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Chemokines belong to an expanding family of cyto-
kines the primary function of which is recruitment of
leukocytes to inflammatory sites. Recent evidence has
shown their presence in the central nervous system.
Because inflammatory responses have been impli-
cated in the pathogenesis of Alzheimer’s disease (AD),
we studied the expression of CCR3, CCR5, and their
ligands in normal and AD brains by immunohisto-
chemistry. CCR3 and CCR5 are present on microglia
of both control and AD brains, with increased expres-
sion on some reactive microglia in AD. Immunohis-
tochemistry for MIP-13, MIP-1la, RANTES, eotaxin,
and MCP-3 (ligands for CCR5 and/or CCR3) revealed
the presence of MIP-1f predominantly in a subpopu-
lation of reactive astrocytes, which were more wide-
spread in AD than control brains, and MIP-1«a pre-
dominantly in neurons and weakly in some microglia
in both AD and controls. Many of the CCR3™ or CCR5™
reactive microglia and MIP-1B8" reactive astrocytes
were found associated with amyloid deposits. Immu-
noreactivity for eotaxin, RANTES, and MCP-3 were
not detected. Detection of these f3-chemokine recep-
tors on microglia and some of their ligands in reactive
astrocytes and neurons as well as microglia suggests a
role for this system in glial-glial and glial-neuronal
interactions, potentially influencing the progression
of AD. (Am J Pathol 1998, 153:31-37)

Chemokines belong to an expanding family of small cy-
tokines the primary function of which is recruitment of
leukocytes to inflammatory sites. Four classes of chemo-
kines, a (CXC), B (CC), vy (C), and & (CX5C), have been
described.® Chemokine receptors are correspondingly
named as CXCR (1 to 4), CCR (1 to 8), CR, and CX;CR.

All of the receptors are members of the seven transmem-
brane domain receptor superfamily. There have been a
number of reports showing the presence of some chemo-
kines*~® and their receptors'®~'® in the central nervous
system (CNS). Recently we have shown the presence of
one of the a class of chemokine receptors, interleukin (IL)-8
receptor B (IL-8RB or CXCR2) in hippocampal and cortical
neurons in normal brain and also in neuritic plaques of
Alzheimer’s disease (AD) brains.'® Horuk et al' "' reported
in the CNS the presence of Duffy antigen and similar find-
ings for IL-8RB. Lavi et al'® demonstrated the expression of
CXCR4 in neurons as well as microglia.

B-Chemokine receptors may also have a role in the
CNS. CCR3 and CCR5 have drawn considerable atten-
tion as the recently found co-receptors for HIV entry into
cells,’ "¢ including microglia,’” which are the primary
target of HIV infection in the CNS. HIV-infected patients
may develop a progressive dementia, with motor and
behavioral impairment termed AIDS-dementia complex.
This B-chemokine system appeared to be activated and
may contribute to this CNS pathology.'®'® We hypothe-
sized that activation of this system may also occur in AD
and may potentially be involved in the disease pathogen-
esis. Here we describe an immunohistochemical study of
CCRS, CCR5, and their ligands in AD and control brains.

Materials and Methods

Monoclonal and Polyclonal Antibodies

One CCR3 monoclonal antibody (MAb) (7B11; IgG) and
three CCR5 MAbs (3A9, 5C7, and 2D7; all are 1gG) were
made at LeukoSite (Cambridge, MA) by immunizing mice
using human CCR3 and CCRS5 transfectants, respective-
ly.292" For MIP-18 detection, mouse MAbs (1F12; I1gG)
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from LeukoSite was used. For MIP-1a, a mouse MAb
(11A3; 1gG)?? from LeukoSite and a mouse MAb (500-
M74; 1gG) from Peprotech (Rocky Hill, NJ) were used. For
eotaxin, mouse MAbs (6H9, 2G6, and 1F5; all IgG) from
LeukoSite were used. For RANTES, mouse MAbs from
LeukoSite (5B9 and 9H9; both IgM),?® R&D Systems,
Minneapolis, MN (MAb-678; IgG) and Peprotech (500-
M75; 1gG) were used. For MCP-3, the mouse MAb 6H5
(IgG) from LeukoSite was used. All chemokine MAbs
from LeukoSite were highly specific to each specified
chemokine as determined by ELISA and Western blot-
ting, and most of them were shown to be good reagents
for immunohistochemical study on paraffin or frozen sec-
tions. For amyloid-B (AB) detection, rabbit polyclonal an-
tibody R1282 (a kind gift of Dr. Selkoe) was used. For glial
acidic fibrillary protein (GFAP), a rabbit anti-GFAP MAb
(G-9269, Sigma Chemical Co., St. Louis, MO) was used.
Antibodies were either purified and used at a concen-
tration of 5 ug/ml or as hybridoma supernatants (1:3
diluted).

Preabsorption of the anti-MIP-1a antibody 11A3 was car-
ried out by incubating 5 pug/ml 11A3 with 10 ug/ml MIP-1a
protein (Peprotech 300-08) for at least 1 hour at room tem-
perature before being used for immunohistochemistry.

Tissue Preparation

Postmortem brain tissues, including temporal lobe (con-
taining the hippocampal formation, parahippocampal gy-
rus, and adjacent temporal neocortex), visual cortex,
caudate, putamen, and cerebellum were obtained from
the Massachusetts AD Research Center brain bank, and
the diagnosis of AD and control was made using Kha-
chaturian criteria.®® All brains were processed within 24
(average, 12) hours of death. Fresh tissue blocks were
immersion fixed in periodate-lysine-paraformaldehyde
(PLP) and processed as previously described.’® Sec-
tions were cut with a sledge freezing microtome at 50 um
thickness.

Temporal lobes from at least 12 age-compatible
healthy controls and 18 AD cases, ages from 21 to 104
years, were examined unless indicated otherwise. Sec-
tions of visual cortex, putamen, caudate, and cerebellum
from several cases were also studied.

Immunohistochemistry

Immunohistochemistry was carried out on free-floating
sections using a previously described method. ' Horse-
radish peroxidase (HRP)-conjugated goat anti-mouse Ig
(Jackson ImmunoResearch Laboratories, West Grove,
PA) at 1:200 dilution was used as the secondary anti-
body. 3’,3’-Diaminobenzidine (DAB) peroxidase sub-
strate kit (Vector Laboratories, Burlingame, CA) was used
as chromogen. Video images were captured on a Bio-
quant (Nashville, TN) image analysis system.

Confocal Microscopic Analysis

Double immunofluorescent staining was carried out es-
sentially as previously described.'® Bodipy- or Cy3-con-

jugated anti-mouse or anti-rabbit IgG (1:200 diluted in
1.5% normal goat serum) were used as the secondary
antibodies. Confocal images of fluorescent immuno-
stained sections were obtained on a BioRad MRC 1024
confocal microscope with a krypton/argon laser (BioRad,
Richmond, CA). The excitation and the emission filters
were 488 nm and 522 nm for Bodipy-fluorescein and 568
nm and 605 nm for Cy3.

Results

Elevated CCR3 and CCR5 Expression on
Reactive Microglia

Using well characterized CCR3 (7B11) and CCR5 (3A9)
antibodies, CCR3 and CCR5 expression was found on
microglia of all tested regions in both control and AD
brains (Figure 1). Staining by two other CCR5 antibodies,
2D7 and 5C7, gave a similar staining pattern. The inten-
sities of CCR3 and CCR5 staining were very similar. In
control brains, most of the CCR3* or CCR5" microglia
appeared to be in a resting state. However, in AD, the
expression of CCR3 and CCR5 were increased on many
reactive microglia (Figure 1), and clusters of CCR3™" or
CCR5™" reactive microglia were frequently found scat-
tered throughout hippocampal formation and neocortex.
Double immunostaining in AD revealed that many CCR3™
or CCR5™ reactive microglia were associated with amy-
loid deposits (Figure 2, a—d), although many were also
found in apparently plaque-free areas. Case to case
variations were attributed in part to postmortem interval
(PMI), with weaker staining in longer PMI cases.

The ligands for CCR3 include eotaxin, RANTES,
MCP-3, and MCP-4; the ligands for CCR5 include MIP-
18, MIP-1a, and RANTES.? As both CCR3 and CCR5
were found to be present on microglia in both AD and
non-AD brains, we further examined whether some of
their ligands are also expressed in the brain. Immunohis-
tochemical study for MIP-18, MIP-1a, RANTES, eotaxin,
and MCP-3 were then carried out.

Elevated MIP-18 Expression in Reactive
Astrocytes

MIP-1B8 expression was found in a subpopulation of as-
trocytes in all brain tissues tested. Although some appar-
ently resting astrocytes were weakly positive for MIP-1,
most of the strongly stained astrocytes appeared to be in
a reactive state as judged by morphology. In control
brains, weak MIP-18 staining appeared in a subpopula-
tion of resting astrocytes (Figure 3, a and b), with some
reactive astrocytes mainly seen in subpial areas. In con-
trast, in AD brains, more widespread and much stronger
MIP-18 staining of astrocyte was observed (Figure 3, ¢
and d). Generally, in AD brains, the astrocyte staining
appeared to be more abundant in the hippocampal for-
mation and the entorhinal cortex than in the neocortex.
MIP-18" astrocytes were frequently seen associated with
amyloid deposits (Figure 2, e and f).
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Figure 1. CCR3 (7B11) and CCR5 (3A9) immunoreactivity in the inferior temporal lobes of a 58-year-old control patient and an 8l-year-old AD patient with
duration of illness for 12 years (PMIs less than 8 hours). CCR3 (a and b) and CCR5 (¢ and d) immunoreactivities are clearly seen on microglia of both cases. In
the control case, the majority of cells stained are resting microglia, whereas in the AD brain both resting and reactive microglia cells are clearly stained, and some
reactive microglia appear in clusters. All images have the same scale of magnification. Scale bar, 200 wm.

Double immunostaining with GFAP showed that the
MIP-18 immunoreactive cells were indeed astrocytes
(Figure 3d, insets) and MIP-18* cells represent a sub-
population of the reactive astrocytes found in AD brains
(not shown).

There was rather large case to case variation in the
abundance and intensity of MIP-18 staining of astrocytes,
probably due to technical factors, including postmortem
interval, as well as differences potentially attributable to
different stages of the disease process. In some cases,
cortical neurons were also weakly stained for MIP-1p.

Detection of MIP-1« in Neurons and Microglia

MIP-1a immunoreactivity (detected by MAb 11A3) was
found in the gray matter in both AD and control brains. A
diffuse pattern of neuronal staining was observed. Neu-
rons and neuropil of dentate gyrus, CA regions, and
cortex were all positive (Figure 3, e and f). The clarity of
neuronal staining differed greatly among cases. Some
CA region neurons and cortical neurons showed in-
creased expression of MIP-1a. Weak microglia staining
mainly in the white matter was also observed, and stron-

ger microglia staining was seen in some AD brains. A
similar pattern of staining was also observed using an-
other MIP-1a MAb from a different source (Peprotech).
Specificity of the antibody 11A3 was tested by inhibition
assay. Its immunoreactivity was completely abolished by
preabsorption with MIP-1« protein (data not shown), sup-
porting the specificity of its immunostaining pattern.

Evaluation of Eotaxin, RANTES, and MCP-3
Expression

Five cases that showed the strongest MIP-18 and MIP-1«
staining were tested for the other known ligands, eotaxin,
RANTES, and MCP-3 expression. Despite using antibod-
ies from several sources, we were unable to detect im-
munoreactivity for these ligands in brain.

Discussion

The primary roles of chemokine receptors are to mediate
activation and migration of leukocytes. In the periphery,
CCRS is expressed on human eosinophils, basophils, T
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Figure 2. Confocal images of double immunofluorescent staining. a and b: CCR3 (7B11, Cy3-red) versus AB (R1282, bodipy-green); ¢ and d: CCR5 (3A9, Cy3-red)
versus AB (R1282, bodipy-green); e and f: MIP-18 (1F12, Cy3-red) versus AB (R1282, bodipy-green). In a to d, many of the CCR3" and CCR5™ reactive microglia
can be seen associated with AB deposits. In € to f, some of the MIP-18" reactive astrocytes can also been seen in the vicinity of AB deposits. Images a to d are
from the same AD case shown in Figure 1; images e to f are from an 81-year-old AD patient with duration of illness for 8 years (PMI, 4 hours). Each of the images
is a projection of five Z series images 0.7 um apart. Scale bars, 50 um.
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Figure 3. a to d: MIP-18 (1F12) immunoreactivity in the inferior temporal lobes of a 63-year-old control patient and a 58-year-old AD patient (PMIs less than 8
hours). In the control case, weak MIP-18 staining can be found on a small population of resting and some occasional reactive astrocytes. However, in the AD
case, much more widespread and stronger astrocyte staining is observed, and most of the astrocytes appear to be reactive. Insets are high-power images (inverted
images) of double staining of MIP-1B (M, Cy3) versus GFAP (G, bodipy), showing a MIP-1B-positive cell is also clearly positive for GFAP. e to f: MIP-1a (11A3)
immunoreactivity in the hippocampal formation of an 84-year-old AD patient (PMI, 7 hours). A diffused pattern of neuronal staining can be seen. Both neurons
and neuropil were stained. Some neurons showed increased expression of MIP-1e. This pattern of immunoreactivity can be completely blocked by preabsorption
with MIP-1a protein. @, ¢, and e: Low-power images (scale bar, 200 um); b, d, and f are higher-power images (scale bar, 100 pm).

helper 2 cells, and dendritic cells.?>2472% CCR5 is ex-
pressed on a subset of effector/memory T cells in blood
as well as monocytes/macrophages.?’2” On exposure to
its ligands, each receptor is believed to be able to me-
diate chemotaxis of the corresponding cells through a

common G-protein-coupled signaling mechanism, and
for CCRE, its signaling pathway seems independent of its
ability to support HIV-1 infection in host cells.?%2° Here
we demonstrate immunohistochemical expression of
these B-chemokine receptors in the human CNS and
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illustrate their localization on reactive microglia surround-
ing senile plagues in AD. CCR3 and CCR5 are the only
B-chemokine receptors documented on microglia, and in
vitro experiments have demonstrated an increased mi-
gratory response of this cell type to B-chemokines.*°

There are several known ligands for these receptors.
Ligands for CCR3 include eotaxin, RANTES, MCP-3, and
MCP-4; ligands for CCR5 include MIP-18, MIP-1a, and
RANTES."? Some of those ligands have previously been
reported in the CNS. In rodent models of spinal cord
injury, MIP-18 and MIP-1a« mRNA were found to be up-
regulated within the first hour after injury," and resident
CNS cells were the main source for these chemokine
mRNAs. Immunohistochemical staining has revealed a
diffuse expression of both RANTES and MIP-1B in ne-
crotic tissue after brain trauma and of MIP-18 on reactive
astrocytes near the lesion site.®® In rodent experimental
autoimmune encephalomyelitis (EAE) models, expres-
sion of RANTES by astrocytes and microglia has also
been observed.®*** The capacity of the human CNS to
express some B-chemokines under pathophysiological
conditions has also been demonstrated. Northern blot
data have suggested the constitutive presence of MIP-1«
in the brain.®® Elevated MIP-1a and MIP-18 have been
detected by reverse transcriptase polymerase chain re-
action, and reverse transcriptase in situ polymerase chain
reaction in brain tissue from patients with AIDS dementia
compared with infected patients without dementia'®'®
and cells expressing these chemokine mRNAs were
identified morphologically as astrocytes and microglia. In
vitro experiments have also shown that MIP-1«, MIP-1,
and RANTES can be released by mixed brain cell cul-
tures by tumor necrosis factor-a treatment.3® There has
been no report so far on the expression of eotaxin,
MCP-3, or MCP-4 in CNS cells either in rodents or in
primates.

Our current study detects two of the B-chemokines,
MIP-1a (also a ligand for CCR1 in addition to CCR5) and
MIP-18 (a ligand only for CCRS5), on specific populations
of cells in the human brain. MIP-1a appears to be con-
stitutively expressed at a low level by neurons and micro-
glia, whereas MIP-18 is predominantly expressed by a
subpopulation of reactive astrocytes. These results are
largely in accord with the data on their mRNA expres-
sion."®° Although the MIP-1a immunoreactivity does not
apparently differ between AD and control cases, the
amount of its expression remains to be quantified. The
observation of more abundant MIP-1B-positive astrocytes
in AD brains and their association with amyloid deposits
suggests an involvement in plague-associated re-
sponses. We speculate that these chemokines could
contribute to the recruitment of microglia to AB deposits.
Interestingly, MIP-18 and MIP-1a are the major B-chemo-
kines found selectively induced from monocytes after
active HIV-1 infection and have been found elevated in
brains of AIDS dementia patients compared with those
HIV-1-infected patients without dementia.'®'® The poten-
tially detrimental role of these chemokines to neuronal
functions requires further investigation.

It is known that cytokines are difficult to detect by
immunohistochemistry in human brain, so that the failure

to detect RANTES, eotaxin, and MCP-3 in our study may
reflect a sensitivity issue and does not rule out their
potential presence in brain nor their up-regulation in AD.
Antibodies for the other CCR3 ligand, MCP-4, are not
currently available.

The presence of both B-chemokines and their recep-
tors in the control brains suggest a physiological role for
these molecules, which are important in cell-cell commu-
nication in the periphery. Although it is unclear what
effect these B-chemokines have on neuronal functions,
the elevated expression of CCR3/5 on reactive microglia
and MIP-18 in reactive astrocytes of AD brains and their
association with AD pathology suggest their involvement
in AD pathogenesis. Taken together with earlier studies
demonstrating a-chemokine receptors CXCR2 and
CXCR4 on neurons, the presence of the B-chemokine
receptors CCR3 and CCR5 on microglia and CCR5 li-
gands in glia as well as in neurons implies a new role for
this class of molecules in mediating glial-glial and glial-
neuronal interactions.
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