
Interleukin-1b-Induced Changes in Blood–Brain Barrier Permeability,
Apparent Diffusion Coefficient, and Cerebral Blood Volume in the
Rat Brain: A Magnetic Resonance Study

A. M. Blamire,1 D. C. Anthony,2 B. Rajagopalan,1 N. R. Sibson,1 V. H. Perry,2 and P. Styles1

1Medical Research Council Biochemical and Clinical Magnetic Resonance Unit, Department of Biochemistry, University of
Oxford, Oxford OX1 3QU, United Kingdom, and 2CNS Inflammation Group, School of Biological Sciences, University of
Southampton, Southampton SO16 7PX, United Kingdom

The cytokine interleukin-1b (IL-1b) is implicated in a broad spec-
trum of CNS pathologies, in which it is thought to exacerbate
neuronal loss. Here, the effects of injecting recombinant rat IL-1b
into the striatum of 3-week-old rats were followed noninvasively
from 2 to 123 hr using magnetic resonance imaging and spec-
troscopy. Four hours after injection of IL-1b (1 ng in 1 ml), cerebral
blood volume was significantly increased, the blood–brain barrier
(BBB) became permeable to intravenously administered contrast
agent between 4.5 and 5 hr, and the apparent diffusion coefficient
(ADC) of brain water fell by 6 hr (5.42 6 0.35 3 102 4 mm2/sec
treated, 7.35 6 0.77 3 102 4 mm2/sec control; p , 0.001). At 24
hr the BBB was again intact, but the ADC, although partially
recovered, remained depressed at both 24 and 123 hr ( p , 0.03).
Depleting the animals of neutrophils before IL-1b injection pre-
vented the BBB permeability at all time points, but the ADC was
still depressed at 6 hr (6.64 6 0.34 3 102 4 mm2/sec treated,

7.49 6 0.38 3 102 4 mm2/sec control; p , 0.005). No changes
were seen in brain metabolites using proton spectroscopy at 6 hr
after IL-1b.

Intraparenchymal injection of IL-1b caused a neutrophil-
dependent transient increase in BBB permeability. The presence
of neutrophils within the brain parenchyma significantly contrib-
uted to the IL-1b-induced changes in cerebral blood volume and
the ADC of brain water. However, IL-1b apparently had a direct
effect on the resident cell populations, which persisted well after
all recruited leukocytes had disappeared. Thus the action of
IL-1b alone can give rise to magnetic resonance imaging-visible
changes that are normally attributed to alterations to cellular
homeostasis.
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Inflammation, mediated by the action of cytokines, is a contribut-
ing factor in many diseases of the brain, including multiple sclero-
sis, acute neurological diseases such as stroke and head trauma, and
chronic neurodegenerative diseases such as Alzheimer’s disease,
prion disease, and HIV-related dementia (Thomas, 1992; Bet-
mouni et al., 1996; Rogers et al., 1996; McGeer and McGeer, 1997).
Of all the cytokines, interleukin-1b (IL-1b) has been most widely
implicated as a mediator in CNS pathologies (Hauser et al., 1990;
Rothwell et al., 1997). In multiple sclerosis, the level of IL-1b in the
CSF correlates with disease activity (Hauser et al., 1990), whereas
in AIDS patients, IL-1b is closely associated with neurodegenera-
tion (Gendelman et al., 1994). In experimental models of focal
stroke or trauma, IL-1 receptor antagonist (Stroemer and Roth-
well, 1997; Sanderson et al., 1999) or interleukin-converting en-
zyme inhibitors (Hara et al., 1997) reduce neuronal cell death.
Thus there is considerable evidence to suggest that the action of
IL-1b in brain injury and disease is detrimental.

Magnetic resonance imaging (MRI) and magnetic resonance
spectroscopy (MRS) are used in the clinical evaluation of many
brain diseases in which inflammation is implicated. Conventional
MRI provides a sensitive measure of tissue structure and water
content and, through the use of intravenous contrast agents, can
also measure blood–brain barrier (BBB) permeability (Runge et
al., 1985) and cerebral perfusion (Rosen et al., 1990). Diffusion-
weighted MRI (DWI) acutely detects ischemic changes believed to
be associated with disrupted cellular homeostasis (Mintorovitch et

al., 1991; Minematsu et al., 1992b; van Bruggen et al., 1992). DWI
also shows changes during experimental spreading depression (La-
tour et al., 1994), demonstrating a sensitivity to reversible alter-
ations in cellular physiology, which may not be detected by subse-
quent histological analysis. MRS provides information on brain
metabolites such as N-acetyl-aspartate (NAA, a compound whose
loss appears linked to cellular dysfunction) and lactate production
in ischemic tissue. These noninvasive techniques are, therefore,
ideally suited to the temporal evaluation of models of brain disease.
Furthermore, the study of specific disease models can improve our
understanding of the processes leading to the MRI changes ob-
served in clinical disease.

Previously we have examined the histological changes that occur
after a single bolus injection of IL-1b into the brain. In juvenile
animals the response is characterized by acute recruitment of
neutrophils to the brain parenchyma and breakdown of the BBB,
whereas in adult animals no such changes were observed (Anthony
et al., 1997, 1998a). Furthermore, our single bolus injections of
IL-1b did not appear to cause any overt damage to neurons when
assessed histopathologically. Here we exploit the sensitivity of
magnetic resonance imaging and spectroscopy to further evaluate
the response of the juvenile brain to the injection of IL-1b in the
presence and absence of circulating white cells to determine their
contribution to the inflammatory changes. This study provides
information relevant to both the understanding of the action of
IL-1b and the identification of inflammatory processes in clinical
application of MRI.

MATERIALS AND METHODS
IL-1b solution
Recombinant rat IL-1b was obtained from the National Institute for
Biological Standards and Control (Potters Bar, UK). A solution of IL-1b
was prepared using endotoxin-free saline and low-endotoxin BSA with a
concentration of 1 ng/ml. Analysis of the total endotoxin content of the
carrier solution showed it to contain ,0.05 pg/ml.
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Animal preparation
Three-week-old Wistar rats (Harlan-Olac) were anesthetized with Avertin
(1 ml/100 gm) and placed in a stereotaxic frame. A burr hole was made in
the skull 1 mm anterior and 3 mm lateral to the bregma in the left
hemisphere. Using a 50-mm-tipped, finely drawn glass pipette, a 1 ml
injection of the IL-1b solution (1 ng/ml) was placed at a depth of 3 mm in
the striatum. Control animals were injected with carrier only.

Animals were then placed in a purpose-built head restraint system
consisting of ear and tooth bars integral to the MR coil. A 2.4-cm-diameter
circular surface coil was placed over each animal’s head and was used for
all data acquisition. Anesthesia was maintained in the magnet using
Entonox (50% N2O and 50% O2) and 0.8–1.0% halothane administered
via a nose cone placed around the snout of the animals. The temperature
inside the probe was maintained using a circulating warm water system. All
procedures used in the study were approved by the United Kingdom Home
Office.

Magnetic resonance methods
Magnetic resonance measurements were made using a 300 MHz vertical
super-wide-bore spectrometer. Initial data were acquired using a Bruker
Biospec console (Bruker/ORS, Coventry, UK), whereas later measure-
ments were made using a Varian (Palo Alto, CA) Inova console because of
a hardware upgrade of the spectrometer. To preserve compatibility of data
throughout the study, all imaging and spectroscopy parameters were iden-
tical on both systems. Imaging and spectroscopy parameters were as
follows.

Anatomical imaging. Anatomical images were acquired using a single
spin-echo sequence. T1- weighted images used a repetition time (TR) of
500 msec and an echo time (TE) of 44 msec, whereas T2-weighted images
used a TR of 2.7 sec and a TE of 80 msec. Slice thickness was 3 mm, field
of view was 3 3 3 cm 2, and matrix size was 128 3 128 pixels (nominal
in-plane resolution, 0.23 3 0.23 mm 2).

DWI. Diffusion-weighted images were acquired with a pulsed-gradient
spin-echo sequence with a TR of 1.1 sec and a TE of 96 msec. Imaging was
performed using five diffusion-weighting (“b”) values of 125, 500, 750,
1000, and 1500 sec/mm 2 2, where b is defined by the equation (Stejskal and
Tanner, 1963) b 5 (gGd) 2[D 2 d/3]; G is diffusion gradient strength,
diffusion time D was 41 msec, and the diffusion gradient duration d was 35
msec). Diffusion gradients were applied simultaneously on all three axes,
and “trace” diffusion measurements were not made. Slice thickness was 3
mm, field of view was 3 3 3 cm 2, and the matrix size was 128 3 128 pixels.

Imaging BBB permeabilit y. To assess BBB permeability, 150 ml of a
standard gadolinium-based MRI contrast agent (Omniscan; Nycomed Am-
ersham, Buckinghamshire, UK) was injected via a tail vein, and T1
weighted images were acquired 10 min after contrast administration to
look for image enhancement.

Perfusion imaging. Regional cerebral blood volume (rCBV) maps were
generated from time series images acquired during bolus injection of
contrast agent and tracer kinetic analysis (Rosen et al., 1990). A series of
40 fast low angle shot (Frahm et al., 1986) images were acquired at a rate
of 1 image/sec during which 100 ml of a 50:50 solution of a Omniscan in
saline was injected (TR, 20 msec; TE, 10 msec; field of view, 3 3 2 cm 2;
and slice thickness, 0.5–1.0 mm).

Proton MR spectroscopy. Spectra were obtained from a single 5 3 4 3 4
mm 3 voxel placed within the striatum of the injected hemisphere. Data
were acquired using a stimulated echo acquisition mode sequence (Frahm
et al., 1987) with a TE of 40 msec, a mixing time (TM) of 50 msec, a TR
of 3 sec, and 128 averages. Suppression of the water signal was achieved
using an inversion recovery technique (water-eliminated Fourier trans-
form; Patt and Sykes, 1972) and a chemical shift-selective pulse (Haase et
al., 1985) during the TM period.

Experimental protocol
Animals were placed in the magnet, and a sagittal scout image was
acquired from which the location of the bregma was determined. The
injection site was located from its stereotaxic coordinates on sagittal and
coronal images. A single axial slice centered on the injection site was
selected for the full imaging protocol, and a scout image was obtained. In
those animals studied using MRS, the voxel of interest was positioned in
the injected striatum, and the magnetic field within this region was
shimmed to maximize the quality of the final spectra. Five sets of studies
were performed to investigate different aspects of the brain response to
IL-1b:

Acute effects of IL-1b (n 5 7). Anatomical imaging, diffusion-weighted
imaging, and spectroscopy data sets were acquired at mean time points of
3, 4, 5, and 6 hr after IL-1b injection. After the 6 hr data acquisitions,
postcontrast images were acquired to assess BBB permeability.

Chronic effects of IL-1b (n 5 4). To examine the chronic effects of IL-1b,
a second group of animals was studied using the acute protocol described
above; however, after 6 hr the animals were allowed to recover from
anesthesia and were then restudied at 27 and 123 hr after injection. (MRS
measurements were not made at 27 or 123 hr).

The acute effect of IL-1b on blood–brain barrier permeabilit y. The tem-
poral evolution of permeability of the BBB was studied by amalgamating
the post-contrast data from protocols described above for acute and
chronic effects of IL-1b and supplementing them with additional data

acquired at 2, 3, 4, and 5 hr time points (n 5 5), in which imaging consisted
of precontrast and postcontrast T1-weighted scans only.

Effect of neutrophil depletion (n 5 4). Neutrophils have been shown to
have a direct action on the blood–brain barrier (Bolton et al., 1998). A
rabbit anti-rat, anti-neutrophil serum was therefore obtained (Accurate
Chemical & Scientific) to study the effects of neutrophil depletion. Eigh-
teen hours before IL-1b injection, animals were treated with an intraperi-
toneal injection (3 ml/kg) of the anti-neutrophil serum. Treatment with
this serum typically reduces the levels of circulating neutrophils from
;1800 to ;90/mm 3 but has no effect on the concentration of other
circulating leukocyte populations. A second injection was administered
immediately before the stereotaxic surgery to ensure continued depletion.
Neutrophil-depleted animals were studied 6 hr after IL-1b injection using
the imaging protocol and Gd contrast agent injection (as in Acute effects
of IL-1b above). Second and third groups of animals were studied at 25
and 120 hr time points, respectively.

Effect of IL-1b and neutrophils on cerebral blood volume. To determine
whether IL-1b and recruited neutrophils exert vascular effects, cerebral
blood volume was measured at 2 and 4 hr after IL-1b injection in control
(n 5 4), nondepleted (n 5 4), and neutrophil-depleted (n 5 3) animals.
Measurements were not made beyond 4 hr, because the tracer kinetic
approach is not valid when contrast agent can escape from the vasculature
through a permeable BBB.

Histological analysis
At the end of each protocol the rats were deeply anesthetized with sodium
pentobarbitone. Transcardiac perfusions were performed with 4% para-
formaldehyde. After dissection, the brains were post-fixed for several hours
in the fixative and then immersed in 30% sucrose buffer for 24 hr to
cryoprotect. The tissue was then embedded in Tissue Tek (Miles, Elkhart,
IN) and frozen in isopentane at 240°C. Cresyl violet-stained sections (50
mm) were examined for signs of neuronal damage and for the presence of
leukocytes. Immunohistochemistry was used to confirm the presence and
distribution of specific cell populations. Frozen 10-mm-thick serial sections
were cut from the paraformaldehyde-fixed tissue and mounted on gelatin-
coated glass slides. Antigens were detected using a three-step indirect
method (Hsu et al., 1981). Neutrophils were identified using the anti-
neutrophil serum HB199 (Anthony et al., 1998b).

Quantification of leukocyte numbers
In each subgroup of animals, neutrophil infiltration was quantified by
counting the number of cells in 50-mm-thick cresyl violet-stained sections
from regions immediately adjacent to the injection site. Three nonover-
lapping fields, containing the highest density of recruited cells within the
parenchyma, were chosen, and the number of neutrophils was calculated as
an average number per square millimeter for each animal. All these counts
were verified immunohistochemically.

Magnetic resonance data analysis
Images of the ADC were generated from the diffusion-weighted images
(Turner et al., 1990). Maps of rCBV were created using standard tracer
kinetic analysis of the time series data sets (Meier and Zierler, 1954;
Rosen et al., 1990). Regions of interest (ROIs) encompassing the striatum
were defined interactively on the T1- and T2-weighted images in each
hemisphere. These ROIs were then used to determine the mean ADC
within each striatum or the ratio of rCBV in the injected to the uninjected
hemisphere in individual animals. The relationship between rCBV as
measured using this technique and regional cerebral blood flow (rCBF) is
only indirect via the mean transit time of the tracer through the vascular
bed. However, it has been shown in ischemia models that the peak signal
change during the bolus correlates with autoradiographic measures of
rCBF (Muller et al., 1996). The time course of signal change during the
bolus passage through the brain was therefore also calculated for each
region of interest to examine any differences in temporal characteristics.
Anatomical images (T1- and T2-weighted) were assessed qualitatively for
signs of signal change. BBB permeability was assessed by comparing the
precontrast and postcontrast T1-weighted images. Asymmetry in image
intensity within the defined ROIs was also examined to look for progres-
sive changes. Proton spectra were line-broadened by 10 Hz, zero-filled, and
Fourier-transformed. Relative concentrations of creatine (Cre), choline
(Cho), NAA, and lactate were determined by Lorentzian deconvolution of
spectral lines (WIN-NMR software; Bruker-Franzen Analytik GmbH,
Bremen, Germany). Spectral ratios [NAA/Cre, Cre/Cho, and NAA/(Cre 1
Cho)] were calculated using the creatine peak as an internal concentration
reference assuming that the creatine peak was constant throughout the
study. Statistical analysis was performed using t test analysis. All values are
quoted as mean 6 SD.

RESULTS
Acute effects of IL-1b

Anatomical images (T1- and T2-weighted) did not show any effects
of injecting IL-1b into the striatum except on the initial images,
which occasionally showed a small region of hyperintensity (;0.5
mm diameter) at the site of injection, probably representing the
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volume of fluid injected into the brain. Similar areas of hyperin-
tensity were seen in the control animals injected with 1 ml of vehicle
solution. This hyperintensity resolved by 4 hr. Typical T1- and
T2-weighted anatomical images acquired 6 hr after injection are
shown in Figure 1, a and b, respectively. The corresponding ADC
map is shown in Figure 1c, whereas Figure 1d illustrates the area of
postcontrast enhancement on T1-weighted imaging. These demon-
strate a clear area of decreased diffusion (low intensity) in the
injected striatum and extensive BBB breakdown indicated by the
enhancement of the treated hemisphere. In all animals, there was
a striking spatial correspondence between the area with BBB
disruption on the post-Gd T1-weighted image and the area of
reduced ADC. Gadolinium enhancement was clearly seen in all
animals at the 6 hr time point. ROI analysis comparing the ADC in
the striatum of the treated (lef t) and contralateral (right) hemi-
spheres is shown in Figure 2. The temporal evolution of the ADC
demonstrated a gradual decline in the treated hemisphere, whereas
the ADC in the control hemisphere remained unchanged.
Throughout the study there was a trend toward lower absolute
ADC values in the treated striatum compared with the control
hemisphere (Table 1). Paired t test (treated vs control hemisphere)
at each time point showed that the difference became significant at
6 hr ( p , 0.001). No ADC changes or alterations in BBB perme-
ability were seen at any time in the control animals. Initial ratios of
metabolites in the proton spectra were 1.18 6 0.17 for NAA/Cre,
0.95 6 0.18 for Cre/Cho, and 0.57 6 0.11 for NAA/(Cre 1 Cho) at
the 3 hr time point, and these remained unchanged throughout the
acute phase of the study (3–6 hr). No lactate was observed in any
spectrum. Histology confirmed the previous observations that there
was infiltration of neutrophils (Anthony et al., 1997) with an aver-
age density in the quantified fields of 2024 6 368 neutrophils/mm2

(n 5 3).

Chronic effects of IL-1b

No regions of abnormality were seen on T1- or T2-weighted imag-
ing throughout the chronic phase of the study. The ADC within the
treated striatum had recovered significantly by 27 hr when com-
pared with the 6 hr time point (Table 1; p , 0.001) but still
remained depressed relative to the contralateral hemisphere ( p ,
0.01). Likewise, at 123 hr the ADC remained significantly low ( p ,
0.03) and had not increased significantly from its value at the 27 hr
time point ( p 5 0.4). Histological examination of animals after 27
hr showed neutrophil infiltration had increased to 2967 6 547
neutrophils/mm2, and neutrophils were virtually absent from the
brain by 123 hr (4 6 7 neutrophils/mm2).

Effect of IL-1b on BBB permeability
The acute and chronic effects of IL-1b on BBB permeability were
assessed by amalgamating data from the anatomical imaging, DWI,
and BBB permeability imaging protocols (see Materials and Meth-
ods). No image enhancement was observed at 3 hr after IL-1b or
earlier, and variable levels of enhancement were seen at 4 hr.
However, all IL-1b-treated animals showed clear enhancement at 5
hr, and the effect appeared to diminish in those animals imaged at
6 hr. No enhancement was seen in any animal at 27 hr or later,
implying that the BBB had resealed by this time and indicating the
dynamic nature of BBB permeability after IL-1b treatment.

Effect of neutrophil depletion
Histological examination of the anti-neutrophil serum-treated an-
imals confirmed the absence of any neutrophil recruitment to the
brain parenchyma or meninges. In these animals the ADC at 6 hr
after IL-1b injection was significantly depressed compared with the
control hemisphere but to a much lesser degree than in animals
with neutrophil present (Table 1; p , 0.005). This is shown in
Figure 3 together with the data for control animals (injection of the
carrier only). Post-Gd imaging did not show enhancement, indicat-
ing an intact BBB. In the groups of neutrophil-depleted animals
studied chronically, the ADC at 25 and 120 hr had returned to
control values.

Figure 1. Typical imaging data set acquired 6 hr after injection of IL-1b.
a, T1-weighted axial image; b, T2-weighted axial image; c, ADC map
calculated from the diffusion-weighted images; d, image showing the area of
BBB breakdown (bright) obtained by dividing the 10 min postcontrast
T1-weighted image by the preinjection image. IL-1b injection was into the
left hemisphere (top in each image). Note the focal area of decreased ADC,
which corresponds to the area of BBB breakdown. Images are in radiolog-
ical representation with the lef t side being the right side of the brain and
vice versa.

Figure 2. Time course of the ADC of brain water after striatal injection of
IL-1b. Data shown are the mean ADC (error bars indicate 1 SD) within a
region of interest encompassing either the left (IL-1b treatment) or the
right (control) striatum of the animals. Asterisks indicate a significant
difference between treated and untreated (control) hemispheres: ***p ,
0.001; **p , 0.01; *p , 0.03.
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Effect of IL-1b and neutrophils on cerebral
blood volume
Local changes in cerebral hemodynamics were assessed by calcu-
lating the ratio of cerebral blood volume within the ROI in the
treated hemisphere to that in the control hemisphere. At 2 hr after
injection, rCBV appeared slightly (but not significantly) increased
in the treated hemisphere of animals injected with IL-1b but not in
the neutrophil-depleted animals (Fig. 4). By 4 hr after injection,
rCBV was significantly increased in the striatum of the IL-1b-
treated animals ( p 5 0.004, paired t test). A trend to increased
rCBV was also seen in the neutrophil-depleted animals ( p 5 0.08).
The temporal characteristics of the contrast bolus were identical
between the treated and untreated hemispheres. Control animals
showed no asymmetry in rCBV at either 2 or 4 hr after injection.

DISCUSSION
In the present study, we have found that in the juvenile rat brain
IL-1b induces (1) a neutrophil-dependent increase in the perme-
ability of the BBB to Gd contrast agent in the absence of any signal
change on conventional anatomical MR imaging, (2) a reversible
decrease in the apparent diffusion coefficient with no acute changes
in the level of NAA or appearance of lactate as determined by
MRS, and (3) increased regional cerebral blood volume acutely. In
control animals after the injection of vehicle alone, no significant
changes were observed on T1- or T2-weighted images, ADC im-
ages, or gadolinium-enhanced T1 images, and there were no blood

Table 1. Apparent diffusion coefficient in the left (treated) and right (control) striatum

Time (hr)

ADC (31024 mm2/sec)

Control IL-1b Neutrophil depletion and IL-1b

Left Right Left Right Left Right

4 6.74 6 0.82 6.96 6 0.76
5 6.63 6 0.38 7.15 6 0.56
6 7.30 6 0.25 7.29 6 0.21 5.42 6 0.35* 7.35 6 0.77 6.64 6 0.34* 7.49 6 0.38

27 6.29 6 0.35* 7.14 6 0.61 7.15 6 0.58 7.28 6 0.27
123 5.90 6 0.70* 7.10 6 0.87 7.10 6 0.26 7.13 6 0.15

ADC, Apparent diffusion coefficient measured within a region of interest encompassing the striatum. Control, Injection of 1 ml of vehicle only into the left striatum. IL-1b,
Pretreatment with anti-neutrophil serum to deplete animals of neutrophils followed by injection of 1 ml of IL-1b (1 ng/ml) into the left striatum.
*Significantly different from control (right hemisphere) by paired t test at that time point ( p , 0.05).

Figure 3. Comparison of the mean ADC (error bars indicate 1 SD) in the
left and right striatum 6 hr after IL-1b injection. Data are presented for the
three animal groups: control (injection of vehicle only), depleted (pretreat-
ment with anti-neutrophil serum to deplete neutrophils and then injection
of IL-1b), and nondepleted (IL-1b injection only). Asterisks indicate a
significant difference between treated and untreated (control) hemispheres:
**p , 0.001; * p , 0.005.

Figure 4. Comparison of the mean ratio of rCBV in the treated and
untreated striatum at 2 and 4 hr after injection (error bars indicate 1 SD).
Data are presented for the three animal groups: control (injection of vehicle
only), depleted (pretreatment with anti-neutrophil serum to deplete neu-
trophils and then injection of IL-1b), and nondepleted (IL-1b injection
only). Asterisks indicate a significant difference between treated and control
hemispheres: *p 5 0.004.
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volume changes. The implications of these findings are discussed
below.

Trauma-induced lesions and ischemic lesions in the CNS are
associated with leukocyte infiltration, BBB breakdown, and sec-
ondary tissue destruction. This study has confirmed that BBB
breakdown occurs after the injection of IL-1b, in broad agreement
with our previous results obtained using horseradish peroxidase
(HRP), the classic tracer of BBB permeability. Using HRP the
BBB was found to be impermeable at 2 hr after IL-1b injection and
maximally open at 4 hr (Anthony et al., 1997). Similarly, the data
presented here indicate that BBB breakdown occurred between 4
and 5 hr. However, these data also show some continuing perme-
ability at 6 hr, which was not observed with HRP and is probably
attributable to the lower molecular weight of the Gd tracer. The
current study with Gd also revealed that the increase in BBB
permeability in these juvenile animals is neutrophil-dependent,
because neutrophil depletion eliminated the IL-1b-induced in-
creases in permeability. There are opposing observations on the
action of IL-1b on BBB permeability. In vitro there is a wealth of
data reporting that proinflammatory cytokines, such as IL-1b,
increase the permeability of brain-derived endothelial cell mono-
layers (de Vries et al., 1996; Duchini et al., 1996; Fiala et al., 1997;
Gloor et al., 1997). For example, in a study using cerebrovascular-
derived endothelial cells, IL-1b, tumor necrosis factor a, and IL-6
all induced a decrease in the trans-endothelial cell resistance in
vitro (de Vries et al., 1996). Also, other in vivo studies using
intraparenchymal injection of IL-1b have reported extravasation of
albumin and increased specific density of tissue, both indicating
increased BBB permeability (Holmin and Mathiesen, 2000). How-
ever, our previous work using this model and the tracer HRP both
in juvenile and adult animals has not observed BBB breakdown in
the absence of neutrophils (Anthony et al., 1997, 1998a; Schnell et
al., 1999). Explanations for this disparity may lie in possible tissue
damage occurring as a function of the needle size or injection
volume (both of which are smaller in our work), which when
combined with exogenous IL-1b may give rise to pathology distinct
and different from the effect of IL-1b in the brain parenchyma per
se. Alternatively it must be considered that in using the relatively
large HRP molecule we may have missed any neutrophil-
independent IL-1b-induced changes in BBB permeability because
of the size of the tracer (40 kDa). The gadolinium complex used in
this current study is much smaller (0.57 kDa) and is therefore
unlikely to have been excluded from the brain parenchyma even if
the direct IL-1b-induced changes were small. Therefore, our data
suggest that the permeability changes in the BBB in vivo in juvenile
rats result from the action of neutrophils rather than the proin-
flammatory cytokine IL-1b per se.

After injection of IL-1b into the striatum we observed a decline
in the ADC, which remained significantly depressed until well after
the BBB had been restored and the recruited leukocytes had
disappeared. A reduction in ADC has been extensively docu-
mented in acute brain ischemia (Moseley et al., 1990a,b; Knight et
al., 1991; Mintorovitch et al., 1991, 1994; Minematsu et al., 1992a;
van Bruggen et al., 1992; Roussel et al., 1994; van der Toorn et al.,
1994; Verheul et al., 1994; Kohno et al., 1995; Mancuso et al., 1997;
Kuroiwa et al., 1999), although the exact mechanisms responsible
for these changes remain unclear. In ischemia the ADC falls before
any major changes on conventional T1- or T2-weighted imaging and
has an acute temporal evolution that appears to follow the loss of
high-energy phosphorus metabolites (van der Toorn et al., 1996a).
There is evidence to support the idea that diffusion in the intra-
cellular space is much slower than in the extracellular space (Van
Zijl et al., 1991). Thus in ischemia, reduced ADC may represent, in
part, the formation of cytotoxic edema (leading to an increased
contribution to the measured ADC from the slower-diffusing in-
tracellular water) (Verheul et al., 1994; van der Toorn et al., 1996a).
There is, however, also evidence that diffusion in both the cytosol
and interstitial space is altered during ischemia (Wick et al., 1995;
Neil et al., 1996; van der Toorn et al., 1996b; Duong et al., 1998);
therefore, reduced overall ADC may also represent changes in

absolute diffusibility. Furthermore, observations of a transient re-
duction in ADC during spreading depression (Latour et al., 1994)
suggest that the ADC does not simply report on tissue undergoing
ischemia. In our study, the time course of ADC changes in the
injected hemisphere only became significantly different from nor-
mal tissue after 6 hr. Again, this is in contrast to the time course in
classic ischemia, in which ADC changes are virtually immediate.
Perfusion imaging showed increased rCBV by 4 hr after IL-1b, in
agreement with previous qualitative observations of intraparenchy-
mal vessel dilation in this model (Anthony et al., 1997). The
temporal characteristics of the bolus were the same between each
hemisphere; hence, peak signal change scaled with rCBV. This
suggests that rCBF is also elevated in response to IL-1b or action
of neutrophil. Furthermore, no lactate was observed in any proton
spectra, as might be expected if ischemia were an important factor.
Thus, ischemia is unlikely to be the source of the ADC changes in
this model.

Although BBB permeability was found to be related to the
recruitment of neutrophils to the brain parenchyma and could be
eliminated in neutrophil-depleted animals, a reduction in ADC still
occurred in the absence of neutrophils. This indicates that IL-1b
has a direct effect on the resident cells within the brain paren-
chyma. Previously we have found that the injection of IL-1b rapidly
induces the production of more IL-1b, and this increase in endog-
enous production is decreased in neutrophil-depleted animals (our
unpublished observations). Interestingly, relative to animals with
neutrophils, the duration and magnitude of ADC changes were
both diminished in the neutrophil-depleted animals. Together
these observations suggest that the ADC changes reflect the total
level of IL-1b, particularly during the acute phase after injection.
However, it should also be noted that the reduction in ADC
continued well after the point when neutrophils have been cleared
from the parenchyma, indicating that some other currently un-
known mechanism is involved, at least in the chronic phase.

IL-1b has been found to be neurotoxic in co-cultures of astro-
cytes and neurons and at high concentrations in cultured primary
cortical neurons (Skaper et al., 1995; Strijbos and Rothwell, 1995).
In acute in vivo studies, too, there is now evidence that inhibition of
the activity of IL-1b by IL-1 receptor antagonist can reduce infarct
volume in rodent models of ischemia and reduce neuronal damage
after brain injury by fluid percussion (Garcia et al., 1995; Toul-
mond and Rothwell, 1995). However, it remains unclear how IL-1b
exacerbates focal lesions in the CNS. Exacerbation may be a result
of the direct cytotoxic action of IL-1b on neurons or particular
neuronal pathways, and there may also be secondary bystander
damage by the leukocytes recruited to the brain after endogenous
IL-1b production. Indeed, the inhibition of neutrophil recruitment
in models of focal stroke has proved effective in reducing the
infarct volume (Matsuo et al., 1994; Jiang et al., 1995). Our previ-
ous studies have demonstrated that single bolus injections of IL-1b
into the brain parenchyma of juvenile animals result in the acute
recruitment of neutrophils to the brain and neutrophil-mediated
damage to the blood–brain barrier (Anthony et al., 1997, 1998a).
Although our previous studies have suggested that single bolus
injections of IL-1b do not appear to cause damage to neurons as
assessed histopathologically with silver stains, the current ADC
data suggest that some form of prolonged alteration in cellular
homeostasis is produced.

We have demonstrated that IL-1b induces reversible BBB break-
down in juvenile animals, which is mediated by neutrophils. The
ADC falls, possibly indicating cellular dysfunction as a result of
both direct effects of IL-1b and neutrophil-mediated mechanisms.
IL-1b also produces an increase in cerebral blood volume in the
areas with BBB and ADC changes, and this increase is diminished
in the absence of neutrophils. The mechanism of the ADC changes
after IL-1b treatment may be relevant to its effects in exacerbating
damage in stroke or traumatic brain injury.
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