or the crossing of a threshold 
level of accumulated damage. In terms of 
somatic mutation theory, the wide varia- 
tion at each cell division suggests muta- 
tion rates (nonlethal but capable of af- 
fecting proliferative potential) approach- 
ing one per cell division. Clearly, all 
current hypotheses should be reexam- 
ined in the light of our data. 

JAMES R. SMITH 
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W. Alton Jones Cell Science Center, 
Lake Placid, New York 12946 
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Some peptides that are derived from 
the pituitary hormone /-lipotropin are 
reported to exert central effects when in- 
jected systemically, but it is not clear 
why they do so as they often are report- 
ed to be slightly if at all permeable at the 
blood-brain barrier (1-4). An insignifi- 
cant permeability would appear con- 
sistent with the' view that the blood- 
brain barrier, which is composed of cere- 
brovascular endothelial cells that are 
connected by tight junctions (zonulae oc- 
cludentes), is essentially impermeable to 
water-soluble nonelectrolytes, elec- 
trolytes, peptides, and proteins (5, 6). 
Because of their limited cerebrovascular 
permeability (2), it has been suggested 
that circulating peptides enter the brain 
via the choroid plexus and cerebrospinal 
fluid or, if produced in the pituitary 
gland, through routes such as the pitui- 
tary portal system (1). 

In contrast, some investigators have 
reported that peptides are significantly 
permeable at the blood-brain barrier (7). 
These findings, and the observed posi- 
tive central effects to some system- 
ically administered peptides (3), sug- 
gested to us that cerebrovascular per- 
meability of peptides should be 
reconsidered. Moreover, the method 
(brain uptake index) most used to show 
that peptides do not cross the blood- 
brain barrier, is not sensitive enough to 
measure uptake of substances whose 
permeability coefficients are less than 
10-6 cm sec-' (2, 6, 8). 

We therefore employed a more sensi- 
tive method (9) to measure cerebrovas- 
cular permeability of four radioactive 
synthetic opioid peptides that are ana- 
logs of natural peptides derived from f3- 
lipotropin (4, 10). These synthetic pep- 
tides shared a common amino acid termi- 
nal sequence, Tyr-D-Ala-Gly-Phe-Met- 
(11), in which the D-alanine residue was 
placed in position 2 to increase resist- 
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ance to degradation without significantly 
reducing biological activity (4). They 
were: [D-Ala2]methionine enkephalin 
amide; 8-[D-Ala62, 14C-Homoarg69]lipo- 
tropin 61-69; a-[D-Ala2, 4C-Homoarg9]- 
endorphin; and 3-[D-Ala2,14C-Homoarg]- 
endorphin. They corresponded, respec- 
tively, to the following natural peptides: 
Met enkephalin, /3-lipotropin 61-69, a- 
endorphin, and /-endorphin (10). 

Conscious and partially restrained rats 
(adult males) with indwelling femoral ar- 
tery and vein catheters were injected in- 
travenously with 2 to 10 tCi of a radio- 
active opioid peptide; samples of arterial 
blood were removed periodically and 
centrifuged (9). Animals were decapi- 
tated 3 minutes after injection of [D- 
Ala2]methionine enkephalin amide; 3 or 
10 minutes after /-[D-Ala62,14C-Homo- 
arg69]lipotropin 61-69; 4, 8, 20, or 30 
minutes after a-[D-Ala2,14C-Homo- 
arg9]endorphin; and 5 or 10 minutes after 
/3-[D-Ala2,14C-Homoarg]endorphin. The 
brain was removed and dissected into 13 
regions, which were weighed. Radio- 
activity was determined by scintillation 
counting in samples of brain, arterial 
plasma, and whole blood. Brain paren- 
chymal tracer concentration (Cbrain, 

dpm/g) was calculated by subtracting in- 
travascular radioactivity from net mea- 
sured regional radioactivity. Intravascu- 
lar radioactivity was obtained from 
the product of whole blood concentra- 
tion (dpm/ml) x regional blood volume 
(ml/g), where regional volumes ranged 
from 0.015 to 0.035 ml per gram of brain 
(9). 

Tracer purity was confirmed by chro- 
matography of the injected material and 
of the plasma up to the time that the ani- 
mal was decapitated. The fraction r of 
tracer not bound to blood proteins was 
determined by mixing tracer with rat 
serum and measuring radioactivity in 
serum and serum ultrafiltrate. The octa- 
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Entry of Opioid Peptides into the Central Nervous System 
Abstract. Cerebrovascular permeability of four modified opioid peptides-[D- 

Ala2]methionine enkephalin amide, 8-[D-Ala62,14C-Homoarg69]lipotropin 61-69, a- 
[D-Ala 2, 4C-Homoarg 9]endorphin, and /3- [D-Ala 2, 4C-Homoarg ]endorphin -ranged 
from 1.4 to 3.9 x 10-6 centimeters per second in brain regions of the conscious rat. 
These significant permeabilities should allo, the peptides to fill the extracellular 
brain space with a half time of 3 to I1 minutes, as a result of a step increase in 
plasma concentration of unbound peptide. 
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Table 1. Cerebrovascular permeability P (10-6 cm sec-' ? S.E.) and cerebral distribution volume V of four synthetic peptides. Data were 
obtained by Eq. 3; V is not given if it was inconsistent among regions. The unbound plasma fraction and partition coefficient were determined 
experimentally. The numbers in parentheses indicate the number of animals. 

Met-[D-Ala2]- -[-Aaa-[D-AaC[-Ala2,14C-Homoarg9]- 3-[D-Ala2,'4C-Homoarg]- 
Brain region enkephalin Homoarg69]- endorphin (8) endorphin (6) Brain region amide (3) lipotropin 61-69 (6) 

p p P V P V 

Olfactory bulb 2.8 ? 0.3 1.6 + 0.5 1.8 ? 0.99 0.43 ? 0.48 4.6 ? 5.4 0.03 ? 0.02 
Caudate nucleus 2.4 ? 0.2 1.3 ? 0.5 2.1 ? 0.82 0.25 ? 0.09 4.4 ? 2.7 0.03 ? 0.01 
Hippocampus 1.7 ? 0.4 1.2 ? 0.2 1.8 ? 0.82 0.31 ? 0.19 3.1 ? 2.3 0.02 ? 0.01 
Gray matter 2.9 ? 0.1 1.7 ? 0.6 2.7 ? 0.89 0.28 ? 0.06 4.4 ? 2.3 0.03 ? 0.01 
White matter 2.3 ? 0.5 1.1 ? 0.5 0.98 ? 0.62 0.20 ? 0.18 4.8 ? 6.7 0.03 ? 0.02 
Thalamus plus hypothalamus 2.4 ? 0.2 1.2 ? 0.2 2.1 ? 0.99 0.30 ? 0.14 2.7 + 1.7 0.02 ? 0.01 
Superior colliculus 2.6 ? 0.3 1.5 ? 0.2 2.5 ? 1.2 0.37 ? 0.21 3.3 ? 2.3 0.03 ? 0.01 
Inferiorcolliculus 2.8 + 0.2 2.0 + 0.2 3.1 ? 1.3 0.42 ? 0.17 4.8 ? 1.8 0.04 + 0.01 
Cerebellum 2.9 ? 0.2 1.4 ? 0.2 2.5 ? 1.1 0.31 ? 0.14 4.0 ? 2.5 0.03 ? 0.01 
Pons 2.3 ? 0.3 1.7 ? 0.2 3.1 ? 1.3 0.36 ? 0.12 4.0 ? 2.7 0.03 ? 0.01 
Medulla 2.3 ? 0.2 1.8 ? 0.3 3.1 + 1.3 0.36 ? 0.12 2.7 ? 2.0 0.02 ? 0.01 
Frontal lobe 2.5 ? 0.3 1.5 ? 0.5 2.5 ? 1.1 0.26 ? 0.07 3.5 ? 2.0 0.03 ? 0.01 
Occipitallobe 2.5 ? 0.3 1.3 ? 0.2 2.1 ? 1.6 0.27 ? 0.12 3.8 ? 2.3 0.03 ? 0.01 

Average 2.5 1.4 2.3 0.32 3.9 0.03 
Molecular weight 587 1000 1826 3436 
Partition coefficient* 0.066 0.012 0.0017 0.013 
r, unbound plasma fraction 0.21 0.84 0.34 0.20 

*Between octanol and water. 

nol-water partition coefficient was found 
at room temperature by mixing a portion 
of tracer with a mixture (1:1, by volume) 
of n-octanol and buffered 0.9 percent 
(weight to volume) NaCI (pH 6.9 to 7.2) 
and then measuring radioactivity in each 
of the liquid phases (8). 

After intravenous injection of tracer, 
Cpiasma (dpm/ml) was represented as a 
sum of declining exponentials 

n 

Cplasma = , Bie-kit 
1 

estimates of PA (per second) and of dis- 
tribution volume V at different brain re- 
gions. Table 1 lists resultant values of P 
[calculated by dividing PA by A = 240 
cm-' (14)] and of V, as well as the plasma 
fraction of free tracer and the octanol- 
water partition coefficient. 

Only a-[D-Ala2, 4C-Homoargg]endor- 
phin could be studied for a sufficiently 
long time after intravenous injection 

(1) 
1000 

where t = time in seconds, Bi (dpm/ml) 
and ki (per second) are constants, and 
n = 2 to 4 (9). 

If tracer passively diffuses between 
brain and plasma, then, in the absence of 
significant cerebral binding or metabo- 
lism over the experimental period (9, 12), 
brain uptake is given as follows 

dCbrain/dt = PA(rCpiasma - Cbrain/V) (2) 

where A is cerebral capillary area (cm2/ 
cm3, or cm-1), V is the ratio of cerebral 
volume in which the tracer can be dis- 
tributed to the total volume, and r is the 
unbound fraction in plasma. 

Substitution of Eq. 1 into Eq. 2 and in- 
tegration gives Cbrain at time t of decapi- 
tation (Eq. 3), 

rBiPA 
Cbrain P rBiPA (e -kit e-PAtV) 

(3) 

Experiments were limited to periods 
after intravenous injection when metabo- 
lites were not observed in plasma. Equa- 
tion 3 was fit by a nonlinear least-squares 
procedure (13) to data from three to eight 
experiments for a given tracer, to give 
4 JANUARY 1980 

as 
0 
03 

0 

E 
0 

U-r 

0 
60 

cn 
(L 

E 
0 
m 

,It 

,., 
1 

6 

100 

10 

.1 

0.1 
0 10 20 30 40 50 60 

Minutes after administration 

Fig. 1. Concentration of a-[D-Ala2,'4C-Homo- 
arg9]endorphin in the caudate nucleus, as pre- 
dicted by Eq. 3, in response to a step increase 
in plasma concentration of unbound peptide 
(dashed line) or to a bolus injectin (continuous 
line, experimentally observed curve). Plasma 
concentration represents unbound peptide, 
rCplasma, where r = 0.34. P = 2.2 x 10-6 cm 
sec-, and V = 0.25 (Table 1). 

(30 minutes) to allow enough tracer 
into the brain to specify a consistent 
and meaningful V by the least-squares 
procedure. Experimental periods longer 
than 10 minutes could not be used 
for the other tracers because of the 
appearance of plasma metabolites or of 
the very rapid disappearance of tracer 
from plasma. The mean cerebral V for 
a-[D-Ala2, 4C-Homoarg9]endorphin was 
0.32, which suggests that it entered the 
extracellular brain space (15 to 25 per- 
cent of the wet weight) (6) over the 30- 
minute experimental period, and perhaps 
was bound to brain to some extent (12). 
However, the cerebral V values of two 
other peptides were inconsistent and are 
not presented in Table 1, and estimated 
V of 38-[D-Ala2,'4C-Homoarg]endorphin 
was only 0.03. Experiments with these 
three tracers were limited to 10 minutes 
or less (see above), probably too short a 
time to allow sufficient brain uptake of 
tracer to specify a meaningful and con- 
sistent V by the least-squares procedure 
(13). 

The cerebrovascular permeability co- 
efficients of the four opioid peptides in 
Table I range from 1.4 x 10-6 to 3.9 x 
10-6 cm sec-, and approximate per- 
meabilities of the nonelectrolytes glycer- 
ol, formamide, and thiourea, which have 
similar octanol-water partition coeffi- 
cients (0.003 to 0.1) (9). It therefore 
appears that lipid solubility may play a 
role in peptide transfer at the blood- 
brain barrier. Very permeable, lipid-sol- 
uble substances like caffeine and anti- 
pyrine exhibit coefficients two orders of 
magnitude higher (10-4 cm sec-1) than 
those of the peptides, whereas poorly 
permeable, water-soluble compounds 
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water-soluble compounds like sucrose 
and erythritol have permeability coeffi- 
cients equal to 10-8 to 10-7 cm sec-1 (6, 
9). 

Low but significant cerebrovascular 
permeabilities explain why opioid pep- 
tide uptake by brain might not be mea- 
surable by the brain uptake index meth- 
od (in which brain uptake is measured 
within 15 seconds after injection), or 
why plasma concentrations must be 
maintained for minutes if observable 
central effects are to be produced (2, 4, 
7). Figure 1 illustrates the prediction by 
Eq. 3, as based on data in Table 1, that a- 
[D-Ala2,14C-Homoarg9]endorphin will fill 
half of the extracellular space of the 
caudate nucleus in 5.9 minutes, after a 
step rise in plasma concentration of un- 
bound peptide. In contrast, the brain 
concentration does not rise above 0.1 
percent of the initial plasma concentra- 
tion of unbound peptide if the peptide is 
injected as a bolus. Whereas the half- 
time for brain uptake is equal to 0.693 
V/PA (Eq. 3), the peptides in Table 1 
would enter a 30 percent extracellular 
brain space with half-times of 3 to 11 
minutes. 

We have shown that four synthetic an- 
alogs of natural opioid peptides have a 
moderate cerebrovascular permeability 
that is sufficient to produce significant 
brain uptake within 3 to 11 minutes, after 
a step rise in plasma concentration. 
There may be little uptake after a bolus 
injection if the peptide disappears rapid- 
ly from plasma, or if binding to plasma 
protein is marked. The findings are con- 
sistent with observations that some pep- 
tides exert central effects in conscious 
animals when administered systemically 
(3, 7). A significant cerebrovascular per- 
meability suggests, furthermore, that 
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Gene Affecting Superoxide Dismutase Activity Linked to the 

Histocompatibility Complex in H-2 Congenic Mice 

Abstract. The activity of cyanide-sensitive, Cu-Zn superoxide dismutase (SOD) 
was studied in liver cytosolsfrom H-2 congenic strains of mice. Higher SOD activity 
was found in livers of mice having H-2b/A.BY, BO1, and C3H.SW/ haplotypes than in 
those of H-2a, H-2k and H-2d haplotypes. Segregation studies supported these corre- 
lations. In H-2 recombinant strains of mice, the genes influencing the liver SOD 
activity occur, as ascertained by mapping techniques, at or near the H-2D region of 
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Superoxide dismutase (SOD) (E.C. 
1.15.1.1) appears to be detectable in all 
aerobic cells (1). This enzyme catalyzes 
the dismutation of the superoxide anion, 
02-, in which one electron is transferred 
to form molecular oxygen, in the sense 
of the following equation; 

202- + 2H+ - H202 + 02 

The work of Fridovich (2) suggests 
that the most important function of SOD 
is to protect aerobic cells from the oxido- 
reduction effect of the toxic 02- formed 
during aerobic cell metabolism. Atmo- 
spheric oxygen is capable of inducing the 
synthesis of SOD; molecular oxygen 
may be toxic to cells displaying an anaer- 
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obic metabolism and, in high concentra- 
tion, to aerobic cells also (3). 

On the basis of studies on the structure 
of SOD, Richardson et al. (4) drew atten- 
tion to the similarity between the three- 
dimensional protein structures of the im- 
munoglobulin domain and Cu-Zn SOD 
subunits. 

They proposed that the similarity in 
the tertiary structures of the two mole- 
cules of different functions is indicative 
of their evolutionary relatedness. Fur- 
thermore, the structures of immunoglob- 
ulins are similar to those of the major his- 
tocompatibility antigens (H-2) in mice (5) 
and it has been proposed that both mole- 
cules are the products of genes that were 
differentiated from a common, primor- 
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