





Fig 8. Time course of CCR5 protein expression levels in hippocampus after TBI. Western
blot analysis of CCR5 protein expression in hippocampus underneath the injury site. At various
times following injury, samples were collected as described in Methods. Samples (50ug) were
separated electrophoreticaly and transferred onto nitrocellulose. Membranes were probed with
CCR5 antibody and visualized using chemiluminescence and resulting bands were anayzed
using NIH Image J. B. Quantitation of CCR5 levels in hippocampus from western blot analysis
(mean £ SE.M.). (*) represents significant differences compared to Sham (control, ANOVA

with post hoc Tukeystest). C. Ponceau stain of transferred samplesto indicate equal loading.
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6.2 CCR5islocalized in neuronsin cortex after TBI

We wanted to determine in which cell types the increased CCR5 was localized. Based
on my western analysis of the time course of CCR5 expression after injury in cortex, | selected
3 hours, 3 days, and 28 days to examine CCR5 localization. Using immunofluorescence with
specific antibodies, we investigated the expression of CCR5 around the site of injury in cortex.
The area of analysis of CCR5 localization is depicted with the red rectangle shown (Fig 9A).
This area represents the site of injury in cortex and expression of CCR5 was observed
surrounding the injury site. Figure 9 (B-E) shows the relative expression of CCR5 surrounding
the site of injury. The fluorescent signal indicating CCR5 protein expression of CCR5 appeared
to be stronger at areas within 500 um of the lesion site. Therefore, | examined the cellular
expression of CCR5 at a distance of 500 um from the injury site (white box). In the sham
control (Fig 9F), there is generally lower expression of CCR5 compared to all other time points
(Fig 9G-I). CCR5 appeared to be expressed in cell bodies of large cells at all cortical levels (Fig
9F-I). To examine in which cells CCR5 resides, | co-labeled with MAP-2 (Fig 93-M). MAP-2is
a microtubule- associated protein of brain tissue and is specifically expressed in the cell body
and dendrites of neurons. Examination of the expression of CCR5 and MAP-2 reveded co-

localization of these markers suggesting that after brain injury, CCR5 is localized in neurons

(Fig 9N-Q).
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Figure 9
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Fig 9. Immunohistochemical analysis of CCR5 protein expression and distribution in
cortex after TBI. Freefloating tissue sections were labeled with antibodies against CCR5
(green) and MAP-2 (red). The region of interest for analysis is labeled with red rectangle (A).
White boxes in low power images B-E indicate regions where high power images (F-Q) were
collected. CCR5 expression was observed in sham injured (B, F, J, N); 3 hours post injury (C,
G, K, 0); 3 days post injury (D, H, L, P); and 28 days post injury (E, I, M, Q). Low
magnification images show the localization of collected images with respect to the injury site
(B-E, white boxes). Arrows in boxes C-E indicate the site of injury. Merged images of CCR5
and MAP-2 for each time point are shown (N-Q). Co-localized regions are represented in

yellow. Scale bar in E (panels B-E)= 50 um and scale bar in Q (panels F-Q)= 10 um.



To examine whether CCR5 might also be localized in astrocytes, | labeled injured brain
sections with CCR5 and glial fibrary acid protein (GFAP). GFAP is the chief intermediate
filament protein expressed by astrocytes. Sham brain sections and brain sections taken from
injured 3 hours, 3 days, and 28 days prior to harvesting were double labeled with CCR5 and
GFAP. The area of analysis of CCRS5 localization is depicted within the red rectangle as shown
(Fig 10A). Figure 10 (B-E) shows relative expression of CCR5 surrounding the site of injury.
The fluorescent signal indicating CCR5 protein expression appeared to be stronger at areas
within 500 um of the lesion site. Therefore, | examined the cellular expression of CCRS at a
distance of 500 um from the injury site (white box). Figure 10 J-M shows expression of GFAP.
Examination of the expression of CCR5 and GFAP revealed that CCR5 does not appear to co-
localize with GFAP suggesting that after brain injury, CCR5 is not detectable in astrocytes (Fig

10N-Q).
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Fig 10. Immunohistochemical analysis of CCR5 protein expression and distribution in
cortex after TBI. Freefloating tissue sections were labeled with antibodies against CCR5
(green) and GFAP (red). The region of interest for analysis is labeled with red rectangle (A).
White boxes in low power images B-E indicate regions where high power images (F-Q) were
collected. CCR5 expression was observed in sham injured (B, F, J, N); 3 hours post injury (C,
G, K, O); 3 days post injury (D, H, L, P); and 28 days post injury (E, I, M, Q). Low
magnification images show the localization of collected images with respect to the injury site
(B-E, white boxes). Arrows in boxes C-E indicate the site of injury. Merged images of CCR5
and GFAP for each time point are shown (N-Q). Co-localized regions are represented in yellow.

Scale bar in E (panels B-E)= 50 um and scale bar in Q (panels F-Q)= 10 um.

37



To examine whether CCR5 is expressed in microglia, brain sections from sham and
brain-injured rats were labeled with antibodies against CCR5 and a microglial marker, 1ba-1.
Iba-1 is an ionized calcium binding adaptor molecule and is specifically expressed in activated
microglia/ macrophages. The area of analysis of CCR5 localization is depicted within the red
rectangle shown (Fig 11A). Figure 11 (B-E) shows relative expression of CCR5 surrounding the
site of injury. The fluorescent signal indicating CCR5 protein expression appeared to be
stronger at areas within 500 um of the lesion site. Therefore, | examined the cellular expression
of CCR5 at a distance of 500 pm from the injury site (white box). Figure 11(J-M) shows
expression of Iba-1. The microglia morphology in the sham brain section (Fig. 11J) appears
ramified with numerous branching processes extending out of the cell. At 3 hours after injury,
those extended branches appears to shrink which indicates that the ramified microglia has
become reactive or amoeboid (Fig. 11L) after brain injury. The brain section at 3 days after
injury shows a cluster of reactive microglia near the site of injury (Fig. 11M). At 28 days after
injury, the microglia morphology is still at areactive state (Fig. 11M) with very little branching
processes extending from the cell. Examination of the expression of CCR5 and Iba-1 revealed
that CCR5 does not appear to co-localize with Iba-1 suggesting that after brain injury, CCR5 is

not detectable in microglia (fig 11N-Q).
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Figure 11
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Fig 11. Immunohistochemical analysis of CCR5 protein expression and distribution in
cortex after TBI. Freefloating tissue sections were labeled with antibodies against CCR5
(green) and Iba-1 (red). The region of interest for analysis is labeled with red rectangle (A).
White boxes in low power images B-E indicate regions where high power images (F-Q) were
collected. CCR5 expression was observed in sham injured (B, F, J, N); 3 hours post injury (C,
G, K, O); 3 days post injury (D, H, L, P); and 28 days post injury (E, I, M, Q). Low
magnification images show the localization of collected images with respect to the injury site
(B-E, white boxes). Arrows in boxes C-E indicate the site of injury. Merged images of CCR5
and Iba-1 for each time point are shown (N-Q). Co-localized regions are represented in yellow.

Scale bar in E (panels B-E)= 50 pum and scale bar in Q (panels F-Q)= 10 um
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CCR5islocalized in neuronsin hippocampus after TBI

Since CCR5 expression was increased in the hippocampal tissue underlying cortical
injury, 1 also examined the expression of CCR5 in the hippocampus following injury to
determine its cellular localization. Each figure represents images taken from sections harvested
fromrats at various times after TBI.

CCR5 was expressed in sham control tissue (Fig. 12). The area of anaysis of CCR5
localization is depicted within the red rectangle and specifically in the CA 1/2 and CA3 regions
of the hippocampus (Fig. 12A). Sham brain sections were labeled with CCR5 and MAP-2. Low
power images of the CA 1/2 region (Fig 12. B-D) and CA 3 region (Fig 12. H-J) are depicted to
show relative expression of CCR5 and MAP-2 across these hippocampal regions. High power
images show that CCR5 was detected in the CA 1/2 region (Fig 12F) and CA 3 region (Fig 12L)
of the hippocampus in sham injured rats. The merged images of CCR5 and MAP-2 in the CA
1/2 region (Fig 12G) and CA 3 region (Fig 12M) reveal co-localization suggesting that CCR5 is
localized in neurons within the hippocampus.

The expression of CCR5 in hippocampal tissue taken from rats three hours post-injury
in both the CA 1/2 region and CA 3 region appeared to be increased in comparison to sham
control tissue (Fig 13 F,L compared to Fig 12 F,L). The three hour brain sections were labeled
with CCR5 and MAP-2 and reveal co-localization of CCR5 with MAP-2 in the CA 1/2 region
(Fig 13G) and in the CA3 region (Fig 13M) suggesting that CCR5 is localize in neurons 3 hours
after injury.

Three days following TBI, CCR5 expression remains high in both the CA 1/2 region
and CA 3 region of hippocampus compared to sham control (Fig 14 F, L compared to Fig 12 F,

L). Labeling of hippocampus sections of CCR5 and MAP-2 revealed co-localization in the CA

41



1/2 region (Fig 14G) and in the CA3 region (Fig 14M) suggesting that CCR5 is expressed in
neurons 3 days after injury.

Twenty-eight days following TBI, CCR5 expression still remains high in both the CA
1/2 region and CA3 region of hippocampus compared to sham (Fig 15 F, L compared to Fig 12
F,L). The twenty-eight days brain sections were labeled with CCR5 and MAP-2 and reveal co-
localization of CCR5 with MAP-2 in the CA /2 region (Fig 15G) and in the CA3 region (Fig

15M) suggesting that CCRS5 islocalize in neurons 28 days after injury.
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Figure 12
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Fig 12. Immunohistochemical analysis of CCR5 protein expression in hippocampus from
sham injured rat brain. Free-floating tissue sections were labeled with CCR5 (green) and
MAP-2 (red). The region of interest for analysisis labeled with red rectangle (A). White boxes
in low power images (CA1/2:B-D, CA3: H-J) indicate regions where high power images

(CAL/2: E-G, CA3: K-M) were collected. Scale bar in J= 50 um and in M= 10 pm.



Figure 13
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Fig 13. Immunohistochemical analysis of CCR5 protein expression in hippocampus 3
hours post- injury. Free-floating tissue sections were labeled with CCR5 (green) and MAP-2
(red). The region of interest for analysisis labeled with red rectangle (A). White boxesin low
power images (CA1/2:B-D, CA3: H-J) indicate regions where high power images (CA1/2: E-
G, CA3: K-M) were collected. Arrows in low power images (B-D) indicate sites of injury.

Scale bar in J= 50 pm and in M= 10 pm.
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Fig 14. Immunohistochemical analysis of CCR5 protein expression in hippocampus 3 days
post injury. Free-floating tissue sections were labeled with CCR5 (green) and MAP-2 (red).
The region of interest for analysisis labeled with red rectangle (A). White boxesin low power
images (CAL/2:B-D, CA3: H-J) indicate regions where high power images (CA1/2: E-G,

CA3: K-M) were collected. Scale bar in J= 50 pum and in M= 10 um.
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DISCUSSION

In this study, | investigated the expression and cellular localization of CCR5 after
traumatic brain injury. The expression of CCR5 mRNA and its ligands have previoudy been
shown to be increased after various types of neural insult. For example, neonatd rats that
received intra-hippocampal injections of N-methyl-D-aspartate (NMDA) displayed elevated
levels of CCR5 mRNA expression in hippocampus as early as 16 hours after injection. CCR5
MRNA levels remained elevated up to 72 hours after injury while CCR5 protein expression was
elevated 32 hours after injury (Galasso et a 1998). Cowell et al (2006) demonstrated that
following hypoxia induced brain injury in neonatal rats, CCR5 mRNA levels were aso
increased with peak expression levels at 72 hours and 7 days after injury. These data suggest
that the synthesis of CCR5 mRNA is increasing following injury. | found that CCR5 protein
levels were increased in cortex and hippocampus of brain-injured rats in a time-dependent
manner. Therefore, my dataisin general agreement with previous reports.

Neuroinflammation takes place within hours to weeks after brain injury. A series of
discrete events occur during this period that promote inflammation. For example, the break-
down of the blood brain barrier promotes inflammation by allowing the entry of circulating
blood cells and neutrophils and lymphocytes that migrate towards the injured site and
accumulate in the brain parenchyma. These immune cells become “activated” in response to
injury. One aspect of this activation is that they begin to secrete inflammatory mediators such as
pro- and anti-inflammatory cytokines as well as free radicals and complement factors. The
release of these inflammatory mediators in the brain induces glia cells to secrete cytokines and
chemokines. Secretion of these immune mediators within the brain parenchyma may produce

additional neural damage but may also help to destroy the invading cells and help to repair
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damaged tissue. My observation that CCR5 expression levels peaks rapidly after brain injury
may berelated to arolein CCR5 in an initial inflammatory event.

The time span of neural repair and recovery after brain injury ranges between days and
weeks. In addition to chemokines and cytokines, activated astrocytes secrete trophic factors
such as brain-derived growth factor (BDGF) and nerve growth factor (NGF) that can promote
axona regeneration and tissue repair. Glial cells can also secrete anti-inflammatory cytokines
that can help promote neuronal repair by suppressing the production of pro-inflammatory
cytokines. The observation that CCR5 protein expression increased at 14 days and 28 days after
injury, presumably after the initial inflammatory event and may overlap with the time course for
recovery phase suggests that CCR5 may haverolein repair processes.

| found that CCR5 was localized on neurons in the brain before and after injury. Cowell
et a (2006) observed that CCR5 was localized on activated microglia after hypoxia induced
brain injury. The reason for the difference in localization between that study and mineis unclear
although different antibodies were used in the two studies. We examined the antibody that
Cowsell et a used in their study on western blots of brain lysate and found that it recognized two
bands in addition to the 46 kDa band that presumably corresponds to CCR5. We were not able
to detect any specific labeling of brain tissue sections with that antibody. For immunolabeling
experiments, we used an antibody obtained from the NIH AIDS Research and Reference
Reagent Program. This antibody did not recognize any bands on western blots of brain lysate
so we examined its specificity by transfecting Hel a cells with the cDNAs encoding CCR5 and
the closely related cytokine receptor, and HIV co-receptor with CCR5, CXCR4. This antibody
labeled the cell surface of cells transfected with the CCRS5, but not CXCR4 suggesting that it
can specifically recognize CCR5.

Chemokine binding to its receptor can activate multiple different downstream signaling

pathways that result in a variety of cellular responses such as cell proliferation, cell adhesion,
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chemotaxis, and polarization. The AKT/PKB signaling pathway has been shown to promote
cellular survival and proliferation (81). Since CCR5 is a G-protein coupled receptor, the binding
of chemokine to CCR5 leads to activation of a heterotrimeric G-proteins and dissociation of
Gapy subunits. Each G protein subunit can then activate different signaling pathways that
eventually result in a physiological response. Specifically, the By subunit activates PI3-kinase
and subsequently the serine/threonine protein kinase AKT/PKB. AKT mediates cellular survival
by blocking apoptosis through the phosphorylation of pro-apoptotic proteins such as BAD from
inducing cellular death. In addition, AKT aso regulates cellular survival through
phosphorylation of specific transcription factors such as YAP (Y es-Associated Protein) thereby
suppressing apoptosis (82). Because AKT isamajor pathway that promotes cell survival, it may
support CCR5’ srole in neuronal protection after brain injury.

One role for chemokines and their receptors is chemotaxis of migrating immune cells
during inflammation. My observation that CCRS5 is found in neurons might suggest a role for
chemokine receptors in neuronal migration during brain development. Interestingly, CXCR4
knock-out mice had defects in cerebellum and hippocampus development due to migration
defects of granule cellsto form the layers required for proper brain development. In cerebellum
development, CXCR4 knock-out mice resulted in disruption of the migration of granule cells to
form the internal granule layer (83). Another study showed that a significant reduction in
neuronal cell differentiation in CCR5 knock-out mice and the depletion of CCR5 using sSiRNA
resulted in reduced differentiation of embryonic neuronal cells (84). These results suggest that
CCRS5 and its ligands are involved in the differentiation of embryonic neurona cells during
development. It istherefore possible that CCR5 may have arole in neuronal injury repair.

An in-vitro study by Gamo et al showed that the CCR5 ligand, RANTES (CCL5) was
able to suppress inflammatory mediators through CCR5. Cultured microglial cells from mouse

brain were stimulated with LPS (lipopolysachharide) to activate microglia to produce pro-
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inflammatory cytokines. When the cells were stimulated with RANTES, they observed a
decrease in the production of mRNA for pro-inflammatory cytokines such as IL-1p, IL-6, TNF-
a. However, in CCR5 knock-out mice, RANTES does not suppress the pro-inflammatory
cytokines suggesting that RANTES suppresses the production of pro-inflammatory cytokines
through CCR5. Due to nerve injury, motor neuron death was also found accelerated in CCR5
knock-out mice (85). Therefore, CCR5 and its ligands may play a pro-survival role in neuronal
protection after nerve injury. A role for CCR5 in development as well as a potential role in
survival support my hypothesis that the increased expression of CCR5 in neurons after injury

may be related to arole in neuronal protection.
CONCLUSION

In the context of this study, a role for CCRS5 in development as well as recent findings
in its potentiad role in survival may support the notion that CCR5 may be playing a role in
neuronal protection after brain injury as aspects of injury repair recapitulate developmental
processes. The observation that CCR5 is locdized in neurons in both the cortex and
hippocampus after brain injury also suggests arole for CCR5 in neuronal survival. It is possible
that the chemokines of CCR5 may play a role in promoting neuronal protection through the
suppression of other pro-inflammatory molecules. The activation of the AKT signa
transduction pathway also promotes neuronal survival by inhibiting other proteins that mediate
cellular death. Further studies in understanding the role of CCR5 in development as well as its
signal transduction pathways in mediating celular protection may contribute to further

understanding of CCR5's potential mechanism in promoting neuronal survival.
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