systems capable of introducing lymphokine
genes into primary human tumor explant
cultures established at the time of surgery.
The development of high-efficiency retrovi-
ral vectors (15) makes this feasible.
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Functional Mapping of the Human Visual Cortex by
Magnetic Resonance Imaging

J. W. BELLIVEAU,* D. N. KENNEDY, R. C. MCKINSTRY,
B. R. BUCHBINDER, R. M. WEISSKOFF, M. S. COHEN, J. M. VEVEA,

T. J. BRaDpyY, B. R. ROSEN

Knowledge of regional cerebral hemodynamics has widespread application for both
physiological research and clinical assessment because of the well-established interre-
lation between physiological function, energy metabolism, and localized blood supply.
A magnetic resonance technique was developed for quantitative imaging of cerebral
hemodynamics, allowing for measurement of regional cerebral blood volume during
resting and activated cognitive states. This technique was used to generate the first
functional magnetic resonance maps of human task activation, by using a visual
stimulus paradigm. During photic stimulation, localized increases in blood volume

(32 = 10 percent, n = 7

subjects) were detected in the primary visual cortex.

Center-of-mass coordinates and linear extents of brain activation within the plane of

the calcarine fissure are reported.

HYSIOLOGICAL, ANATOMICAL, AND

I ? cognitive psychophysical studies indi-
cate that the brain possesses anatom-

ically distinct processing regions (1, 2). Dur-
ing cognitive task performance, local
alterations in neuronal activity induce local
changes in metabolism and cerebral perfu-
sion [blood flow and, as shown here, blood
volume (3)]. These changes can be used to
map the functional loci of component men-
tal operations (4). Because the cerebral he-
modynamic state in nonactivated brain areas
is quite stable over time, a resting-state
perfusion image can be subtracted from a
stimulated-state image to create a new func-
tional map depicting local changes caused by
the activation task (5). To date, these func-

tional maps have relied on radionuclide

techniques [primarily positron emission to-
mography (PET)] that suffer from limited
spatial and temporal resolution. Although
accurate center-of-mass coordinates of acti-
vated regions have been obtained, the extent
of cortex involved in a given task cannot be
determined precisely, and distributed re-
gions separated by less than the full width at
half maximum (FWHM) resolution of the
instrument cannot be resolved individually
(6). In comparison, nuclear magnetic reso-
nance (NMR) imaging (or MRI) is a high-
resolution in vivo method for studying hu-
man cerebral anatomy (7). Recent advances
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in scanning speed, coupled with approval of
contrast agents for human use, have yielded
NMR techniques for quantitative imaging
of cerebral blood volume (CBV) (8).

We investigated the human visual cortex
using photic stimulation, a robust stimulus that
produces regional changes in cerebral blood
flow (CBF) of at least 30 to 50% (5, 9).
Dynamic susceptibility—contrast NMR imag-
ing of an intravenously administered paramag-
netic contrast agent [0.5 M, gadolinium dieth-
ylenetriaminepentaacetic acid, Gd(DTPA)?~]
was used to produce regional CBV maps of the
human brain during resting and activated states
(8, 10). CBV maps were correlated directly to
high-resolution (T1-weighted) three-dimen-
sional (3-D) images of the underlying anato-
my, allowing for precise determination of gray-
white matter boundaries and activated-non-
activated borders. Functional CBV and ana-
tomic data sets were translated into propor-
tionately measured stereotactic coordinates
relating to the line between the anterior and
posterior commissures (AC-PC line)- (11).
This translation allows direct correlation to
reported standardized PET maps of the visual
cortex (5, 9).

Seven normal subjects underwent dynam-
ic NMR imaging with a prototype high-
speed imaging device (1.5-T GE Signa,
modified by Advanced NMR Systcms Inc.,
Wilmington, MA) based on.a variation of
the echo planar imaging (EPI) technique
first described by Mansfield [in (12)]. Light-
proof, patterned-flash stimulating goggles
(Model S10VS, Grass Instruments, Quincy,
MA) were placed over the subjects eyes.
The stimulus rate was fixed for predicted
maximum CBF response (5) at 7.8 Hz. A
snugly fitting head holder was used to min-
imize subject movement between scans. A
surface radio frequency (r.f.) coil -over the
occipital pole was used to improve signal-to-
noise over the posterior half of the brain.
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Fig. 1. Magnetic resonance surface coil image of
the occipital pole. 3-D (T1-weighted) images
were acquired for anatomical correlation with
the functional CBV images (Fig. 3). The two
vertical lines bisect the anterior and posterior
commissures. A horizontal line is drawn be-
tween them (AC-PC or bicommissural line). The

oblique line defines the plane of the CBV imag--

es, located along the bank of the calcarine fis-
sure.

Sagittal slices from a 3-D (T1-weighted)
data set (1 by 1 by 1.5 mm) were used to
identify the plane of the calcarine fissure
bilaterally (Fig. 1). We derived functional
CBV maps from a series of images (60
images in 45 s) oriented in the plane of the
calcarine fissures, collected at 750-ms inter-
vals using a lipid-suppressed, spin echo EPI
pulse sequence (echo time, TE = 100 ms;
repetition time, TR = 750 ms; 64-ms image
acquisition window) before, during, and
after contrast agent injection. A slice thick-
ness of cither 8 or 10 mm was used
(FWHM, sinc-shaped r.f. slice excitation for
square slice profile), with an in-plane voxel
size of either 1.5 by 1.5 mm or 3 by 3 mm
defined by the gradient waveforms used for
encoding. Using a power injector (Medrad,
Pitsburgh, PA), we administered two doses
of 0.1 mmolkg Gd(DTPA)>~, with and
“without 7.8-Hz photic stimulation, as a 4-s
bolus into the antecubital vein.

Figure 2 displays the measured NMR
signal changes in a single voxel within the
visual cortex in a single subject during rest-
ing (darkness) and stimulated conditions.
Changes in brain signal intensity occurring
during cerebral transit of the high magnetic
susceptibility Gd(DTPA)>~ were converted
to contrast agent concentration—time curves
(8, 13). The area under the concentration-
time curve, corrected for recirculation by
gamma-variate fitting (14), is proportional
to the local CBV (15). These calculations
were performed on a voxel-by-voxel basis to
generate images of relative CBV (16). The
resulting resting and activated functional
CBYV images were subtracted to reveal areas
involved in processing of the task.
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Fig. 2. Changes in NMR brain signal intensity
during the first-pass transit of intravenously ad-
ministered paramagnetic contrast agent (0.1
mmol/kg Gd(DTPA)", at arrow). Sixty images
were acquired in 45 seconds (A, resting; O,
activated). Baseline normalized signal intensity
changes from a single subject are shown for a
single 3 by 3 by 10 mm voxel within the visual
cortex during rest (darkness) and during 7.8-Hz
photic stimulation. The activated state is charac-
terized by a larger blood volume (area under
curve).

Functional CBV and anatomic images
from one subject are shown registered in
Fig. 3. The CBV subtraction image (Fig.
3C) shows a marked area of increased blood
volume in the primary visual cortex (V1).
Moreover, demarcation of the activated re-
gion corresponds well to the anatomically
determined gray-white borders. This result
is in agreement with autoradiographic re-
sults in animals, which show sharp bound-
aries between functionally distinct regions
(2, 17). During photic stimulation, each of
our seven subjects showed a significant in-
crease in regional blood volume occurring
within the anatomically defined primary vi-
sual cortex (paired ¢ test, P < 0.001), with
an average increase (£SD) in CBV of 32 +
10% (Table 1) (18). CBV subtraction imag-
es were used to estimate the extent of cortex
activated by photic stimulation. Using a

Flg. 3. Magnetic resonance CBV
maps of the brain during darkness
(A) and during 7.8-Hz photic
stimulation (B). Image intensity
is proportional to CBV. All imag-
es are ali the calcarine
fissure (Fig. 1), with the occipital
pole at the bottom. (C) Subtrac-
tion image of changes in CBV
induced by photic stimulation (C
= B — A). A linear color scale was
used, with red equivalent to
greatest activity. The arrow
points to the +2 SD threshold.
(D) An anatomic (T1-weighted)
image was used to t the
gray and white matter (20). This
outline was applied to the CBV
subtraction image. A marked area
(~600 mm?) of increased blood

the anatomically defined pri
visual cortex (C). We acquired
these CBV images using a 3 by 3
by 10 mm voxel.

threshold 2 SDs above the mean of the
subtraction images, we found the area of
activated cortex to be 252 + 87 mm? for the
left hemisphere and 260 + 175 mm? for the
right (n = 7). The greatest CBV changes in
all of our subjects were observed in the
medial-posterior regions of the occipital
lobes along the calcarine fissures. However,
as has been reported by other groups, we
also observed areas outside of area 17 that
showed a >2 SD activation in several sub-
jects. Some of these loci could be extrastriate
visual areas. We did not include these re-
gions in our calculations of V1 area, because
their location was always outside the region
of striate cortex (5).

A close association between activated cor-
tical areas and the calcarine fissure was ob-
served. However, anatomic images revealed
a high degree of variability in location,
orientation, and extent of the calcarine fis-
sure. Functional CBV images reflect this
anatomic variability as shown in Fig. 4,
which displays center-of-mass coordinates
and extents of the activated regions for each
of our subjects in the common proportional
coordinate system. Using the 3-D anatomic
images, we directly measured the linear ex-
tent of the anteroposterior projection of the
calcarine fissures: 36 + 7 mm (left) and 33
+ 6 mm (right). Anteroposterior projection
of the functional extents in Fig. 4 are not
significandy different: 34 + 9 mm (left) and
29 * 14 mm (right). In addition to direct
intrasubject correlation of active areas to their
underlying anatomy, stereotactic results (Ta-
ble 1 and Fig. 4) also demonstrate that
NMR-determined regions of activity fall
within PET-determined center-of-mass co-
ordinates of the primary visual system
s 9).
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These experiments demonstrate the po-
tential of magnetic resonance techniques for
high-resolution mapping of brain areas in-
volved in cognitive processing. Further im-
provements in both spatial resolution and
sensitivity of the NMR method can be ex-
pected with the ongoing development of
localized gradient coils and phased array
receiver coils. The sensitivity of our NMR
technique to changes in blood volume, as
distinguished from changes in blood flow
in previous radionuclide studies, offers the
possibility of performing continuous serial
imaging of cortical function with subsec-
ond temporal resolution using intravascu-
lar contrast agents at equilibrium within

Superior

the vascular space (19). The ability to
acquire 2-D EPI images in times as short as
50 ms implies that one may be able to
resolve changes within the hemodynamic
response time of neural activation, ~100
ms (3). However, these studies depend on
the availability of contrast agents for hu-
man use that exhibit a long intravascular
half life. Magnetic resonance offers the
combination of precise anatomical localiza-
tion of function and complete 3-D imaging
of the brain (12). The development of a
standardized functional neuroanatomy will
broaden our understanding of the unique
structure-function relations involved in
neural information processing.

Fig. 4. Foci and extents of
cortex showing increased
blood volume during photic
stimulation. . Calculations
were based on the regions

Left

Right(‘lA
w% AC-PC
AC PC
X Inferior
Anterior

A\Left
Right
\ AC

Right

Y

Superior

defined by a threshold 2 SD
above the mean of the sub-
traction images. Projection
views of the center-of-mass
and linear extent of activated
cortex for each of our sub-
jects are shown in standard-
ized sagittal, axial, and coro-
nal orientations. AC-PC
distance equals 24.0 mm.
Coordinates are listed in Ta-
ble 1.

PC AC

Left

PC

Posterior

AC-PC

Inferior

Table 1. Functional-anatomical location of primary visual cortex. We determined regions of interest
(ROI), defining the areas of greatest change, from each subject’s CBV subtraction image, using a
threshold 2 SD above the mean. These ROI were used to determine the percent change and center-
of-mass of activated cortex. Standardized proportional coordinates were determined relative to the
AC-PC line (11). The point (0,0,0) is at the level of a line drawn between the anterior and posterior
commissures (SI = 0), at the midline of the brain (RL = 0), and located anteroposteriorly halfway
between the commissures (AP = 0). Regional CBV responses are expressed as percent change, after

correction for global CBV variation (5). CBV percent change =

unstimulated)/(CBV unstimulated)] X 100.

[(CBV stimulated — CBV

Center of activation (mm)

Subject ‘yCll?V
(% change) Side AP SI RL
1 40 L —-63 5 8
R -62 5 —4
2 24 L —64 11 5
R —-67 9 -8
3 21 L -71 1 10
R -67 4 -8
4 21 "L -68 i8 8
‘R —63 16 -6
5 48 L =75 7 6
R -70 7 -12
6 39 L —-70 7 6
R —68 8 -8
7 30 L —64 5 5
R -56 7 -9
Average 32x10 L -68 £ 5 8§ x5 7 =2
+SD R —-65 = 5 8 =+ 4 -8 = 2
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- Dynamic Organization of Developing Purkinje Cells
Revealed by Transgene Expression

RICHARD J. SMEYNE, JOHN OBERDICK, KARL SCHILLING,
ALBERT S. BERREBI, ENRICO MUGNAINI, JAMES I. MORGAN*

The cerebellum has many properties that make it a useful model for investigating
neural development. Purkinje cells, the major output neurons of the cerebellar cortex,
have drawn special attention because of the availability of biochemical markers and
mutants that affect their development. The spatial expression of L7, a protein specific
for Purkinje cells, and L7BGal, a gene expressed in transgenic mice that was
constructed from the L7 promoter and the marker B-galactosidase, delineated bands of
Purkinje cells that increased in number during early postnatal development. Expres-
sion of the transgene in adult reeler mutant mice, which show inverted cortical
lamination, and in primary culture showed that the initial expression of L7 is intrinsic
to Purkinje cells and does not depend on extracellular signals. This may reflect an
underlying developmental map in cerebellum.

HE MURINE CEREBELLAR CORTEX -
has been widely used to investigate

neural development because its
structure is relatively simple and ordered, its
developmental progression is well docu-
mented, and cell-specific markers and viable
mutants that affect its maturation are avail-
able. In particular, considerable emphasis
has been placed on determining the contri-
butions of cell-intrinsic and -extrinsic mech-
anisms to the development of Purkinje cells,
the major output neurons of the cerebellar
cortex. Analysis of transplants (1) and chi-
meras (2) indicates that Purkinje cell devel-
opment is largely autonomous of the envi-
ronment. However, studies
biochemical markers have shown that Purk-
inje cell maturation is not synchronous (3,
4). This raises the questions of whether
Purkinje cell development is ordered with
respect to time and position and whether
this process is cell-intrinsic. Using molecular
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markers for murine Purkinje cells, we have
shown that these neurons follow a stereo-
typical developmental map that is largely
dictated by cell-autonomous processes.

A strain of mice has been derived that
carries a transgene (L7BGal) that directs
expression of B-galactosidase almost exclu-
sively to cerebellar Purkinje neurons (5).
Therefore, we have used B-galactosidase ac-
tivity to follow developmental events that

.occur in individual or entire populations of

Purkinje cells. The developmental expres-
sion of the L7BGal transgene was deter-
mined in tissue sections and whole mounts
of cerebella from normal and mutant mice
heterozygous for L7BGal.

By embryonic day 14 (E14), the cerebel-
lum already contains its complete comple-
ment of Purkinje cells (6). However, at E17,
the earliest time at which the transgene
product can be detected, only subpopula-
tions of Purkinje cells express L7BGal in
normal mouse cerebellum (Fig. 1A).
Expression is localized to four parasagittal
bands of Purkinje cells, two on each side of
the midline. The most medial of these bands
spans nearly the entire anterior-posterior
extent of the cerebellum, whereas the lateral
band is only present in the posterior area.

After E17, the number of Purkinje cells
expressing the gene increased such that all
cells were L7BGal-positive by postnatal day
9 (P9) (Fig. 1, D and F). The induction of
L7BGal after E17, occurred in a stereotyped

topographical and temporal manner (Fig.
1). At PO (day of birth), three bilateral
bands (two medial and one lateral) were
evident (Fig. 1, B and E). The medial bands
were thicker in the posterior cerebellum, and
the most lateral band was discontinuous
(Fig. 1E). From PO to P3, the pattern of
gene expression did not change. At P4, the
number of major bilateral parasagittal bands
in the transgenic cerebellum had increased
from three to five (two medial and three
lateral) (Fig. 1C).

At all developmental stages, L7BGal and
L7 were expressed in the same population of
cells (Fig. 2, C and D). From P4 to P7, all
Purkinje cells in the vermis became L7BGal-
and L7-positive, whereas most of those in
the lateral parts of the hemisphere were still
negative. By P9, all Purkinje cells expressed
the L7 gene and the L7BGal transgene (Fig.
1, D and F) (4). This inductive pattern of
L7BGal was stereotyped: the initial expres-
sion was posteromedial, and expression pro-
gressed anteriorly and then laterally. Two
other Purkinje cell markers, PEP-19 and
calbindin 28kD (7), did not show the same
banding pattern as that revealed by L7 in
normal cerebellum (Fig. 3, A to C). Never-
theless, antibodies to calbindin 28kD and
PEP-19 stain clusters of Purkinje cells early
in development (3, 4).

In the central nervous system of the ho-
mozygous reeler mouse, there is an inversion
of lamination, most likely a consequence of
an abnormality in neuronal migration (8).
In the cerebellum this results in Purkinje
cells that are incorrectly positioned and
largely organized into clusters (9). There-
fore, we could test the effect of cell position
on L7 expression by examining L7BGal
expression in reeler mice. In adult reeler mice,
all Purkinje cells expressed L7BGal - (Fig.
2B). However, two bilateral bands of Purk-
inje cells expressed large amounts of the
transgene, whereas Purkinje cells located
medial and lateral to these bands expressed

~smaller amounts of the transgene (Fig. 2B).

This is in contrast to expression in wild-type
adult cerebellum, which was uniform
throughout (Fig. 2A).

Although it is difficult to make direct
comparisons between reeler.and wild-type -
cerebella because of the lack of foliation in
reeler, several features of transgene expres-
sion are apparent. (i) The initial induction of
L7BGal expression in Purkinje cells is the
same in reeler and wild-type cerebellum (Fig.
2E). (i) As in wild-type cerebellum, the
expression of L7BGal is concentrated in
medial Purkinje cells during early postnatal
development (compare Fig. 1, A through C,
to Fig. 2, E through H). (iii) In contrast to
the situation in wild-type mice, in reeler mice
the amount of L7BGal decreases with age in
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