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ABSTRACT

All extant vertebrates have a blood-brain barrier (BBB), a
specialized layer of cells that controls molecular traffic
between blood and brain, and contributes to the regulation
(homeostasis) of the brain microenvironment. Such homeo-
stasis is critical for the stable function of synapses and neu-
ral networks. The barrier is formed by vascular endothelial
cells in most groups, but by perivascular glial cells (astro-
cytes) in elasmobranch fish (sharks, skates, and rays). It has
been unclear which is the ancestral form, but this informa-
tion is important, as it could offer insights into the roles of
the endothelium and perivascular glia in the modern mam-
malian BBB. We have used electron microscopic techniques
to examine three further ancient fish groups, with intravas-
cular horseradish peroxidase as permeability tracer. We find
that in bichir and lungfish the barrier is formed by brain en-
dothelial cells, while in sturgeon it is formed by a complex
perivascular glial sheath, but with no detectable tight junc-
tions. From their BBB pattern, and position on the verte-
brate family tree, we conclude that the ancestral vertebrate
had a glial BBB. This means that an endothelial barrier
would have arisen independently several times during evolu-
tion, and implies that an endothelial barrier gave strong
selective advantage. The selective advantage may derive
partly from greater separation of function between endothe-
lium and astrocytic glia. There are important implications for
the development, physiology, and pathology of the mamma-
lian BBB, and for the roles of endothelium and glia in CNS
barrier layers. ©2008 Wiley-Liss, Inc.

INTRODUCTION

The great American physiologist Homer W. Smith used
careful study of kidney tubules of different vertebrate
groups together with the geological context to show how
adaptations of a single organ could have contributed to
human evolution (Smith, 1953; Vize and Smith, 2004). Nat-
ural selection led to adaptations of the kidney in response
to the move from salt to fresh water, and from thence to
the land or back to sea water following climatic and geolog-
ical change. In this study we have applied similar princi-
ples to examination of the blood-brain barrier (BBB).

The mammalian BBB is formed by the brain capillary
endothelium under the inductive influence of surrounding

©2008 Wiley-Liss, Inc.

cells especially the closely-apposed endfeet of astrocytic
glia (Abbott et al., 2006). The barrier helps establish a
specialized microenvironment for optimal neuronal func-
tion (Abbott, 1992). Many neuropathologies involve BBB
dysfunction, and in some cases (tumors, epilepsy), com-
pensatory changes in the glial cells are observed, so they
act as a “second line of defense” (Abbott et al., 2006;
Bronger et al., 2005; Marroni et al., 2003). This study of
the evolution of the vertebrate BBB gives insights into
the origin of the division of labor between endothelial cells
and astrocytes in the mammalian BBB, and helps to
explain not only features of the embryonic development
and adult organization of the mammalian brain, but also
changes occurring in human pathology.

Among both invertebrates and vertebrates, neural tissue
has become more centralized, larger, and more complex
during the course of evolution (Abbott et al., 1986; Nieu-
wenhuys et al., 1998; Nieuwenhuys, 2002), allowing more
effective coordination of body function. This clearly gives
selective advantage in Darwinian terms. However, larger
neural masses require more efficient ways of delivering
nutrients and clearing waste products, hence the extensive
blood vessel network supplying the brains of advanced
invertebrates such as decapod crustaceans (crabs, lobsters)
and cephalopod mollusks (octopus, squid, cuttlefish)
(Abbott et al., 1986; Abbott, 1992). All vertebrates have in-
tracerebral blood vessels, continuing this pattern.

A further selective advantage is given by development
of a BBB (Abbott, 1992; Cserr and Bundgaard, 1984).
The barrier helps to keep out toxic agents, controls mo-
lecular entry and efflux by specific transport systems,
and contributes to regulation (homeostasis) of the brain
microenvironment (Abbott, 2005; Begley and Brightman,
2003). Selective advantage comes from the resulting
more efficient neural signaling. In invertebrates the en-
dothelial lining of the blood vessels is often incomplete
or leaky, and the barrier where present is formed by
perivascular or boundary glial cells (Abbott et al., 1986;
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(jawless vertebrates)

Chondrichthyes

500-350 M years ago and origin of tetrapods, based on Janvier 1996;
Venkatesh et al., 2001; Hickman et al., 2004. Of the fish groups previ-
ously studied (italics), elasmobranchs have a glial blood-brain barrier,

Abbott, 1992). In most vertebrates including tetrapods
(amphibia, reptiles, birds, and mammals), the barrier is
formed by the brain microvessel endothelium (Cserr and
Bundgaard, 1984), suggesting that once the endothelium
becomes tight enough it can take on the barrier role.

Several fish groups have been previously investi-
gated, shown in italics on the cladistic diagram, Fig. 1
(Hickman et al., 2004; Janvier, 1996). Sharks, skates,
and rays (Chondrichthyes: Elasmobranchii) have a glial
barrier (Brightman et al., 1971; Bundgaard and Cserr,
1981b), while three other extant fish groups with some
archaic features, hagfish (Myxini) (Bundgaard and
Cserr, 1981a), lampreys (Cephalaspidomorphi) (Bundg-
aard, 1982b), and chimaeras (Chondrichthyes: Holoce-
phali) (Bundgaard, 1982a) as well as modern ray-finned
bony fish (Actinopterygii: Neopterygii, teleosts)
(Brightman and Reese, 1969) have an endothelial bar-
rier. Hence either the ancestral vertebrates(s) had an
endothelial barrier which was lost in elasmobranchs
(Cserr and Bundgaard, 1984), or the ancestral form was
a glial barrier, retained in elasmobranchs but replaced
by an endothelial barrier in other groups (Abbott, 1992).
If the ancestral barrier was glial, it could help explain
the residual ability of glia to form barriers in the mam-
malian nervous system, in development, adult organiza-
tion, and pathology (Abbott, 1992).

Abbreviations
BBB blood-brain barrier
CP choroid plexus
CNS central nervous system
HRP horseradish peroxidase
K+ potassium ion
Myr millions of years
MS222 methane sulfonic acid salt of ethyl-m-amino-benzoate
RPE retinal pigment epithelium.
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| Adtinopterygii

Osteichthyes
Sarcopterygii

* *

Myxini Cephalaspidomorphi  Elasmaobranchii Holocephali  Chondrostei Poypterformes  Actinista -
(hagfishes) (lampreys) (sharks,skates, rays) (chimaeras) (sturgeons) Toleosfei (bichirs) (coelacanths) (lungfish) Tetrapoda
Fig. 1. Cladogram showing the evolution of major living fish groups  while hagfish, lamprey, chimaera, teleosts (and tetrapods) have an en-

Dipnomorpha

dothelial barrier. The further archaic fish groups examined in this
study are asterisked: sturgeon, bichir and lungfish. (Fish illustrations
from Hickman et al. (2004) by permission of McGraw Hill).

We predicted that if a glial barrier is the ancestral
form, it should be present in at least some of the most
archaic fish still living. In this study, we chose three
further fish groups occupying key positions on the
evolutionary cladistic diagram (Fig. 1, and Fig. 7 in
Venkatesh et al., 2001), to establish whether the verte-
brate BBB was originally glial or endothelial. Sturgeons
(Chondrostei) and Bichirs (Cladistia: Polypteriformes)
are members of ancient families of ray-finned fish (Acti-
nopterygii), while lungfish belong to “lobe-finned fish”
(Sarcopterygii: Dipnomorpha) (Janvier, 1996). We used
electron microscopy to obtain high-resolution images of
the cerebral blood vessels, and intravascular horseradish
peroxidase (HRP) as tracer to identify barrier sites
(Brightman and Reese, 1969).

MATERIALS AND METHODS
Experimental Animals

Fourteen sturgeons (Russian Acipenser giildenstddtii,
14-65 g; Siberian Acipenser baerii; 42-115 g), six bichirs
(Polypterus senegalus; 21-55 g) and two African lungfish
(Protopterus annectens; 91 and 108 g) were examined.
They were obtained commercially from a local dealer in
aquarium fishes and kept in aerated standing tap water
at room temperature. Animals were anaesthetized by
immersion in tap water containing MS 222 (0.25 g/L;
methane sulfonic acid salt of ethyl-m-amino-benzoate,
Sandoz, Copenhagen, Denmark), with anesthesia main-
tained by flow of oxygenated MS222 solution (0.1 g/L)
over the gills (~25 mL/min). The anesthetic and surgical
procedures complied with Danish legislation, and were
approved by the controlling body under the Ministry of
Justice.
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Electron Microscopy

The fixative was 2% paraformaldehyde and 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4).
Most brains were fixed by perfusion via a catheter in
the heart ventricle after large cardiac veins had been
cut to permit outflow of fixative. Some sturgeon and
bichir brains were fixed by in situ immersion overnight
after removing overlying cartilaginous skull and
muscles. Small (<0.5 mm) tissue blocks were then cut
from the telencephalon and optic tectum (selecting dor-
sal parts from in situ immersion fixed material), and
washed in buffer.

Tracer Experiments

Horseradish peroxidase (HRP; Sigma, type II, Copen-
hagen, Denmark) was used as electron microscopic
tracer in some animals (Karnovsky, 1968). A freshly pre-
pared solution of HRP in phosphate buffered saline
(200 mg/mL) was slowly injected into either the poste-
rior cardinal vein or the heart ventricle (0.25 mL/100 g
animal). The time between tracer injection and start of
fixation (circulation time) was in the range 5-23 min.
After fixation blocks of brain tissue were incubated for
peroxidase activity (Abbott and Bundgaard, 1992). Sam-
ples from noninjected animals were included as controls
for endogenous peroxidases.

Further Preparation for Electron Microscopy

After additional buffer rinses all tissue blocks were
postfixed for 2 h in 2% OsOy4 in 0.1 M cacodylate buffer,
then stained in 2% aqueous uranyl acetate solution at
60°C for 15 h. After dehydration in graded ethanol fol-
lowed by propylene oxide, the blocks were embedded in
Epon. 1-2 pm light microscopic sections were stained
with Toluidine blue for orientation and to establish tis-
sue structure, and unstained sections were used to local-
ize HRP reaction product. Thin sections of selected areas
were examined in a Zeiss 10B electron microscope oper-
ated at 60 kV.

RESULTS

In each species examined, brain capillaries from telen-
cephalon and optic tectum showed similar light micro-
scopic and ultrastructural characteristics. Variation in
HRP circulation times was not reflected in variation in
tracer distribution. Among sturgeons, there were no
observable differences between Acipenser baerii and
A. giildenstddtii. Endogenous peroxidase was observed
only in erythrocytes (Supplementary figures, Figs.
S1A,S1B).
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Fig. 2. Sturgeon brain. Electron micrographs after perfusion fixa-
tion. (A, B) Segments of endothelia from brain capillaries, showing ves-
sel lumen (L). Note vesicular membrane profiles in the endothelial cyto-
plasm. Larger membrane-bound cavities as in (B) were regularly
encountered. The arrow marks such a structure with an opening to the
luminal surface of the cell. The endothelial basal lamina (asterisk) is
40-80 nm thick. Characteristic flattened glial cells (G) always separate
neuronal processes from endothelium. (C) Segment of capillary wall,
lumen (L) to left, including an endothelial intercellular junction. Adja-
cent cell membranes form three punctate contacts (arrows). Scale bars
A, B, 0.2 pm; C, 0.1 um. For fuller frame views of Figs. 2A,B, see Sup-
plementary figures Figs. S2A,S2B.

In Brain Microvessels of Sturgeon, Perivascular
Glia form a Diffusion Barrier

In sturgeon, the brain endothelium was continuous,
with conspicuous caveolae and vesicular profiles (diame-
ter 60-80 nm) (Fig. 2, S2) and occasional larger diame-
ter invaginations (200-300 nm) closed by a thin dia-
phragm (Figs. 2B,S2B). Neighboring endothelial cells
were connected by tight junction-like contacts, typically
with 2-3 membrane contacts in series (Fig. 2C), overly-
ing a 50-80 nm thick basal lamina. Typical pericytes
were not observed, but the capillary wall appeared in
places to contain overlapping endothelial cell processes
(Fig. 30).
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Fig. 3. Sturgeon brain. This montage of electron micrographs illus-
trates the complex geometry of extremely attenuated (20 nm) processes
of glial cells (G) separating neural tissue from capillary endothelium;
lumen (L) at top, asterisk marks basal lamina. In (A) and (B), arrows
mark adjacent parallel glial cell membranes organized as typical gap
junction-like contacts. In (C) several fine nerve fibers/neuronal pro-
cesses are seen enwrapped by glial cell processes and separated from
the endothelial basal lamina. Scale bars 0.2 pum.

Capillaries were surrounded by multiple layers of glial
cells, often extremely attenuated (10 nm), arranged in a
complex geometry (Figs. 2A, B, S2A, S2B, and 3). The
diffusion distance from endothelial basal lamina to
nerve cells could rarely be determined because sooner or
later the plane of the cleft approached the plane of the
section and consequently was unidentifiable. For this
reason attempts to follow the diffusion pathway from en-
dothelium to nerve cells usually stopped after 10-15 pm.
The shortest pathway was determined in four cases
only. The distances were 10, 11, 12, and 22 um. Tight
junctions between glial cells were not identified, but
neighboring cell membranes often followed a parallel
course in close proximity—an arrangement typical of
gap junctions.

Intravenously injected HRP permeated the cerebral
capillary endothelium, clearly labeling the basal lamina
with reaction product (Figs. S1C, S1D; Fig. 4 and
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Fig. 4. Sturgeon brain fixed by immersion after HRP-injection,
transverse section of capillary containing leukocyte (Leu). (A) The capil-
lary lumen (L) and endothelial basal lamina (asterisk) are labeled by
the electron-dense reaction product. The surrounding brain tissue
appears unlabeled at this magnification. (B) Higher magnification view
of region marked with dotted line in (A). Electron-dense material (reac-
tion product) occurs focally (arrows) between some processes of perica-
pillary glial cells (G), but deeper extracellular clefts are unlabeled
(arrowhead). Scale bars A, 1 um; B, 0.5 pm. For fuller frame views of
Fig. 4B, see Fig. S3.

Fig. S3; Fig. 5, and Fig. S4; Fig. 6). In light microscope
sections, HRP reaction product was not detected in brain
parenchyma, although it labeled extravascular cells out-
side the nervous system (Fig. S1D). At the EM level,
tracer was detected in segments of inter-endothelial
junctional zones and within vesicular profiles, including
those opening to either luminal or abluminal surfaces.
No abrupt stoppage of tracer penetration was observed
on the brain side of the basal lamina. However, electron-
dense material in low concentration was observed focally
between the perivascular glial cells, but not among
underlying neuronal processes (Figs. 4, 5, and 6; Figs. S3
and S4). The results indicate that the perivascular glial
layer is the major diffusion barrier between blood and
brain in the sturgeon.
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Fig. 5. Sturgeon brain, fixed by immersion after HRP-injection. In
(A) capillary lumen is off to left, in (B) it is shown at top (L); endothe-
lial basal lamina (asterisk) contains reaction product. Arrows mark
HRP reaction product between perivascular glial cell processes, while
arrowhead (in B) shows absence of labeling in a deeper cleft. Scale bars
0.2 pm. For fuller frame views of Figs. 5A,B, see Figs. S4A,S4B.

Bichir and Lungfish Have an Endothelial
Blood-Brain Barrier

Bichir and lungfish showed a cerebral capillary ultra-
structure markedly different from sturgeon, and more
like that of teleost fish (Brightman and Reese, 1969). In
both groups the endothelium was continuous and more
electron dense than cells of the surrounding neuropil
(Figs. TA, S5; Figs. 8A, S8).

In bichir occasional cross-sectioned brain capillaries
had no detectable interendothelial cleft (“seamless capil-
lary”) (Figs. 7A, S5). Endothelial caveolae and vesicular
profiles were rare. The endothelial basal lamina was
thin, less than 30 nm. Elaborate endothelial junctional
zones with tight junction contact points were observed
(Figs. 7B,C). The layer of pericapillary glia overlying
small axons and neuronal processes was incomplete
(Figs. 7D,E, S6A, and S6B). There were no signs of
transendothelial passage of intravenously injected HRP
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in either light microscopic images (not shown) or at the
electron microscopic level (Figs. 7F, S7).

In lungfish (Figs. 8, S8, S9, and S10) brain endo-
thelium, caveolae, and vesicular profiles were present
(Fig. 8B) but not as frequent as in mammalian extrace-
rebral capillary endothelium. Clefts between neighbor-
ing endothelial cells appeared sealed by elaborate tight
junctions with multiple (>5; Fig. 8B) punctate mem-
brane contacts/fusions in series. Partially surrounding
the endothelial basal lamina (80-100 nm thick) was a
further incomplete layer of electron-dense perivascular
cells with no further basal lamina on the brain side.
Zones of close contact between these cells and the ablu-
minal basal surface of the endothelium were regularly
encountered (Fig. 8C). The layer of pericapillary glial
cells was incomplete, and unmyelinated nerve fibers
were observed in close association with the endothelium
and perivascular cells (Figs. 8B,D, and S9). HRP reac-
tion product was seen in the capillary lumen of the per-
fuse-fixed brains and in intraendothelial vesicles (Figs.
8E and S10), but was not detectable on the brain side of
the endothelium after 5 or 10 min circulation, at the
level of either the light microscopic (not shown) or elec-
tron microscope.

DISCUSSION

Our results indicate that in bichir and lungfish brain,
barrier properties are associated with the endothelium.
The endothelium is continuous, with the type of tight
junction-like contacts characteristic of a tight endothe-
lium. The presence of “seamless” capillaries in bichir is
also characteristic of very tight endothelia, as observed
in mammalian brain (Oldendorf et al., 1977). By con-
trast, the layer of perivascular glial cells is incomplete
and nerve fibers directly contact the endothelial basal
lamina. The tracer experiments support the ultrastruc-
tural observations, showing that the brain capillary en-
dothelium in bichir and lungfish is a diffusion barrier to
HRP.

In the lungfish, the cell layer structure of the brain
microvessel walls is slightly different from that of am-
phibian and mammals, in that no clear pericytes are
seen, but electron-dense cells outside the endothelial ba-
sal lamina (perivascular cells, Fig. 8B) make close con-
tacts with the endothelium through breaks in the basal
lamina. These contacts resemble the endotheliopericytic
and myoendothelial junctions seen in the walls of mam-
malian microvessels (Allt and Lawrenson, 2001; Rhodin,
1967) but the absence of basal lamina between the dense
cells and underlying electron-lucent glial cells suggests
they could be a glial cell type. The cellular interdigita-
tion suggests a site for cell:cell communication and regu-
lation. Further investigation would be of interest.

The two sturgeon species studied are not closely
related according to genetic analysis (Birstein and De
Salle, 1998); the consistency of findings between the two
species hence confirms the generality of the results. The
ultrastructure of the sturgeon brain capillary endothe-
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lium resembles that of mammalian muscle capillaries,
with a conspicuously high number of caveolae and vesic-
ular profiles, and intercellular clefts interrupted by 2—4
punctate membrane contacts. In mammalian (mouse)
muscle capillaries HRP was found to permeate this type
of endothelium (Williams and Wissig, 1975), although
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Fig. 6. Sturgeon brain fixed by
immersion after HRP-injection. A lon-
gitudinally sectioned capillary with
partially collapsed lumen (L) is seen
in the upper part of the figure. Capil-
lary lumen and basal lamina (aster-
isk) contain HRP reaction product.
Arrow marks the opening of a cross
sectioned cleft between perivascular
glial cells. Neighboring glial cells
appear not be connected by special-
ized cell contacts in this region,
although a faint banding/periodicity
can be detected. However, labeling of
the extracellular space decreases
with increasing distance from the ba-
sal lamina; arrowhead marks unla-
beled intercellular clefts deeper in tis-
sue. Scale bar 0.2 pm.

circulation times >16 min were needed to see clear ex-
travasation. In the present study, HRP permeated stur-
geon brain endothelium after 10-23 min circulation
time, slower than extravasation in sharks and skates
(within 1 min) (Brightman et al., 1971; Bundgaard and
Cserr, 1981b); it was not possible to determine whether
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Fig. 7. Bichir brain capillary segments,
showing vessel lumen (L) and electron-dense en-
dothelial cells. (A) Low magnification electron
micrograph of brain capillary. There was no
intercellular cleft detectable in the continuous
endothelium when it was followed round the
whole profile in this vessel (“seamless capil-
lary”); a segment is shown here, the full image
in Supplementary Fig. 5. (B,C) Segments of
brain capillary endothelium. Arrows indicate
the depth of endothelial tight junctions. (D,E)
Blood-brain interface. Pericapillary coverage is
missing at arrows, so that neuronal process
abut directly the thin basal lamina (asterisk).
(F) Tracer distribution. Bichir fixed by perfusion
15 min after intravenous injection of HRP.
Tracer has been washed out of the capillary
lumen, however, a membrane-bound structure
(invagination?) contains reaction product
(arrow). Scale bars A, 1 ym; B, C, 0.1 pym; D-F
0.2 um. For fuller frame views of Figs. 7A,D,E,
and F, see Figs. S5, S6A, S6B, Fig. S7.

HRP permeated via vesicles or junctional clefts. HRP
was not detected among neuronal processes beyond the
perivascular glial layers. The complex multilayered glial
sheath with gap junction-like contacts would represent
an appreciable restriction to diffusional exchange of
hydrophilic solutes. The average “cleft depth” of >10 pym
is much greater than the ~0.5 pym reported for extrace-
rebral continuous endothelia in amphibia and mammals
(Bundgaard and Frgkjaer-Jensen, 1982); other things
being equal this would result in reduction in diffusional
permeability by a factor of ~20. In mammals, the brain
endothelium is ~100 times less permeable to small
hydrophilic solutes than that of skeletal muscle ca-
pillaries (Crone, 1986). A similar mechanical restriction
may be obtained in sturgeon by a moderately restrictive
endothelium in series with the multilayered glial wrap-
ping.

The presence of a glial BBB in sturgeons (Chon-
drostei, Actinopterygians) and elasmobranchs (Chon-
drichthyes) has important implications for the evolu-
tion of the vertebrate BBB. Chondrichthyes are recog-
nized as the most basal of living gnathostomes (jawed
vertebrates), according to anatomical, palaeontological,
and genetic analysis (Janvier, 1996; Kikugawa et al.,
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2004). Although not closely related, elasmobranchs and
chondrosteans preserve many features of more archaic
fish anatomy and physiology (Bone et al., 1995). Thus
elasmobranches have a cartilaginous skeleton, teeth
not fused to jaws and usually replaced, no swim blad-
der, intestine with spiral valve, claspers present in
males, “placoid” scales, five to seven gill arches and
gill slits in separate clefts along pharynx, open spira-
cle, upper jaw not fused to cranium, and a more lim-
ited repertoire of genes and signaling peptides than
more modern fish groups (Bone et al., 1995; Hickman
et al., 2004; Venkatesh et al. 2001). Chondrosteans
have a primarily cartilaginous skeleton, ganoid scales,
open spiracle, swim bladder opening to dorsal side of
pharynx, spiral valve, more fin rays than ray supports,
and again a limited genomic profile (Hickman et al.,
2004; Venkatesh et al., 2001). We propose that a glial
BBB in these groups should also be seen as an archaic
feature.

As hagfish and lamprey (Agnatha, jawless fish, living
representatives of the most ancient vertebrate group)
and the archaic Holocephali (ratfish, Chimaera mon-
strosa) have an endothelial barrier, Cserr and Bundg-
aard (1984) proposed that the ancestral vertebrate had

GLIA



706

BUNDGAARD AND ABBOTT

Fig. 8. Capillaries in lungfish telencephalon. Lumen (L) shown at
top (A-C, E), or off to left (D); asterisks mark basal lamina. (A) Low
magnification electron micrograph of capillary endothelium. The endo-
thelium appears continuous. The cytoplasm of endothelium and adja-
cent perivascular cell is more electron dense than the cytoplasm of the
surrounding neuropil. (B) Segment of endothelium. A cleft between en-
dothelial cells is located in the middle. The intercellular space is inter-
rupted by multiple contacts between adjacent cell membranes. Arrow
marks three neuronal processes next to an electron-dense perivascular
cell (PC). (C) Segment of brain capillary. An endothelial process
(arrows) indents a neighboring perivascular cell. (D) Brain capillary,

an endothelial BBB, with the elasmobranch glial BBB
being a later and anomalous (secondary) development.
Figure 9A illustrates this view. According to this
scheme, the glial barrier in the sturgeon would be
another secondary development.

By contrast, on the basis of a predominantly glial bar-
rier among invertebrates and in elasmobranch fish,
Abbott (1992) argued that the ancestral vertebrate bar-
rier was glial, with an endothelial barrier evolving later.
In the embryonic mammalian brain, glial barriers sepa-
rate the developing nervous system from vascular ele-
ments—in the glia limitans formed by the endfeet of ra-
dial glia under the pia, and the ependyma lining the
ventricles (Saunders et al., 1999). These barriers disap-
pear or are modified once vessels enter the brain. Ele-

GLIA

showing endothelial nucleus (N). Arrows mark neuronal processes sepa-
rated from the endothelium by the basal lamina only. (E) Tracer distri-
bution. Lungfish fixed by perfusion 10 min after intravenous injection
of horseradish peroxidase. The electron micrograph shows a segment of
capillary endothelium from optic tectum. Small amounts of electron-
dense material (reaction product) remain in the capillary lumen, and
reaction product adheres to the luminal surface of the endothelium. A
membrane-bound structure (probably an invagination of the luminal
membrane) contains reaction product (arrow). Scale bars A, 1 ym; B, E,
0.1 pm; C, 0.2 pm; D, 0.5 pm. For fuller frame views of Figs. 8A,D, and
E, see Figs. S8, S9, and S10.

ments of a glial barrier are still seen in adult verte-
brates, in the glia limitans of the avascular spinal cord
of lamprey (Fraher and Cheong, 1995), and in certain
mammalian ependymal derivatives [ependymoglia and
tanycytes especially in circumventricular organs, choroid
plexus (CP), and retinal pigment epithelium (RPE)]
(Abbott et al., 1986; Reichenbach and Wolburg, 2004). In
these specialized ependymal derivatives of mammals, a
physical barrier resulting from intercellular tight junc-
tions can be detected (Rodriguez et al., 2005; Vorbrodt
and Dobrogowska, 2003), and specific transporters regu-
lating transcellular traffic are well documented in CP
and RPE (Cunha-Vaz, 2004; Redzic et al., 2005).

Tight junctions between astrocytes have been
observed in the critical growth/differentiation zone of
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Mammals, Birds, Reptiles

Amphibia

Lungfish

Sturgeon

Teleosts

Bichir

Sharks, Skates

Chimaera

Lamprey
Myaine (Hagfish)

Arrphibia

Lungfish

Sturgeon

I— Teleosts

Bichir

Sharks, Skates

I_ Chimasra

Lamprey
Mysxire (Haglish)

Fig. 9. Alternative models of the phylogeny of the vertebrate BBB.
The phylogenetic relationships of gnathostomes (jawed vertebrates) are
based on Venkatesh et al. (2001). Blue lines indicate a glial BBB, red
lines endothelial. (A) The demonstration of an endothelial barrier in
lamprey, hagfish and chimaera as well as in all advanced vertebrates
led to the proposal that the ancestral vertebrate had an endothelial
barrier (Cserr and Bundgaard, 1984). In this scheme, the glial barrier
in elasmobranchs and sturgeon would be unusual secondary develop-
ments. (B) By contrast, the present study supports the view that the
ancestral vertebrate had a glial barrier which has been replaced by an
endothelial barrier several times in evolution (Abbott, 1992). The ances-
tral form is retained in elasmobranchs and sturgeons.

cichlid (teleost) fish optic nerve (Mack and Wolburg,
2006), and between mammalian olfactory (glial)
ensheathing cells around growing axons (Mack and Wol-
burg, 1986; Miragall et al., 1994). These observations
suggest that astrocytic glia in certain neural locations
may be able to create diffusion barriers around critical
local microenvironments. In pathologies where the mam-
malian brain endothelium is compromised (e.g., in
tumors, epilepsy) (Bronger et al., 2005; Marroni et al.,
2003), and in the glial scar around areas of damage,
compensatory changes are observed in the glia, further
revealing their barrier and regulatory potential (Abbott
et al., 2006).

The new information from sturgeon, bichirs, and lung-
fish strongly supports the view that the glial barriers of
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elasmobranchs and sturgeon are archaic features,
retained in these fish groups that occupy particular
aquatic niches in which these features have not been too
disadvantageous (Bone et al., 1995; Hickman et al.,
2004). Elasmobranchs, sturgeons, and cephalopod mol-
lusks all show some evidence of transition from a glial
(ectodermal) to an endothelial (mesodermal) barrier, but
with significant differences consistent with this being an
independent evolutionary process in each group.

The BBB in sturgeon has some similarities with that
of an invertebrate, the cuttlefish Sepia officinalis (Ceph-
alopoda; Phylum Mollusca). Sepia has a low BBB perme-
ability comparable to that of mammals (Abbott et al.,
1985); in capillaries the endothelium is incomplete and
the barrier is formed by a layer of perivascular glia,
while in arterioles the endothelial/pericyte layer appears
to form the barrier (Abbott and Bundgaard, 1992;
Bundgaard and Abbott, 1992). In Sepia as in sturgeon,
the glial barrier appears not to be the result of classical
tight junctions (Lane et al., 1992), but rather to involve
a greatly extended diffusional pathway formed by over-
lapping glial lamellae (Bundgaard and Abbott, 1992);
further restriction may be provided by a “fibre matrix”
plug within the extracellular cleft (Abbott et al., 1992;
Lane and Abbott, 1992; cf. Curry and Michel, 1980). In
sturgeons the extended zones of gap-junction-like con-
tacts between the lamellae of the perivascular glial
sheath may also facilitate the formation of a proteina-
ceous matrix plug as part of a glial barrier. The pheno-
typic differences in CNS barriers found among inverte-
brates, and among different fish lineages, are part of the
evidence that such barriers evolved relatively independ-
ently several times in evolution.

The new evidence is best accommodated in cladogram
Fig. 9B. In this scheme, the barrier located at the glial
level in invertebrates continues into the ancestral verte-
brate(s), then shifts to an endothelial location in the
course of evolution, as a result of the significant selec-
tive advantage this gave. Advantages could include the
division of labor between endothelium and glia. In tetra-
pods, the endothelium became specialized for regulating
permeability and transport at the blood-brain interface,
while glial cells became more involved with neuronal
support and induction/communication within the glio-
vascular unit (Abbott, 2002; Abbott et al., 2006). More-
over, the glial syncytium separated from the blood-brain
interface is then better able to act as an efficient spatial
buffer for K, and means of water redistribution within
the brain (Abbott, 2004; Dolman et al., 2005; Kimelberg,
2004).

Figure 9B implies that an endothelial BBB arose at
least six times in evolution (convergent evolution), since
all the crucial branch points with shift from glial (blue)
to endothelial (red) are 400Myr or older (Kumar and
Hedges, 1998) (see Fig. 1). The marked differences in
the barrier between groups showing transitional BBB
features, as well as between the endothelial barriers of
different fish lineages (Agnatha, holocephalans, bichirs,
teleosts, lungfish), is consistent with this idea, showing
that there may be several different ways in which an
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effective BBB can be achieved as a result of Darwinian
evolution.

ACKNOWLEDGMENTS

The authors are grateful to Prof C. Nicholson and Prof
R. Nieuwenhuys for comments on the MS, to Dr C.P.
Hickman and Mr W. Ober and McGraw Hill for permis-
sion to reproduce fish illustrations.

REFERENCES

Abbott NJ. 1992. Comparative physiology of the blood-brain barrier. In:
Bradbury MWB, editor. Physiology and pharmacology of the blood-
brain barrier. London: Springer-Verlag. pp 371-396.

Abbott NJ. 2002. Astrocyte-endothelial interactions and blood-brain
barrier permeability. J Anat 200:629-638.

Abbott NJ. 2004. Evidence for bulk flow of brain interstitial fluid: Sig-
nificance for physiology and pathology. Neurochem Int 5:545-552.

Abbott NJ. 2005. Dynamics of CNS barriers: Evolution, differentiation,
and modulation. Cell Mol Neurobiol 25:5-23.

Abbott NJ, Bundgaard M. 1992. Electron-dense tracer evidence for a
blood-brain barrier in the cuttlefish, Sepia officinalis. J Neurocytol
21:276-294.

Abbott NJ, Bundgaard M, Cserr HF. 1985. Tightness of the blood-brain
barrier and evidence for brain interstitial fluid flow in the cuttlefish
Sepia officinalis. J Physiol (Lond) 368:213—226.

Abbott NJ, Bundgaard M, Cserr HF. 1986. Comparative physiology of
the blood-brain barrier. In: Suckling AJ, Rumsby MG, Bradbury
MWRB, editors. The blood-brain barrier in health and disease. Chi-
chester: Ellis Horwood. pp 52-72.

Abbott NdJ, Lane NJ, Bundgaard M. 1992. A fibre matrix model for the
restricting junction at the blood-brain barrier in a cephalopod mol-
lusc: Implications for capillary and epithelial permeability. J Neuro-
cytol 21:304-311.

Abbott NJ, Ronnbéck L, Hansson E. 2006. Astrocyte-endothelial inter-
actions at the blood-brain barrier. Nat Rev Neurosci 7:41-53.

Allt G, Lawrenson JG. 2001. Pericytes: Cell biology and pathology. Cells
Tissues Organs 169:1-11.

Begley DJ, Brightman MW. 2003. Structural and functional aspects of
the blood-brain barrier. Prog Drug Res 61:39-78.

Birstein VJ, DeSalle R. 1998. Molecular phylogeny of Acipenserinae.
Mol Phylogenet Evol 9:141-155.

Bone Q, Marshall NB, Blaxter JHS. 1995. Biology of fishes, 2nd ed.
New York: Chapman and Hall.

Brightman MW, Reese TS. 1969. Junctions between intimately apposed
cell membranes in the vertebrate brain. J Cell Biol 40:648-677.

Brightman MW, Reese TS, Olsson Y, Klatzo I. 1971. Morphologic
aspects of the blood-brain barrier to peroxidase in elasmobranchs.
Prog Neuropathol 1:146-161.

Bronger H, Konig J, Kopplow K, Steiner HH, Ahmadi R, Herold-Mende
C, Keppler D, Nies AT. 2005. ABCC drug efflux pumps and organic
anion uptake transporters in human gliomas and the blood-tumor
barrier. Cancer Res 65:11419-11428.

Bundgaard M. 1982a. The ultrastructure of cerebral blood capillaries in
the ratfish, Chimaera monstrosa. Cell Tissue Res 226:145-154.

Bundgaard M. 1982b. Brain barrier systems in the lamprey. I. Ultra-
structure and permeability of cerebral blood vessels. Brain Res
240:55-64.

Bundgaard M, Abbott NJ. 1992. Fine structure of the blood-brain inter-
face in the cuttlefish Sepia officinalis (Mollusca, Cephalopoda).
J Neurocytol 21:260-275.

Bundgaard M, Cserr HF. 1981a. Impermeability of hagfish cerebral
capillaries to radio-labelled polyethylene glycols and to microperoxi-
dase. Brain Res 206:71-81.

Bundgaard M, Cserr HF. 1981b. A glial blood-brain barrier in elasmo-
branchs. Brain Res 226:61-73.

Bundgaard M, Frgkjaer-Jensen J. 1982. Functional aspects of the ultra-
structure of terminal blood vessels: A qualitative study on consecu-
tive segments of the frog mesenteric microvasculature. Microvasc Res
23:1-30.

GLIA

BUNDGAARD AND ABBOTT

Crone C. 1986. The blood-brain barrier: A modified tight epithelium. In:
Suckling AJ, Rumsby MG. Bradbury MWB, editors. The blood-brain
barrier in health and disease. Chichester: Ellis Horwood. pp 17-40.

Cserr HF, Bundgaard M. 1984. Blood-brain interfaces in vertebrates: A
comparative approach. Am J Physiol 246:R277-R288.

Cunha-Vaz J. 2004. The blood-retinal barriers system. Basic concepts
and clinical evaluation. Exp Eye Res 78:715-721.

Curry FE, Michel CC. 1980. A fibre matrix theory of capillary perme-
ability. Microvasc Res 20:96-99.

Dolman DEM, Drndarski S, Abbott NJ, Rattray M. 2005. Induction of
aquaporin 1 but not aquaporin 4 messenger RNA in rat primary
brain microvessel endothelial cells in culture. J Neurochem 93:825-833.

Fraher J, Cheong E. 1995. Glial-Schwann cell specialisations at the
central-peripheral nervous system transition of a cyclostome: An ul-
trastructural study. Acta Anat 154:300-314.

Hickman CP, Roberts LS, Larson A, ’Anson H. 2004. Integrated princi-
ples of zoology, 12th ed. New York: McGraw-Hill.

Janvier P. 1996. Early vertebrates. Oxford: Clarendon Press.

Karnovsky MdJ. 1968. The ultrastructural basis of transcapillary
exchanges. J Gen Physiol 52:64s-95s.

Kikugawa K, Katoh K, Kuraku S, Sakurai H, Ishida O, Iwabe N,
Miyata T. 2004. Basal jawed vertebrate phylogeny inferred from mul-
tiple nuclear DNA-coded genes. BMC Biol 2:3.

Kimelberg HK. 2004. Water homeostasis in the brain: Basic concepts.
Neuroscience 129:851-860.

Kumar S, Hedges SB. 1998. A molecular timescale for vertebrate evolu-
tion. Nature 392:917-920.

Lane NJ, Abbott NJ. 1992. Freeze-fracture evidence for a novel restrict-
ing junction at the blood-brain barrier of the cuttlefish Sepia officina-
lis. J Neurocytol 21:295-303.

Mack A, Wolburg H. 1986. Heterogeneity of glial membranes in the rat
olfactory system as revealed by freeze-fracturing. Neurosci Lett 65:
17-22.

Mack AF, Wolburg H. 2006. Growing axons in fish optic nerve are
accompanied by astrocytes interconnected by tight junctions. Brain
Res 1103:25-31.

Marroni M, Marchi N, Cucullo L, Abbott NJ, Signorelli K, Janigro D.
2003. Vascular and parenchymal mechanisms in multiple drug resist-
ance: A lesson from human epilepsy. Curr Drug Targets 4:297-304.

Miragall F, Krause D, de Vries U, Dermietzel R. 1994. Expression of
the tight junction protein ZO-1 in the olfactory system: Presence of
Z0O-1 on olfactory sensory neurons and glial cells. J Comp Neurol
341:433-448.

Nieuwenhuys R. 2002. Deuterostome brains: Synopsis and commentary.
Brain Res Bull 57:257-270.

Nieuwenhuys R, Ten Donkler HJ, Nicholson C. 1998. The central nerv-
ous system of vertebrates, Vols. 1-3. Berlin: Springer.

Oldendorf WH, Cornford ME, Brown WJ. 1977. The large apparent
work capability of the blood-brain barrier: a study of the mitochon-
drial content of capillary endothelial cells in brain and other tissues.
Ann Neurol 1:409-417.

Redzic ZB, Preston JE, Duncan JA, Chodobski A, Szmydynger-Chodob-
ska J. 2005. The choroid plexus-cerebrospinal fluid system: From de-
velopment to aging. Curr Top Dev Biol 71:1-52.

Reichenbach A, Wolburg H. 2004. Astrocytes and ependymal glia. In:
Kettenmann H, Ransom BR, editors. Neuroglia, 2nd ed. New York:
Oxford University Press. pp 19-35.

Rhodin JAG. 1967. The ultrastructure of mammalian arterioles and
precapillary sphincters. J Ultrastruct Res 18:181-223.

Rodriguez EM, Blazquez JL, Pastor FE, Pelaez B, Pena P, Peruzzo B,
Amat P. 2005. Hypothalamic tanycytes: A key component of brain-
endocrine interaction. Int Rev Cytol 247:89-164.

Saunders NR, Habgood MD, Dziegielewska KM. 1999. Barrier mecha-
nisms in the brain, II Immature brain. Clin Exp Pharmacol Physiol
26:85-91.

Smith HW. 1953. From fish to philosopher. Boston: Little Brown.

Venkatesh B, Erdmann MV, Brenner S. 2001. Molecular synapomor-
phies resolve evolutionary relationships of extant jawed vertebrates.
Proc Natl Acad Sci USA 98:11382-11387.

Vize PD, Smith HW. 2004. A Homeric view of kidney evolution: A
reprint of H.W. Smith’s classic essay with a new introduction. Anat
Rec A Mol Cell Evoll Biol 277:344-354.

Vorbrodt AW, Dobrogowska DH. 2003. Molecular anatomy of intercellu-
lar junctions in brain endothelial and epithelial barriers: Electron
microscopist’s view. Brain Res Rev 42:221-242.

Williams MC, Wissig SL. 1975. The permeability of muscle capillaries
to horseradish peroxidase. J Cell Biol 66:531-555.



