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Chemokines interact with specific G-protein-coupled
receptors to activate and direct recruitment of im-
mune cells. Some chemokines are up-regulated in
pathological conditions of the central nervous sys-
tem, and recently several chemokine receptors, in-
cluding CCR5, were identified in the brain. However,
little is known about the regulation of expression of
chemokine receptors in the brain. Direct intracere-
bral injection of N-methyl-p-aspartate (NMDA), an ex-
citatory amino acid agonist, elicits reproducible focal
excitotoxic brain injury; in neonatal rats, intrahip-
pocampal NMDA injection stimulates expression of
pro-inflammatory cytokines and elicits a robust mi-
croglia/monocyte response. We hypothesized that
NMDA-induced neurotoxicity would also stimulate ex-
pression of CCR5 in the neonatal rat brain. We eval-
uated the impact of intrahippocampal injections of
NMDA on CCR5 expression in postnatal day 7 rats.
Reverse transcription polymerase chain reaction re-
vealed an increase in hippocampal CCR5 mRNA ex-
pression 24 hours after lesioning, and in situ hybrid-
ization analysis demonstrated that CCR5 mRNA was
expressed in the lesioned hippocampus and adjacent
regions. Western blot analysis demonstrated in-
creased CCR5 protein in hippocampal tissue extracts
32 hours after lesioning. Complementary immunocy-
tochemistry studies identified both infiltrating micro-
glia/monocytes and injured neurons as the principal
CCR5-immunoreactive cells. These results provide the
first evidence that acute excitotoxic injury regulates
CCR5 expression in the developing rat brain. (Am J
Patbol 1998, 153:1631—1640)

Recent experimental data indicate that inflammatory me-
diators contribute substantially to the pathogenesis of

neonatal brain injury.’ Heightened interest in the patho-
genetic role of inflammatory mediators in the immature
nervous system stems from clinical observations linking
detection of pro-inflammatory cytokines in the amniotic
fluid and in the neonatal brain with adverse neurodevel-
opmental outcome.?* Studies in experimental models of
hypoxic-ischemic and excitotoxic neonatal brain injury
provide direct evidence for associated activation of pro-
inflammatory mechanisms.*°

The maturational stage of postnatal day (P)7 rat brain
corresponds roughly with late-gestation human brain
maturation. A well characterized model of acute excito-
toxic brain injury, elicited by direct intracerebral (i.c.)
administration of the glutamate agonist N-methyl-p-as-
partate (NMDA) into P7 rat brain'® facilitates analysis of
the molecular and cellular responses elicited by NMDA
receptor over-activation in vivo. In the rat, NMDA-induced
brain injury is dose dependent and reproducible; sus-
ceptibility to NMDA-induced neurotoxicity peaks at P7.1°
Over-activation of the NMDA-subtype glutamate receptor
leads to increased intracellular calcium accumulation
and increased neuronal nitric oxide production; a com-
plex cascade of downstream molecular mechanisms, in-
cluding generation of soluble injury mediators, determine
the ultimate extent of tissue damage."" Direct i.c. admin-
istration of NMDA into P7 rat brain elicits rapid stimulation
of interleukin (IL)-18 production,® and pharmacological
antagonism of IL-1 markedly attenuates injury,® indicat-
ing the potential of inflammatory cytokines to exacerbate
damage.

Recent observations suggest that chemokines, a fam-
ily of small proteins involved in the activation and directed
migration of leukocytes,'? may be potential mediators of
brain injury. Currently, four distinct subfamilies of chemo-
kines have been identified; CC, CXC, C, and CX;C sub-
families are distinguished by the positioning of conserved
cysteine residues. These structural distinctions correlate
with functional differences in target specificity. For exam-
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ple, CC chemokines primarily recruit and activate mono-
cytes and lymphocytes, ' CXC chemokines recruit
neutrophils,'®~'® lymphotactin (C subfamily) has chemo-
tactic activity for lymphocytes, '® and the newly described
CX5;C chemokine is chemotactic for lymphocytes and
monocytes.?® Most chemokines elicit their effects
through interactions with seven-transmembrane-domain,
G-protein-coupled receptors. There has been rapid
progress in characterization of multiple distinct human
and rodent chemokine receptors. 22122

Interest in the potential pathophysiological role of che-
mokines and their receptors in the developing central
nervous system (CNS) stems from several recent find-
ings. First, excitotoxic injury in neonatal rats is character-
ized by an increase in activated microglia (macrophage-
like cells in the CNS) in injured areas®; these activated
microglia may contribute to the progression of neuronal
injury through the release of inflammatory mediators.?324
In addition, acute excitotoxic injury in neonatal rats stim-
ulates gene and protein expression of the chemokine
monocyte chemoattractant protein (MCP)-1, a potent reg-
ulator of monocytes, in areas where activated microglia/
monocytes subsequently accumulate.”®

Chemokine receptors, including CCR5, have been im-
plicated in the pathogenesis of HIV-1 infection.?*2° Re-
cent evidence also suggests that HIV-1 infection of mi-
croglia, the major target cells of HIV-1 in the brain, is in
part mediated by CCR527 and that HIV-1-infected micro-
glia secrete neurotoxic factors that may contribute to
neuronal death.?®>2* In experimental models of HIV-1-
associated CNS injury, the HIV-1 envelope glycoprotein
120 (gp120) influences susceptibility to NMDA neurotox-
icity in P7 hippocampus,®® and microglia have been im-
plicated as mediators of gp120 neurotoxicity.?*2° To-
gether, these observations prompted us to evaluate
whether acute NMDA-mediated brain injury regulates
CCR5 expression in the neonatal rat brain.

Materials and Methods

Animals and Reagents

P7 Sprague-Dawley rats were obtained from Charles
River (Wilmington, MA). The following reagents were pur-
chased: NMDA (Sigma Chemical Co., St. Louis, MO);
Tri-Reagent (Molecular Research Center, Cincinnati,
OH); MuLV RT, random hexamers, dNTPs, and RNAse
inhibitor (Perkin Elmer, Foster City, CA); DNAse and in
vitro transcription kit (Ambion, Austin TX); restriction en-
donucleases (Boehringer Mannheim, Indianapolis, IN);
and [®*°*S]UTP (NEN Dupont, Boston, MA). Protease inhib-
itors (aprotinin, phenylmethylsulfonyl fluoride, and so-
dium orthovanadate) and teleostean (cold-water fish
skin) gelatin were from Sigma. BCA protein assay kit and
enhanced luminol were obtained from Pierce (Rockford,
IL). The following antibodies and related reagents were
also purchased: goat anti-CCR5 antibody (Ab), CCR5
blocking peptide, normal goat IgG, and horseradish per-
oxidase (HRP)-conjugated donkey anti-goat IgG (Santa
Cruz Biotechnology, Santa Cruz, CA); ED-1 monoclonal

antibody (MAb; Serotec, Oxford, UK); glial fibrillary acidic
protein (GFAP) polyclonal Ab (Dako, Carpinteria, CA); all
biotinylated secondary Abs, ABC Elite kit, normal sera,
and normal mouse and rabbit IgG (Vector Laboratories,
Burlingame, CA); stable diaminobenzidine (DAB; Re-
search Genetics, Huntsville, AL).

Animal Methods

All surgical protocols were approved by the University of
Michigan Committee on Care and Use of Animals. All
lesioning was performed in P7 Sprague-Dawley rats of
both genders, using previously reported methods.®° An-
imals were deeply anesthetized by methoxyfluorane in-
halation and placed in a standardized holder; the scalp
was incised, and skull surface landmarks were identified.
At the injection site, the skull was penetrated with a
22-gauge needle, and a 1-ul Hamilton syringe attached
to a 25-gauge needle was used to deliver the NMDA-
containing solution (10 nmol of NMDA/0.5 wl) over 2
minutes; stereotaxic coordinates were targeted to the
right dorsolateral hippocampus (relative to Bregma: an-
tero-posterior, 2.0 mm; lateral, 2.5 mm; dorsal, 4.0 mm).
Thirty minutes later, after full recovery from anesthesia,
animals were returned to their dams. Animals were
housed in a temperature-regulated incubator (maintained
at 37°C) during the recovery period. All experiments in-
cluded controls that underwent the same procedures, in
which an equal volume of PBS was substituted for NMDA,
as well as unlesioned littermate controls. Animals were
killed either by decapitation or by administration of a
lethal dosage of chloral hydrate (3 g/kg) followed by
perfusion-fixation.

RNA [solation

RNA samples were prepared from the left and right hip-
pocampus of animals that received right intrahippocam-
pal injections of 10 nmol of NMDA 8, 16, 24, 48, or 72
hours earlier and from animals that had received PBS
injections (24 hours earlier). Normal P8 hippocampus
was also collected. Brains were divided along the mid-
line, and left and right hippocampus were microdis-
sected on ice. Four hippocampi were pooled per sample.
Three independent samples were prepared from normal
P8 rats and from animals that received NMDA injections
and were killed 24 hours later. Total RNA was isolated
using Tri-Reagent (1.2 ml) according to the manufactur-
er’s directions and stored at —70°C. Concentration and
purity of RNA samples were estimated by spectrophoto-
metric analysis.

Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

RNA samples were pretreated with DNAse; 1 ug of total
RNA was suspended in 10 ul of diethylpyrocarbonate-
treated H,O containing 2 U of DNAse in 20 mmol/L Tris/
HCI (pH 8.4), 50 mmol/L KCI, and 20 mmol/L MgCl, (15



minutes at room temperature); the reaction was stopped
by the addition of EDTA (final concentration, 2.5 mmol/L),
and DNAse was inactivated by heating (65°C for 15
minutes). RT was performed as previously described?
with minor modifications. Briefly, 1 ug of DNAse-treated
RNA was incubated with 50 U of MuLV reverse transcrip-
tase, 2 umol/L random hexamers, 20 U of RNAse inhib-
itor, and 0.5 mmol/L of each dNTP under the following
conditions: 10 minutes at room temperature, 15 minutes
at 42°C, and 5 minutes at 99°C. The RT product was
diluted to a final volume of 100 ul in sterile H,O. Two sets
of oligonucleotide primers were used to co-amplify the RT
product: 1) sense (5'-CACCCTGTTTCGCTGTAGGAATG-3')
and antisense (5'-GCAGTGTGTCATCCCAAGAGTCTC-
3') primers to amplify a 219-bp fragment of the rat CCR5
cDNA sequence and 2) primers (5’-TCCTGCACCAC-
CAACTGCTTAG-3" and 5'-CAGATCCACAACGGATA-
CATTGG-3') to amplify a 298-bp fragment of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), a ubiquit-
ously expressed gene that was used to normalize CCR5
mRNA. In preliminary experiments, optimal MgCl, con-
centration (1.0 mmol/L), pH 9.0, and primer concentra-
tions (0.2 wmol/L for CCR5 primers and 0.05 wmol/L
GAPDH primers) were determined; amplification condi-
tions to yield results within the linear range of amplifica-
tion for CCR5 and GAPDH were established, using 20 ul
of RT product (94°C for 90 seconds, 56°C for 40 seconds,
and 72°C for 40 seconds for 33 cycles). All RT-PCR
reaction products were visualized in ethidium-bromide-
stained 2% agarose gels. Results were quantified by
fluorometric scanning of the gels, and measurement of
arbitrary optical density units (expressed in counts/mm)
of each band was performed using the Molecular Analyst
imaging system (Bio-Rad, Hercules, CA); values for
CCR5 mRNA in each sample were normalized, based on
GAPDH mRNA content/sample.

In three independent RT-PCR assays, CCR5 expres-
sion was compared in samples from normal P8 samples
and in left and right hippocampal samples from animals
that had been lesioned 24 hours earlier; values for left
and right hippocampal CCR5 mRNA expression were
expressed as a percentage of corresponding normal
control values and were compared using the Mann-Whit-
ney ranking test.

To evaluate the efficacy of the DNAse treatment, a right
hippocampal RNA sample (24 hours after NMDA injec-
tion) was DNAse treated and amplified using conditions
described above, but without RT; no GAPDH or CCR5
fragments were amplified (data not shown).

In Situ Hybridization

A 310-bp EcoRV/Bglll fragment of the rat CCR5 cDNA
sequence (GenBank accession U77350), cloned into a
pGEM7(+) vector, was used as a template for in vitro
transcription reactions to generate 3°S-labeled sense
and antisense riboprobes. Briefly, the plasmid construct
was linearized with either Hindlll or EcoRl for sense and
antisense (c)RNA probes, respectively. [3*S]JUTP (specif-
ic activity, 1100 to 1400 Ci/mmol) was incorporated using
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an in vitro transcription kit according to manufacturer’s
directions.

Based on results of RT-PCR assays that showed in-
creased CCR5 mRNA expression at 24 hours after right
intrahippocampal NMDA injection, this time point was
selected for in situ hybridization analysis. Samples were
prepared from animals that had received right intrahip-
pocampal NMDA (10 nmol) injections (n = 5) or PBS (n =
2) and from unlesioned P8 animals (n = 2); preliminary
experiments were conducted with two samples from
each group to ensure that methods were appropriate for
detection of CCR5 mRNA. Using assay conditions that
enabled detection of CCR5 mRNA, three additional
NMDA-injected brains were assayed; 14 sections/brain
were hybridized with the antisense riboprobe, and 6 sec-
tions/brain were hybridized with the sense riboprobe.

Brains were removed rapidly and frozen in crushed dry
ice. Frozen, 20-um coronal sections were collected on
poly-L-lysine-coated slides. Sections were fixed in 4%
formaldehyde for 1 hour and washed in PBS. Sections
were then treated with proteinase K (5 ug/ml) for 5 min-
utes at 37°C and acetylated in 0.25% acetic anhydride
with rapid stirring for 10 minutes at room temperature.
After a 5-minute wash in 2X SSC, sections were dehy-
drated in graded ethanols. Sections were incubated with
riboprobes (10° cpmy/slide) in 50% formamide, 10% dex-
tran sulfate, 1 mmol/L EDTA, 10 mmol/L Tris, and 0.1
mmol/L dithiothreitol for 20 hours at 55°C. On the follow-
ing day, sections were washed for 30 minutes in 2X SSC
at room temperature and 50% formamide/2X SSC at 55°C
for 30 minutes, treated in RNAse A (50 pug/ml), and de-
hydrated in graded ethanols. Slides were apposed to
x-ray film for 28 days.

Western Blotting

A commercial polyclonal goat IgG Ab, directed against
an epitope corresponding to an amino acid sequence
mapping at the carboxy terminus of CCR5 of mouse
origin (conserved in rat CCR5) was used; the Ab does not
cross-react with other known C-C chemokine receptor
gene-encoded proteins. To prepare hippocampal protein
extracts, brains were rapidly removed and microdis-
sected on ice; tissue from three animals was pooled for
each sample. In addition, for preliminary experiments,
samples were prepared from each cerebral hemisphere.
Tissue extracts were prepared from left and right hip-
pocampus or left and right hemispheres of animals that
had received right intrahippocampal injections of NMDA
(10 nmol) or PBS 32 hours earlier; samples were also
collected from unlesioned P8 animals. Adult rat spleen
extracts (a rich tissue source of chemokine receptors)
were also prepared for use as positive controls. Samples
were homogenized in 500 ul of buffer (PBS/0.1% Nonidet
P-40/0.1% SDS/0.5% deoxycholic acid) containing apro-
tinin (5.7 ug/ml) and sodium orthovanadate (1 mmol/L);
phenylmethylsulfonyl fluoride (100 ng/ml) was added af-
ter homogenization. Samples were then centrifuged
(15,000 X g for 20 minutes), and supernatants were
collected and stored at —20°C.
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Sample protein content was measured using a BCA
protein assay kit according to the manufacturer’s direc-
tions. Equal amounts of protein (20 wg) were resolved by
SDS/10% polyacrylamide gel electrophoresis. Protein
was electrotransferred to nitrocellulose in Tris/glycine
buffer containing 20% methanol. Membranes were
blocked overnight at 4°C in Tris-buffered saline (TBS)
containing 5% gelatin and 0.2% Tween-20 and then in-
cubated with goat anti-mouse CCR5 Ab (1:1000 in
TBS/3% gelatin for 1 hour at room temperature). Mem-
branes were washed (TBS and 0.05% Tween-20) and
incubated with horseradish-peroxidase-conjugated don-
key anti-goat IgG (1:15,000 in 3% gelatin in TBS), and
signal was developed using enhanced luminol according
to the manufacturer’s directions.

Immunocytochemistry

To prepare samples for immunocytochemistry, eutha-
nized animals were perfused transcardially with 10 ml of
PBS, followed by 10 ml of 2% paraformaldehyde in PBS.
Brains were removed intact and cryoprotected in 20%
sucrose as previously described;® 14-um frozen coronal
sections were mounted onto gelatin-coated slides.

Samples were prepared from animals that had re-
ceived right intrahippocampal injections of 10 nmol of
NMDA 24 hours (n = 2), 32 hours (n = 5), 48 hours (n =
2), 72 hours (n = 2), or 5 days (n = 2) earlier or PBS (n =
2) 32 hours earlier; two samples from unlesioned P8
animals were also assayed. At least 12 sections/brain (all
including the hippocampus) were assayed. The same
anti-CCR5 Ab used for the Western blot assays was also
used to detect CCR5 immunocytochemically. In addition,
to facilitate identification of cells of the microglia or mono-
cyte lineage that expressed CCR5, representative adja-
cent sections were probed with ED-1 Ab, a MAb that
recognizes a cell surface antigen expressed by activated
macrophages/monocytes.® In addition, to identify reac-
tive astrocytes, GFAP immunocytochemistry was per-
formed (using a polyclonal anti-bovine GFAP Ab that
detects rat GFAP).

For CCR5, ED-1, and GFAP immunocytochemistry,
sections were washed (in PBS for 5 minutes) and prein-
cubated in normal horse serum (CCR5 and ED-1) or
normal goat serum (GFAP) in PBS; all wash and dilution
buffers for ED-1 and GFAP immunocytochemistry con-
tained 0.1% Triton X-100. Sections were then incubated
with the selected primary Ab (goat anti-CCR5, 1:100
dilution; mouse anti-ED-1, 1:500; rabbit anti-GFAP, 1:500)
for 18 hours at 4°C. Equal amounts of isotype-matched
IgG were substituted for the primary Ab in control sam-
ples (CCR5-goat IgG; ED-1-mouse IgG; GFAP-rabbit
IgG). Sections were washed and incubated with the ap-
propriate biotinylated secondary Ab (CCR5-horse anti-
goat, 1:500; ED-1-rat adsorbed horse anti-mouse, 1:200;
GFAP-goat anti-rabbit, 1:80). Sections were washed
again, endogenous peroxidase activity was blocked
(0.3% hydrogen peroxide in methanol for 10 minutes at
room temperature), and a Vectastain ABC Elite kit was
used to amplify the signal, followed by chromogenic de-

Figure 1. NMDA-induced hippocampal injury in neonatal rat brain. Twenty-
micron coronal frozen brain sections were prepared from a P8 animal that
had received a right intrahippocampal injection of 10 nmol of NMDA 24
hours earlier; the section was stained with cresyl violet to evaluate tissue
integrity. Left panel: Intact contralateral hippocampus; right panel: loss of
Nissl staining, which is maximal in the Cornu Ammon (CA)3 subfield of the
right hippocampus (arrow). CC, corpus callosum; DG, dentate gyrus. Scale
bar, 0.5 mm.

tection with stable DAB. Sections were counterstained in
0.5% cresyl violet, dehydrated in graded ethanols, and
coverslipped with Permount. To verify the specificity of
CCR5 immunoreactivity, the CCR5 primary Ab was pre-
incubated with a CCR5 blocking peptide; then the pread-
sorbed Ab was used under the same conditions as the
CCRS5 primary Ab.

Results

Intrahippocampal injection of 10 nmol of NMDA in P7 rats
elicits reproducible focal neuronal loss and atrophy that
is maximal in the CA3 subfield of the hippocampus; injury
extends both in an antero-posterior plane from the injec-
tion site within the hippocampus and also extends to the
adjacent thalamus and posterior striatum.’® At 24 hours
after injury, evidence of neuronal injury, eg, loss of Nissl
staining, is detectable in the lesioned hippocampus and
is most pronounced within the CA3 pyramidal cell layer;
the contralateral hippocampus is intact (Figure 1).

NMDA Stimulates CCR5 mRNA Expression

In preliminary RT-PCR assays, CCR5 mRNA was de-
tected in P7 to P8 hippocampus. A semiquantitative RT-
PCR method was used to evaluate whether NMDA stim-
ulated CCR5 mRNA expression acutely. CCR5 and
GAPDH mRNA expression were compared in the left and
right hippocampus of animals injected with PBS 24 hours
earlier, in animals that received right intrahippocampal
NMDA injections 8, 16, 24, 48, and 72 hours earlier, and
in normal P8 animals (Figure 2). Increased CCR5 expres-
sion was detected as early as 16 hours, peaked at 24
hours after NMDA lesioning, and remained elevated at 72
hours after NMDA lesioning. To confirm that CCR5 mRNA
content was increased in the NMDA-lesioned hippocam-
pus, CCR5 expression was compared in samples from
left and right hippocampal samples obtained at 24 hours
after NMDA injection along with unlesioned P8 controls in
three independent experiments, and values were ex-
pressed as a percentage of matched control values.
There was a consistent, greater than twofold mean in-
crease in CCR5 mRNA in the right hippocampus (P <
0.04, Mann Whitney ranking test, comparing values from
the left and right hippocampus).
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Figure 2. Evaluation of NMDA-induced changes in CCR5 mRNA expression
by RT-PCR. Samples from left (L) and right (R) hippocampus of PBS-injected
controls (evaluated at 24 hours after injection), animals that received right
intrahippocampal NMDA (10 nmol) injections (evaluated at 8, 16, 24, 48, and
72 hours after injection), and normal P8 samples were assayed concurrently.
PCR products were electrophoresed through a 2% agarose gel, which was
stained with ethidium bromide to reveal GAPDH (298 bp) and CCR5 (219
bp) bands (lower panel) in all samples. The histogram (upper panel) pro-
vides a quantitative estimate of CCR5 mRNA (values in arbitrary optical
density units), based on normalization to GAPDH mRNA/sample. CCR5 gene
expression peaked at 24 hours after injection in the right hippocampus; a
consistent, greater than twofold mean increase in CCR5 mRNA was found in
three independent samples assayed at this time interval (P < 0.04, Mann
Whitney test, comparing CCR5 mRNA expression in the left and right hip-
pocampus).

In preliminary in situ hybridization analysis using an
antisense 3°S-labeled riboprobe to detect CCR5 mRNA,
a substantial hybridization signal was detected ipsilater-
ally in brain samples obtained at 24 hours after a right
intrahippocampal NMDA (10 nmol) injection, whereas no
hybridization signal was detected in samples from either
normal unlesioned P8 or PBS-injected control animals
(data not shown). Under the same assay conditions,
brain samples from three additional NMDA-lesioned an-
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imals were evaluated, and representative autoradio-
grams are presented in Figure 3. Consistent features of
the distribution of CCR5 mRNA included an intense, focal
hybridization signal in the pyramidal cell layer of the
lesioned hippocampus and a more diffuse hybridization
signal extending to adjacent ipsilateral structures, includ-
ing the posterior striatum, thalamus, and cortex. Note that
NMDA-mediated neuronal injury typically extends from
the injection site, both within the lesioned hippocampus
and also to these adjacent regions. There was a corre-
sponding increase in CCR5 mRNA expression in these
vulnerable regions. Of interest, no hybridization signal
was evident in the corpus callosum, where physiologi-
cally activated microglia are concentrated at this devel-
opmental stage.® No hybridization signal was detected in
sections assayed concurrently with sense strand control
riboprobes (data not shown).

NMDA Stimulates CCR5 Protein Expression

The only method that is currently feasible to estimate
tissue content of CCR5 is a Western blot assay, which
does not yield quantitative data. Western blot assay con-
ditions detected a single CCR5 protein band (41 kd) in
extracts of cerebral hemispheres of lesioned and normal
P8 rats and normal adult spleen. CCR5 was detected in
all samples assayed; the signal was more intense in
extracts obtained from the lesioned side as compared
with the contralateral or control cerebral hemisphere
samples (data not shown). To directly evaluate changes
in hippocampal CCR5 protein expression, extracts were
prepared from pooled microdissected hippocampal
samples of animals that had received right intrahip-
pocampal injection of NMDA (10 nmol) or PBS 32 hours
earlier and from unlesioned littermates. CCR5 was de-
tected in all hippocampal samples (Figure 4). A substan-
tial increase in CCR5 protein in the lesioned hippocam-
pus was evident in comparison with samples from either
normal P8 or PBS-injected animals. In addition, a less

Figure 3. In situ hybridization analysis of CCRS mRNA in NMDA-lesioned neonatal rat brain. These dark-field autoradiograms were prepared from a P8 animal
that had received a right intrahippocampal injection of 10 nmol of NMDA 24 hours earlier. A to C: Generated from sections at three sequential anatomical levels
of the hippocampus. *S-Labeled antisense riboprobe was used to detect CCR5 mRNA (see Materials and Methods). Increased hybridization signal was evident
at all three anatomical levels, both in the NMDA-lesioned hippocampus and also in adjacent structures, including the ipsilateral posterior striatum (eg, in A),
thalamus (eg, in B), and cortex; hybridization signal was consistently most intense in the right hippocampal pyramidal cell layer. Note the absence of hybridization
signal in the corpus callosum (B), an area that has physiologically activated microglia at this developmental stage. Similar results were obtained in two additional
NMDA-lesioned animals, and all control sections assayed with sense riboprobes revealed no hybridization signal (data not shown). C, cortex; H, hippocampus;

S, striatum; T, thalamus; CC, corpus callosum.
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L R L R L R Spleen To identify the cellular source(s) of CCR5, an immuno-
cytochemistry assay was developed. To facilitate identi-
fication of CCR5-immunoreactive cells, representative
adjacent sections were also processed for ED-1 and
GFAP immunocytochemistry. In all samples evaluated,
ED-1-immunoreactive activated microglia were identified
within the corpus callosum bilaterally (Figure 5), an ex-

46kD— e

NMDA NORMAL PBS

Figure 4. Western blot analysis of CCR5 protein in normal and lesioned
neonatal rat hippocampus. Samples were prepared from left (L) and right (R)

hippocampus of animals that received a right intrahippocampal injection of pected flndlng at this developmental stage. In NMDA-
10 nmol of NMDA or PBS 32 hours earlier and from unlesioned P8 animals lesioned brains. ED-1-immunoreactive cells were consis-
were analyzed, together with a sample from adult rat spleen (included as a ’ ) . .

positive control; see Materials and Methods). A single immunoreactive band tently detected thl’OUghOUt the rlght hlppocampus; this
of the expected size (approximately 41 kd) was detected in all samples was accompanied by an apparent relative depletion of

tested. There was a robust increase in CCR5 content in the NMDA-lesioned ED-1-i ti lIs in the ipsilat | |
hippocampus in comparison with samples from normal P8 and PBS-injected -l-immunoreactive cells In the Ipsilateral corpus cail-

animal; a less pronounced increase was also evident in the left hippocampus losum (as illustrated in Figure SB). A consistent feature of
of NMDA-lesioned animals. ED-1 immunostaining was that reactive cells infiltrated
the pyramidal cell layer in the lesioned hippocampus.

pronounced increase was evident in the contralateral These ED-1-immunoreactive cells included both cells
hippocampus of NMDA-lesioned animals. These trends with morphological features of activated microglia (en-
were replicated in three independent assays using differ- larged cell bodies with short thickened processes) and
ent tissue samples collected at 32 hours after lesioning round cells (which could be either fully activated micro-
(data not shown). glia and/or blood-derived monocytes). GFAP-immunore-
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Figure 5. ED-1 immunocytochemistry analysis to evaluate the microglial/monocyte response after NMDA lesioning. Coronal brain sections were prepared from
a P8 animal that had received a right intrahippocampal injection of 10 nmol of NMDA 32 hours earlier and were processed for ED-1 immunocytochemistry (see
Materials and Methods); sections were lightly counterstained with cresyl violet to facilitate identification of anatomical landmarks. In the left hippocampus,
contralateral to the lesion, there are few ED-1-immunoreactive cells (A); however, immunoreactive cells are concentrated in the overlying corpus callosum (A,
arrow). In contrast, ED-1-immunoreactive cells infiltrate the lesioned hippocampus, whereas fewer, more diffusely distributed immunoreactive cells are apparent
in the adjacent corpus callosum (B, arrow). C and D: Enlargements of the boxed regions in A and B, respectively. Within the pyramidal cell layer of the unlesioned
hippocampus no infiltrating microglia or monocytes are evident (C). In the lesioned hippocampus, there are many ED-1-immunoreactive cells both within the
pyramidal cell layer (arrows) and adjacent to it; the morphology of these immunoreactive cells includes both cells with short, thick processes, indicative of
activated microglia, and round cells (which could be fully activated microglia or blood-derived monocytes). Immunocytochemistry with isotype-matched mouse
1gG revealed no positive staining (data not shown). Peroxidase staining protocol with DAB chromogenic detection and cresyl violet counterstain; scale bars, 0.5
mm (A and B) and 50 um (C and D).



active astrocytes were also consistently detected in P8
rat brain; their concentration was highest in the corpus
callosum and other white matter tracts (data not shown).
Immunocytochemical analysis using isotype-matched
mouse and rabbit IgG revealed no immunoreactivity
(data not shown).

Although CCR5 protein was detected in tissue homog-
enates from normal P8 brain, no specific cellular staining
was detected immunocytochemically in unlesioned and
PBS-injected control P8 brain (not shown). The absence
of CCR5 immunoreactivity in tissue sections likely reflects
the lower sensitivity of the immunocytochemistry assay
than of the Western blot (which assayed tissue extracts
pooled from three animals). Similarly, although CCR5 was
detected in protein extracts from the contralateral hip-
pocampus of animals that had received right intrahip-
pocampal injections of NMDA (10 nmol) 32 hours earlier
(Figure 4), in coronal brain sections prepared from com-
parably lesioned animals, few immunoreactive cells were
detected in the contralateral hippocampus (Figure 6A). In
contrast, CCR5-immunoreactive cells were widely distrib-
uted in the lesioned hippocampus of animals that had
received right intrahippocampal injections of NMDA (10
nmol) 32 hours earlier (Figure 6B). Immunoreactive cells
were concentrated in the pyramidal cell layers of the
lesioned hippocampus. The distribution of CCR5 immu-
noreactivity was similar in the right hippocampus at 48
and 72 hours after NMDA lesioning, but CCR5 immuno-
reactivity was no longer detected at 5 days after lesioning
(data not shown). In samples evaluated at an earlier time,
24 hours after lesioning, no CCR5-immunoreactive cells
were seen within the pyramidal cell layer of the right
hippocampus (Figure 6C). Note that no CCR5-immuno-
reactive cells were detected in the corpus callosum,
which has a high density of physiologically activated
microglia in P8 rat brain. Immunocytochemistry assays
performed with anti-CCR5 Ab that had been pread-
sorbed with the blocking peptide revealed no reactive
cells (Figure 6D); similarly, there was no staining if iso-
type-matched goat IgG was substituted for the primary
Ab (data not shown). In PBS-injected and unlesioned
controls, CCR5-immunoreactive cells were sparsely dis-
tributed throughout the brain (data not shown).

In the NMDA-lesioned hippocampus, within the pyra-
midal cell layer, two distinct patterns of CCR5 immuno-
reactivity could be distinguished (as illustrated in Figure
6H): in the majority of reactive cells, there was a diffuse,
speckled pattern of staining, whereas in a minority of
cells there was much more intense homogeneous stain-
ing. The cells with punctate CCR5 immunostaining had
the distribution and morphology of injured neurons. To
evaluate the cellular identity of the intensely immunore-
active cells, the distributions of CCR5-immunoreactive
and both ED-1- and GFAP-immunoreactive cells were
compared in adjacent tissue sections; the homogeneous,
intensely stained CCR5-immunoreactive cells corre-
sponded well with ED-1-immunoreactive cells (Figure 6,
H and I). These results demonstrated that infiltrating mi-
croglia/monocytes expressed CCR5. There was no over-
lap between the distribution of CCR5-immunoreactive cells
and the distribution of GFAP-immunoreactive astrocytes.
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Discussion

Our data demonstrate that acute excitotoxic injury stim-
ulates CCR5 mRNA and protein expression in the neo-
natal rat brain. Increased CCR5 mRNA expression was
consistently noted at 24 hours after lesioning; increased
CCR5 protein expression was first evident at 32 hours,
persisted up to 72 hours, and was no longer detected at
5 days after lesioning. CCR5 expression increased se-
lectively in regions vulnerable to irreversible tissue dam-
age (ie, ipsilateral hippocampus and adjacent posterior
striatum, cortex, and thalamus). The most surprising fea-
ture of CCR5 expression was its anatomical distribution;
CCR5 was identified in two distinct cell populations. Scat-
tered, intensely immunoreactive cells within the lesioned
hippocampus were identified as infiltrating, activated mi-
croglia/monocytes, based on morphological features and
expression of an activated macrophage-specific antigen
(ED-1); in addition, many cells with the morphology and
distribution of injured pyramidal neurons expressed
CCR5. Immunocytochemical assays demonstrated dis-
tinct staining patterns in the two cell types: an intense,
homogeneous staining pattern in microglia/monocytes
and a punctate, speckled pattern (typical of membrane-
bound receptors) in other immunoreactive cells.

Both excitotoxic and hypoxic-ischemic injury elicit a
robust microglial response in neonatal rat brain.3"®
NMDA lesioning elicited a relatively rapid microglia/
monocyte reaction in P7 animals, as has been previously
reported.®’ Based on morphological studies using lectin
histochemistry,®" in which the transition from resting to
activated microglia can be visualized, it is evident that a
substantial fraction of these infiltrating cells are activated
microglia. The contribution of blood-derived monocytes
to this inflammatory response is uncertain, as fully acti-
vated microglia and blood-derived monocytes cannot
readily be distinguished by conventional methods using
morphological or immunological criteria.3?

At this developmental stage, there is a dense popula-
tion of physiologically activated microglia in the corpus
callosum; our data suggest that there is a redistribution of
activated microglia from the adjacent corpus callosum
into the lesioned hippocampus (Figure 5). Both resident
microglia within the hippocampus and physiologically
activated microglia in the adjacent corpus callosum
could respond to acute excitotoxic injury. Based on com-
parison with the distribution of ED-1-immunoreactive cells
within the lesioned hippocampus, our results also dem-
onstrate that only a small fraction of activated microglia/
monocytes expressed CCR5, even in the lesion core. In
addition, neither in situ hybridization nor immunocyto-
chemistry revealed any CCR5 expression in physiologi-
cally activated microglia in the corpus callosum. To-
gether, these findings suggest that activated microglia/
monocytes do not represent a homogeneous cell
population; the features that distinguish the subset of
CCR5-expressing cells are currently unknown.

Whether CCR5-expressing microglia/monocytes play
a distinct pathophysiological role in contributing to pro-
gression of injury and/or intrinsic repair mechanisms re-
mains to be determined. Although investigation of the
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Figure 6. CCR5 immunocytochemistry in NMDA-lesioned brain. In coronal sections, analyzed at 32 hours after a right intrahippocampal injection of NMDA, CCR5
immunocytochemistry revealed no distinct cellular staining in the intact contralateral hippocampus (A); in the lesioned hippocampus, immunoreactivity was
concentrated within the pyramidal cell layer (B, E, and H). E: Enlargement of boxed region in B. In all samples evaluated at an earlier time, 24 hours after
lesioning, no immunoreactivity was evident in the right hippocampal CA3 subfield (C). D: Evidence of the specificity of immunostaining in the right hippocampus
at 32 hours after injection of NMDA; preadsorption of the CCR5 Ab with a blocking peptide effectively eliminated immunoreactivity. In the pyramidal cell layer
of the lesioned hippocampus at 32 hours, two distinct patterns of CCR5 immunoreactivity could be distinguished: in the majority of reactive cells (which had the
distribution and morphology of injured neurons), there was a diffuse, speckled pattern of staining (H, arrowhead); in a minority of cells there was much more
intense homogeneous staining (H, arrow). To evaluate the cellular identity of these intensely immunoreactive cells, adjacent tissue sections were processed for
ED-1 immunocytochemistry (see Figure 5). ED-1-immunoreactive cells (both microglia with thickened processes and round cells) infiltrated the pyramidal cell
layer (F). H and I: Enlargements of the boxed regions in E and F, respectively. Comparison of the distributions of CCR5-immunoreactive and ED-1-immunoreactive
cells in adjacent sections revealed that the homogeneously, intensely stained CCR5-immunoreactive cells corresponded well with ED-1-immunoreactive cells (H
and |, corresponding arrows). Immunocytochemistry with isotype-matched goat IgG revealed no positive staining (data not shown). Peroxidase staining protocol
with DAB chromogenic detection and cresyl violet counterstain; scale bars, 0.5 mm (A and B), 50 um (C to F), and 10 um G to D). CA, Cornu Ammon; DG, dentate
gyrus; CC, corpus callosum.

known ligands for CCR5 was beyond the scope of this
study, certain ligands for CCR5, such as macrophage
inflammatory protein (MIP)-1a and RANTES, are up-reg-
ulated in acute and chronic models of brain injury.®3-2¢
These studies suggest that CCR5-specific ligands could
play a role in immune-mediated responses in the brain.

Both RT-PCR and Western blot assays of tissue ho-
mogenates provided evidence that CCR5 is expressed in
normal neonatal brain. However, levels of expression
were below the limits of sensitivity of both our in situ
hybridization and immunocytochemical analysis so that
the anatomical distribution and cellular identity of CCR5-



expressing cells in normal brain could not be determined.
These results are consistent with previous reports that
CCR5 is expressed in normal human brain tissue®’2°
and in cultured human fetal neurons.*® These observa-
tions, along with our data, suggest that CCR5 may have
a physiological role in the CNS.

Several recent studies have also reported constitutive
and/or disease-related increases in expression of che-
mokine receptors in the brain. CCR5,%74° CXCR4,38:40:4
CXCR2,4942 gnd CCR14° have been detected in human
neurons. In addition, CCR5 has been detected in micro-
glia,?”3843 and CXCR4 has been detected in both astro-
cytes and microglia.3®*" Increased CCR5 expression
has been detected in perivascular infiltrates in brains of
primates infected with simian immunodeficiency virus
and in children and adults infected with HIV38:39; of inter-
est, multiple chemokine receptors, including CCR5, were
expressed on hippocampal pyramidal neurons.®”39 In
cultured human fetal neurons, CD4-independent binding
of the HIV-1 envelope protein gp120 to CXCR4 was re-
cently reported.?® Perhaps most surprisingly, these neu-
rons had a chemotactic response to stromal-derived fac-
tor-1, the ligand for CXCR4. Together with our
observations, these studies strongly suggest that chemo-
kines may exert direct effects on neurons under both
physiological and pathological conditions.

Certain chemokine receptors, including CCR5, can act
as co-receptors for HIV-1-mediated infection of CD4-
positive lymphocytes®>2644 and microglia.?” In addition,
the ligands for CCR5 can inhibit infection by certain
strains of HIV-1,** and decreased susceptibility to HIV-1
infection has been linked with mutations in the CCR5
gene.*®*” Although the role of CCR5 in the CNS remains
unknown, the identified human CCR5 mutations have no
significant effect on CNS development. Despite the rap-
idly growing body of data suggesting that chemokines
may be involved in a diverse array of CNS inflammatory
processes, there is little information about the functional
significance of chemokine receptor expression in neu-
rons. Expression of certain CC chemokines, such as
MCP-1 and MIP-1«, are up-regulated in experimental
models of hypoxic-ischemic injury,®333%48 mechanical
brain injury,*®°° and experimental autoimmune enceph-
alomyelitis®®36-5951: MIP-1a has also been localized to
reactive astrocytes®* and macrophages.®*3°

There is currently no information about the regulatory
mechanisms that could stimulate CCR5 expression in the
brain. The timing of CCR5 induction by excitotoxic injury
in the neonatal rat brain differs from that of other inflam-
matory mediators evaluated in this brain injury model.
NMDA lesioning elicits a rapid increase in interleukin
(IL)-1B and tumor necrosis factor (TNF)-a gene expres-
sion.” IL-1B expression peaks at 6 hours after NMDA
lesioning and wanes rapidly; MCP-1 mRNA expression
peaks at 8 to 16 hours and is absent at 24 hours after
lesioning.” In addition, induction of MRNA expression of
the related chemokine receptor CCR2 peaks at 16 hours
and wanes substantially at 24 hours (J.M. Galasso and
F.S. Silverstein, unpublished observations). The distinct
temporal features of NMDA-stimulated CCR2 and CCR5
mMRNA expression suggest that there are distinct molec-
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ular signals that regulate chemokine receptor expression
after acute brain injury. IL-18 and TNF-a can induce
expression of MIP-1a and MIP-18 in human fetal micro-
glia.?? Interestingly, the temporal pattern of cytokine-
stimulated MIP-1 expression, observed in vitro, closely
parallels the time course of CCR5 expression in our
model of neonatal brain injury. Whether pro-inflammatory
cytokines regulate CCR5 expression is unknown.

Excitatory amino acid receptor over-activation, by en-
dogenous excitatory neurotransmitters such as gluta-
mate, represents a pivotal mechanism contributing to
neurodegeneration in neurological disorders such as ce-
rebral ischemia and acute brain trauma.’®"" Our data
provide the first evidence that excitotoxic brain injury
regulates CCR5 expression. Both our data and recent
studies demonstrating neuronal CCR5 expression in HIV-
1-infected brains suggest that CCR5 may play a patho-
physiological role in the brain’s response to diverse acute
and chronic insults.
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