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Laboratory investigation

Blood-brain barrier changes following intracerebral injection of human
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Summary

Human recombinant tumor necrosis factor-a (tTNF-0)) was administered to normal Fischer 344 rats by ster-
eotaxic intracerebral (IC) injection. Animals receiving a single injection of either 6 x 10* U rTNF-a or an
equivalent volume of excipient (vehicle) in their right parietal lobe. In order to demonstrate any effects
rTNF-aemight have on the blood-brain barrier (BBB), two studies were conducted, one employing exogenous
horseradish peroxidase (HRP, 44 kD) as a tracer of BBB permeability and the other using endogenous IgG
{150 kD). Rats given rTNF-a showed transitory BBB permeability to HRP by 24 hours post-injection; this
BBB compromise was determined to be no longer than 60 hours. In the other study, IgG was seen to cross the
BBB by 48 hours post-rTNF-o injection. Alternatively, rats injected 1C with excipient showed only limited
BBB opening as a result of injection-induced trauma. We conclude that human rTNF-a, injected IC into
normal rats triggers a temporary breakdown in BBB integrity which begins sometimes between 12 and 24
hours post-injection, is large enough to permit macromolecules of at least 150 kD to pass, and resolves by 72

hours post-injection.

Introduction

Immunotherapy has gained widespread attention
in the past decade as an increasingly powertul onc-
ologic tool. Our laboratory has availed itself of the
newfound ability to modulate the immune response
to tumors using recombinant cytokines and found
them to be particularly applicable in immunothera-
peutic approaches to the treatment of malignant
brain tumor. Using an animal model, we have ex-
amined the effects thatlocal or systemic injection(s)
of cytokines have on the growth and histopathology
of malignant glioma including human recombinant
interleukin-2 (rIL-2), human recombinant tumor
necrosis factor-oo (tTNF-0) and murine recombi-
nant interleukin-1p (rIL-1B) [1-6].

An effect which is naturally of great concern

when assessing the potential use of any cytokine to
treat an intracerebral (IC) neoplasm is its ability to
influence BBB permeability in the tumor and in the
surrounding normal tissue. In animal studies, we
have found that systemic and IC injections of hu-
man rJL-2 compromised the integrity of the BBB[1,
8,9, 6] and that IC injections of murine rIL-1 also
temporarily increased BBB permeability in the
normal rat brain [1]. In a clinical trial of human
rIL-2 in patients with recurrent glioma, we observ-
ed an increase in peritumoral edema following in-
tralesional injection(s) of the cytokine {9, 10].

Our lab has examined the effects of one or more
intravenous (IV) injections of rTNF-o on the cere-
brovasculature of normal and glioma-bearing rats
[2]. We confirmed prior reports that IV rTNF-o has
no effect on BBB permeability in normal rodents
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[11], but in rats with large intracerebrally implanted
gliomas, a single IV injection of rTNF-c caused in-
creased extravasation of a horseradish peroxidase
(HRP) tracer. Multiple injections caused wide-
spread hemorrhagic necrosis, neutrophil adherence
to tumor vasculature and subsequent infiltration in-
to the tumor.

Other in vitro studies have suggested that TNF-o
plays an indirect role in increasing vascular perme-
ability by inducing endothelial cells to produce
platelet activating factor and IL-1B, two cytokines
responsible for vascular leak and leukocytic influx
into inflammatory foci [12, 13]. Studies have shown
a vascular permeability effect within the CNS as
well. At the site of the blood-cerebrospinal fluid
(CSF) barrier in mice, Saukkonen and colleagues
detected serum proteins in the CSF six hours fol-
lowing an injection of 10’ U rTNF-¢ into the cister-
namagna [14]. In a similar study, intracisternal chal-
lenge with 10° U rTNF-o was seen to induce inflam-
matory infiltrate into the subarachnoid space and a
breakdownin the BBB in rats, although the potency
was less than that of IL-1f [15]. In the clinical set-
ting, however, serum TNF-o levels (and not IL-1
levels) are seen to correlate with BBB disruption,
disease severity and indices of meningeal inflam-
mation [16]. In vitro, effects on endothelial mono-
layers ascribed directly to rTNF-a include de-
creased inter-endothelial tight junction resistance,
suppression of DNA synthesis and, in conjunction
with interferon, tumor cytotoxicity [17-19].

Recently, we reported on the histopathological
changes affected by one or more intracerebral in-
jection(s) of human rTNF-a in rats [6]. In this study
which focused on the ability of rTNF-o to induce
leukocytic infiltration into normal brain, we found
that a single dose of 6 x 10* U human rTNF-« in-
duced an infiltration of monocytes and neutrophils
which peaked at 48 hours and resolved three to five
days following injection. The inflammatory reac-
tion was localized at the injection site and had no
apparent effect on behavior, body weight or core
body temperature. These results are in direct con-
tradiction with a similar study by Andersson et al.
which showed no leukocytic infiltration into the pa-
renchyma of the mouse hippocampus following in-
tracerebral injection of 10* U murine rTNF-o. [20].

Reasons for this discrepancy may lie in the different
doses and volumes used; in our study, 6 x 10°U
rITNF-o. was injected in 5 pl while Andersson used
1 pltoinject 10* U rTNF-a. Any extra edema result-
ing from our methods could only serve to facilitate
neutrophil diapedesis through cerebral endotheli-
um.

In the present study, we further define the nature
of TNF-a’s actions on normal brain cerebrovascu-
lature. Horseradish peroxidase (44 kD) and endo-
genous IgG (150 kD) were used as tracers to detect
any compromise in the BBB. An exogenous tracer
like HRP allowed us to delineate the duration of
any breach in the BBB, while an endogenous tracer
indicated the accumulative effects of BBB break-
down in response to rTNF-o.

Materials and methods

Animals

Female Fischer 344 rats (Harlan Sprague Dawley,
Inc.) weighing 140 g to 160 g were used. Animals
were housed in individual cages and maintained on
a 12 hour light/dark cycle with food and water sup-
plied ad lib. Weights and body temperatures were
monitored throughout the study.

Cytokine

Lyophilized human rTNF-o was provided by the
Cetus Corporation (Emeryville, CA). Purity was
> 99% as determined by SDS-PAGE, with a specific
activity of 24 x 10° U/mg protein and an endotoxin
content of 0.02 ng/mi (as determined by the Limu-
lus amoebocyte lysate assay). Human rTNF-o. in a
bulking agent of 2.6% mannitol and 0.9% sucrose
was reconstituted with sterile, endotoxin-free wa-
ter. Excipient for injection into all control animals
was composed of 2.6% mannitol (Sigma) and 0.9%
sucrose (Sigma) in sterile, endotoxin-free water.

Exogenous tracer studies
Animals were anesthetized by intraperitoneal (IP)

injection of sodium pentobarbital (40 mg/kg). Sin-
gle stereotaxic injections were made 1 mm posteri-
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Fig. 1. Graph of individual and averaged results of histological grading of HRP samples. rTNF-a recipients display HRP extravasation
throughout entire right hemisphere (grade 2) at 24 hours post-injection. Excipient animals show HRP extravasation limited to the

injection site (grade 1) at all time points considered.

or and 4 mm to the right of bregma at a depth of
1.5 mm into the parietal cortex using a Hamilton
syringe fitted with a 28 G needle. Animals received
either 6 x 10* U rTNF-o or excipient in 5 pul deliver-
ed over a 10 minute period. Rats were later sacri-
ficed after 6 (n =4) and 12 (n = 4) hours and after 1
(n=8),3 (n=4) and 7 (n = 2) days. At each time
point, rats were divided evenly between those re-
ceiving r'TNF-a and excipient (24 hour study rats
were divided so that 6 received rTNF-o and 2 re-
ceived excipient; rats sacrificed 7 days post-injec-
tion were injected with rTNF-o only). Horseradish
peroxidase (Type VI, Sigma Chemical Co., St.

Louis, MO) was suspended in 200 ul sterile saline
and given to anesthetized rats at a concentration of
100 mg HRP/kg body weight through a cannula in
the femoral vein. Infusions were made over a peri-
od of 5 minutes. One hour later, animals were trans-
cardially perfused first with physiologic saline fol-
lowed by a 0.1 M phosphate-buffered fixative con-
taining 2.5% paraformaldehyde and 2% glutaral-
dehyde. Brains were removed and held in buffer
until processed further. Vibratome sections were
made up to the mid-injection site for HRP staining
and histologic evaluation. Sections were reacted
with 0.005% tetramethylbenzidine (TMB, Sigma)
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Fig. 2. Twenty-four hours following an injection of ITNF-a. HRP reaction product is seen throughout the right parietal cortex and basal

ganglia (arrows). x 14,

and then 0.3% hydrogen peroxide solution for 20
minutes and counterstained with 1% neural red
(Sigma) as described previously [4].

Endogenous tracer studies

Rats were imaplanted with canaulas as described in
our earlier study [6]. Briefly, cannulas were im-
planted in the right parietal bone 1 mm posterior
and 4 mm lateral to bregma. Three days later, a
28 G blunt-tip injection cannula was inserted into
the parietal lobe at a depth of 3.5 mm. After 3 min-
utes accommodation, a Sul volume of either
TNF-0, (6 x 10" U) or excipient was injected as be-
fore. Following a subsequent 5 minute accommoda-
tion period, the injection cannula was slowly with-
drawn.

In order to examine the effects of cannula im-
plantation on BBB integrity and leukocyticinfiltra-
tion, sham operated animals (n = 3} were implanted

with a guide cannula and sacrificed 3 days later. Tis-
sue for all animals was processed for endogenous
IgG visualization and for routine hematoxylin and
eosin {H&E) staining as decribed below. Rats were
sacrificed4 (n =4),6 (n =6) and 12 (n =5) hours and
1(n=4),2(n=6),3(n=7),5(m=6),and 7 (n=8)
days following injection. Each group of animals was
divided evenly between those receiving rTNF-a
and excipient (12 hour study rats were divided so
that 2 received rTNF-o and 3 received excipient;
rats sacrificed after 3 days were divided so that 4
were injected with rTNF-o and 3 with excipient).
Anesthetized rats were transcardially perfused
first with physiologic saline followed by a 0.1 M
phosphate-buffered fixative containing 4% para-
formaldehyde and 0.1% glutaraldehyde. Brains
were removed and held in buffer until processed
further. Vibratome sections of 50 um thickness
were made up to the mid-injection side. To stain for
extravasated 1gG, sections were first immersed 1 h
in phosphate buffered saline (PBS) containing 10%
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Fig. 3. Twenty-four hours following an injection of excipient. The pattern of HRP staining typical of all excipient-injected rats is present-
ed. Reaction product is concentrated around the injection site only. x 14,

normal rabbit serum (NRS, Vector Labs) and 0.1%
Triton X (Sigma) followed by a1 h wash in 1% NRS
in PBS. Sections were then incubated for 45 min in
1% NRS containing 0.5% biotinylated rabbit anti-
rat IgG (Vector Labs). Sections were then washed
with PBS and incubated for an additional 30 min in
PBS containing 1% avidin-biotinylated HRP com-
plex (Vector Labs). Sections were washed in three
changes of PBS followed by a Tris-CHI buffer wash
{pH 7.6) and reacted first with a 1% diaminoben-
zidine solution (DAB, Aldrich, Milwaukee, WI) for
10 minutes and then a 0.05% DAB/0.01% hydrogen
peroxide solution (Sigma) for 4-5 minutes. Sections
were then mounted on gelatin-coated slides and
counterstained with 1% neutral red (Sigma).

Histological grading

A semiquantitative system of histological grading
was devised to assess the extent of IgG an HRP ex-
travasation. Four histological patterns were evident
and were assigned numerical values as follows: 0 -
none detectable, 1 — located within the edematous
tissue surrounding the injection site only (IgG: av-

erage diameter of 1.4 mm; HRP: average diameter
of 2.0 mm), 2 - observed throughout the injection
hemisphere, and 3 — observed also within contralat-
eral white matter (corpus callosum and basal gan-
glia). Rats reveiving rTNF-a were compared to
those receiving excipient by averaging results from
combined observations. Averages for rTNF-o and
excipient groups are presented in Figs 1 and 4.

Results

As in our earlier study, a single IC injection of 6 x
10" U human rTNF-o had no adverse effect on be-
havior, weight, or body temperature of rats. Figure
1 shows results from histological survey of brain tis-
sue in which HRP was used to mark areas of BBB
breakdown. At 6 and 12 hours following injection,
HRP reaction product was apparent only in the im-
mediate area of the injection site (grade 1). This pat-
tern of BBB disruption most likely resulted from
trauma caused to the cerebrovasculature during
drilling and needle placement as it was identical to
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IgG Results
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Fig. 4. Graph of individual and averaged results of histological grading of animals in IgG studies. rTNF-o. recipients display endogenous
IgG staining throughout the injection hemisphere (grade 2) from 48 hours to 5 days post-injection. Animals receiving excipient mainly
show IgG staining limited to the injection site (grade 1) except for a peak of grade 2 at 3 days post-injection.

results observed in excipient-injected rats. Twenty-
four hours following an injection of rTNF-o, HRP
reaction product could be detected throughout the
right parietal cortex and basal ganglia (Fig. 2). This
widespread disruption of the BBB, however, was
not observed at 3 days post rTNF-a injection, which
showed HRP reaction product at the injection site,
or at 7 days, where no HRP was seen. Figure 1 also
demonstrates that in rats receiving excipient, the
typical pattern of HRP distribution remained fo-
cused around the injection site at all time points ex-
amined (Fig. 3).

In animals where IgG was used as a tracer, Fig. 4
shows that the BBB in these rats remains imperme-
able to IgG until a time point between 24 and 48
hours. Forty-eight hours post-rTNF-o injection,
IgG was seen throughout the injection hemisphere
(grade 2) where it remained until 5 days post-injec-
tion (Fig. 5). Seven days following rTNF-o injec-

tion, IgG could not be detected in samples. In con-
trast to those receiving rTNF-q, rats receiving exci-
pient typically showed IgG concentrated in a well-
defined pattern around the injection site (Fig. 6) ex-
cept for 3 days post-injection when IgG could be de-
tected throughout the injection hemisphere.

Discussion

Tumor necrosis factor-o’s effects on the integrity of
the BBB to exogenous and endogenous proteins of
different sizes was assessed in the rat. A single IC
injection of 6 x 10* U rTNF-o was found to compro-
mise BBB resistance to the 44 kD HRP tracer 24
hours after injection; this effect was resolved by 3
days following injection.

This paper surveys two independent BBB tracer
studies, one with HRP and one with IgG. In the ini-
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Fig. 5. Forty-eight hours post rTNF-ot injection. Immunohistochemical demonstration for endogenous IgG reveals heavy staining

throughout most of the injection hemisphere. x 14.

tial experiment employing HRP as a tracer, IC in-
jections of rTNF-a were made in the parietal cortex
at a depth of 1.5 mm. Problems were encountered,
however, in differentiating between method-de-
rived trauma and those phenomena attributable to
the actions of rTNF-a. In the more recent studies
employing IgG, a deeper injection site of 3.5 mm
and an implanted cannula was used to produce an
area within the brain which was separated from
trauma induced by drilling and needle entry to such
an extent that subtle differences between excipient
and rTNF-g-injected animals could be examined at
time points as early as 4 hours post-injection.

Since our results with HRP indicate an intact
BBB by 3 days post-injection, 1gG observed in
brain tissue at 3 and 5 days post-r'TNF-o injection
most likely represents residual tracer which accu-
mulated during BBB breakdown.

One of the conceptual problems in the use of
r'TNF-a as part of an immunotherapeutic regimen

to treat glioma is its actions on vascular permeabil-
ity, and its obvious potential for aggravation of pre-
existing cerebral edema caused by the tumor. The
present study shows that a single injection of 6 x
10* U rTNF-o into the normal rat brain has a transi-
tory effect on BBB permeability which is limited to
the injection hemisphere and which resolves spon-
taneously after a few days. Furthermore, at this
dose, rTNF-o has no effect on temperature, feed-
ing, or normal activity of the animal. Future studies
will examine rTNF-os effects on malignant brain
tissue in a rat glioma model.
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adjacent to the needle extract. x 14.
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