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culature that can exacerbate cerebral tissue 
injury. The tissue damage that accrues is 
amplified by activation of both inflammatory 
and coagulation cascades within postish
emic cerebral micro vessels, impairing recov
ery of blood flow and causing collateral dam
age to bystander neurons. In a murine model 
of stroke, increased expression of the glyco
protein adhesion receptors P-selectin (7) and 
ICAM-1 (2) promotes leukocyte recruitment. 
Mice lacking these adhesion receptors exhibit 

Neuronal Protection in Stroke 
by an sLex-Glycosylated 

Complement Inhibitory Protein 
Judy Huang,1 Louis J. Kim,1 Richard Mealey,2 

Henry C. Marsh Jr.,2 Yuan Zhang,1 Andrea J. Tenner,3 

E. Sander Connolly Jr.,1 David J. Pinsky1* 

Glycoprotein adhesion receptors such as selectins contribute to tissue injury in 
stroke. Ischemic neurons strongly expressed C1q, which may target them for 
complement-mediated attack or C1qRp-mediated clearance. A hybrid molecule 
was used to simultaneously inhibit both complement activation and selectin-
mediated adhesion. The extracellular domain of soluble complement recep-
tor-1 (sCR1) was sialyl Lewis x glycosylated (sCR1sLex) to inhibit complement 
activation and endothelial-platelet-leukocyte interactions. sCR1 and sCR1sLex 

colocalized to ischemic cerebral microvessels and C1q-expressing neurons, 
inhibited neutrophil and platelet accumulation, and reduced cerebral infarct 
volumes. Additional benefit was conferred by sialyl Lewis x glycosylation of the 
unmodified parent sCR1 molecule. 

www.sciencemag.org SCIENCE VOL 285 23 JULY 1999 595 

mailto:djp5@columbia.edu
http://www.nhgri.nih.gOv/DIR/LCG/1
http://www.sciencemag.org


reduced leukocyte recruitment and improved 
postischemic perfusion and are moderately 
protected from cerebral injury in stroke. Mi- 
crovascular thrombosis, which occurs in situ 
in cerebral microvessels downstream from 
the site of primary occlusion, can be inhibited 
by the blockade of platelet glycoprotein IIbI 
IIIa receptor (3). 

Although neuronal blood supply may be 
diminished by microvascular thrombosis and 
leukostasis, and neurons may be damaged by 
their proximity to inflammatory foci, it is also 
possible that inflammatory mechanisms may 
subject neurons to direct attack. Although 
neurons do not normally express complement 
proteins, in Alzheimer's disease, neurons 
synthesize and express Clcl (4) .  a critical 
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colocalize to neurons that express Clq (Fig. 
1, E and F, arrowheads), as well as intralu- 
minally in the cerebral microvessels where 
Clq was not expressed (Fig. 1, E and F, 
arrows). Both neuronal bodies and their ax- 
onal processes in the ischemic region bound 
sCRl (Fig. 1G). In contrast, neurons exam- 
ined in the contralateral cortex from the same 
mouse bound little if any sCRl (Fig. 1H). 

Infusion of sCRl into mice immediately 
before stroke caused a modest reduction in 
cerebral tissue injury (9) (Fig. 3, A and B). 
However, because leukocyte adhesion receptor 
expression (1, 2) and thrombosis (3) in the 
postischemic cerebral microvasculature may 

occur independent of complement activation 
yet still contribute to cerebral tissue injury in 
stroke, we sought to modify sCRl to inhibit 
these additional deleterious inflammatory and 
thrombotic events. Because selectin expression 
is up-regulated in stroke (1, lo), we hypothe- 
sized that a single molecule that inhibits both 
complement activation and selectin-mediated 
adhesive events might simultaneously limit 
both inflammatory and coagulant reactions in 
stroke. We therefore covalently modified sCRl 
by sialyl Lewis x (sLe") glycosylation (11). We 
expressed sCRl in CHO LECll cells, which 
are capable of incorporating the sLex tetrasac- 
charide in the posttranslational glycosylation of 

- . ,- 
initiator of the claHsica1 pathway of comple- 
ment activation and a ligand for c l q ~ p ,  a 
receptor on myeloid cells (including micro- 
glia) that enhances phagocytosis (5). A role 
for complement activation in stroke has not 
been elucidated, though it has been shown to 
play a role in ischemia-induced damage in 
other tissues (6, 7). 

Brain tissue sections obtained from mice 
subjected to 45 min of middle cerebral artery 
(MCA) occlusion followed by 23 hours of 
reperfision showed prominent neuronal stain- 
ing for Clq in the ipsilateral cerebral cortex 
(Fig. 1A). Neurons in the contralateral cerebral 
cortex expressed Clq at barely detectable levels 
(Fig. IB), and neurons from nonischemic con- 
trol brain did not express any detectable Clq 
(Fig. ID). As a specificity control for these 
experiments, murine Clq was purified (8) and 
then mixed with the primary antibody to Clq 
(anti-C 1 q) before staining. These experiments 
confirmed a specific increase in C lq expression 
in neurons in the ischemic cerebral cortex but 
not in the nonischemic cerebral cortex (Fig. 
2A). Protein immunoblot analysis demonstrat- 
ed increased density of a band that was immu- 
noreactive for murine C 1 q in ipsilateml but not 
contralateral hemispheric tissue extracts 24 
hours after stroke (amounts of Clq protein in 
nonischemic tissue were similar to that ob- 
served in nonischemic control brain). Not only 
was this band immunoreactive for Clq, but it 
comigrated with a purified C 1 q-positive control 
at the expected relative molecular mass of -28 
kD (Fig. 2B). 

To examine the functional effects of com- 
~lement activation in the context of ischemia- 
reperfusion-driven expression of neuronal 
Clq, we studied the effects of a potent inhib- 
itor of complement activation, soluble com- 
plement receptor-1 (sCR1) (7). In nonstroke 
(control) brain, an affinity-purified antibody 
to human sCRl failed to stain any structures 
(Fig. 1C). However, we used this same anti- 
body to localize sites of sCRl binding in 
stroke. When sCRl was infused into mice 
just before stroke and brain tissue was then 
studied after reperfusion, sCRl was found to 

(I@) with muzne Clq as 
the rabbit immunogen], or 
with rabbi affinity-purified 
anti-sCR1 (79) (42 CLglml 
1 : 50 dilution in PBS) at 3PC 
for 60 min. (A and B) Sec- 
tions of brain from a control F 
mouse subjected to 45 min 
of cerebral ischemia and 23 
hours of reperfusion. Immu- 
nostaining with anti-Clq 
demonstrates immunoreac- 
tivity on neuronal surfaces 
in the ipsilateral (A) cerebral 
cortex, with minimal stain- 
ing in the contralateral (non- 
'khemic) cortex (B). (C and 
D) Section of brain from an 
untreated (nonoperated) 
mouse. Neither sCR1 (C) nor 
Clq (D) immunoreadivity 
can be detected. (E and F) 
Adjacent brain sections from 
the ipsilateral hemisphere of 
an sCR1-treated mwse that 
underwent stroke immuno- 
stained with e'kher anti- 
sCR1 (E) or anti-Clq (F). Ar- 
rowheads indicate neurons 
that exhibi immunoreactiv- 
.ty for both sCR1 and Clq in 
adjacent sections. Arrows 
point to a cerebral miorwes- 
sel which stains intralumi- 
naUy for sCRl but not Clq. 
(G and H) lpsilateral and 
contralateral brain sections 
of an sCR1-treated mouse 
that underwent stroke. The ipsilateral section (C) demonstrates detailing of neuronal bodies and axonal 
p~ from imrnunoreacto'Rlity to anti-sCR1. The contralateral section (H) taken from the same mouse 
shows m~nimal immunoread.ity for sCR1. (I and J) lpsilateral sections of a brain from an sCR1sle"-treated 
mouse that underwent stroke. Neuronal immunoreadivity for sCR1 is shown (arrowheads) in the ipsilateral 
cerebral cortex (I), as well as some immunoreadivity within a cerebral m i w d  (arrow). Contralateral 
cerebral cortex from the same mouse (1) shows minimal immunoreadivity for sCR1. 

23 JULY 1999 VOL 285 SCIENCE www.sciencemag.org 



Fig. 3. Effect of sCR1 or sCRlsLex administration on outcomes after stroke. For 
the surgical procedure, neurological scoring, and infarct volume analysis, oper- 
ators were blinded t o  the treatment regimen. (A) Compared with sham- 
operated animals (n = lo), neurological deficit was greater after middle cerebral 
arterial occlusion and reperfusion in vehicle-treated animals (n = 27, * = P < 

I 
0.005). Neurological deficit was less in sCR1-treated (15 mg/kg, n = 37) and 
sCRlsLex-treated (15 mg/kg, n = 12) animals compared with vehicle-treated i controls; ** = P < 0.05, and *** = P < 0.05, respectively). (B) lnfarct volumes 
were determined by staining serial cerebral sections with triphenyl tetrazolium 
chloride (TTC) and performing computer-based planimetry of the negatively 
(infarcted) staining areas t o  calculate infarct volume (with National Institutes of 
Health image software). lnfarct volumes, with dose-response relation of sCRl 
and sCRlsLeX [n = 27 for vehicle-treated animals (0 mg/kg) (striped bar)]; n = 
16, 10, and 37 for sCR1 (gray bars) and n = 10, 10, and 12 for sCRlsLex (black -(- 

bars). for the 5, 10, and 15 mg/kg doses respectively. Significantly lower infarct A 

volumes were observed in 10 mg/kg and 15 mg/kg doses of sCRlsLex relative t o  
vehicle (* = P < 0.05). Survival figures are indicated below each bar as the 
number of animals surviving until they were killed at 24 hours (numerator) over 
the total number of experiments performed (denominator). Panels (C t o  F) 
illustrate the effect of preoperative sCR1 (15 mg/kg) or sCRlsLex (15 mg/kg) 
administration on neutrophil accumulation, platelet accumulation, relative ce- 
rebral blood flow, and intracerebral hemorrhage 24 hours after stroke in mice. 
(C) "'In-labeled PMNs administered preoperatively demonstrate progressively 
decreasing accumulation in the ipsilateral versus contralateral hemisphere in 
sCR1- and sCRlsLeX-treated animals compared with vehicle treated controls (* 
= P < 0.03; ** = P < 0.003; *** = P < 0.0001). Ten mice were used t o  obtain 
pooled PMNs; n = 8, 7, 5, and 6 for sham, vehicle, sCR1, and sCRlsLex, 
respectively. Neutrophil accumulation after focal cerebral ischemia and reper- 
fusion was determined by preoperative injection of 1.5 X lo5 lllln-labeled 
PMNs administered intravenously immediately before surgery. Brain harvest 
was performed 24 hours after middle cerebral artery occlusion, and the deter- 
mination of the differential extent of neutrophil accumulation in the affected 
ipsilateral hemisphere was calculated as ipsilateraVcontralateral counts per 

demonstrate no difference in accumulation in ipsilateral versus contralateral 
hemispheres in sham mice. sCR1- and sCRlsLex-treated mice show progressive- 

million (cpm). (D) Platelet accumulation studies with "'In-labeled platelets 

Ly diminished rates of platelet accumulation compared with vehicle-treated 
controls (* = P < 0.05; ** = P < 0.005; *** = P < 0.0002 versus vehicle- 
treated controls). Ten mice were used t o  obtain pooled platelets; n = 6.6.5, and 
4 for sham, vehicle, sCR1, and sCRlsLex, respectively. Platelet accumulation was 
determined with "'In-labeled platelets, collected and prepared as previously 
described (3). Mice received an intravenous injection of 5.0 X lo6 "'In-labeled 
platelets immediately before surgery. Brains were harvested at 24 hours after middle cerebral artery occlusion, and deposition in the affected cerebral 
hemisphere was determined by the calculation of ipsilateraVcontralateral counts per minute (cpm). (E) Relative cerebral blood flow was measured at baseline 
(PreOccl), immediately after middle cerebral artery occlusion (Occl), 45 min later immediately after withdrawal of the occluding suture (Reperf), and 
immediately before sacrifice at 24 hours (Sac) [n = 7, 12, and 9 for vehicle (striped bars), sCR1 (gray bars), and sCRlsLex (black bars), respectively; * = P < 
0.05 versus vehicle]. We obtained measurements of relative cerebral blood flow as previously described (7-3, 74) using a straight laser Doppler flow probe 
placed 2 m m  posterior t o  the bregma, and 6 m m  t o  each side of midline using a stereotactic micromanipulator, keeping the angle of the probe perpendicular 
t o  the cortical surface. These cerebral blood flow measurements, expressed as the ratio of ipsilateral to  contralateral blood flow, were obtained at baseline, 
immediately after withdrawal of the occluding suture, and before sacrifice at 24 hours. (F) Mice were treated with vehicle, sCR1 (15 mg/kg), or sCRlsLeX (15 
mg/kg) immediately before surgery, and intracerebral hemorrhage measured at 24 hours with a spectrophotometric assay that has been validated for use in 
mice with stroke (20). The means 2 SEM of five animals are shown. P = not significant for all comparisons. 
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proteins. This glycoprotein product, sCRlsLe', 
includes at least 10 sLex moieties per sCRl 
molecule (I I). In vitro experiments demonsbat- 
ed that sCRlsLex. but not sCR1, binds cell 
surface E-selectin and also blocks P-selectin- 
mediated cellular adhesion (11). 

sCRlsLe" given before stroke could be 
detected bound to neurons and within vascu- 
lar lumina 24 hours after stroke (Fig. 1. I and 
J). In its ability to minimize the volume of 
infarcted cerebral tissue and reduce neurolog- 
ical deficit. sCRlsLex was more potent than 
sCRl (Fig. 3, A and B). Mice treated with 
sCRl before middle cerebral artery occlusion 
demonstrated less neurological deficit at 24 
hours than vehicle-treated controls (Fig. 3A). 
sCRlsLeX treatment diminished neurological 
impairment even further. Mean infarct vol- 
umes were lower in the sCR1-treated ani- 
mals, although large standard errors preclud- 
ed ascribing statistical significance to these 
values. However, sCRlsLex markedly dimin- 
ished infarct volume in a dose-dependent 
fashion. with up to an 11-fold reduction in 
cerebral infarct volume obsewed at the high- 
est dose tested (15 mg per kilogram of body 
weight) (Fig. 3B) (12). 

Because sCRl and sCRlsLex localize not 
only to C 1 q-expressing neurons but to ischemic 
cerebral microvessels, nre examined vascular 
mechanisms by which these compounds may 
confer protectioil to cerebral tissue in stroke. 
We administered 'In-labeled neutrophils im- 
mediately before surgely and then quantified 
their accurn~llation in ischemic cerebral tissue. 
Compared with animals undergoing sham sur- 
gery, animals subjected to middle cerebral ar- 
tery occlusion and reperfusion exhibited a near- 
ly threefold increase in ipsilateral leukocyte 
accumulation (Fig. 3C). Pretreatment with 

Fig. 4. Effect of complementlselectin blockade 
on delayed survival and effect of postischemic 
administration. (A) Effects of treatment on sur- 
vival beyond 24 hours. sCRlsLex (15 mglkg, 
n = 23) or vehicle (n = 22) was administered 
immediately before surgery to a separate co- 
hort of animals, and the delayed effects on 
cerebral infarct volumes and survival were re- 
corded. By 72 hours, all mice that had not died 
beforehand were killed due to humane consid- 
erations (secondary to reduced oral intake and 
weight loss, and as mandated by our Institu- 
tional Animal Care and Use Committee-ap- 
proved protocol). (B) Effect of postischemic 
administration of sCRl or sCRlsLex on cerebral 
infarction volumes. Compounds (15 mglkg) or 
vehicle were administered 45 min after occlu- 
sion immediately after withdrawal of the mid- 
dle cerebral arterial occluding suture. Preocclu- 
sion data are those shown in Fig. 2B (15 mglkg 
dose data), repeated here for comparison to 
postischemic administration (* = P < 0.03 and 
** = P < 0.05 versus vehicle); survival figures 
are indicated below each bar as the number of 
animals surviving until sacrifice at 24 hours 
(numerator) over the total number of experiment 
gray bars, sCR1; black bars, sCRlsLex. 

sCRl (15 mgkg) caused a 1.7-fold reduction in 
leukocyte accurn~llation. However, sCRl beat- 
ment did not reduce neutrophil accumulation to 
baseline, implicating additional nonconlple- 
ment-dependent inechanisrns of leukocyte re- 
cruitment in stroke. sCRlsLex further reduced 
polyrnorphonuclear leukocyte accumulation in 
the ipsilateral cerebral cortex, to a level just 
slightly above baseline. 

When the accumulation of " 'In-labeled 
platelets was similarly tracked, sCRlsLex 
caused even greater inhibition of platelet accu- 
mulation than sCRl alone (Fig. 3D). These data 
support the obsewation that leukocytes and 
platelets demonstrate substantial adhesion-re- 
ceptor-dependent interactions (13) which may 
amplify n~icrovascular thrombosis. Postisch- 
emic cerebral hypoperfi~sion. which is depen- 
dent upon the severity of the cerebral ischemic 
insult and which may be caused by microvas- 
cular thrombosis, leukocyte capillary plugging, 
vascular damage. or abnonnal vasoreactivity 
(1-3, 14, I j ) ,  is also a feature of the stroke 
model used in these studies. Laser Doppler 
measurements showed equivalent blood flows 
between ipsilateral and contralateral cerebral 
cortices at baseline, upon occlusion of the mid- 
dle cerebral artery, and immediately upon with- 
drawal of the occluding suture (Fig. 3E). How- 
ever, by the time the mice were killed. ipsilat- 
era1 blood flow nras significantly higher in 
sCRlsLex-treated animals. and at ail intermedi- 
ate level in the sCR1-treated animals. The fail- 
ure of blood flow to return completely back to 
baseline suggests the recruitment of additional 
effector mechanisms beyond those that can be 
inhibited by complement and selectin blockade. 
Because of concerns that all antiselectin agent. 
which inhibits platelet recruitment. may in- 
crease inbacerebral hemorrhage, we performed 

Vehicle sCRlsLEX 

:s performed (denominator). Striped bars, vehicle; 

experiments to examine this possibility. We 
saw no increase in inbacerebral hemorrhage 
after therapy: there was even a trend toward a 
decrease with the antiselectin agent (Fig. 3F). 
Other physiological variables examined did not 
suggest that the tested compounds had any oth- 
er adverse effects in mice (16). Even after 
longer observation periods (72 hours), the ben- 
eficial effects of sCRlsLeX administration were 
sustained (Fig. 4A). 

In clinical stroke, patients present after the 
onset of the ischemic event. Any therapeutic 
intervention must therefore be effective after 
the onset of ischemia. Both compounds (15 
ing!kg) were administered 45 mill after isch- 
emic onset immediately after removal of the 
occlusion, sCRlsLe' maintained cerebropro- 
tective efficacy, as reflected in diminished 
infarct volumes, albeit less than that seen 
during preischeinic administration (Fig. 4B). 
Blockade of cornpleme~lt activation after the 
ischemic event with sCRl was of intermedi- 
ate efficacy between that of vehicle and that 
of sCRlsLex. Neurological function and rel- 
ative cerebral blood flow at 23 hours of r e ~ e r -  
fusion were also improved by adrninistratioll of 
sCRlsLe' after occlusion. For control versus 
sCRlsLeX-treated animals, respectively, the 
data were as follows: neurological deficit score 
2.8 -t 0.3 versus 1.5 2 0.3, P <0.02; cerebral 
blood flow of the ipsilateral hemisphere relative 
to that of the contralateral hemisphere nras 41 ? 

15% versus 75 i 7%, P < 0.05. Although 
administration 45 min after ischemia in mice 
cannot be directly translated into clinical rele- 
vance without coiroborative human data, a re- 
cent clinical bial showed that the average time 
from stroke onset to emergency room presen- 
tation was 57 min (although an additional 100 
inin were required for a CT scan before admin- 
isbation of tissue plasrninogen activator) (1 7). 
If an "ilmocuous" agent can be given at presen- 
tation nithout the delay of an intervening CT 
scan, then an opportunity will open up for 
therapeutic intervention in stroke. 

These studies demonstrate that ischemic 
neurons express Clq,  presumably to flag the 
complement system to bring about their own 
demise or to aid in removing damaged cells, 
or both. It is not surprising that sCRl targets 
and binds to Clq-expressing neurons: be- 
cause CR1 has been shown to be a ligand for 
C l q  (1 8).  sCR1. a soluble. truncated form of 
the human complement receptor protein CR1. 
binds to proteins of the multisubunit C3 or C5 
convertases formed as a result of complement 
activation to promote dissociation of the cat- 
alytic subunits (7). sCRl is moderately cere- 
broprotective in the setting of reperfused 
stroke, reducing neutrophil and platelet re- 
cruitment. However, when this agent is gly- 
cosylated with sLex to additionally inhibit 
selectin-mediated events, it significantly pro- 
tects the reperfused brain against leukocyte 
and platelet recruitment and neuronal injury. 
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Correlational Structure of 
Spontaneous Neuronal Activity 

in the Developing Lateral 
Ceniculate Nucleus in Vivo 

Michael Weliky"? and Lawrence C. Katz 

The properties of spontaneous activity in the developing visual pathway beyond 
the retina are unknown. Multielectrode recordings in the lateral geniculate 
nucleus (LCN) of awake behaving ferrets, before eye opening, revealed patterns 
of spontaneous activity that reflect a reshaping of retinal drive within higher 
visual stages. Significant binocular correlations were present only when cortico- 
thalamic feedback was intact. In the absence of retinal drive, cortico-thalamic 
feedback was required to sustain correlated LCN bursting. Activity originating 
from the contralateral eye drove thalamic activity far more strongly than that 
originating from the ipsilateral eye. Thus, in vivo patterns of LCN spontaneous 
activity emerge from interactions between retina, thalamus, and cortex. 

.4lthough \,isual experience affects \ isual 
coitical plasticit) during specific critical ps- 
riods of postnatal de\.elopment ( I ) ,  man) as- 
pects of \ isual cortical fimctional organiza- 
tion elnergc before \ isilal experieilce (2-4 1. 
Thus. \ i s i~a l  cxpcrience is not rcquireti for the 
initial development of cortical fimctional or- 
ganization but is necessary for its mainte- 
nance and stability. 

Before the onset of vis~ial  esperience. 
spontaneous acti\.ity n ithin the 1 isual path- 
way has becn proposed to pro\,ide instructi\.c 
cues t'or guiding orientation and ocular dom- 
inance column formation n ithin \.isual cor- 
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tes .  Cor~~elatecl oatterns of  soontaneous activ- 
ity ha\.e been observed in the de\.eloping 
retina (5 .  6 1: ho\ve\ er. 1ery little is kno\vn 
about the in \ i v o  patterns of spontaneous 
actix ity n ithin higher stages of the visual 
pathna) such as the lateral gcniculate nucle- 
us ( L G N ) .  It is ~mliltel) that the LGN simply 
rela) s patterns of retinal spontaneous actix it) 
to the c o r t c ~ :  rather. it reshapes and trans- 
forms these patterns. Mechanisms that could 
ilntlerlie these transformations include non- 
retinal sources of  input such as cholinergic 
brainstem afferents ( 7 ) .  massive feedback 
projections from layer 6 of  primar) isual 
cortex (8). and LGK and perigcnlculate nu-  
cleus ( P G K )  circuitr). n.hic11 generates en- 
dogenous synchronized net\?.orlc oscillations 
in  vitro (9. 1 0 ) .  The e\.eiltual patterns of 
spontaneous activity that ~~nt le r l ie  the devel- 
opment of 1 isual cortical f~inctional architec- 
ture ma) be quite different fro111 those pre- 
dicteti h) ret~nal  acti\.lty alone. T o  invest~gate 
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