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Abstract
Cerebrovascular research suffers from a lack of reliable methods with which to deliver exogenous
substances effectively into the central nervous system (CNS) of small experimental animals. Here
we describe a novel vessel microport surgical technique for a variety of cerebrovascular applications
that is reproducible and well tolerated in mice. The procedure is based on the insertion of a vessel
microport into the external carotid artery for substance delivery into the CNS via the internal carotid
artery. The method results in selective substance delivery into the ipsilateral hemisphere. Other novel
aspects of this surgical technique include the ability to perform multiple injections, study of conscious
mice well removed from surgery, and lack of occlusion of the common or internal carotid artery that
allows carotid flow to be maintained. The feasibility of this technique has been validated by infusion
of HIV Tat protein to induce permeability of the blood–brain barrier and by implantation of tumor
cells to establish a brain metastasis model. Thus, the described vessel microport technique can be
employed in a variety of cerebrovascular research applications.
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Substance delivery into the brain has been the main obstacle in cerebrovascular research and
clinical practice (Begley, 2004; Muller et al., 2006; Reddy et al., 2006; Witt and Davis,
2006; de Boer and Gaillard, 2007; Pardridge, 2007). Part of these difficulties is due to the
existence of the blood–brain barrier (BBB), which is formed of cerebral microvascular
endothelial cells with the support and regulatory role of the surrounding astrocytes, pericytes,
and neurons (Abbott et al., 2006; Kim et al., 2006).

Several strategies have been developed to facilitate substance delivery to targeted areas in the
CNS (Bickel et al., 2001; Misra et al., 2003; de Boer and Gaillard, 2007; Kumar et al., 2007).
For example, exogenous substances can be administered into the nasal or ophthalmic organs.
The substance can then enter the CNS through the olfac-tory or ophthalmic nerves in an
axoplasmic transport manner. However, a low applicable dosage and slowness in the delivery
limit its application (Thorne et al., 1995; Vyas et al., 2005). Other forms of local administration
are intra-sheath, intracerebral, or intraventricular injections or implants (Frisella et al.,2001;
Wei et al., 2001;Wu et al., 2006; Pignataro et al., 2007). Although these methods allow
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substance delivery into the surgically targeted structures, these approaches are traumatic to the
CNS, and the administered volume is limited to small amounts. In addition, they are associated
with a quick removal by the cerebrospinal fluid (CSF) and/or low penetration range to the brain
parenchyma (Sugiyama et al., 1999; Pardridge, 2002).

Because of the limitations of local substance delivery, a systemic delivery remains the most
popular means of administration of exogenous substances into the brain. The most commonly
used are the oral-intestine, pulmonary, subcutaneous, and intravenous routes. In laboratory
mice, oral administration or i.v. injections through the tail veins are commonly used. However,
the oral intake or tail vein injections are subjected to the first-pass effect through the liver and
clearance by the lungs, which can deactivate or diminish drug activity (Bardelmeijer et al.,
2002; Sebestyen et al., 2006; Oh et al., 2007). Furthermore, a systemic administration results
in distribution throughout the body and uptake by other organs before they can reach the brain
microcirculation (Vantyghem et al., 2003; Huang et al., 2007). These reasons necessitate a
larger dosage of administered substances that can increase the risk of the development of side
effects and toxicity (Liu et al., 2005; Kumar et al., 2007).

Taking into consideration the uniqueness of the CNS circulation, the ideal method of substance
delivery into the brain should 1) be associated with minimal trauma, 2) preserve the integrity
of the neuronal network, 3) allow for repeated administrations, and 4) allow achieving high
substance concentrations in the brain. We have developed a novel surgical technique, based
on these criteria, to deliver exogenous substances into the brain via a vessel microport inserted
into the external carotid artery (ECA) that allows repeated substance delivery into the ipsilateral
brain hemisphere via the internal carotid artery (ICA).

MATERIALS AND METHODS
Surgical Procedures

To construct the vessel microport, a 3-cm Micro-Renathane Implantation Tubing (MRE010,
part 9049−13−00; Braintree Scientific, Braintree, MA) was connected and glued (Super Glue;
Fisher Scientific, Pittsburgh, PA) to a commercially available Microport (0.54 mm diameter;
DaVinci Biomedical Research Products, South Lancaster, MA). Then, the port was filled with
50 μl heparinized saline (10 IU/ml) and gas sterilized before the surgery.

C57Bl/6 mice (25−32 g; Charles River Laboratories, Wilmington, MA) were maintained under
environmentally controlled conditions and subjected to a 12-hr light/dark cycle, with food and
water provided ad libitum. The animals were acclimatized to the facility for 7 days prior to the
start of the experiments. All procedures and handling techniques were in strict accordance with
the National Institutes of Health guidelines for the care and use of laboratory animals and
approved by the Institutional Animal Care and Use Committee.

The main elements of the surgical procedure are illustrated in Figure 1. The mice were
anesthetized with isoflurane in oxygen. Ventrally, both sides of the neck were shaved. The
entire area was then scrubbed with betadine three times, alternating with 70% alcohol. All
instruments were sterilized prior to surgery. The procedure was performed with surgical masks,
gowns, and sterile gloves over scrubbed hands.

A midline neck incision was made under the operating microscope, followed by isolation of
the common carotid artery (CCA), ECA, and ICA. We routinely operated on the left carotid
artery. To isolate the ECA, the cranial thyroid artery was identified, ligated, and cut distal from
the ligated point. In addition, the occipital artery was ligated and cut to avoid substance delivery
into the occipital region. Silk sutures around the vessel stumps were tied tightly to prevent
bleeding. The ECA was then ligated with 6−0 silk suture distal from the ICA. Flow through
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the CCA and the ICA was temporarily restricted by placing a vessel clip (Fine Science Tools,
Foster City, CA) on each of these arteries. A small incision was then made on the ECA, and
the tubing tip was inserted through the incision and advanced back toward the CCA until it
reached the bifurcation point. The tubing was secured with two knots around the ECA and an
additional knot around a muscle. Then, the vessel clips on the CCA and the ICA were removed.
The distal part of the tubing was tunneled under the skin to the dorsal region of the neck, and
the microport was buried under the skin. The wound on the ventral region of the neck was
closed, and clotting in the tubing was prevented by flushing the microport with 50 ll heparinized
saline (10 IU/ml) every day during the first week postsurgery and then every other day. The
mice were allowed to recover after surgery for 1 week. The microports were maintained for
up to 30 days.

To monitor cerebral blood flow during the surgical procedure, a laser Doppler probe was glued
to the skull in the area corresponding to the brain region that receives the blood from the
ipsilateral middle cerebral artery (MCA); flow was recorded by using a PeriFlux System 5000
Laser Doppler unit (Perimed, North Royalton, OH).

Injections Through the Vessel Port
Mice were anesthetized with isoflurane in oxygen, and the injections were made through the
skin to the vessel port with a 27-G needle. The port was flushed with 30 μl saline, followed by
the substance or cell delivery in a volume that did not exceed 200 μl. After the injection, the
port was flushed again with 30 μl heparinized saline to prevent blood clotting in the tubing.

We compared the influence of substance delivery via the vessel port vs. an intracranial injection
on the integrity of the neuronal and microvessel networks. To perform intracranial injections,
a 1-mm burr hole was made at 1.8 mm lateral and 1.7 mm caudal to bregma. A 30-G needle
attached to a 2-μl Hamilton syringe was then stereotactically inserted into the cortex at a depth
of 2.1 mm from the dura. Evan's blue solution (1% in PBS; 2 μl) was injected over 2 min with
a stereotaxic injector. The needle was left in place for 1 min and then slowly withdrawn to
minimize tissue damage. On the following day, the brains were removed and fixed, and 20-
μm sections were prepared. The slices were stained with cresyl violet for neurons.

To visualize the microvascular network, mice were injected via vessel port and intracranially
as described above and then perfused with heparinized saline, followed by per-fusion with 4
ml 2 mg/ml fluorescein isothiocyanate (FITC)-albumin solution (Sigma, St. Louis, MO). The
brains were sliced and the images were taken with a fluorescent microscope (excitation 485
nm, emission 535 nm).

Selectivity of Substance Distribution Through the Vessel Port
To verify that injections via the vessel port resulted in substance distribution consistent with
the area supplied by the ICA, carbon black (1% solution in 20% gelatin; Sigma) was injected
via the installed port into the anesthetized mice. Gelatin solution was prepared in phosphate-
buffered saline (PBS). After injection, brains were harvested and photographed to document
the affected vessel network.

In the next series of experiments, 200 μl 2 M mannitol (Sigma) in PBS was administered
through the vessel microport, followed by injection of 200 μl 2% Evan's blue in PBS through
the tail vein. Evan's blue readily combines with the circulatory albumin; therefore, the presence
of blue staining in the brain parenchyma indicates Evan's blue-labeled albumin penetration
across the BBB. Mice were perfused with heparinized saline 15 min after the Evan's blue
injection. The brains were harvested, and 100-μm cryostat sections were prepared, analyzed,
and photographed.
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Assessment of the BBB Integrity
Mice (five animals per group) received injections with 25 lg HIV Tat protein in PBS through
the vessel port, i.p., or tail vein. Control group of mice received 200 μl PBS (negative control)
or 2 M mannitol in PBS (positive control) via the installed vessel port. After a 24-hr exposure
to Tat, 200 μl sodium fluorescein (Sigma) in PBS (6 mg/ml) was injected through the tail vein
and allowed to circulate for 15 min. Then, mice were anesthetized with isoflurane in oxygen
and perfused with 30 ml heparinized saline through the left ventricle. The brains were
harvested, the contralateral hemispheres were discarded, and the ipsilateral hemispheres were
homogenized in PBS (1:10 g/v). The homogenates were precipitated in 15% trichloroacetic
acid (1:1 v/v) and centrifuged at 1,000g for 10 min. The pH was adjusted by adding 125 μl 5
M NaOH to 500-μl supernatant aliquots, and fluorescence was detected with a fluorescence
plate reader with excitation at 485 nm and emission at 530 nm.

Injection of Tumor Cells Into the Brain Hemisphere
To determine the feasibility of the vessel port injection to induce brain metastasis formation,
1 million luciferase-labeled D122 (D122-Luc) lung cancer cells in 100 μl PBS were
administered through the port into the left hemisphere. Control mice received injections of 200
μl PBS. The growth of tumor cells was monitored every week for 4 weeks by i.p. injections of
2 mg luciferin in 100 μl PBS and determination of bioluminescent signals using the IVIS
imaging system (Caliper Life Sciences, Hopkinton, MA). The measurements were performed
through the skulls of live and anesthetized mice. After the mice were sacrificed, bioluminescent
intensity was also determined in isolated brains. Tumor growth was determined as the number
of emitted photons/sec/cm2.

RESULTS
Surgery and Brain Analysis for Tissue Integrity

All mice survived the procedure, and the vast majority of them recovered well from the surgery,
with the body weight returning to normal values 2 days postoperation. Inflammation around
the wound developed in only one mouse among 27 animals that received surgery. No other
complications occurred during or after surgery.

Cerebral microcirculation was monitored during the carotid artery surgery by using the laser
Doppler technique. As expected, cerebral flow decreased when the CCA was clipped (Fig. 2).
However, the flow recovered instantly after clip release. In addition, infusion through the vessel
port temporarily increased cerebral blood flow, indicating passing of the injected volume
through cerebral microcirculation.

The installation and substance delivery via the vessel microport fully preserved the structural
integrity of the brain. Figure 3 compares the brains from mice with installed vessel port with
mice that received intracranial injection. Although the brains from mice that received injections
via the vessel port are intact, the intracranial needle insertion resulted in substantial tissue
damage along the needle mark (arrows in Fig. 3B,D,F). Other typical complications resulting
from intracranial injections are hemorrhagic cortex damage (Fig. 3D,F, arrows) and disrupted
cortex structures as indicated by cresyl violet staining (Fig. 3F, arrow). Evan's blue (2 μl)
administered intracranially spreads locally around the injection site (Fig. 3B). This fact
illustrates that substance delivery via direct intracranial injections has very limited distribution.

We also evaluated the integrity of microvessels in mice with installed vessel port compared
with mice that received intracranial injections (Fig. 4). Vessel port delivery fully preserved the
microvessel network as determined by staining for FITC-albumin. In contrast, micro-vessels
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along and surrounding the needle puncture were disrupted and leaking as evidenced by FITC-
albumin staining in brain parenchyma around the injection route.

Selectivity of Substance Delivery Via Vessel Microport
Injection of 1% carbon black in 20% gelatin was used to visualize the vascular network
involved in substance delivery following injection via vessel microport. As indicated in Figure
5, the majority of administered carbon black distributed to the left (i.e., ipsilateral) hemisphere.
In addition, carbon black was visualized in selected small cortical vessels (arrow) and within
the olfactory bulb and cerebellum on the contralateral side.

In the next series of experiments, mice received the hyperosmotic solution of mannitol via the
vessel port to open the BBB, followed by Evan's blue injection via i.p. injection. Figure 6 shows
that Evan's blue penetrated into brain parenchyma with a pattern similar if not identical to that
of carbon black, further confirming that the vessel port delivery results in substance distribution
that affects primarily the ipsilateral hemisphere.

Application of the Vessel Microport To Evaluate HIV-1-Related Disruption of the BBB
Evidence indicates that HIV-1 can enter the brain early in infection. In addition, disruption of
the BBB in the course of HIV-1 infection has been observed and confirmed in a variety of
pathological studies (Rhodes and Ward, 1991; Krebs et al., 2000) and CSF studies (Singer et
al., 1994) and by dynamic magnetic resonance imaging (Avison et al., 2002). One of the main
factors that may be responsible for HIV-mediated disruption of the BBB is Tat protein that is
released from HIV-1-infected cells. Therefore, we validated the vessel microport technique to
assess whether Tat delivery can disrupt the BBB in mice. The integrity of the BBB was assessed
by permeability of low-molecular-weight sodium fluorescein in the ipsilateral hemisphere. As
indicated in Figure 7, injection with the same amount of Tat protein (25 μg) resulted in
disruption of the BBB only when administered through the vessel port. In contrast, Tat delivery
via tail vein or i.p. injections did not alter the integrity of the BBB. An injection with
hyperosmotic mannitol was used as a positive control in these experiments.

Delivery of Tumor Cells Via Vessel Microport as the Model of Brain Metastasis Formation
The main route of metastatic formation in the brain is hematogenous spread across the BBB
(Puduvalli, 2001; Patchell, 2003). Therefore, the installed vessel port was also used to deliver
tumor cells into the mouse hemisphere as the model of development of brain metastasis.
Injection of D122-Luc cells through the vessel port resulted in preferential localization of tumor
cells to the ipsilateral brain hemisphere (Fig. 8). The imaging performed on living mice detected
no bioluminescence signal 1 week postinjection of 1 million D122-Luc cells. However, mice
that were imaged 2 weeks posttumor cell injection displayed marked bioluminescence on the
ipsilateral site. Consecutive measurements at weeks 3 and 4 revealed a steady increase in
intensity of the bioluminescent signals, indicating a growth of metastatic tumors (Fig. 8A,B).
Imaging of isolated brains (Fig. 8C) at the end of the experiment demonstrated that tumor cells
were visually evident in the ipsilateral hemisphere.

As indicated in Figure 8A, bioluminescent signals were also detected in the area corresponding
to the nasal area of mice that received injection with D122-Luc cells. This signal was visible
from week 3 onward; however, it was approximately 20 times less intense than the signal
corresponding to metastatic growth in the cortex. Tumor development within the nasal area is
consistent with blood supply via the branches originating from the CCA. The whole mouse
imaging did not reveal bioluminescence signals outside the head, indicating highly specific
tumor cell delivery and metastatic growth.
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DISCUSSION
A major obstacle in substance delivery into the CNS is the BBB, which restricts the brain entry
of substances that are water soluble or larger than 120 Da (Neuwelt, 2004). Therefore, several
experimental methods have been developed to facilitate substance delivery across the BBB.
Examples include high-dose intravenous chemotherapy, intraarterial drug delivery, local drug
delivery via implanted polymers or catheters, BBB disruption, and biochemical modulation of
drugs (Blakeley, 2008). The most common clinical approach to substance delivery into the
CNS is to open the BBB by an injection of hyperosmotic mannitol, followed by specific drug.
Such a protocol has been frequently used in treatment of primary CNS lymphoma (Muldoon
et al., 2007). Therefore, our goal was to develop a surgical technique that targets small
experimental rodents and allows multiple i.v. injections into the brain vasculature. Installation
of the vessel port on the ECA proved to be highly suitable for multiple injections. To mimic
the clinical setting of drug delivery, we first injected mannitol to open the BBB, followed by
delivery of Evan's blue solution to stain the affected tissue. This procedure confirmed that the
vessel port technique allows the delivery of exogenous substances to the ipsilateral hemisphere
with high selectivity. It is also important that, after the microport injection, the substance can
reach the brain at high concentration without being taken up via other microvascular circuits.

Another significant advantage of the surgical technique reported here is a minimal interference
with the cerebral blood supply. Although three arteries (the ECA, cranial thyroid artery, and
occipital artery) are ligated during the procedure, the blood supply can be restored from the
neighboring vessels via crossing branches. Thus, the functionality of the blood supply to the
head appears to be fully retained. Indeed, the mice showed normal behavior from the second
day after the surgery and did not develop any adverse symptoms during the observation period
for up to 30 days. In addition, monitoring of blood flow by laser Doppler technique indicated
only a short (<10 min) decrease in blood flow during the period when the CCA was clipped
for tubing insertion. Normal flow was then spontaneously restored, indicating that substances
can be delivered to the cortex through the normal vascular route without the development of
complications, such as cerebral hypoperfusion or ischemia.

Several justifiable concerns, such as duration of surgery, development of local inflammation,
body response to foreign body, and/or blood clotting in the tubing, could be associated with
the procedure. From our experience, a trained operator can install a vessel microport in
approximately 1.5−2 hr; however, a highly skilled individual requires ∼1 hr to complete the
procedure. The blood clotting in the tubing is prevented by prefilling the port with heparinized
saline before the surgery. Then, the vessel port requires a daily maintenance that includes
flushing with 50 μl heparinized saline with a 27-G needle. The development of local
inflammation can be mostly eliminated by using standard operating procedures, such as
sterilized surgical instruments, wound cleaning, and operation under aseptic conditions.
Although the mice tend to scratch the scar in the recovery process, only one mouse among 27
nipped the wound closure material and developed infection. The microport weighs only 0.6 g
and is well tolerated by mice.

We tested the vessel port installation in the applications that model the disruption and/or
involvement of the BBB in the course of HIV-1 infection and the formation of brain metastases.
The inability of HIV to infect rodent cells is the main reason why there is no fully suitable or
widely acceptable small-animal model of HIV-induced CNS disease. A frequently used model
of HIVE is based on severe combined immune deficiency (SCID) mice that receive direct brain
injection of human HIV-infected monocyte-derived macrophages (Persidsky et al., 2005).
Although these animals develop encephalitis accompanying the BBB injury, it is based on
injection of human cells into mouse brains, and stab wounds to the brain (as demonstrated in
Fig. 3) can be difficult to quantify, particularly with respect to the BBB integrity. Therefore,
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we employed injections of HIV protein Tat into the ICA as a model of HIV-related BBB injury.
Evidence indicates that treatment with Tat can mimic all major vascular effects of HIV. In
particular, exposure to Tat decreases the endothelial barrier function (Toschi et al., 2001;
Avraham et al., 2004; Pu et al., 2005), stimulates transendothelial migration of monocytes
(El-Hage et al., 2006), induces tight junction disruption (Andras et al., 2003; Pu et al., 2005),
and up-regulates the efflux transporters (Hayashi et al., 2005, 2006).

The main advantage of using the vessel port is to administer Tat directly into the brain
vasculature. Several reasons favor this method of Tat administration. For example, HIV-1
infection of the CNS is often characterized by widespread BBB injury; thus, injections into the
anatomically defined brain structures (e.g., hippocampus or cortex) do not appear appropriate.
In the course of HIV-1, brain capillaries are exposed to Tat from the luminal site, and such an
exposure can be mimicked by injections into the ICA. Finally, injections of Tat into the ICA
shorten the time required for Tat to reach the cerebral vasculature; therefore, Tat is less prone
to be degraded in the blood stream. Indeed, injection of Tat via vessel port resulted in increased
sensitivity of the BBB to Tat-induced toxicity, as we demonstrated in studies of the BBB
integrity (Fig. 7).

Formation of brain metastases was another application in which the feasibility of the vessel
port was evaluated. The brain is the major site of cancer metastases, and approximately 30
−40% of cancer patients develop primary or secondary brain metastases. It is estimated that
∼200,000 new cases of brain metastases are diagnosed yearly in the United States
(Subramanian et al., 2002). The most common sources of brain metastases are lung cancer
(48% of all cases of brain metastases), breast cancer (22−25%; Subramanian et al., 2002), and
melanoma (∼15%). Therefore, we selected lung tumor cells (namely, D122-Luc cells) for use
in the present study. In addition, these cells are of mouse origin, so they can be used for
metastasis studies in immunocompetent mice (Margalit et al., 2003).

The brain presents a highly unique environment for metastatic growth that is fully met by the
delivery of the tumor cells via vessel port installed in the ECA. For example, the brain lacks
lymphatic drainage; however, it is highly vascularized. Therefore, the main route of metastatic
formation into the brain is hematogenous spread across the BBB (Puduvalli, 2001; Patchell,
2003). Most metastases are formed beneath the gray/white junctions; i.e., in the area where the
size of blood vessels changes and can trap the tumor cells. The BBB and the basement
membrane of the brain endothelium protect the brain microenvironment from the majority of
the blood-borne components. On the other hand, the cells that create the BBB, including
endothelial cells, can express a variety of chemokines and adhesion molecules (Botchkina et
al., 1997; Frigerio et al., 1998; Hofman et al., 1998; Zidovetzki et al., 1998) that facilitate
adhesion and transendothelial migration of tumor cells. It appears that the delivery of tumor
cells via the installed microport may allow studying the specific involvement of brain
microvessels and the BBB in the formation and treatment of brain metastases.

In summary, we have developed a new vessel port surgical procedure that allows repeated
delivery of exogenous substances and/or cells into the ipsilateral hemisphere of small
experimental animals, such as mice. The procedure involves the installation of a microport into
the ECA and substance delivery via the CCA and the ICA route. The procedure does not
interfere with the CNS function or cerebral blood flow and can be used in a variety of
applications that involve the BBB. Other novel aspects of this surgical technique include the
ability to perform multiple injections, the study of conscious mice well removed from surgery,
and the lack of occlusion of the CCA and ICA, maintaining the carotid flow.
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Fig. 1.
Installation of the vessel microport in the external carotid artery (ECA). A: Presentation of the
vessel port glued to the MRE010 implantation tubing. B: Anatomy of the carotid arteries in
mice. Common carotid artery (CCA), ECA, and internal carotid artery (ICA) were isolated on
the left side of the neck. The cranial thyroid artery and the occipital artery were ligated and cut
and are not shown in this figure. C: Installation of the vessel microport in the ECA. The
microport tubing (outlined with a dotted line for better visualization) was inserted into the ECA
and advanced toward the CCA until it reached the bifurcation. The tubing was secured around
the ECA and the muscle. The microport was then secured below the skin in the dorsal part of
the neck (not shown).
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Fig. 2.
Alterations of blood flow during the surgery and substance delivery via the microport. A probe
was glued to the mouse skull corresponding to the brain area supplied with blood by the left
(i.e., ipsilateral) middle cerebral artery, and the flow in the cortex was monitored by laser
Doppler. A: A transient decrease in the blood flow as the result of clipping the left common
carotid artery (left arrow). The blood flow was restored after the vessel clip was released (right
arrow). B: Transient alterations of the blood flow following injection of 100 μl PBS through
the installed microport.
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Fig. 3.
Comparison of brain structures in mice that received intracranial vs. microport injections. Mice
were injected with 100 μl saline via the vessel port (left) or intracranially with 2 μl 2% Evan's
blue (right). Mice were euthanized and perfused with heparinized saline and euthanatized 24
hr postinjections. Brain sections were stained with cresyl violet. Macroscopic (A,B) and
microscopic (C–F) analyses revealed stab wounds (B,D,F, arrows), tissue damage along the
needle mark (D and F, arrows), hemorrhagic changes, and disrupted cortex structure (F, arrow)
in mice that received intracranial injections.
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Fig. 4.
Comparison of the integrity of cerebral microvessels in mice that received intracranial vs.
microport injections. Injections were performed as described in the legend to Figure 3. Then,
the mice were perfused with heparinized saline, followed by 4 ml 2 mg/ml FITC-albumin
solution. The integrity of cerebral microvessels was well preserved in mice that received
injections via the vessel port (A,B) and in the contralateral hemisphere of mice the received
intracranial injections (D). In contrast, microvessels surrounding the needle puncture were
disrupted and permeable, as evidenced by FITC-positive fluorescence in brain parenchyma
(C).
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Fig. 5.
Distribution of carbon black in cerebral vessels following injections through the microport.
Carbon black (1% solution in 20% gelatin) was injected through the vessel port into
anesthetized mice. The brain was harvested and photographed immediately after the injection.
Carbon black is visualized primarily in the cerebral vessels of the ipsilateral site. In addition,
the staining was positive in small cortical vessels of the contralateral hemisphere (arrow) and
in the vessels of the olfactory bulb and the cerebellum at both sites of the brain. A: Dorsal view.
B: Ventral view. C,D: Lateral views.
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Fig. 6.
Opening of the BBB in the ipsilateral hemisphere following mannitol injection through the
microport. Mannitol (200 μl, 2 M solution in PBS) was injected through the vessel port,
followed by administration of 200 μl 2% Evan's blue via the tail vein. Mice were perfused with
heparinized saline 15 min after Evan's blue administration, and the brains were removed, sliced,
and imaged. Evan's blue is localized primarily to the ipsilateral hemisphere. However, less
intense staining was also observed in small cortical vessels of the contralateral hemisphere as
well as in the cerebellum and olfactory bulb of the contralateral hemisphere. A: Dorsal view.
B: Ventral view. C,D: Lateral views. Right: Evan's blue staining in the transverse brain
sections; the numbers correspond to the areas indicated in A and B.
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Fig. 7.
HIV-1 Tat-induced disruption of the BBB following injection through the microport. HIV-1
Tat protein (25 μg) was injected through the tail vein, i.p., or via the vessel port. BBB
permeability was evaluated in the ipsilateral hemisphere by using the sodium fluorescein
method. Analyses were performed 24 hr after Tat injection. Injections with 2 M mannitol or
PBS (each at 200 μl via the vessel port) were used as positive or negative controls, respectively.
Data are mean ± SEM (n = 5). Data were statistically analyzed by oneway ANOVA, followed
by the Newman-Keuls posttest. *P < 0.05, **P < 0.01 compared with PBS-injected controls.
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Fig. 8.
Development of brain metastases following tumor cell injection through the microport. To
induce brain metastases, 1 million luciferase-labeled D122 cells (D122-Luc) were injected
through the vessel port. Bioluminescence signals were recorded by injecting 2 mg luciferin in
100 μl PBS and imaging mice once per week for 4 weeks. Positive signals were recorded only
within the heads of mice injected with D122-Luc (A) and were steadily increased during the
experiment (B). The formation of brain metastases was confirmed by recording bioluminescent
signal from isolated brains (C).
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