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ABSTRACT  Tight junctions between cerebral endothelial
cells and the near absence of pinocytosis and vesicular transport
of blood-borne protein into and across these cells are believed to
constitute the mammalian blood-brain barrier. In the present in-
vestigation evidence is provided to indicate that the capillary en-
dothelium of the mouse brain pinocytoses the enzymatic tracer
horseradish peroxidase (EC 1.11.1.17) from cerebral blood under
normal conditions. This protein and the internalized endothelial
surface membrane associated with it.are directed, for the most
part, to acid hydrolase-positive lysosomes for degradation. Al-
though peroxidase was never seen in the perivascular clefts, the
lysosomes of pericytes were peroxidase-positive. Pericytes are
macrophage-like cells located on the abluminal surfaces of cere-
bral microvasculature; these cells may serve as the first line of
defense once the blood-brain barrier is breached. The definition
of the blood-brain barrier should be expanded to include consid-
eration of the lysosomal system of organelles in endothelial cells
and pericytes.

Exogenous proteins and serum proteins are excluded from the
cerebral extracellular fluid in mammals by the blood-brain bar-
rier. Studies employing the enzymatic tracers horseradish per-
oxidase (EC 1.11.1.17; hereafter referred to as “peroxidase”)
and microperoxidase have led to attribution of the blood-brain
barrier to two morphological characteristics of cerebral micro-
vascular endothelial cells: circumferential belts of tight junc-
tions between contiguous endothelial cells and the apparent
absence of vesicular transport of blood-borne protein from the
luminal to the abluminal face of the endothelium (1-4). In these
studies, peroxidase-labeled vesicles were particiilarly rare in
capillary endothelial cells, suggesting that, unlike capillaries
supplying cardiac and striated muscles (5, 6), those in brain were
not actively engaged in pinocytosis to an appreciable degree;
however, one of these investigations (4) revealed that in the
mouse an insignificant amount of peroxidase did cross segments
of certain cerebral arterioles to reach the perivascular basement
membrane, perhaps by vesicular transport.

This paper will present evidence to suggest that pinocytosis
of blood-borne peroxidase does indeed occur normally in cer-
ebral capillaries. Emphasis is placed on pericytes and the ly-
sosomal system within capillary endothelial cells as additional
functional components of the blood-brain barrier. The acid hy-
drolase activities of acid phosphatase (EC 3.1.3.2) (7, 8) and tri-
metaphosphatase (EC 3.6.1.2) (9) have been used as markers
for lysosomes.

MATERIALS AND METHODS

Twenty-six young adult female white mice weighing 25-30 g
were used. Eighteen mice received one, two, or three injec-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U. S. C. §1734 solely to indicate this fact.

7820

tions of 30 mg of horseradish peroxidase (type VI, Sigma) in
0.25-0.5 ml of 0.9% saline solution per injection into the tail
vein. The desired length of the postinjection survival time de-
termined the number of injections each mouse received. Sur-
vival times for these mice ranged between 1 and 24 hr. Brains
from the remaining eight mice were prepared for normal mor-
phology or acid hydrolase cytochemistry.

Each animal was anesthetized with sodium pentobarbital in-
jected intraperitoneally and perfused through the heart with
100 ml of fixative (pH 7.1-7.2) consisting of 1% formaldehyde,
1.25% glutaraldehyde, and 0.025% calcium chloride in 0.1 M
sodium cacodylate buffer (pH 7.35). The brain was removed
from the skull, placed in fixative for 1 hr, and then transferred
to cacodylate buffer. All brains were cut into 50- to 75-um thick
sections with a Smith-Farquhar TC-2 tissue sectioner (Du
Pont). The sections were rinsed overnight in cacodylate buffer
at 4°C. Brain sections from the peroxidase-injected mice were
incubated for detection of peroxidase activity in a diaminobenzi-
dine/H,0, medium (10). A -number of sections were prepared
for light microscopic inspection (11). Brain sections from mice
not injected with peroxidase were incubated for detection of
acid hydrolase activity, as reported previously (12-14), with 8-
glycerophosphate (7), cytidine 5'-monophosphate (8), and so-
dium trimetaphosphate (9) as substrates. Some sections from
these brains were not incubated for study of enzyme activity and
were prepared for normal morphology.

Sections intended for ultrastructural analysis were postfixed
in 1% osmium tetroxide in 0.1 M cacodylate buffer for 2 hr. The
nonincubated sections were stained en bloc with 0.5% aqueous
uranyl acetate for 2 hr. All sections were dehydrated in ethanol
and embedded in Araldite plastic. Only ultrathin sections cut
from the nonincubated material were poststained with 2% ura-
nyl acetate in 50% (vol/vol) ethanol and with Reynolds’ lead
citrate (15). Capillaries were distinguished from arterioles and
venules according to established criteria (16, 17).

RESULTS

In randomly chosen sections of the forebrain and brain stem
from mice intravenously injected with peroxidase and fixed at
the various survival times, peroxidase reaction product ap-
peared within specific membrane-delimited organelles in cap-
illary endothelial cells. These peroxidase-positive organelles
included 40- to 60-nm wide vesicles, vacuoles rimmed with re-
action product, and multivesicular bodies and dense bodies, all
of which were 0.08-0.5 um in diameter, and blunt-ended tu-
bules 50-100 nm in diameter and 0.1-0.7 um in length (Fig,
1). The vesicles and smaller vacuoles, but not multivesicular and
dense bodies, increased with the amount.of circulating perox-
idase and with the duration of the postinjection period. The
different classes of peroxidase-positive organelles were scat-
tered throughout the endothelial cell. Some labeled vesicles
appeared in close proximity to the abluminal wall of the capillary
cells as well as to labeled multivesicular and dense bodies (Fig.
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Fi6. 1. Vesicles (A and B; arrows), dense bodies (B and C; db), multivesicular bodies (4; mvb), and blunt-ended tubules lying free in the cytoplasm
or attached to dense bodies (B and C) within cerebral capillarly endothelial cells contain peroxidase after intravenous administration of the protein.
Dense bodies and some tubules exhibit acid hydrolase activity (D). Arrowheads in A indicate peroxidase-labeled organelles undergoing retrograde
axoplasmic transport in axons of the hypothalamoneurohypophysial system passing through the supraoptic nucleus (see refs. 12 and 13). G, Golgi
apparatus; N, nucleus. (4, 10 hr after peroxidase injection, X30,000; B, 2 hr after peroxidase injection, X45,000; C, 2 hr after peroxidase injection,

%60,000; D, trimetaphosphatase activity; x50,000.)

1 A and B). The vesicles and perhaps smaller vacuoles most
likely represent internalized luminal surfice membrane in-
volved in delivering their membrane and pinocytosed peroxi-
dase to the multivesicular and dense bodies. No more than a
total of five multivesicular and dense bodies were seen in a sin-
gle thin section of a capillary endothelial cell. Both types of or-

ganelles were located frequently in the vicinity of the cell nu-
cleus and Golgi apparatus (Fig. 14). The peroxidase-labeled
tubular profiles were usually oriented parallel to the walls of the
endothelial cell; they were either free in the cytoplasm or at-
tached to labeled dense bodies (Fig. 1 B and C). The tubules
were not observed to form patent, communicating channels

Fic. 2. Organelles morphologically similar to those containing peroxidase in Fig. 1 are common in capillary endothelial cells from mice not
intravenously injected with peroxidase. (A) Dense body (arrow); tubules (arrowheads). (x25,000.) (B) Vesicle (arrow) adjacent to a multivesicular
body. (x47,000.) (C) Numerous vesicles and vacuoles, some of which may represent tubules cut in cross section. (x60,000.)
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Fig. 3. Two hours after intravenous administration of peroxidase, pericytes associated with capillaries and arterioles contain peroxidase re-
action product in granules (A, arrows, X135) at the light microscopic level and in dense bodies ultrastructurally (B, x20,000). Pericyte cell bodies
and processes exhibit an impressive concentration of acid phosphatase-positive lysosomes (C, B-glycerophosphate, x9500). Note the lysosome size
in the pericyte cell body compared to that in a neuronal cell body adjacent to the pericyte.
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between the luminal and abluminal surfaces of the endothelial
cell. In this regard, peroxidase reaction product was never seen
in the abluminal perivascular space in any of the injected
animals.

Cerebral capillaries in nonincubated sections examined for
normal morphology contained electron-dense lysosome-like
dense bodies and electron-lucent multivesicular bodies, vacu-
oles, tubules, and vesicles (Fig. 2). Many of these structures
may correspond to those derived presumably by direct inter-
nalization of cell surface membrane in the peroxidase-exposed
material.

Pericytes located on the abluminal surfaces of cerebral cap-
illaries and arterioles throughout the brain and particularly in
cortical areas exhibited numerous peroxidase-positive granules
(Fig. 3A). Ultrastructurally the pericytes contained peroxidase-
positive vesicles, vacuoles, and dense bodies, the latter mea-
suring 0.1-2.0 um in diameter (Fig. 3B). The labeled organelles
were clustered mainly in the vicinity of the cell nucleus; some
of the smaller dense bodies were located in processes emanating
from the cell proper. In mice receiving multiple intravenous
injections of peroxidase and fixed 12-24 hr after the first injec-
tion, the pericyte cytoplasm at both light microscopic and ul-
trastructural levels was filled diffusely with reaction product.

Acid hydrolase activity was identified within lysosomes in
cerebral capillarly endothelial cells and in pericytes (Figs. 1 D
and 3 C). The lysosomes in each cell type were identical in ap-
pearance, size, concentration, and cellular distribution to the
peroxidase-positive multivesicular and dense bodies seen in
similar cells from the intravenously injected mice. Tubular pro-
files displaying acid hydrolase activity were rare in capillaries.
Occasionally, an acid hydrolase-reactive lysosome and tubule
were confluent (Fig. 1D).

In our hands, the best substrate for demonstrating acid hy-
drolase activity in cerebral microvasculature was trimetaphos-
phate. Although cytidine 5’-monophosphate and B-glycero-
phosphate were particularly useful in revealing acid phosphatase
activity in neuronal GERL? and lysosomes (Fig. 3C), both sub-
strates were considerably less effective for demonstrating this
enzyme activity in cerebral vessels from the same material. All
three substrates were useful in revealing acid hydrolase activity
in pericytes.

DISCUSSION

Using peroxidase and acid hydrolase cytochemistry, we have
demonstrated that under normal conditions cerebral capillary
endothelial cells pinocytose blood-borne protein. This exoge-
nous protein is directed, in part, to dense bodies and multi-
vesicular bodies believed by us and other workers (12, 13,
19-21) to be lysosomal precursors (phagosomes) or bona fide
secondary lysosomes. The failure of previous investigators (1-4)
to obtain similar results is most likely a consequence of utilizing
low concentrations of peroxidase, short postinjection survival
periods, or both. Cerebral capillary lysosomes and their hydro-
lytic enzymes would function as a deterrent to the transcapillary
transport of specific blood-borne substances. Such enzymatic
regulation of transport would be similar to that of cerebral cap-
illary monoamine oxidase and dopa-decarboxylase activities in
regulating the entry to brain of monoamine precursors from
blood (22).

Pinocytosis of peroxidase into cerebral capillary endothelial
cells and vesicular transport of the protein through these cells
are reported to be stimulated by a variety of insults to the brain

#GERL is an acronym for Golgi-associated smooth endoplasmic retic-
ulum from which primary lysosomes may arise (14, 18).
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(see refs. 23 and 24 for review). The 30 mg peroxidase dose we

have used does not appear toxic to cell membranes or to the
animals. Westergaard and Brightman (4) have administered up
to 50 mg of peroxidase intravenously in mice with no observable
damage to cerebral endothelial cells and neurons. A comparison
of cerebral capillary endothelial cells from our injected and non-
injected mice indicates that no new classes of organelles were
induced by cellular exposure to peroxidase (Figs. 1 and 2). Per-
oxidase uptake by cells in general is nonspecific and associated
with the internalization of cell surface membrane; therefore,
protein or perhaps any large molecular weight substance within
the extracellular fluid bathing a cell could conceivably be taken
into that cell.

The peroxidase- and acid hydrolase-reactive, blunt-ended
tubules attached to lysosomal dense bodies or lying unattached
in the cytoplasm of the cerebral capillary cell are identical to
those described by others in the myeloid sinusoidal endothe-
lium (25), neurons (12, 13, 19), and anterior pituitary cells (20).
These studies suggest that the peroxidase-positive tubules may
differ in their derivation and function from those containing acid
hydrolase activity. The peroxidase-labeled tubules could ac-
quire their membrane from internalized cell surface membrane
in the form of pinocytotic vesicles and vacuoles. Such tubules
would then deliver their contents and membrane to lysosomal
dense bodies and multivesicular bodies for degradation. Tub-
ules containing acid hydrolase activity may be primary lyso-
somes of GERL origin and may ferry acid hydrolases to pre-
sumptive secondary lysosomes, or they may take their membrane
directly from secondary lysosomes and thus represent an ad-
ditional form of secondary lysosome.

That the peroxidase-positive tubules in cerebral capillaries
are related to endocytosed cell surface membrane is further
suggested by additional studies in our laboratory in which di-
methyl sulfoxide has been used to open the blood-brain barrier
to peroxidase and chemotherapeutic drugs (26). The cerebral
endothelial cells from mice coinjected with dimethyl sulfoxide
and peroxidase exhibit a proliferation of peroxidase-labeled tub-
ules, vesicles, and vacuoles when compared to control mice not
receiving dimethyl sulfoxide. A similar proliferation of these
peroxidase-labeled structures has been reported by other in-
vestigators after damage to the blood-brain barrier (27, 28);
these authors have proposed that the tubules function as trans-
endothelial channels whereby direct communication is estab-
lished between the vessel lumen and the perivascular space.
This interpretation is highly speculative, because the tubules
have yet to be seen interconnecting the luminal and abluminal
walls of the endothelial cell.

Whether or not vesicular transport of peroxidase through
cerebral capillary cells occurs in our material remains unre-
solved. Although some peroxidase-laden vesicles were located
close to the abluminal capillary wall, there was no indication of
vesicles fusing with the plasmalemma to form peroxidase-coated
abluminal pits; peroxidase was never seen in the perivascular
clefts, an observation that could be attributed to the bulk flow
of extracellular fluid (11). Nevertheless, pericytes associated
with cerebral microvasculature contained peroxidase-reactive
lysosomes. An important function of the pericyte may involve
phagocytosis of blood-borne large molecular weight substances
that have passed through or between cerebral endothelial cells
(11, 29-31). Pericytes may very well serve as the first line of
defense once the blood-brain barrier has been breached. The
pericyte cytoplasm in our material appeared diffusely filled with
peroxidase only in mice receiving multiple intravenous injec-
tions. Such cytoplasmic labeling would suggest that the pericyte
was somehow damaged, possibly at the time of fixation. An al-
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ternative speculation is that the pericyte imbibed so much per-
oxidase that lysosomal sequestration of the protein exceeded the
rate of degradation, causing the lysosomes to rupture and spill
their contents into the cytoplasm (11).

On the basis of evidence presented here, the definition of
the blood-brain barrier must be expanded. In addition to cir-
cumferential belts of tight junctions between adjacent endothe-
lial cells and a relative inability of these cells to transcellularly
transport significant amounts of protein within vesicles, con-
sideration should be given to the lysosomal system of organelles
within capillary endothelial cells and pericytes.

1. Reese, T. S. & Karnovsky, M. J. (1967) J. Cell Biol. 34, 207-217.

2. Brightman, M. W. & Reese, T. S. (1969) J. Cell Biol 40,
648-677.

3. Brightman, M. W., Reese, T. S. & Feder, N. (1970) Capillary

Permeability (Academic, New York), pp. 463-476.

Westergaard, E. & Brightman, M. W. (1973) J. Comp. Neurol.

152, 17-44.

Simionescu, N., Simionescu, M. & Palade, G. (1975) J. Cell Biol.

64, 586-607.

Karnovsky, M. J. (1967) ] . Cell Biol. 35, 213-236.

Barka, T. & Anderson, P. (1962) J. Histochem. Cytochem. 10,

741-753.

Novikoff, A. B. (1963) Ciba Foundation Symposium on Lyso-

somes (Little, Brown, Boston), pp. 35-77.

9. Doty, S. B., Smith, C. E., Hand, A. R. & Oliver, C. (1977) J.
Histochem. Cytochem. 25, 1381-1384.

10. Graham, R. C. & Karnovsky, M. J. (1966) J. Histochem. Cyto-
chem. 14, 291-302.

11. Broadwell, R. D. & Brightman, M. W. (1976) . Comp. Neurol.

166, 257-284.

N v e

@

Proc. Natl. Acad. Sci. USA 78 (1981)

Broadwell, R. D. & Brightman, M. W. (1979) J. Comp. Neurol.
185, 31-74.

Broadwell, R. D., Oliver, C. & Brightman, M. W. (1980) J.
Comp. Neurol. 190, 519-532.

Broadwell, R. D. & Oliver, C. (1981) J. Cell Biol. 90, 474-484.
Reynolds, E. S. (1963) J. Cell Biol. 27, 208-212.

Rhodin, J. A. G. (1974) Histology, A Text and Atlas (Oxford Uni-
versity Press, New York), p. 803.

Peters, A., Palay, S. & Webster, H. de F. (1976) The Fine Struc-
ture of the Nervous System (Saunders, Philadelphia), p. 406.
Novikoff, A. B. (1964) Biol. Bull 127, 358 (abstr.).

Broadwell, R. D. (1980) J. Histochem. Cytochem. 28, 87-89.
Broadwell, R. D. & Oliver, C. (1980) J. Cell Biol 87, 206a
(abstr.).

Hand, A. R. & Oliver, C. (1977) J. Cell Biol. 74, 399-413.
Rapoport, S. 1. (1976) Blood-Brain Barrier in Physiology and
Medicine (Raven, New York), p. 316.

Westergaard, E. (1977) Acta Neuropathol. 39, 181-187.
Westergaard, E. (1980) Adv. Neurol. 28, 55-74.

De Bruyn, P. P. H., Michelson, S. & Becker, R. P. (1975)]. Ul-
trastruct. Res. 53, 133-151.

Broadwell, R. D., Kaplan, R. & Salcman, M. (1981) Neurosci.
Soc. Abstr. T, 244.

Lossinsky, A. S., Garcia, J. H., Iwanoski, L. & Lightfoote, W. E.
(1979) Acta Neuropathol. 47, 105-110.

Lossinsky, A. S., Vorbrodt, A. W., Wisniewski, H. M. & Iwa-
noski, L. (1981) Acta Neuropathol. 53, 197-202.

Cancilla, P. A., Baker, R. H., Pollock, P. S. & Frommes, S. P.
(1972) Lab. Invest. 26, 376-383.

Kristensson, K. & Olsson, Y. (1973) Acta Neurol Scand. 49,
189-194.

Brightman, M. W. & Broadwell, R. D. (1976) Transport Phenom-
ena in the Nervous System (Plenum, New York), pp. 41-54.



