
spectra. The conventional approach im-
proves the resolution in 2D NMR spectra 
by increasing the digital resolution and by 
using strong resolution enhancement digital 
filtering functions at the expense of sensitiv- 
ity. The new approach presented in this 
paper improves the resolution by increasing 
the dmensionality of the spectrum and 
simultaneously yields important additional 
information about the system (that is, "N 
and 13C chemical shifts). This approach is 
much less sensitive to wide line widths 
associated with larger proteins. Indeed, it 
can easily be calculated that 4D spectra with 
virtual lack of resonance overlap and good 
sensitivity can be recorded for proteins as 
large as 40 kD. Because the resolution in the 
4~ spectrum shown is limited by digitiza- 
tion, spectra with equivalent resolution can 
be recorded at magnetic field strengths sig- 
nificantly lower than 600 MHz (14.1 T). 
Indeed, the inherent resolution of 4D NMR 
spectroscopy is so high that 4D NMR spec- 
tra should be completely analyzable even at 
low digitization b i  aut-orriated procedures. 
Finally, we note that the present 4D data set 
has been processed in only a very coarse 
manner bv Fourier transformation of severe- 
ly truncated signals. It is expected that spec- 
tra of far superior quality could be obtained 
in much shortened measuring times with 
more sophisticated data processing algo- 
rithms based on linear prediction (19). In- 
deed, such an approach should open the 
practical possibility for yet a further increase 
in dimensionality. 
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Prevention of Activated Neutrophil Adhesion to 
Endothelium by Soluble Adhesion Protein GMP140 

Neutrophils and monocytes, but not lymphocytes, adhered strongly to plastic surfaces 
coated with GMP140, a protein of endothelial cells and platelets. This adhesion of 
neutrophils was mediated by GMP140 and not by the CD18 integrin complex. By 
contrast, GMP140 in solution inhibited the CD18-dependent adhesion of tumor 
necrosis factor+-activated neutrophils to plastic surfaces and resting endothelium, 
but not of resting neutrophils to tumor necrosis factor+-activated endothelium. 
Thus, the binding of a soluble form of an adhesion protein selectively inhibited another 
set of adhesive events. Soluble GMP140 may be important in maintaining the 
nonadhesiveness of neutrophils in the circulation and may serve to limit inflammatory 
reactions. 

DURING INFLAMMATION, CIRCU-

lating blood cells adhere to patches 
of endothelium and migrate into 

tissues. This process is regulated by cyto- 
kines such as tumor necrosis factor* (TNF-
a) and is mediated by adhesion proteins, 
some of which belong to the LEC-CAM 
(lectin-epidermal growth factor-comple-
ment bindmg cell adhesion molecule) family 
(1). GMP140, a glycoprotein of 140 kD, is 
present in the alpha granules of platelets and 
the Weibel Palade bodies of endothelial cells 
(ECs) (2-4). Analysis of the cDNA suggests 
three possible forms of GMP140: two trans- 
membrane forms (with complement bind- 
ing regions of different lengths) and a solu- 
ble form, with the transmembrane domain 
deleted (2). Upon platelet activation or 
treatment of ECs with thrombin or hista- 

J. R. Gamble and M. A. Vadas, Division of Human 
Immunology, Institute of Medical and Veterinary Sci- 
ence, Frome Road, Adelaide, South Australia, 5000. 
M, p. Skinner and M, C, Berndt. Research centrefor 
Thrombosis and Cardiovascular ise ease, Department of 
Medicine, Wesunead Hospital, New South Wales 2006. 

.*To whom correspondence should be addressed. 

mine, the secretory granules are rapidly exo- 
cytosed, resulting in a redistribution of 
transmembrane GMP140 into the plasma 
membrane (5-7). Endothelial GMP140 has 
smctural similarity to adhesion molecules 
ELAM-1 (endothelial leukocyte adhesion 
molecule-1) and MEL-14, which belong to 
the LEC-CAM family (2, 8, 9). ELAM-1, 
although not present on resting endotheli- 
um, mediates adhesion of neutrophils [poly- 
morphonuclear leukocytes (PMNs)] to en- 
dothelium activated by TNF or interleukin- 
1 (IL-1) (10). MEL-14, present on PMNs 
and lymphocytes, is involved in lymphocyte 
homing to high endothelial venules (11). 
We used platelet GMP140 that was purified 
to homogeneity (12) to investigate its role in 
adhesive phenomena, and our data suggest 
that elaboration or secretion of GMP140 
serves to prevent adhesion and the develop- 
ment of inflammatory responses. 

GMP140 was coated onto plastic microti- 
ter wells and was adhesive for freshly isolat- 
ed, nonactivated PMNs and monocytes, but 
not T lymphocytes (Fig. 1A). Adhesion was 
concentraiion-dependent (Fig. lA), and the 
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adhesion of PMNs was inhibited by a h i t y -  
purified rabbit Fab fragments of the anti- 
body to GMP140 (Fig. 1B). Thus, immobi- 
lized GMP140 can promote the selective 
adhesion of leukocytes. The adhesion of 
PMNs to GMP140 was not dependent on 
the CD18 adhesion complex (Fig. lB), as 
antibodies to the a chain of Mac- 1(CD11 b) 
or to the common p chain (CD18) d d  not 
inhibit adhesion. 

The effect of soluble GMP140 on the 
adhesion of PMNs to human umbilical vein 
ECs was investigated. Monolayers of ECs 
were incubated with PMNs for 30 min 
either in the presence or absence of TNF-a. 
Soluble GMP140 was also simultaneously 
added to some groups (Fig. 2A). GMP140 
prevented TNF-a-stimulated PMN adhe- 
sion to ECs in a concentration-dependent 
manner (Fig. 2A). In experiments with sig- 

Table 1. PMN adhesion to ECs is inhibited by 
GMP140 action on the PMNs. In experiment A, 
PMNs (15 x 10') were first incubated with 
GMP140 (8 pglml) or medium in 300 yl for 15 
min at 37°C. The tubes were then placed on ice, 
diluted with cold assay medium, and spun for 15 s 
at 12,000g. The cells were resuspended in assay 
medium and added to ECs either with or without 
the addition of TNF-a (10 Ulml). Parallel experi- 
ments with GMP140 added directly to the assay 
are also shown. Percent adhesion is expressed as 
the mean * SEM of triplicate determinations and 
is representative of three similar experiments. No 
decrease in cell number or viability was observed 
with this protocol between groups receiving 
GMP140 or those with medium alone. The inhi- 
bition seen when PMNs were treated with 
GMP140 before the assay was consistently signifi- 
cant, but less than the inhibition seen when 
GMP140 was included in the assay. In experiment 
B, the ECs were treated with GMP140 or medi- 
um before the assay. EC monolayers were washed 
once and incubated with either GMP140 (8 ygl 
ml) or medium alone for 15 min at 37°C. The 
wells were then washed in ice-cold assay medium, 
and PMNs were added and assayed as in experi- 
ment A. No change in cell morphology, monolay- 
er integrity, or uptake of Rose Bengal stain was 
observed with ECs treated in this way. This is a 
representative of three similar experiments. 

Percent adherence to 
EC monolayers with 

Experiment GMP140 added 

Before During 
assay assay 

A PMN only 1.2 ? 1.0 2.4 * 1.2 
PMN + TNF-a 72.9 * 5.4 72.5 ? 1.8 
PMN + TNF-a 51.6 ? 0.1* 20.7 * 1.8t 

+ GMP140 
B PMN only 	 1.7 * 0.5 3.9 ? 2.0 

PMN+TNF-a  59.8?0.1 61.0*1.1 
PMN + TNF-a 58.9 ? 0.8 27.6 * 2.4$ 

+ GMP140 

*P < 0.05 compared to group stimulated with TNF-a 
but not receiving GMP140. tP < 0.001 compared 
to group stimulated with TNF-a but not receiving 
GMP140. $P < 0.02 compared to group stimulated 
with TNF-a but not receiving GMP140. 
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nificant basal adhesion (that is, PMNs that sion of resting PMNs to TNF-a-stimulated 
were not intentionally stimulated), ECs was not inhibited by GMP140 (Fig. 
GMP140 was also inhibitory (13). The ef- 2B). 
fect of soluble GMP140 on PMN adhesion The effect of GMP140 on PMN adher- 
to TNF-a-stimulated ECs was also investi- ence was a result of binding to the PMNs, 
gated. In contrast to the TNF-a-stimulated because pretreatment and washing of the 
PMNs' adhesion to resting ECs, the adhe- PMNs but not the ECs with GMP140 

Fig. 1. (A) Effect of 80 -
GMP140 on the adherence 
of PMNs, lymphocytes, and 
monocytes to plastic. Vari- 
ous concentrations of 60. 
GMP140 diluted in phos- 
phate-buffered saline, pH 
7.3, were added to microti- tter wells at room tempera- r 

ture. After 4 hours the wells 40 

were washed in assay medi- 
um (RPMI containing 2.5% [
fetal bovine serum). PMNs 
(5 x lo5) (A), T lympho- 20-
cytes ( 0 ) ,  or 2 x 10' 
monocytes ( a )  were added, 
incubated for 30 min, and 
adherence was determined. 

0.The results of individual ex- 
periments are shown and are 
representative of three or GMP140 (pglml) 

four experiments performed with each cell type (arithmetic mean of triplicate determinations * SEM). 
The relative adhesion of PMNs and monocytes varied among the different donors. In parallel 
experiments, T lymphocyte adhesion to plastic could be induced by phorbol myristate acetate (10 
nglml) (13). Purified GMP140 was isolated as described (12).The glycoprotein was stored at -70°C in 
0.02 M tris buffer, 0.15 M NaCI, 0.1% Triton X-100, and 0.001 M CaC12 (buffer pH 7.4). Before use, 
the preparation was separated on an Extracti-Gel D column (Pierce Chemicals) to remove the Triton X-
100. GMP140 was eluted in the void volume, and -50% of the loaded protein was recovered and used 
within 24 hours. Monocytes were purified, and their adherence was assayed as in (34), PMNs as in (35), 
and T cells as in (35, 36). The absorbance at 570 nrn (A570)was determined for known numbers of Rose 
Bengal-stained ethanol-lysed PMNs and T cells, and a standard curve was obtained. A linear relation 
exists between and number of cells attached, and from this the percent adhesion can be calculated. 
(B) Effect of antibodies on PMN adhesion to GMP140 immobilized on plastic. (Bar 1) Plastic without 
GMP140 coating. AU other wells coated with GMP140; (bar 2) GMP140 only. Additions: (bar 3) 
affinity-purified rabbit anti-GMP140 Fab fragment and (bar 4) rabbit non-immune Fab fragment were 
used at a concentration of 20 pglml. (Bar 5) Control antibody 60.5 (anti-HLA) and monoclonal 
antibodies (bar 6) 60.3 (anti-p chain of CD18 complex), and (bar 7) 60.1 (anti-Mac-1) were used at a 
final concentration of 1:400 of ascites, which gives maximal inhibition in CD18-dependent adhesion 
assays. Results have been normalized relative to the level of adhesion to GMP140-coated plastic as 
100% (bar 2). 

-
Fig. 2. The effect of GMP140 on PMN adherence A B 
to EC monolayers. Endothelial cells were harvest- 
ed from human umbilical veins by collagenase 0.25 -

treatment and grown as described (37) without 2 0.20 - - 6 0  
-0 

the addition of EC growth factor and heparin. 

Two to 6 days after establishment of culture, ECs 0 

r0 


were harvested by trypsin-EDTA and replated @ - - 45 2 
" 


into gelatin-coated microtiter wells at 2 x lo4 
5 
t 

0. 
- 3 0  

i! 
$
-

cells per well and grown to confluency overnight. 
PMNs (5 x 10') were added to EC monolayers, 

0'05 f - 15and adhesion was measured after 30 min. (A) 
PMNs were incubated with TNF-a (10 Ulml) 

0'00 ' ' ' ' , * oand graded loss of GMP140 ( 0 ) .  The basal level 0.0 0.1 1.0 10.0 0.0 0.1 1.0 10.0 
of adhesion of unstimulated PMNs to unstimulat- 
ed endothelium is also shown ( a ) .  The results GMP140 (pglml) 

shown are from a single experiment which is representative of eight experiments where the average 
percent inhibition of TNF-a-stimulated adherence to ECs was 19,41, and 78% for 0.1, 1.0, and 10 pg 
of GMP140 per milliliter, respectively. Groups receiving 1.0 and 10 pg of GMP140 per milliliter were 
sipficantly different (at P < 0.001) from the group not receiving GMP140 (level of signifi- 
cance = 0.025, Bonferroni correction). (B) ECs were stimulated with TNF-a (100 Uiml) for 4 hours 
before washing. PMNs were then added with graded doses of GMP140 (0).The basal level of adhesion 
of unstimulated PMN to unstimulated endothelium is also shown (@). The results shown are 
representative offour experiments where average inhibition was 2, 5, and 11%, for 0.1, 1.0, and 10 yg 
of GMP140 per milliliter, respectively (not significantly different from the group not receiving 
GMP140, level of significance = 0.016, Bonferroni correction). 
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resulted in significant inhibition of adhesion 
( ~ ~ b l ~1).~h~ inhibition of adhesion was 

transient l )  (I3)' GMP140 did not 
inhibit TNF-a-activated PMN adhesion by 
interfering with the capacity of TNF-a to 
bind its receotor: treatment of the PMNs 
with TNF-a'before addition of GMP140 
still resulted in significant inhibition of ad- 
hesion to EC monolayers (Table 2, experi- 

Table 3. The effect of soluble GMP140 on PMN 
adhesion to plastic surfaces. Soluble GMP140 was 
added to PMNs in plastic microtiter wells 2 min 
before with TNF-a (10 U/ml), and 
adhesionwas determined 30 min later, The per- 
cent adhesion ? SEM of triplicate determinations 
of one experiment representative of two such 
experimentsis shown. 

Percent 
GMP140 Activation adherence 

Adhesion to endothelium that is activated 
with agents such as TNF-a and IL-1 (14, 
28) is qualitatively different from the adhe- 
sion of activated PMNs to resting endotheli- 
um. Adhesion to activated endothelium is 
slower to develop, is only partially inhibited 
by antibodies to CD 18, is mediated through 
the expression of a new protein ELAM-1, 
and possibly other ligands (29), on ECs, 
results in transmigration (30), and is not 
inhibited by GMP140. Our findings show 
that soluble GMP140 selectivelv inhibits the 
adhesion process of activated neutrophils to 
endothelium and demonstrate that the 
mechanism of the two types of adhesion is 
different. 

GMP140 is expressed on endothelial cells 
after stimulation with thrombin and hista- 
mine (7) and has been implicated in the 
rapid adhesion of PMNs to endothelium 
stimulated by these agents (31, 32). In addi- 
tion, cDNA clones have been identified that 
lack the transmembrane domain (2), sug- 
gesting that GMP140 exists in soluble form. 
The release of soluble GMP140 under ap- 
propriate conditions may limit the adhesion 
of activated PMNs to endothelium. The 
shedding of MEL- 14 from activated PMNs 
has led to the hypothesis that it also may 
inhibit adhesion (33). Antiadhesive mecha- 

>	 , 

nisms could be important in situations in 
which neutrophils are activated, such as in 
blood infections, when either the coagulant 
or complement pathway is activated, or 
when cytokines are administered in vivo. 
Therapeutic administration of GMP140 
may therefore be useful to limit vascular 
pathology. 
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endothelium is mediated through the CD18 
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Nil Nil 5.4 + 0.6 
Nil TNF-a 26.2 ? 1.0 
2.5 pglml TNF-a 18.7 + 0.7" 
5.0pglml TNF-a 13.8 + 0.4" 
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level of significance = 0.025, Bonferroni correction. 
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TNF-a-activated PMNs to plastic is also 
totally Mac- l-dependent (27), and soluble 
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Table 2. Characterization of GMP140 inhibition of PMN adherence to ECs. Experiment A: PMNs 
were incubated for 10 min at 37°C with TNF-a (10 Ulml) or medium and then added to the EC 
monolayers with or without GMP140 (3 kglml). Experiment B: GMP140 was boiled for 15 min and 
then added at a concentration of 10 pglml to the assay. Experiment C: GMP140 (3 pgiml) was 
preincubated with rabbit antibody (Fab fragment, 50 yglml) for 30 min at room temperature and then 
added to the adherence assay. Experiment D: GMP140 (10 pgiml) was either added at the same time as 
PMN and TNF to the EC monolayers or added 15 min later. The mean percentage adherences ? SEM of 
single experiments are given that are representative of at least two similar experiments performed for each. 

TNF-a addition 

PMN pre- Directly 
treatment to assay 

A 
10 min 
10 min 

B 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 

GMP140 

Presence How 

+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

added 

Boiled 

15 min after 
start of assay 

Other Percent 
addition adherence 

7.0 + 1.2 
32.7 + 2.9 
17.3 ? 1.2" 
7.8 + 2.6 

82.2 ? 3.7 
43.7 ? 3.7" 
84.1 ? 5.2t 
12.0 ? 2.6 
80.3 ? 4.7 
64.1 * 2.6 

Anti-GMP140 Fab 84.1 ? 4.4 
Nonimrnune Fab 63.5 ? 0.3* 
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25.6 ? 2.1" 
57.6 * 6.5 

*P < 0.05 compared to group not receiving GMP140. t P  < 0.05 compared to group receiving unboiled 
GMP140. $P < 0.05 compared to group receiving anti-GMP140 Fab. 
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Functional Organization of Primate Visual Cortex 
Revealed by High Resolution Optical Imaging 

A high spatial resolution optical imaging system was developed to visualize cerebral 
cortical activity in vivo. This method is based on activity-dependent intrinsic signals 
and does not use voltage-sensitive dyes. Images of the living monkey striate (Vl) and 
extrastriate (V2) visual cortex, taken during visual stimulation, were analyzed to yield 
maps of the distribution of cells with various functional properties. The cytochrome 
oxidase-rich blobs of V l  and the stripes of V2 were imaged in the living brain. In V2, 
no ocular dominance organization was seen, while regions of poor orientation tuning 
colocalized to every other cytochrome oxidase stripe. The orientation tuning of other 
regions of V2 appeared organized as modules that are larger and more uniform than 
those in Vl. 

IN THE MAMMALIAN NEOCORTEX, CELLS 

with similar fimctional properties are 
often grouped together into columns 

that run vertically from the pial surface to 
the white matter (1, 2). A striking demon- 
stration of fimctional segregation can be 
seen in striate cortex (Vl)  when it is histo- 
chemically stained for cytochrome oxidase 
(3). A pattern of densely stained patches or 
blobs is revealed (4) among regions of 
lighter staining (interblobs). The blobs con- 
tain cells that are unoriented, monocular, 
and often color-selective, whereas cells in the 
interblobs are selective for orientation but 
usually not for color (5) .A different pattern 
of cytochrome oxidase staining is observed 
in the second visual area (V2) of the pri- 
mate: a series of bands or stripes. The stripes 
of denser staining are of two types, thick and 
thin, alternate in a regular fashion, and are 
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separated by intervening lighter, or pale 
stripes (6, 7). Electrophysiological studies 
(8, ' 9 )  have shown that the thin stripes 
contain unoriented color cells, whereas the 
thick stripes contain oriented, disparity-sen- 
sitive cells. 

These previous studies relied on postmor- 
tem histology to identify these cortical sub- 
divisions and thus could not directly investi- 
gate identilied cortical regions with a micro- 
electrode. Cortical activity can now be 
mapped with optical imaging (1&13) to 
obtain successive maps of responses to many 
different stimuli from the same cortical re- 
gion in vivo, follow variations in responses 
over time, and quickly map a relatively large 
cortical region. 

Most in vivo optical imaging studies have 
used optical signals provided by voltage- 
sensitive dyes (1 1). However, it is desirable 
to avoid the use of extrinsic probes when 
their ability to provide higher temporal res- 
olution is not required since the dyes may 
introduce several complications, including 
pharmacological side effects, phototoxicity, 
and uncertainties in staining. Here we have 
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used a system with high spatial resolution 
for the optical imaging of intrinsic, activity- 
related optical signals (14, 15) in mammalian 
cortex. We have directly imaged, in vivo, the 
organization of several~func~onal properties 
of cells, as well as the blobs of V1 and the 
stripes of V2 (16). 

We began each experiment by acquiring 
an image of the cortical surface with a 
charge-coupled device (CCD) camera (1 7- 
20). This initial image served as a guide for 
the positioning of electrodes and a reference 
for cortical movement and drift over time 
(Fig. 1A). 

To  demonstrate our ability to visualize 
the functional architecture of visual cortex 
without the use of voltage-sensitive dyes, we 
imaged the ocular dominance (Fig. 1B) and 
orientation (Fig. 1C) columns o f V l  (2, 21). 
In addition to single-unit recordings that 
confirmed our ocular dominance and orien- 
tation maps (22), we also saw a close corre- 
spondence between our maps and maps 
obtained from postmortem techniques, such 
as 2-deoxyglucose (2-DG) autoradiography, 
cytochrome oxidase histology, and antero- 
grade tracing. Our maps of ocular domi- 
nance and orientation tuning in V1, based 
on intrinsic signals, are similar to the maps 
of Blasdel and Salama (12). who used volt- 

\ ,, 

age-sensitive dyes. We analyzed our orienta- 
tion maps for "fractures," regions with rap- 
idly changing orientation tuning. However, 
we did not find a consistent relationship 
between these fractures and the ocular dom- 
inance columns (12). For each orientation, 
we also attempted to image preferences for 
the direction of motion, but did not observe 
any differential response. These results imply 
that directionality is not organized in a 
columnar fashion: 

We found that our ocular dominance maps 
also contained the information necessary to 
visualize the cytochrome oxidase blobs of 
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