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Summary
In vivo proton MRI was carried out on a 7 Tesla system at
2-3 day intervals over 10 days in rats with adoptive transfer
experimental allergic encephalomyelitis (AT-EAE), an animal
model of some aspects of multiple sclerosis. In order to
assess the integrity of the blood-brain barrier (BBB), MRI
was performed by acquiring quantitative MR-relaxation time
Tj images of the AT-EAE rat brain before and after i.v.
injection of gadolinium-diethylene triaminepentaacetic acid
(Gd-DTPA) using an ultrafast MRI technique. The MRI
findings were compared with the immunohistochemical stain
of T cells, macrophages and albumin and, in addition,
apoptosis of T cells was assessed using in situ nick translation
(1SNT). Prior to injection of Gd-DTPA, an increase of Tt

times in the brain of the AT-EAE rats was observed, which
paralleled the time course of albumin in histological sections.
These were MRI findings observed well before the onset of
major cellular infiltration and before the onset of clinical
signs. After i.v. injection of Gd-DTPA the observed decrease
ofT/ times paralleled macrophage activation, and less closely
T-cell infiltration. Our results provide evidence that using
MRI, it is possible to assess quantitatively the breach of the
BBB and to distinguish in vivo between two components of
the early phase of the lesion, inflammatory infiltrates and
vasogenic oedema.

Key words: multiple sclerosis; experimental allergic encephalomyelitis; MRI; Gd-DTPA; blood-brain barrier

Abbreviations: AT-EAE = adoptive transfer experimental allergic encephalomyelitis; BBB = blood-brain barrier; EAE =
experimental allergic encephalomyelitis; Gd = gadolinium; Gd-DTPA = gadolinium-diethylene triaminepentaacetic acid;
ISNT = in situ nick translation; NMR = nuclear magnetic resonance

Introduction
Proton MRI is increasingly used in multiple sclerosis patients
for making the diagnosis, to assess prognosis, and as outcome
measure in therapeutic trials (Thorpe et al., 1994). Multiple
sclerosis MRI is mostly based on the qualitative assessment
of nuclear magnetic resonance (NMR) parameters using T r

or T2-weighted MRIs, and there are only scarce data on the
histopathology of defined MRI lesions. Two correlative
studies have shown that in the acute multiple sclerosis lesion
breakdown of the BBB, as evidenced by gadolinium (Gd)-
enhancement, was associated with inflammation in post-
mortem histology (Nesbit et al., 1991; Katz et al., 1993).
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These observations are in agreement with findings in an
animal model (Lassmann, 1983), acute experimental allergic
encephalomyelitis (EAE) which covers some aspects of
multiple sclerosis (Hawkins et al., 1990, 1991; Namer et al.,
1992, 1993; Seeldrayers et al., 1993).

With the advent of ultrafast NMR techniques it became
possible to perform precise T[ -measurements within a few
seconds (Haase, 1990; Deichmann and Haase, 1992; Nekolla
et al., 1992). Using this quantitative NMR technique our
group recently demonstrated that pre- and post-Gd-DTPA
T,-measurements reflect the disease course in AT-EAE, and
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that the overall number of inflammatory infiltrates parallels
the post-Gd-DTPA T,-findings (Seeldrayers et al, 1993). In
the current study we compared, in more detail, the quantitative
relationship between T cells and macrophages and post-Gd-
DTPA T] maps. Secondly, we investigated the evolution of
vasogenic oedema by performing immunostaining for
albumin and comparing these findings with our MRI data.

Material and methods
Animals
Female Lewis rats, 6-8 weeks old with a body weight
of 150-180 g, were obtained from the Zentralinstitut fur
Versuchstierzucht Hannover (Germany).

Induction of AT-EAE
Adoptive transfer EAE was induced by injection of 9X106

myelin basic protein specific, CD4+ activated T cells into
the tail vein. The encephalitogenic T cells were generated
and maintained as described elsewhere (Jung et al., 1992).
In brief, T cells (SXlO^ml) were restimulated with freshly
isolated and irradiated (3.000 rad) syngeneic thymocytes
(1.5X107/ml) as antigen presenting cells and myelin basic
protein (20 |ig/ml). Seventy-two hours later, activated T-cell
blasts were separated from cell debris by centrifugation on
Ficoll (Nycomed AS, Oslo, Norway) gradients at 4°C, washed
twice and 9X106 blasts were injected into the tail vein in 1 ml
Dulbecco's modified eagle's medium (Gibco, Eggenstein,
Germany). A total of 25 rats were injected with the myelin
basic protein specific T-cell line. Six rats served as normal
controls.

Clinical scoring
The severity of the disease was assessed using a scale from
0 to 6. Scoring was performed as follows: 0 = normal; 1 =
weakness of tail tip; 2 = paralysis of tail; 3 = mild to
moderate paraparesis, unsteady gait; 4 = severe paraparesis;
5 = tetraplegia; 6 = moribund and death.

MRI
In vivo MRI was performed on a Bruker Biospec NMR
system (7 Tesla, 200 mm horizontal bore). Anaesthesia for
MRI was induced with 5% isoflurane and then maintained
at 1% in oxygen flowing at a rate of 1.5 1/min. For T,
mapping we used a snapshot FLASH sequence as described
elsewhere (Deichmann and Haase, 1992; Nekolla et al.,
1992): a series of 16 snapshot FLASH images was acquired
after inversion of the magnetization without any delay
between the images. Thus, the inversion time (the temporal
spacing between the inversion and the acquisition of an image)
was different for each image. Furthermore, the increment of
the inversion time was identical to the acquisition time of a

single image. As 64 phase steps were acquired with an echo
time of 1.4 ms and a repetition time of 2.7 ms, each image
acquisition took 170 ms. Inversion was performed by an
adiabatic inversion pulse of 2 ms duration. The flip angle
was -4°. The complete sequence was averaged eight times
to improve on signal to noise ratio. A delay of 14 s was
inserted after each average to allow for complete relaxation
of the spins. T, maps were performed in each animal before
and after a bolus injection of Gd-DTPA via an in-dwelling
venous catheter (0.8 mmol/kg Gd-DTPA). Eight transaxial
slices through the brain and brainstem were obtained from
each animal. An MRI adapted stereotactic apparatus was
used to ensure exact repositioning. Scanning was performed
on days 3, 5, 7 and 10 post-injection. Due to losses of
individual animals, differences in the number of animals
scanned per time point occurred. Since there were no obvious
differences between the the group of AT-EAE rats followed
serially at all time points and the group of AT-EAE rats
scanned only at a single time point, the data for the same
time points were analysed together (Tables 1 and 2).

Histology
Within \-4 h after MRI acquisition, rats were injected with
sodium pentobarbital (Narcoren, Rhone Merieux, Laupheim,
Germany) and perfused transcardially with 4% para-
formaldehyde in 0.1 M phosphate buffered saline, pH 7.4.
Brains were post-fixed for 3 h in the same fixative. For
embedding in paraffin, the brains were cut in ~3 mm thick
transverse slices and, for histological staining, sections were
collected from the midbrain level. According to a
stereotactical atlas (Pellegrino et al., 1979), the brain was
cut transversely between the caudal end of cerebral cortex
and the cerebellum so that, dorsally, the colliculi inferiores
and, ventrally, the entry of the trigeminal nerve were in the
same plane. Sections (10 (im thick) were made from caudal
to rostral approaching the level of the colliculi superiores
dorsally and the pons ventrally. Immunohistochemistry
according to the ABC-method (Seitz et al., 1986) was
performed using the following anti-rat antibodies: anti-pan
T cell (B115-1, Holland Biotechnology, Leiden, The
Netherlands), 1:500; EDI (Serotec, Camon, Wiesbaden,
Germany), 1:500; anti-albumin (Nordic, Bochum, Germany),
1:100. Hydroxylamine pretreatment (0.9% in phosphate
buffered saline, 30 min) was only required for staining with
the albumin antibody. The sections were then preincubated
with 10% heat-inactivated porcine serum to block nonspecific
protein binding before incubation with the antisera diluted
in 1% porcine serum for 1 h (anti-T cell, EDI-staining) and
2 h (anti-albumin staining). For the T cell and macrophage
staining we used 0.05 M Tris buffer containing 2% NaCl,
for the albumin staining 0.05 M phosphate buffered saline.
After treating the sections with 0.05% H2O2 in methanol to
inhibit endogenous peroxidase activity, they were incubated
with a biotinylated anti-mouse secondary antibody
(Dakopatts, Hamburg, Germany) for 45 min, which was
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Table 1 Pre-Gd-DTPA 7",-values in milliseconds (mean±SD)

Time post-injection (days) CNS-parenchyma CSF cistema

5
4
7*
7*
6«

Brainstem

126O±68
1428± 80**
1519±120**
1452±82**
1401+65*

Cerebellum

1491±59
1668±125»*
1725±142**
1701±99*
1628+84**

Midbrain

1290±52
1525±97**
1499±107**
1500±69**
1492+94**

1845 ±224
2026±322*
1939±250
1976±317
1862+230

Control
3
5
7
10

Statistical comparison with T|-relaxation times (in milliseconds) of normal control animals: *P < 0.05; **P < 0.01. n = number of rats;
*two animals from the original series; *two animals from the original series and two animals from day 5; ^same as on day 7.

Table 2 Decrease in post-Gd-DTPA

Time post-injection (days) n

T\ -values in percent (mean

CNS-parenchyma

Brainstem

±SD)

Cerebellum Midbrain

CSF cistema

Control
3
5
7
10

5
4
7*
7*
6*

11.8+4.4
19.4±11.8*
28.1 ±8.6*
13.9±4.0
14.7+9.8

11.6+4.4
26.3+6.8**
39.1 + 14.0**
31.3+4.3**
27.2+9.9**

9.9±4.3
12.1 ±6.2
20.9±10.2**
12.2±5.7
15.1±7.8*

36.9±9.2
58.9±12.4**
65.1 ±13.9**
56.1±15.3**
47.7±15.8

The percentage of decrease was determined for each individual animal (T| before Gd-DTPA minus T] after Gd-DTPA divided by T)
before Gd-DTPA) and a mean Ti decrease was calculated from these values for each time point Statistical comparison with T| decrease
of normal controls: *P < 0.05; **P < 0.01. n = number of rats: ^two animals from the original series; ^wo animals from the original
series and two animals from day 5; 5same as on day 7.

preincubated with the same amount of Lewis rat serum for
15 min at 37°C. The avidin-horseradish peroxidase complex
was allowed to react for 30 min. The peroxidase labelling
was visualized by incubation with a solution of 0.05% 3,3'-
diaminobenzidine tetrahydrochloride and 0.05% H2C>2. All
sections were counterstained with haematoxylin for 10 s.
For quantitative comparison, staining of the sections of all
experimental animals was performed at one time-point for
each antibody and stage of the EAE.

Preincubation of the anti-albumin antibody with 100 mg/ml
rat albumin (Sigma, Deisenhofen, Germany) resulted
in negative staining demonstrating the specificity of the
antibody.

In situ nick translation
Three serial sections of every animal were deparaffinized in
xylene and 96% ethanol, treated with chloroform and hydrated
in descending alcohol concentrations.

Fifty microlitres of the reaction mixture for ISNT consisted
of 5 u.1 10X nick translation buffer, 1 u.1 digoxigenin
labelled nucleotides (DigDNA labelling mixture, Boehringer
Mannheim) and 5 U of DNA polymerase I (Biolabs, New
England, Schwalbach, Germany). Distilled water was added
to a final volume of 50 u.1. Thirty microlitres of the reaction
mixture were pipetted onto one section, covered with
coverglass and incubated for 1 h at 37°C. The reaction was
stopped by washing in 0.1 M Tris buffer containing 0.15 M

NaCl, pH 8.0. The sections were incubated with 10% foetal
calf serum and then exposed to alkaline phosphatase labelled
anti-digoxigenin antibody (Boehringer Mannheim) diluted
1:600 in 10% foetal calf serum. In situ nick translation
labelled cells were stained red using a New Fuchsin substrate
kk (Dakopatts, Hamburg, Germany).

From the three serial sections of one animal, every second
one was processed for immunohistochemistry in a double
labelling experiment using the anti-T-cell antibody as
described above.

Quantification
In 10 |im thin sections of every experimental animal, all
labelled T cells and macrophages were counted except those
in the meninges. For every group the mean value and standard
deviation were determined. For macrophages only, cells were
counted in which EDI stain and the cell nucleus were
identified in order to avoid an overestimate by counting cell
processes.

Albumin staining was quantified in two sections of every
animal using a grade from 0 to 4 and the mean values were
estimated. These values characterize the staining pattern
around the blood vessels and in surrounding tissue (Fig. 1A-
D). Grade 0: no positive staining could be detected on the
vessels. Grade 1: there was a thin ring of staining on the
endothelial layer. Grade 2: there was a thicker ring of reaction
product from the endothelial layer to the area around the
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vessels. Grade 3: a diffuse halo of diaminobutyric acid
product was present around most of the vessels resulting
from diffusion of albumin into the parenchyma (Fig. 2).
Usually, the rostral and caudal areas in one plane were
different with respect to the degree of albumin stain. Here
we calculated means of the grades in these areas and, in
addition, ground means of the two adjacent sections. In grade
4 (Fig. 2) this gradient disappeared, resulting in a more or
less homogeneous staining and suggesting a diffusion of
albumin within the whole section. The staining around the
blood vessels sometimes maintained its ring shape, but this
was less obvious against the background of the stronger
staining of the parenchyma.

From the double labelling experiment (ISNT and T-cell
stain), we evaluated the number of T cells which are
eliminated by apoptosis. Because it was often very difficult
to see double staining of cells (second section of the series
of three), we first evaluated the mean number of apoptotic
ISNT-labelled cells from the first and third section. We
assumed that approximately the same number of apoptotic
cells is located in the section in between. Because we found
only occasional labelled apoptotic cells which were not
stained by the T-cell marker in the double labelling experiment
(second section), we assumed that virtually all apoptotic cells
are T cells, and calculated the number of ISNT-labelled cells
in the first and third section in relation to the number of T
cells evaluated from the second section (percentage of T
cells, undergoing apoptosis) (Fig. 3).

Statistical analysis
For statistical analysis the Wilcoxon signed rank test was
used in all calculations of significance between control and
disease groups.

Results
Clinical findings
After injection of 9X106 activated myelin basic protein-14
T cells, all animals showed weight loss and developed typical
signs of EAE. Disease started by day 3 with tail weakness
and by day 5 all animals developed moderate to severe
paraparesis. All animals recovered clinically by day 10.

MRI findings
Before injection of Gd-DTPA
A significant increase in T, was measured in the brainstem,
cerebellum and midbrain starting on day 3 and lasting up to
day 10 indicating vasogenic oedema {see Fig. 4, Table 1).

grade 4

grade 3

grade 0 grade 1

V
A

grade 2
B
grade 3

Fig. 1 Albumin immunoreactivity in paraffin sections showing the
typical staining of blood vessels (arrows) characteristic of the
different grades used for quantification: (A) no positive staining
can be observed around the vessels; (B) thin surface staining of
the endothelial cells; (C) ring of reaction product around the
vessels; (D) grade 3 is characterized by a halo of reaction product
reaching into the parenchyma (arrowheads). Bar = 5 (im.

Fig. 2 Albumin immunoreactivity in whole sections of the
midbrain level. Grade 4 is characterized by a homogeneous
staining of the whole section, whereas the other grades show a
dorso-ventral gradient of immunoreactivity. The lower section
represents grade 3 because of the halos of reaction product around
the vessels in the ventral part (arrows). Bar = 700 |im. A =
aqueduct; CIF = inferior colliculus; COR = cortex.
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After injection of Gd-DTPA
After an i.v. bolus injection of Gd-DTPA a shortening of T,
was measured in normal animals of -12% in the CNS

Fig. 3 In situ nick translation and T-cell immunohistochemistry.
Double-labelled cells (arrows) show red staining in the cell and a
brown surface labelling. The arrowhead points to a cell which is
only stained by ISNT without the T-cell marker. Bar = 20 urn.

parenchyma, and in the cisternal CSF of -37% (see Fig. 4,
Table 2).

A significant breakdown of the BBB as shown by a
decrease in T| after injection of Gd-DTPA was observed in
AT-EAE rats in the parenchyma of the brainstem on days 3
and 5, in the midbrain on days 5 and 10 and in the cerebellum
from day 5 onwards. In the cisternal CSF surrounding the
brainstem, a marked decrease in T) was found from day 3
to day 10, indicating an impaired blood-CSF barrier.

Immunohistochemistry (Figs 1-3, 5A)
Immunohistochemistry using the antibody against rat T
cells resulted in strong surface labelling of small round T
lymphocytes. Most of them were found in the ventral part
of the sections, i.e. near the entry of the trigeminal nerve.
Some cells were found more dorsally and only occasionally
we found T cells in the cerebral cortex. In the early course
of the disease most labelled cells were located perivascularly.
The proportion of parenchymal T cells increased in later
stages, suggesting that they had migrated from the vessels
into the parenchyma. As expected in AT-EAE (Lassmann

Fig. 4 T, maps of two different coronal slices through the midbrain (A) and the medulla and cerebellum
(B) in a normal rat (A-D) and an AT-EAE rat on day 5 post-injection (E-H). The T| colour scale ranges
from dark blue (high T,) to red (low T|). T, values before bolus injection of Gd-DTPA are represented in A,
B, E and F and post-injection in C, D, G and H. In A the arrow points to the midbrain parenchyma; in B
one can clearly identify the medulla (thin arrow) and the cerebellum (thick arrow).
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Fig. 5 (A) Time course of T cells (left y-axis) and macrophages (EDI) (right y-axis) in numbers per section over the whole course of
AT-EAE. (B) Time course of albumin stain (for details, see Material and methods). (C) Time course of MRI findings after i.v. injection
of Gd-DTPA. The decrease in T, times is calculated in the following way: (T'IP -̂CM-DTPA - Tiposj^y^-rpA)/ Tlprc.G(j_DTpA). (D) Time
course of T| (times in milliseconds before injection of Gd-DTPA).

et al., 1988) the maximum of infiltration was on day 5 after
transfer of encephalitogenic T cells. The variability between
individual animals was relatively large, especially at the peak
of the disease. The increase in infiltrating T cells was
strongest from day 3 to day 5. On day 7 of AT-EAE the
average number of T cells was still clearly enhanced as
compared with controls, and on day 10 we found
approximately the same number of cells as on day 3. On day
10, however, T cells were mostly scattered throughout the
parenchyma, whereas on day 3 they had a perivascular
distribution.

To study the mechanism of T-cell elimination we used
ISNT to label apoptotic cells (Fig. 3). As described in
Materials and methods, we assumed that virtually all apoptotic
cells are T cells and we evaluated the percentage of apoptotic
cells in relation to all T cells detectable by immuno-
histochemistry. Despite the fact that the number of T cells
increased strongly during the first 5 days, i.e. during the
early stages of AT-EAE, the percentage of apoptotic T cells
remained low (-5%). On day 7, when the number of T cells
decreases, the percentage of apoptotic cells increased up to
15%, and on day 10 almost 25% of all T cells were apoptotic.
In situ nick translation resulted in red staining of the nucleus

and in addition, double-labelled cells showed a brown surface
labelling as well (Fig. 3).

The number of ED-1 labelled macrophages in all
experimental animals was low as compared with the number
of T cells and the inter-animal variability (standard deviation)
of this finding was high. On day 3 the average number of
macrophages was already clearly enhanced as compared with
controls. The distribution of macrophages was similar to that
of the T cells, but the time course was different. As for T
cells, the maximum number of macrophages was found at
the peak of the disease on day 5, but on day 10 there was
another increase suggesting a second phase of invasion of
macrophages.

The immunohistochemical demonstration of albumin
served as an indication of inflammatory oedema caused by
the disruption of the BBB. The quantitation of the staining
was evaluated as described above and has to be regarded as
semiquantitative. The time course of the albumin staining
parallelled the number of T cells with a maximum on day 5
and a steep increase from day 3 to day 5. The decrease
during recovery of the disease on day 7 and day 10 may
indicate persistence of BBB leakage during this early
recovery period.
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Comparison of MRI and histology (Fig. 5A-D)
The degree of T cell and macrophage infiltration parallelled
the MRI finding of decreased T, times after Gd-DTPA
injection. On day 10 there was evidence of a further marked
decrease in T) after Gd-DTPA injection which was significant
in the midbrain and less pronounced in the brainstem, and,
interestingly, accompanied by a second increase in the number
of macrophages (Fig. 5A-C). It is of interest that an almost
linear decrease of T cells from day 5 to day 10 was
accompanied by an increase in the rate of appearance of
apoptotic T cells as described previously (Schmied et al.,
1993). However, these findings were only partially paralleled
by the MRI results after injection of Gd-DTPA (on days 5-
7), whereas from day 7 to day 10 our MRI data indicate a
second breach of the BBB thus counteracting the former
finding. T| times before injection of Gd-DTPA paralleled the
time course of the results of the albumin staining, reflecting
the area of vasogenic oedema (Fig. 5B-D). The latter
relationship was clear cut between days 5 and 10, whereas
between days 3 and 5 it was less apparent, probably due to
differences in the watenprotein ratio of the vasogenic
oedema.

Discussion
In this study, we investigated the evolution of inflammation
and oedema in AT-EAE, as a possible model of the early
events in the development of a multiple sclerosis lesion. The
combination of an in vivo NMR method to study the integrity
of the BBB with subsequent analysis of CNS pathology has
allowed us to study the dynamics of early and late events in
the formation of an acute lesion in more detail. The present
serial NMR study extends previous findings in AT-EAE
(Seeldrayers et al., 1993) by showing a close correlation of
the infiltrating leucocytes with the post-Gd-DTPA T, times,
and of the area of the vasogenic oedema with T| measurements
before injection of Gd-DTPA.

Yet, our present data show that Gd-DTPA enhancement is
not only associated with lymphocytic inflammatory infiltrates
at the peak of clinical disease, as suggested by previous
studies (Hawkins et al., 1990, 1991; Namer et al., 1992,
1993; Seeldrayers et al., 1993), but that it correlates mainly
with a particular feature of inflammation, i.e. the state
of macrophage activation. This view is supported by our
observations at later stages of AT-EAE, when Gd-DTPA
correlated well with the extent of ED-1 expression in
macrophages, while T-lymphocytes had already disappeared
from the lesions with those remaining undergoing apoptosis
as described earlier (Schmied et al., 1993). ED-1 is a
lysosomal membrane antigen of rat macrophages/microglia
that is upregulated when macrophages become activated
(Damoiseaux et al., 1994). The close correlation between
post-Gd-DTPA and histological observations suggests that
activated macrophages and microglia, and not infiltrating
T cells, are of prime importance for the observed NMR

phenomena. We further propose that activated macrophages
and microglia, by release of their multiple bioactive products,
cause and maintain the BBB disturbance during a short time
period of several days.

Activated macrophages produce a variety of factors that
appear to be directly involved in opening of the BBB,
including vasoactive complement components (Hollerhage
et al., 1989), arachidonic acid and its metabolites (Hartung
et al., 1988; Fretland, 1992), as well as cytokines such as
interleukin-ip (Quagliarello et al., 1991) or tumour necrosis
factor-a (Saukkonen et al., 1990). Indeed, a good correlation
was found in multiple sclerosis patients between tumour
necrosis factor-a levels in the CSF and BBB damage (Sharief
et al., 1993). Also interleukin-2 receptor expression is
upregulated on peripheral blood mononuclear cells in
association with MRI activity suggesting a role for
interleukin-2 in lesion formation (Zoukos et al., 1994).

The mechanism of Gd-leakage was further elucidated by
Hawkins et al. (1992) who showed, in chronic relapsing
EAE in guinea pigs, that BBB breakdown is due to a
metabolically dependent vesicular transport through
endothelial cells. Regarding the relationship of Gd-
enhancement and the pathophysiology of a developing lesion
it has been suggested that not water and protein extravasation
per se but rather other non-specific inflammatory mediators,
e.g. complement (Linington et al., 1989a, b; Scolding et al.,
1989; Piddlesden et al., 1991) reactive oxygen species,
and cytokines (Hartung et al., 1992) will produce clinical
symptoms. It has been shown that cytokines released during
inflammation lead to disruption of the BBB (Ellison et al.,
1990). Furthermore, in tumour tissue, preferential Gd-
enhancement was demonstrated after tumour necrosis factor-
cc injection (Aicher et al., 1990). From these studies it cannot
be inferred whether T cell derived or macrophage derived
cytokines are the most important noxious components.

In this study, we have observed some oedema formation
well before major cellular invasion and onset of clinical
disease. At this stage of AT-EAE, Gd-leakage was not yet
present. This apparent contrast can be attributed to the fact
that significant Gd-enhancement indicates rapid and massive
leakage of the BBB according to the NMR protocol used for
this study, whereas a gradually developing vasogenic oedema
through a leaky BBB at early and late stages of the disease
will not be made apparant by Gd-enhanced T| times.

T| times prior to Gd-injection apparently reflect a different
aspect of disturbed BBB integrity. They correlated very well
with the albumin score. The albumin accumulation in, and
clearance from, the brain parenchyma follow a much slower
time scale than the Gd-enhanced Tj data, in that they only
gradually increase and then decrease over a period of days.
The observed increase of pre Gd-DTPA T, times is the result
of two counteracting components in vasogenic oedema, i.e.
water and protein. Whereas influx of free water should result
in a frank increase in Tj compared with normal brain tissue,
extravasation of plasma proteins should have a T| shortening
effect (Barnes et al., 1987). However, it should be empasized
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that our NMR measurements are based on macroscopic
observations (slice thickness = 2 mm) compared with the
microscopic detection in the histological slices (slice
thickness = 10 u.m). This, in turn, may partly account for
the absence of an early significant NMR detection of
microscopic Gd-leakage. The overall increase of T, in
experimental vasogenic oedema has been described before
(Barnes et al., 1986, 1987) and is in agreement with previous
in vivo T| measurements in AT-EAE (Namer et al., 1993;
Seeldrayers et al., 1993), and in actively induced EAE in
guinea pigs (Hawkins et al., 1991), and is also in accordance
with in vitro studies on CNS tissue from EAE guinea pigs
(Karlik et al., 1986).

In multiple sclerosis patients, Gd-enhanced MRI is
increasingly used in order to monitor disease activity, since
it is associated with new lesions (Miller et al., 1988;
Bastianello et al., 1990; Harris et al, 1991; Thompson et al.,
1991; Barkhof et al., 1992; Capra et al., 1992; McFarland
et al., 1992). However, the assessment of Gd- enhanced
lesions has so far been limited to a qualitative or semi-
quantitative judgement of Gd-enhancement (Grossman et al.,
1986; Gonzalez-Scarano et al., 1987; Kermode et al., 1988;
Miller et al., 1988; Bastianello et al., 1990; Harris et al.,
1991; Thompson et al., 1991; Barkhof et al., 1992; Capra
et al., 1992; McFarland et al., 1992) or to assessing T,
intensities (Kermode et al., 1990) on T,-weighted images.
The present study emphasizes the potential role of measuring
real Tj times. Using fast T, maps before and after injection
of Gd-DTPA in the model situation, we not only detected
frank inflammation but also a breach of the BBB, and we
could also evaluate oedema quantitatively. Currently, we are
engaged in Gd-DTPA NMR studies in chronic relapsing EAE
in order to extend our observations and look at the chronic
lesions in an EAE model that resembles more closely the
human disease.

Obviously, the interpretation of human MRI findings
depends on a number of assumptions when they are used as
an outcome criterion in clinical studies. Our observations in
AT-EAE point to the need for more precise understanding as to
which MRI abnormality is best correlated with the disordered
function. This in turn may help to devise more specific
therapies that interfere with the relevant pathogenic events
in multiple sclerosis. Further studies are in progress to assess
the MRI changes after therapeutic interventions.
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