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Abstract

To study the drainage of interstitial fluid and macromolecules from the brain parenchyma, an
improved method was developed to inject tracers including Chinese ink in group I and phycoerythrin
(PE) in group II into the right caudato-putamen of rat brain.  Rats were sacrificed on the 1st, 3rd, 7th,
14th, 21st day after injection in group I and at the 0.5, 1, 2, 5, 24 hour in group II.  Distribution of tracers
was observed by electron microscopy and fluorescence confocal microscopy.  The results showed that
tracers distributed diffusely in the white matter at all time points whereas they spread selectively along
perivascular spaces in the gray matter by 7 days (d) in group I and 5 hours (h) in group II.  Chinese ink
was ingested by perivascular phagocytes by 7 d after ink injection.  The endothelial cells of capillaries
in the gray matter had fluorescence staining in cytoplasm and no staining in nuclei by 24 h after PE
injection.  Animals in group II were stained with tracers in lateral ventricles, bilateral cervical lymph
nodes, and the wall of carotid arteries.  These results demonstrated that [1] the macromolecules could
be cleared from the caudato-putamen through extracellular space of the neuropil in the white matter and
perivascular space in the gray matter, [2] perivascular phagocytes and endothelial cells of capillaries
played important roles in clearing macromolecules from the perivascular space, and [3] cervical lymph
nodes were involved in draining macromolecules from the brain parenchyma.
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Introduction

Clearance of fluid and extravasated serum
proteins from the cerebral interstitial space play an
important role in maintaining homeostasis within the
cranial cavity (8).  Lymphatic vessels have been
known to remove proteins from the interstitial space.
However, the central nervous system does not contain
lymphatic vessel, and the mechanisms by which edema
fluid and macromolecules drainage from the brain are
not yet well understood.  The three possible

mechanisms that have been considered responsible
for clearance of fluid and extravasated serum protein
from the extracellular space are pressure-driven bulk
flow into ventricular cerebrospinal fluid (CSF) (24),
glial and neuronal uptake of the protein compounds
(15), and reverse vesicular transport from the
extracellular space to the blood flow via trans-
endothelial passage (28).

The  dra inage  of  in te rs t i t i a l  f lu id  and
cerebrospinal fluid (CSF) to cervical lymphatic vessels
and lymph nodes is well documented in many animal
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studies including rats, cats, and rabbits (6, 17, 31).
Recent studies have shown that extracranial lymphatic
vessels  in  sheep (2)  and ra ts  (3)  t ransport
approximately one-half of the protein tracers from the
CSF compartment into plasma.  Therefore, the cervical
lymphatics seem very important  in draining
macromolecules and interstitial fluid from brain.  In
1996, Foldi deemed that there was a distinct drainage
pathway which connects the brain substance with the
cervical lymphatics originating with the cerebral
interstitial space, the glial elements and the basement
membranes of the intracerebral blood capillaries (8).
In the present study, Chinese ink and phycoerythrin
(PE) were injected into the caudato-putamen of rats to
form brain edema model, then to investigate the
dra inage  pa thway of  in te rs t i t i a l  f lu id  and
macromolecules from the brain parenchyma.

In the traditional model systems, such as cold
injury, hypertension, and radiation, it would have
been very difficult to discriminate edema tracers
spreading from the primary lesion in the formation
process and those migrating from the edema-rich
white matter toward the cortical surface in the
resolution process, since the cortex is commonly
involved in the generation of edema fluid in the
primary lesion.  The infusion edema model is unique
in that it allows the investigator to minimize the
injury to the cortex and to study the resolution process
separately from the formation process (21).

Materials and Methods

Tracers

Chinese ink, whose main content is carbon
particles, is purchased from commercial sources and
filtered through 1.2 µm filters prior to use.

Phycoerythrin (PE) used in this study is R-PE
(MW=240,000).  It has an excitation wave length of
498 nm and an emission wave length of 575 nm.  It is
water-soluble and dissolved in 0.9% NaCl.  It has no
toxicity to the tissue and the non-specific absorption
to the cell will not occur.  PE was provided by
Professor Yuzhong Zhang, Shandong University.

Animals

All animal protocols were in compliance with
National Institutes of Health guidelines and were
approved by the Animal Ethics Committee of Shandong
University.  All efforts were made to minimize animal
suffering and to reduce the number of animals used.
Ninety adult Wistar rats, approximately 300g of each
and both sexes, were used in this study.  The rats were
divided into three groups.  Thirty rats in group I were
injected with Chinese ink and 30 rats in group II were

injected with PE.  Physiological saline was injected in
30 rats as a control group.

Surgical Procures

Anesthesia was initiated with pentobarbital
sodium (40 mg/kg, i. p.) and supplemented with ether
if necessary.  The rats were secured in a stereotactic
frame, and a small hole (approx. 2 mm) was made in
the right parietal bone using a dental drill.  The site of
drilling and subsequent tracer injection was consistent
in all animals, 3.5 mm lateral to the sagittal suture,
0.5 mm posterior to the bregma and 5.5 mm below the
dorsal surface of the skull.  This site was determined
for injection into the right caudato-putamen.  Care
was taken to keep dura mater intact during drilling.
To prevent damage to the underlying tissue, the bone
was cooled with flowing physiological saline during
drilling.

Improved injection method according to Zhang
et al .  (32) was used in this study with minor
modification.  A 26-gauge (0.4 mm outside diameter)
needle was inserted via these holes.  Chinese ink
(5 µl) was infused in rats of group I and PE (5 µl ) was
infused in animals of group II at a rate of 0.5 µl/min.
The tracers were substituted with 5 µl 0.9% NaCl in
the control group.  The needle was then withdrawn,
the burr hole closed with bone wax and the skin
sutured.  Care was taken to avoid contamination of
extracranial tissues by tracers.  Sesame oil (0.5 µl)
was drawn into the syringe before and after
administration of the tracer.  By injecting oil on either
side, the tracers were prevented from entering the
subarachnoid space (SAS) over the surface of the
hemisphere on entry and withdrawal of the needle.

All surgical procures followed the requirements
for aseptic manipulation.  Except the rats which died
within 1 h after injection, all rats were allowed to
recover from the anesthesia and showed no
neurological deficit and infectious symptoms.

Light and Electron Microscopy

By 1, 3, 7, 14 and 21 days following the Chinese
ink injection, 30 rats from group I (n=6 at each time
point) and 15 rats from control group (n=3 at each
time point) were anaesthetized with pentobarbital
sodium and fixed by intracardiac perfusion.  Their
vessels were first washed with 37°C heparinized
physiological saline until the liver and lungs were
clear of blood.  Subsequently the rats were perfused
with 4% paraformaldehyde in 0.1 M phosphate buffer
(4°C, pH 7.4) for 25 min and then the brain was
removed.

In 15 rats of group I and 15 rats of control group
(n=3 at each time point), the brain was cut off coronally
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from the injection site and the distribution of ink in
coronal sections were scanned into computer with
Epson 1660 scanner (J112A, Epson Co. Ltd., Seiko,
Japan).  The cervical lymph nodes and the common
carotid arteries were removed and kept together with
brain blocks in a fixative similar to that described
above for 4 h, then dehydrated and embedded in
paraffin.  Paraffin sections (8 µm) were stained with
haematoxylin and eosin (H&E) or with only eosin.
All sections were viewed using Olympus BX51 light
microscope (Olympus Optical Co. Ltd., Tokyo, Japan)
and images were collected by CCD Color Video (KY-
F55B camera, Victor Co. Ltd., Vodafone KK, Japan)
and Image-Pro Plus image processing system (Media
Cybernetics, Inc., San Diego, CA, USA).

In the other 15 rats of group I (n=3 at each time
point), small portions of the cortex and the caudato-
putamen removed from injected hemisphere were
fixed with 4% glutaraldehyde in 0.1 M phosphate
buffer for 4 h, and were then post-fixed with 1%
osmium tetroxide in the same buffer for 1 h.  The
tissue sections were dehydrated in a graded series of
alcohol and embedded in Araldite mixture.  Ultrathin
sections were stained with uranyl acetate and lead
citrate and viewed in a H-800 TEM microscope
(Hitachi, Ltd., Tokyo, Japan).

Fluorescence and Confocal Microscopy

At 0.5, 1, 2, 5 and 24 h following PE injection,
30 rats from group II (n=6 at each time point) and 15
rats from control group (n=3 at each time point) were
sacrificed with an overdose of pentobarbital sodium.
The brain was perfused through the left cardiac
ventricle with physiology saline.  10 ml of Chinese
ink in 10% gelatin were then injected to outline the
vasculature of the brain. Subsequently, the brain, the

cervical lymph nodes and the common carotid arteries
were removed and immersed in 2-methylbutane (at
-30°C) and covered in mounting medium.  Ten µm
serial coronal sections were done on a cryostat and
were collected on glass slides, then viewed by Olympus
BX51 fluorescence microscope (Olympus Optical
Co. Ltd., Tokyo, Japan). Images were captured by
cold CCD (150CL, Pixera Corporation, Los Gatos,
CA, USA) and Image-Pro Plus image processing
system (Media Cybernetics, Inc., San Diego, CA,
USA).

Cryostat coronal sections of the brain mentioned
above were also viewed by confocal microscope (2100
Radiance, Bio-Rad Laboratories, Inc., Hercules, CA,
USA).  The 498-nm laser line, a 580-nm dichroic
filter, and a 590-nm long-pass emission filter were
used.  Low laser intensity was applied to avoid
photobleaching of the fluorescence dye.

Results

Macroscopic Observation

In the rats of group I, the SAS (subarachnoid
space) of the brain surface was not stained with ink
while, in coronal sections around the injection site of
the brain, ink was observed distributing along injection
track in the caudato-putamen and spread diffusely
into right corpus callosum.  No ink was observed
along injection track in the cortex (Fig. 1).  Carbon
particles in the brain sections diminished gradually
from 1 to 21 days after injection.

Light Microscopic Observation

Examination of coronal slices of the brain
showed that Chinese ink spread diffusely along nerve
fibers in the white matter at all time points (Fig. 2A).
Extensive perivascular spread of ink was seen in gray
matter of the cortex (Fig. 2B) and the caudato-putamen
(Fig. 2A) after 7 days, and no selective perivascular
distribution was observed in white matter.  The lateral
ventricles and SAS of the brain had no carbon particles
and no ink was found in paraffin slices of cervical
lymph nodes and the common carotid arteries.  In the
rats of the control group, no carbon particles were
found in the brain, the cervical lymph nodes and the
wall of common carotid arteries.

Electron Microscopic Observation

Ultrastructural observation in the right cortex
and caudato-putamen showed that by 7 days, much of
the ink had been taken up by macrophages and by
perivascular cells flattened against vessel walls.
Particles of Chinese ink were observed in a

Fig. 1. Coronal section of the brain cut from the injection site on day 7
after Chinese ink injection.  Ink particles were observed distrib-
uting along injection track in the right caudato-putamen and
spreading diffusely into the right corpus callosum.  No ink
particle was observed spreading along injection track in the
cortex. Scale bar: 1 mm.
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perivascular cell adhering to the outside of the vessel
(Fig. 3A) and in globular macrophages lying free
from the vessel but within the perivascular space
(PVS) (Fig. 3B). Few ink particles remained free in
the PVS 21 days after injection.

Fluorescence and Confocal Microscopic Observation

In the rats of group II, the strongest fluorescence
was observed in the right corpus callosum and along
the injection track in the caudato-putamen at all time
intervals (Fig. 4).  The tracer injected into the caudato-
putamen seemed to have spread diffusely into the
white matter and scattered among the extracellular
spaces of neuropil.  The fluorescence passed through
the corpus callosum to the contralateral hemisphere
with varying extents in different animals, and the
right lateral ventricle had faint fluorescent signals.

The cortical gray matter was preserved from
fluorescent staining before 5 h.  Fluorescence was

observed accumulating around blood vessels in the
cortex and caudato-putamen by 5 h (Fig. 5).  The
fluorescence extended along blood vessels in the
cortex from the corpus callosum to the brain surface

Fig. 2. Coronal slices of the brain on day 7 after Chinese ink injection.
(A) Eosin stained slice.  Ink spread diffusely along nerve fibers
in the corpus callosum and distribute in the perivascular space
in the caudato-putamen.  No such selective perivascular spread
was seen in the white matter.  (B) H&E stained slice.  Extensive
perivascular spread of ink was seen in the gray matter of the
cortex.  The lateral ventricle and SAS of the brain had no carbon
particles.  CC: corpus callosum, C-P: caudato-putamen, LV:
lateral ventricle, PVS: perivascular space.  Scale bars: 20 µm (A)
and 10 µm (B).

Fig. 3. Ultrastructural observations of the right cortex (A) and right
caudato-putamen (B) on day 7 after ink injection.  Particles of
Chinese ink were observed in a perivascular cell adhering to the
outer aspect of the vessel (A) and in globular macrophage lying
free from the vessel but within the perivascular space (B) PVC:
perivascular cell, MΦ: macrophage, EC: endothelial cell.  Ar-
rows show carbon particles.  Scale bars: 1 µm (A) and 2 µm (B).

Fig. 4. Fluorescence microscopic photo of the brain coronal section
prepared at 0.5 h after PE injection.  The strongest fluorescence
was observed in the right corpus callosum and along the injec-
tion track in the caudato-putamen.  The fluorescence had passed
through the corpus callosum to the contralateral hemisphere.
The right lateral ventricle had faint fluorescent signals.
CC: corpus callosum, C-P: caudato-putamen, LV: lateral
ventricle. Scale bar: 200 µm.
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(Fig. 6).  The fluorescent signals in the brain
diminished from 0.5 to 24 h after injection.  The
vasculature of the brain was well outlined for having
been perfused with Chinese ink in 10% gelatin, and

the distribution of the tracer in the brain and the
relationship between vessels and the PVS were also
well displayed.  Confocal observation of the same
coronal sections showed that capillaries in the cortex
and caudato-putamen were stained with fluorescence
24 h after injection.  The endothelial cells of the
capillary had brightly stained cytoplasm and
negatively stained nucleus (Fig. 7).

The cervical lymph nodes were dotted with red
fluorescent particles from 0.5 to 24 h and the
fluorescence seemed spread along lymphoid and
medullary sinus (Fig. 8).  The fluorescent signals in
deep cervical and mandibular lymph nodes were
stronger than that of the superficial cervical lymph
nodes.  No obvious differences in bilateral lymph
nodes were observed.  The axial slices of the common
carotid artery showed red waved fluorescent signals

Fig. 5. Fluorescence microscopic photo of the right cortex prepared at
5 h after PE injection.  Fluorescence was observed accumulating
around blood vessels in the right cortex (A) and the right
caudato-putamen (B). C-P: caudato-putamen.  Scale bars:
40 µm.

Fig. 6. Fluorescence microscopic photo of the right cortex prepared at
24 h after PE injection.  Fluorescence was observed extending
along blood vessels in the cortex to the brain surface.  Scale bar:
80 µm.

Fig. 7. Confocal observation of the capillary in the right cortex pre-
pared at 24 h after PE injection.  The endothelial cell of the
capillary had bright staining cytoplasm and negative staining
nucleus.  CAP: capillary.  Scale bar: 8 µm.

Fig. 8. Fluorescence microscopic photo of the right deep cervical
lymph node prepared at 0.5 h after PE injection.  Dotted red
fluorescent signals were observed distributing in cortical sinus
and medullary sinus.  Scale bar: 80 µm.
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(Fig. 9), suggesting that the tracer had distributed
along the elastic membrane.  Fluorescent signals could
not be found either in the brain, or the wall of common
carotid arteries, and cervical lymph nodes at any time
interval in control animals.

Discussion

Tracers and Method of Using Tracers

Previously, tracers used in studying the drainage
of macromolecules from the brain include Indian ink
(11, 32), FITC labeled dextran (21), and radioiodinated
albumin (RISA)(2).  Ink has been used as a tracer
because carbon particles diffuse poorly and are more
likely to stay in position once the pressure of the
injection has subsided.  Although ink is not a
physiological tracer, it is proposed that the initial
drainage pathways can be demonstrated without the
complication of subsequent diffusion of the tracer
(32).  In the present study, carbon particles are not
found in the SAS of the brain surface, suggesting that
the improved method used in this study is successful
in preventing the tracer from entering the SAS via the
vertex of the brain.  Because haematoxylin is easily
confused with carbon particles, the serial slices are
stained with H&E or eosin, respectively, to eliminate
false positivity.

 PE has not been reported previously as a tracer
to study the drainage pathway of macromolecules
from brain.  PE has distinct advantages compared
with traditional tracers.  A fluorescent protein requires
no labeling process and has no radioactivity. Moreover,
PE fluorescence is 14 times stronger than fluorescein
isothiocyanate (1).  Fresh frozen cryostat sections are
used in this study for tissue fixation which might
destroy the protein structure and induce extermination

of fluorescence.  Therefore, not only the spontaneous
fluorescence activity of the protein but also the intravital
tissue structure of the brain were preserved.

Tissue Channels in Draining Macromolecules from
Brain Parenchyma

Tissue fluid flowing in tissue channels is one of
the most basic and important means to transfer
substance, energy, and information in animals.  In
contrast to blood and lymph vessels, the investigation
on tissue channels are very little.  Being special in
structure, the function of tissue channel is more
important in brain than in other organs.  Two types of
tissue channels have been suggested in the brain
including extracellular space of neuropil (21) and
PVS (11).

The present study shows that the distribution of
tracers in the gray matter is different from that of the
white matter.  That is, in the latter, the tracers spread
diffusely at all time intervals, while in the former, the
tracers spread selectively along PVS at certain time
after injection.  Because the molecular diameter of PE
is smaller than that of the ink particles, PE has been
found spread along the PVS 5 h but not 7 d after
injection.  Although region specific cellular (14, 18),
vascular (5) and molecular (16, 20) differences in the
central nervous system have been reported, little is
known about the cause of regional differences between
the white matter and the gray matter in draining
macromolecules.  Previous studies suggest that
experimental acute hydrocephalus resulting from the
periventricular edema of the white matter but not the
gray matter is less severely affected (30).  This may
be a reflection of the different drainage pathway of
tracers found in gray and white matters.

Previous experiments have reported selective
drainage of interstitial fluid and tracers along PVSs in
the gray matter.  Dextran Blue 2000 infused into the
caudato-putamen of the rat brain was observed
spreading extensively during the next 24 h and was
associated with the walls of blood vessels (7).  Ohata
et al. (22) have reported selective accumulation of
protein in the PVS from edema fluid.  These
observations suggest that the PVS outlined by the
injection of carbon particles and PE in the present
study is  the drainage pathway of  f luid and
macromolecules under physiological and pathological
conditions.

In the present study, fluorescence can be
observed in lateral ventricles and the SAS.  Recent
anatomical studies have shown that the PVS in brain
parenchyma extends along blood vessels in the SAS
(33).  The pia mater of the brain reflects onto blood
vessels within the SAS, forming a perivascular
compartment bounded externally by the pia and

Fig. 9. Fluorescence microscopic photo of the right common carotid
artery prepared at 0.5 h after PE injection.  Red waved fluores-
cent signals were observed distributing along the elastic
membrane.  Scale bar: 40 µm.
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internally by the smooth muscle of the vessel wall
(11).  The PVS has long been considered to be a route
for bulk flow of brain extracellular fluid, but the
nature of this flow has not been determined.  Most
studies suggest an outward flow of cerebral interstitial
fluid within PVS, from brain to CSF (7).  Previous
studies have also suggested that extravasated protein
in edema fluid (12) and proteins injected into the
white matter of the rat brain (22) spread diffusely
through the white matter and appeared to drain into
the ventricular CSF.  Our results suggest that PE has
spread in the PVS from the brain parenchyma to the
SAS, traversed the pia mater into the CSF.  PE also
spread along extracelluar space in the white matter
and traversed the ependyma into the ventricles.  Carbon
particles could not be found in the ventricles and the
SAS maybe due to the larger diameters of the tracer.
Carbon particles move slowly in the tissue channels
and are difficult to traverse the pia mater and
ventricular ependyma.

Perivascular Phagocytes in Clearing Macromolecules
from PVS

Carbon particles in the PVS have been ingested
by phagocytes by 7 d after injection.  On day 21, the
PVS has little free particles and most of them reside
within macrophages and perivascular cells.  In
physiological conditions, perivascular cells are ideally
placed for clearing particles and proteins from fluid
draining along the PVS.  Perivascular cells in the rat
have been defined by their immunophenotype as a
population that is separated from microglia and from
haematogenous monocytes and macrophages (9, 26).
In a previous study, the perivascular cells were
observed initially to attach to the vessel walls but
subsequently become perivascular macrophages lying
free within the PVS (32).  Mckeever and Balentine
(19) have also recorded this way of ingestion but
proposed that the macrophages migrate to the PVS
from the brain tissue.  It seems that perivascular cells
and macrophages play important roles in clearing
macromolecules from the PVS, but which one is
dominant is still unknown.

The result of confocal microscopy showed that
the capillary endothelial cells (ECs) in the cortex and
the caudato-putamen have bright staining cytoplasm
and negative staining nucleus 24 h after injection.
These observations suggested that EC of capillaries
in the gray matter could phagocytize PE and take part
in clearing PE from the PVS.  EC of brain capillaries
contains intercellular adherent and tight junctions
and provides a single cellular barrier between the
blood and the brain against uncontrolled para-cellular
permeability (13, 25).  Thus, the vascular EC barrier
provides a crucial interface between the circulating

blood and the underlying tissues (10) and regulates
the passage of nutrients and cellular trafficking (23).
In the present study, ECs had been observed
transporting protein tracer in the PVS.  It is consistent
with Vorbrodt’s observation that protein transported
from the extracellular space to the blood flow via
trans-endothelial passage (28).

Cervical Lymphatics in Draining Macromolecules from
Brain Parenchyma

Carbon particles injected into the cerebral cortex
have been reported to be detected in the adventitia of
intracerebral arteries, in the vasa vasorum of the cervical
lymphatic vessels and in the cervical lymph nodes (4,
29).  In the present study, an improved method was
used to prevent ink from entering the SAS via the
vertex of the brain so that the carbon particles might
not be found in the SAS and cervical lymph nodes until
21 days follow treatment.  This result is consistent
with the report of Zhang ET and suggesting that Chinese
ink is not a good tracer to study the drainage pathway
of macromolecules from the brain parenchyma.  Hence,
the results of previous studies did not seem to be
decisive because the tracers were not prevented from
entering the SAS during injection.

Carbon particles observed in the PVS of gray
matter does not enter the SAS and cervical lymph
nodes, which may be due to the size of the tracer.  If
ink is substituted by PE, the fluorescent signals can be
collected in cervical lymph nodes 0.5 h after injection.
This result suggests that cervical lymphatic vessels
play an important role in draining protein tracers from
the brain parenchyma.  Protein tracers injected into
the brain parenchyma have been reported to flow
through the extracellular space of the neuropil and
draining from the nervous tissue via a network of low-
resistance extracellular channels (including PVS) into
cerebrospinal fluid within the SAS (21, 27).  From
this space, the tracer could either pass with CSF into
the dural sinuses or drain via the sheath of the cranial
nerve and nasal submucosa into cervical lymphatic
vessels.

In the present study, fluorescent signals are
found to distribute extensively in the wall of common
carotid arteries, and mainly in elastic membrane.
This distribution manner has not been reported in the
literature.  The common carotid artery is a large
artery, whose internal elastic membrane is connected
to the elastic membrane of medial tunica.  The elastic
membrane is composed of elastic protein and contains
pores.  This pore has been related to metabolic
substance traversing the wall of blood vessels.  PE is
very likely to distribute extensively via this pore in
elastic membrane of intimal and medial tunica, but
the pathway of this tracer to enter the wall of carotid
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arteries from the brain parenchyma still waits further
investigation.

In conclusion, because no true lymphatic vessels
are present in brain tissue, macromolecules injected
into the brain parenchyma leave the tissue mainly
through the PVSs but partly also by direct diffusion
through the pia mater into the SAS.  Therefore, the
PVSs are actually a modified lymphatic system for
the brain.  Perivascular phagocytes are also responsible
for the clearance of such macromolecules.  The protein
tracer can be found in the cervical lymph nodes and
the wall of the carotid arteries, but the drainage
pathways still remain unknown.
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