
of the species discussed in this report 
(16). Furthermore, if allele frequencies 
change as a function of geography 
(clinal variation), n, will change ac- 
cordingly. Evidence presently available 
indicates that PHI allele frequencies 
are uniform in Mytilus edulis from 
Virginia to Cape Cod. However, at 
the LAP locus, over this range there 
are significant departures from other- 
wise uniform allele frequencies, north 
of Cape Cod and within Long Island 
Sound (14). 

Tables I and 2 show the values of 
these parameters for the species stud- 
ied. In PHI, there is a steady diminu- 
tion in both the absolute and effective 
number of alleles down the burrowing 
depth gradient discussed above. A high 
correlation exists between n,, and the 
number of alleles observed (r -=.96, 

N=_6, P<.05). In LAP, this same 
phenomenon is observed for n, and for 
A with a significant correlation between 
these two parameters (r,=.92, N =5, 
P<.05). 

Despite the problems of the mea- 
sures employed, it seems clear that 

species supposed to be experiencing 
more environmental variability are 
more polymorphic than those living in 
more constant e-nvironments. Two hy- 
potheses, one involving selection for 

heterozygotes in a varying environ- 
ment, the other involving diversifying 
selection in a heterogeneous environ- 
ment with extensive gene flow, may 
explain the above data. Some data ob- 
tained by Koehn et al. (17) suggest 
that selection for heterozygotes in Mod- 
iolus demiissus does occur in the high 
intertidal zone, relative to the low in- 
tertidal zone. However, environmental 
heterogeneity should not be dismissed 
as an important factor. Mytilus edulis 
occurs in a wide variety of substrata 
in Long Island Sound, including rock, 
gravel, sand, and wood pilings. With a 

planktonic larva, gene flow could ex- 

tensively mix all of these populations. By 
contrast, Nucula annulata is collected 
in only subtidal muddy substrata (18). 

It is significant that there is a cor- 
relation in n(, between the two different 
loci, over the species studied (r5=- .95, 
N _ 5, P < .05). This suggests that 

epistatic interactions, environmental 
heterogeneity selecting for genetic di- 
versity, or selection for heterozygosity 
is controlling genetic polymorphisms at 
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Table 2. Genetic variation of bivalves at the 
LAP locus (most anodally migrating locus). 

Species A n7, N 

1) Mytilus edulis 5 3.0 52 

2) Modiolius demissus 4 2.5 66 
3) Mercenaria mercenaria 4 2.6 60 
4) Macoma balthica 4 2.2 50 
5) Mya arenaria 3 1.1 64 
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selects for increased A and ne, inde- 
pendently at both loci. More work is 
needed to determine whether heterozy- 
gosity is selected in a fluctuating 
environment, thus increasing poly- 
morphism, or whether diversifying se- 
lection increases polymorphism in a 
spatially heterogeneous habitat. Both 
processes are probably important in 
shallow-water marine bottoms. It is 
also of great importance to critically 
evaluate objective measures of environ- 
mental variability. It is here proposed 
that living depth within the sediment 
is an imperfect, but adequate, indicator. 

JEFFREY LEVINTON 

Department of Earth and Space 
Sciences, State University of 
New York, Stony Brook 11790 

References and Notes 

1. R. C. Lewontin and J. L. Hubby, Genetics 54, 
595 (1966); R. K. Selander and S. Y. Yang, 
ibid. 63, 653 (1969); S. Prakash, Proc. Nat. 
Acad. Sci. U.S.A. 62, 778 (1969); F. J. Ayala 
et al., Genetics 70, 113 (1972); J. L. Gooch 
and T. J. 'Schopf, Biol. Bull. 138, 138 (1970). 

2. M. Kimura, Genet. Res. 11, 247 (1968); 

selects for increased A and ne, inde- 
pendently at both loci. More work is 
needed to determine whether heterozy- 
gosity is selected in a fluctuating 
environment, thus increasing poly- 
morphism, or whether diversifying se- 
lection increases polymorphism in a 
spatially heterogeneous habitat. Both 
processes are probably important in 
shallow-water marine bottoms. It is 
also of great importance to critically 
evaluate objective measures of environ- 
mental variability. It is here proposed 
that living depth within the sediment 
is an imperfect, but adequate, indicator. 

JEFFREY LEVINTON 

Department of Earth and Space 
Sciences, State University of 
New York, Stony Brook 11790 

References and Notes 

1. R. C. Lewontin and J. L. Hubby, Genetics 54, 
595 (1966); R. K. Selander and S. Y. Yang, 
ibid. 63, 653 (1969); S. Prakash, Proc. Nat. 
Acad. Sci. U.S.A. 62, 778 (1969); F. J. Ayala 
et al., Genetics 70, 113 (1972); J. L. Gooch 
and T. J. 'Schopf, Biol. Bull. 138, 138 (1970). 

2. M. Kimura, Genet. Res. 11, 247 (1968); 

Although it is firmly established that 
a major fraction of the cerebrospinal 
fluid (CSF) is formed constantly in the 
cerebral ventricles (1), the specific sites 
and mechanisms of CSF formation re- 
main unclear. Among the many ob- 
stacles that confront investigators in this 
field is the lack of an electron-dense 
marker that can be injected into the 
blood and recovered in the CSF. With 

Although it is firmly established that 
a major fraction of the cerebrospinal 
fluid (CSF) is formed constantly in the 
cerebral ventricles (1), the specific sites 
and mechanisms of CSF formation re- 
main unclear. Among the many ob- 
stacles that confront investigators in this 
field is the lack of an electron-dense 
marker that can be injected into the 
blood and recovered in the CSF. With 

and T. Ohta, Theoretical Aspects of Popula 
tion Genetics (Princeton Univ. Press, Prince- 
ton, N.J., 1971). 

3. R. K. Koehn, Trans. Amer. Fish. Soc. 99, 
219 (1970); and 0. I. Rasmussen, 
Biochem. Genet. 1, 131 (1967); A. K. O'Gower 
and P. I. Nicol, Heredity 23, 485 (1968); T. J. 
Schopf and J. L. Gooch, Evolution 25, 286 
(1971). 

4. R. K. Koehn, Science 163, 943 (1969); D. 
Powers, personal communication. 

5. J. F. Grassle, thesis, Duke University (1967); 
C. Manwell and C. M. Baker, Molecular Biol- 
ogy and the Origin of Species (Univ. of Wash- 
ington Press, Seattle, 1970). 

6. R. C. Lewontin, Evolution 12, 494 (1958). 
7. J. R. Powell, Science 174, 1035 (1971). 
8. T. J. Schopf and J. L. Gooch, Biol. Bull. 

141, 401 (1971). 
9. R. K. Koehn and J. B. Mitton, Amer. Natur. 

106, 47 (1972). 
10. G. J. Brewer, Introduction to Isozyme Tech- 

niques (Academic Press, New York, 1970). 
11. H. L. Sanders, Amer. Natur. 102, 243 (1968). 
12. -, P. C. Mangelsdorf, Jr., G. R. Hamp- 

son, Limnol. Oceanogr. 10, R216 (1965). 
13. D. C. Rhoads, J. Geol. 75, 461 (1967). 
14. Samples of Mytilus edulis, Macomna balthica, 

and Modiolus demissus were collected from a 
marsh and mud flat in Indian Cove near Guil- 
ford, Conn. The samples of Mya arenaria 
and Mercenaria were commercially collected 
in local Long Island Sound waters. Nuctila 
annulata was collected by grab at a depth of 
20 in, north of Mount Sinai Harbor, Long 
Island, N.Y. The PHI data for Mya are 
based on barely resolvable gels and are 
therefore subject to question. 

15. M. Kimura and J. F. Crow, Genetics 49, 725 
(1964). 

16. J. S. Levinton and T. H. Suchanek, in prep- 
aration. 

17. R. K. Koehn, F. J. Turano, J. B. Mitton, 
Evolution, in press. 

18. G. R. Hampson, Malacol. Soc. London Proc. 
39, 333 (1971). 

19. 1 am grateful to Michael Soul6, Roger Milk- 
man, R. K. Koehn, J. L. Gooch, and an 
anonymous reviewer for helpful critical com- 
ments. I thank R. I. Caplan and the Marine 
Sciences Research Center, State University of 
New York, Stony Brook, for boat facilities, 
and R. K. Koehn for providing the data for 
Mytilus edulis. 

2 October 1972: revised 3 January 1973 * 

and T. Ohta, Theoretical Aspects of Popula 
tion Genetics (Princeton Univ. Press, Prince- 
ton, N.J., 1971). 

3. R. K. Koehn, Trans. Amer. Fish. Soc. 99, 
219 (1970); and 0. I. Rasmussen, 
Biochem. Genet. 1, 131 (1967); A. K. O'Gower 
and P. I. Nicol, Heredity 23, 485 (1968); T. J. 
Schopf and J. L. Gooch, Evolution 25, 286 
(1971). 

4. R. K. Koehn, Science 163, 943 (1969); D. 
Powers, personal communication. 

5. J. F. Grassle, thesis, Duke University (1967); 
C. Manwell and C. M. Baker, Molecular Biol- 
ogy and the Origin of Species (Univ. of Wash- 
ington Press, Seattle, 1970). 

6. R. C. Lewontin, Evolution 12, 494 (1958). 
7. J. R. Powell, Science 174, 1035 (1971). 
8. T. J. Schopf and J. L. Gooch, Biol. Bull. 

141, 401 (1971). 
9. R. K. Koehn and J. B. Mitton, Amer. Natur. 

106, 47 (1972). 
10. G. J. Brewer, Introduction to Isozyme Tech- 

niques (Academic Press, New York, 1970). 
11. H. L. Sanders, Amer. Natur. 102, 243 (1968). 
12. -, P. C. Mangelsdorf, Jr., G. R. Hamp- 

son, Limnol. Oceanogr. 10, R216 (1965). 
13. D. C. Rhoads, J. Geol. 75, 461 (1967). 
14. Samples of Mytilus edulis, Macomna balthica, 

and Modiolus demissus were collected from a 
marsh and mud flat in Indian Cove near Guil- 
ford, Conn. The samples of Mya arenaria 
and Mercenaria were commercially collected 
in local Long Island Sound waters. Nuctila 
annulata was collected by grab at a depth of 
20 in, north of Mount Sinai Harbor, Long 
Island, N.Y. The PHI data for Mya are 
based on barely resolvable gels and are 
therefore subject to question. 

15. M. Kimura and J. F. Crow, Genetics 49, 725 
(1964). 

16. J. S. Levinton and T. H. Suchanek, in prep- 
aration. 

17. R. K. Koehn, F. J. Turano, J. B. Mitton, 
Evolution, in press. 

18. G. R. Hampson, Malacol. Soc. London Proc. 
39, 333 (1971). 

19. 1 am grateful to Michael Soul6, Roger Milk- 
man, R. K. Koehn, J. L. Gooch, and an 
anonymous reviewer for helpful critical com- 
ments. I thank R. I. Caplan and the Marine 
Sciences Research Center, State University of 
New York, Stony Brook, for boat facilities, 
and R. K. Koehn for providing the data for 
Mytilus edulis. 

2 October 1972: revised 3 January 1973 * 

respect to the commonly employed in- 
tracerebral markers, ferritin and horse- 
radish peroxidase, there is some ques- 
tion about tissue toxicity (2) and no 
proof that the markers enter the CSF. 

In the continuing search for a suit- 
able blood-CSF marker that can be 
used for examining mechanisms of 
CSF formation, we were recently led to 
a study of cytochrome c. This hemo- 
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Two Morphologically Distinct Blood-Brain Barriers 

Preventing Entry of Cytochrome c into Cerebrospinal Fluid 

Abstract. After intravenous iinjection, cytochrome c does not enter the cerebro- 
spinal fluid. Ini most areas of the brain, the marker is prevented from leaving 
cerebral vessels by the capillary endotheliumn. In the choroid plexus, the marker 
passes freely out of capillaries into the extracellular space. However, it does not 
traverse tight junctions between epithelial cells and is rapidly incorporated into 
membrane-bound vesicles within the cell cytoplasm. Thereafter, cytochrome c is 

apparently removed by lysosomal degradation. These data suggest that there are 
at least two morphologically distinct blood-brain barriers to cytochrome c and 
that pinocytosis may be a mechanism for intracellular degradation rather than 
transcellular transport. 
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chromogen, which is one of the cyto- 
chromes identified by Keilin (3) as es- 
sential to intracellular respiration, has 
the following theoretical advantages as 
an intravascular marker: (i) it is a 

naturally occurring protein, common to 
all aerobic organisms; (ii) it has spe- 
cific photometric properties and can be 

quantitatively measured in body fluids; 
(iii) it can be visualized by electron 

microscopy after reaction with 3,3'- 
diaminobenzidine (4); and (iv) it is a 

considerably smaller protein (molecular 
weight 13,000, radius 15 A) than 
ferritin (molecular weight 400,000, 
radius 50 A) or horseradish peroxidase 
(molecular weight 40,000, radius 25 to 
30 A). 

In the current study, cytochrome c 
(Calbiochem grade A) was admin- 
istered intravenously to adult male 
Wistar rats and immature male pigs 
(7 to 8 weeks old) in doses ranging 
from 20 to 75 mg per 100 g of body 
weight. In pigs, lumbar or ventricular 

punctures, or both, were performed, 
and serial samples of CSF, urine, and 
blood were collected. The specimens 
were centrifuged, reacted with an excess 
of ascorbic acid, and viewed against 
blanks of deionized water in a Beckman 
DB spectrophotometer at 415 nm, one 
of the absorption maximums for cy- 
tochrome c (3). In control animals 
the absorbance for CSF was 0.040, the 
absorbance for urine was 0.260, and 
the absorbance for plasma was 0.215. 
In animals receiving exogenous cyto- 
chrome c, the CSF determinations were 
found to be invalid unless (i) the CSF 

tap had been atraumatic and (ii) the 
CSF samples remained completely free 
of blood during the interval of the 
study. Table I shows the findings in a 

technically successful experiment in 
which uncontaminated samples of CSF 
(total, 11 ml) were collected over a 
9-hour interval. Note that whereas the 
absorbance for CSF never exceeded the 
control value of 0.040, the absorbance 
for plasma was 28 times the control 
plasma value at 6 hours. 

A report of our technique for visual- 
izing cytochrome c with the electron 
microscope is in preparation. The meth- 
ods, with minor modifications, are those 
of Karnovsky and Rice (4). One short- 
coming of this technique is the moder- 
ate degree of tissue swelling and lipid 
extraction that attends incubation at 
pH 3.9. In these experiments, all tissue 
was dehydrated in a standard ascending 
ethanol series terminating in n-butyl 
glycidyl ether with subsequent embed- 
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ding in Epon-Araldite. Sections of 

silver-gold interference color were cut 
on an LKB Ultrotome III with diamond 
knives, mounted on bare 400-mesh 

copper grids, and visualized in a Forge 
Flo 4C electron microscope operating 
at 50 kv. 

Figure 1, a and b, shows capillaries 
in the cerebral cortex (parietal lobe) of 
the rat after the intravascular injection 
of cytochrome c. Cytochrome activity 
is apparent as an electron-dense reac- 
tion product that fills the capillary 
lumina (Fig. la). Although occasional 

pinocytotic pits or vesicles or both 
are noted (Fig. Ib), no reaction prod- 
uct is present on the contraluminal side 
of the endothelium. Similar findings 
were encountered in other areas of the 
rat and pig brain, including the cerebral 
cortex and central white matter of the 
frontal, temporal, and occipital lobes, 
and the subependymal tissue surround- 
ing the lateral ventricles. 

Figure 1, c to g, shows the choroid 

plexus in the rat and pig at varying in- 
tervals after the intravascular injection 
of cytochrome c. Within 2 minutes, the 
reaction product is present in the peri- 
vascular space, the extracellular space 
between epithelial cells, and small intra- 

cytoplasmic membrane-bound vesicles 
adjacent to the lateral and basal plas- 
malemmas (Fig. I c). No reaction prod- 
uct is noted beyond the tight junctions 
joining epithelial cells at their apical 
border (Fig. Id). Between 1 and 9 
hours, the reaction product is cleared 
from the extracellular space and is 
found in large and small vesicles rang- 
ing in size from 50 to 250 nm. In the 
rat, these vesicles are randomly dis- 
tributed throughout the cell cytoplasm 
iand in some instances resemble sec- 
ondary lysosomes (Fig. le). In the pig, 
the intracytoplasmic distribution of the 
vesicles is less random. In particular, a 
predominant number are found in jux- 

Fig. 1. Intravascularly injected cytochrome c in cerebral capillary of rat; reaction 
product is confined to the lumen of the capillary (X 7,200). (b) Cytochrome c in 
pinocytotic pit (black arrow) formed by the luminal plasmalemma of rat cerebral 
endothelium; upper (white) arrow points to probable pinocytotic vesicle containing 
reaction product (X 36,900). (c) Reaction product in perivascular and extracellular 
spaces of rat choroid plexus 2 minutes after intravascular injection of cytochrome c 
(X 10,900). (d) Intercellular space of rat choroid plexus 2 minutes after intravascular 
injection of cytochrome c; reaction product does not pass beyond tight junctions join- 
ing epithelial cells at apical surface (X 21,800). (e) Epithelial cell of rat choroid 
plexus 1 hour after intravascular injection of cytochrome c; note reaction product in 
vesicles resembling primary (arrow) and secondary (asterisk) lysosomes (X 13,000). 
(f) Epithelial cell of pig choroid plexus 1 hour after intravascular injection of cyto- 
chrome c; note cluster of vesicles containing reaction product in juxtaposition to apical 
concentration of endoplasmic reticulum (X 11,600). (g) Epithelial cell of pig choroid 
plexus 9 hours after intravascular injection of cytochrome c; note reaction product 
in elongated forms representing apparent fusion of individual vesicles (X 25,300). 
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taposition to the apically concentrated 
rough endoplasmic reticulum (Fig. If). 
Thereafter, the reaction product is 
eventually confined to large elongated 
vesicles (Fig. l g). In this study, there 
was no evidence that cytochrome c is 
emptied into the cerebral ventricles by 
the fusion of vesicles with the apical 
plasmalemma. 

Taken together, the foregoing data 
indicate that circulating cytochrome c 
does not enter the CSF up to 9 hours 
after intravenous injection. Thus, the 
original objective of this study, to find 
a suitable blood-CSF marker for exam- 
ining the mechanisms of CSF forma- 
tion, was not met. Since most of the 
commonly used intravascular markers 
are considerably larger than cytochrome 
c (for example, ferritin, horseradish 
peroxidase, glycogen, dextran), it is in- 
ferred that these molecules are similarly 
excluded from the CSF. In the future, 
the search for an electron-dense marker 
capable of leaving the blood and enter- 
ing the CSF should probably be focused 
on molecules smaller than cytochrome c 
or on those with special lipid-solubility 
properties. 

In the areas of the brain examined in 
this study, two morphologically distinct 
barriers preventing the CSF entry of 
cytochrome c were encountered. The 
first, and most widely dispersed, was the 
capillary endothelium of the cerebral 
vessels. This limiting surface, which has 
been recently identified by Reese and 
Karnovsky (5) as the probable site of 
the blood-brain barrier to proteins, has 
the following characteristics, according 
to these authors: (i) the presence of 
circumferential tight junctions between 
endothelial cells that prohibit the inter- 
cellular movement of horseradish per- 
oxidase, and (ii) a limited number of 
plasmalemmal pits or vesicles or both 
that have been linked to transcellular 
protein transport in skeletal and cardiac 
endothelium. In view of the current 
findings, it is likely that circulating 
cytochrome c is prevented from enter- 
ing most areas of the brain (and conse- 
quently the CSF) by the same endo- 
thelial barrier system described by 
Reese and Karnovsky (5), and subse- 
quently others (6-8). 

Since the original experiments of 
Ehrlich (9) and Goldmann (10), it 
has been known that, although basic 
dyes injected into the blood are largely 
excluded from the brain, certain areas, 
including the choroid plexus, basal 
hypothalamus, and area postrema, will 
be stained. It has been subsequently 
demonstrated that these dyes are bound 
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Table 1. Spectrophotometric analysis of 
lumbar CSF, urine, and blood in pig follow- 
ing intravascular injection of cytochrome c 
(25 mg per 100 g of body weight). 

Specimens 

Control CSF 
Control urine 
Control plasma 

CSF, 15 minutes 
CSF, 30 minutes 
CSF, 60 minutes 
CSF, 90 minutes 
CSF, 120 minutes 
CSF, 150 minutes 
CSF, 3 hours 
CSF, 6 hours 
CSF, 9 hours 

Urine, 150 minutes 
Urine, 6 hours 

Plasma, 6 hours 

Absorbance 
at 415 nm 

0.040 
.260 
.215 

0.020 
.030 
.020 
.020 
.018 
.020 
.035 
.020 
.020 

6.60 
6.64 

6.00 

to plasma proteins (11), so that the 
movement of the markers reflects the 
movement of dye-protein complexes. In 
more recent studies, intravenously in- 
jected horseradish peroxidase has been 
found to move across the endothelium 
of capillaries in the choroid plexus, 
median eminence, and area postrema 
with relative ease (7, 12). However, as 
noted by Brightman et al. (13), each 
of these areas of "functional leakage" 
is covered by a relatively impervious 
ependymal lining. This epithelium, un- 
like ependyma found elsewhere, pos- 
sesses tight junctions between adjoining 
cells that are capable of halting the 
extracellular movement of peroxidase. 

In the current study, the movement 
of circulating cytochrome c across the 
choroidal capillaries was found to be 
much more rapid but similar in distri- 
bution to the movement of circulating 
horseradish peroxidase (7, 8, 12). How- 
ever, since we have shown that cyto- 
chrome c does not enter the CSF, we 
cannot agree with the speculation that 
larger proteins such as peroxidase may 
enter the CSF in small amounts by 
vesicular transport across the choroidal 
epithelium (8) or by diffusion through 
the perivascular basement membrane 
and stromal space to a point just be- 
yond the root of the choroid plexus 
where the choroidal epithelium joins the 
ventricular ependyma (14). On the 
contrary, one may infer that proteins 
larger than cytochrome c are prevented 
from entering the CSF across the 
choroid plexus and other areas of 
"functional leakage" by an epithelial 
barrier that is just as selectively restric- 
tive as the endothelial barrier of the 
cerebral capillaries. It is likely that one 

function of this dual barrier system is 
to maintain the CSF as an ultrafiltrate 
of blood. The means by which small 
but detectable amounts of labeled al- 
bumin and globulin enter the CSF after 
intravascular injection (15) remains 
unclear. 

Finally, it is appropriate to question 
the ultimate fate of exogenous pro- 
teins entering the brain in areas of 
"functional leakage." As noted earlier 
for the choroid plexus, the extracellular 
migration of cytochrome c is abruptly 
halted by tight junctions between epi- 
thelial cells. Simultaneously, the marker 
is incorporated into membrane-bound 
vesicles having many of the features of 
primary and secondary lysosomes. In 
view of the fact that cytochrome c does 
not enter the CSF even in trace 
amounts, it is possible that pinocytosis 
represents an initial step in the degra- 
dation of certain proteins within the 
brain. 
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