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CD38 Facilitates Recovery from Traumatic Brain Injury
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Abstract

Traumatic brain injury (TBI) is a major cause of death and disability worldwide. It causes progressive tissue
atrophy and consequent neurological dysfunctions. TBI is accompanied by neuroinflammation, a process me-
diated largely by microglia. CD38 is an ectoenzyme that promotes transmembrane signaling via the synthesis of
potent calcium mobilizing agents or via its receptor activity. CD38 is expressed in the brain in various cell types
including microglia. In previous studies, we showed that CD38 regulates microglial activation and response to
chemokines. In view of the important role of neuroinflammation in TBI and the effects of CD38 on microglial
responses, the present study examines the role of CD38 in the recovery of mice from closed head injury (CHI), a
model of focal TBIL For this purpose, CD38-deficient and wild-type (WT) mice were subjected to a similar
severity of CHI and the effect of the injury on neurobehavioral and cognitive functions was assessed by the
Neurological Severity Score (NSS) and the Object Recognition Test, at various time points post-injury. The
results show that recovery after CHI (as indicated by the NSS) was significantly lower in CD38-deficient
mice than in WT mice and that the object recognition performance after injury was significantly impaired
in injured CD38-deficient mice than in WT mice. In addition, we also observed that the amount of activated
microglia/macrophages at the injury site was significantly lower in CD38-deficient mice compared with WT
mice. Taken together, our findings indicate that CD38 plays a beneficial role in the recovery of mice from CHI

and that this effect is mediated, at least in part, via the effect of CD38 on microglia responses.
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Introduction

INFLAMMATION IS THE BODY'S DEFENSE MECHANISM against
injury and other threats. In the central nervous system,
neuroinflammation is generally beneficial and allows the
brain to respond to changes in its environment and to dispose
of damaged tissue or undesirable substances. However,
this beneficial process sometimes gets out of balance. Un-
controlled chronic neuroinflammation is considered to play a
key role in the progression of damage in a number of neuro-
degenerative diseases such as multiple sclerosis and Alzhei-
mer’s disease (AD) (Wyss-Coray, 2006).

CD38 is a NAD glycohydrolase and ADP-ribosyl cyclase
(Howard et al., 1993). The extracellular enzymatic domain of
CD38 uses nicotinamide adenine dinucleotide (NAD™) and
NADP™ to catalyze the formation of cyclic adenosine dipho-
sphoribose (cADPR), adenosine diphosphoribose (ADPR),
and nicotinic acid adenine dinucleotide (NAADP™") (Schuber

and Lund, 2004). These three metabolites function as signaling
molecules either by mobilizing calcium from intracellular
stores or by activating calcium entry from the extracellular
space (Lee, 2004). Accordingly, cADPR and NAADP induce
Ca”" release from intracellular stores by activation of ryano-
dine receptors (Dammermann and Guse, 2005; Guse, 2004),
notably, a novel NAADP receptor has also been suggested.
ADPR binds to the TRPM2 cation channel and facilitates Ca**
and Na' influx through this channel (Perraud et al., 2001).
Notably, CD38 can also act as a cell-surface receptor capable
of initiating a signal transduction cascade affecting cell acti-
vation, proliferation, and viability in immune cells. (Deaglio
et al., 2001; Frasca et al., 2006; Gregorini et al., 2006; Kumagai
et al., 1995; Lee, 2000; Lund et al., 1998, 1999, 2006; Silven-
noinen et al., 1996). The CD38 ligand in humans is CD31
(Deaglio et al., 2001), whereas in mice it has not yet been
identified. CD38 is believed to be physically and functionally
linked to supramolecular signaling complexes in the T, B, NK,
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and myeloid lineages, where according to the complex, cell
lineage, differentiation steps, and microenvironment pro-
motes diverse signal cascades (Malavasi et al., 2008). CD38 is
expressed in various tissues and cell types (Ceni et al., 2003;
Malavasi et al., 2008). Among these cells are hematopoietic-
derived cells such as monocytes, dendritic cells (DCs), lym-
phocytes, and microglia (Franco et al., 2006; Mayo and Stein,
2007) as well as neural-derived cells such as astrocytes and
subsets of neurons (Mizuguchi et al.,, 1995; Yamada et al.,
1997). CD38 plays an important role in inflammatory re-
sponses, as indicated by attenuated innate and adaptive im-
mune responses of CD38-deficient mice to inflammatory
agents and immunogens (Partida-Sanchez et al., 2003, 2004)
and their enhanced susceptibly to bacterial infections (Parti-
da-Sanchez et al., 2001). In addition, CD38 regulates micro-
glial responses. Accordingly, it promotes microglial activation
and activation-induced cell death (Mayo et al., 2008; Mayo
and Stein, 2007) and regulates microglial chemotactic re-
sponses (Partida-Sanchez et al., 2004), effects that were me-
diated via its cADPR metabolite. Since microglia are essential
components of neuroinflammation, these results suggest that
CD38 may regulate the brain’s susceptibility to injuries that
are associated with neuroinflammation, such as traumatic
brain injury (TBI). Microglia activation and macrophage ac-
cumulation are known to follow TBI and to contribute to the
post-injury inflammation (Aihara et al., 1995; Morganti-
Kossmann et al., 2002; Shein et al., 2008). These microglia/
macrophages are derived from resident microglia or bone
marrow derived cells (Soulet and Rivest, 2008). Activated
microglia transform their morphology, up-regulate certain
membrane proteins and express different cytokines and
growth factors, which play important roles in the inflamma-
tory processes of TBI (Garden and Moller, 2006; Hanisch and
Kettenmann, 2007; Kreutzberg, 1996; Shein et al., 2008). TBI is
a major cause of mortality and morbidity in the 15-24-year
age group in the Western world (Waxweiler et al., 1995) and is
thought to be an environmental risk factor for AD (Guo et al.,
2000; Lye and Shores, 2000; Plassman et al., 2000).

The present study examines whether CD38 regulates the
brain’s susceptibility to TBI using the closed head injury (CHI)
model in mice (Chen et al., 1996). CHI is a well-established
model of focal TBI, which was shown to trigger a cascade of
events that lead to delayed tissue edema, neuroinflammation,
impaired neurological function, and cell death (Grosjean
et al., 2007; Nadler et al., 2008; Otto et al., 2001; Schmidt et al.,
2005; Shapira et al., 1988; Shohami et al., 1997; Stahel et al.,
2000).

The effect of CD38 on the brain’s susceptibility to CHI was
studied in CD38-deficient mice. Our results show that the
neurological recovery of the CD38-deficient mice from the
injury was impaired and that this impairment was accom-
panied by a reduced amount of activated microglia in the
vicinity of the injured area.

Methods
Animals and reagents

BALB/c CD38-deficient mice (Cd38~/7) (Cockayne et al,,
1998; Krebs et al., 2005) were obtained from the Trudeau In-
stitute Breeding Facility (Saranac Lake, NY). Wild-type
BALB/c mice were purchased from Harlan (Jerusalem, Isra-
el). Mice were maintained in accordance with all applicable
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rules and guidelines of the Animal Care and Use Committee
of Tel Aviv University.

Antibodies

The Abs used for detecting activated microglia/macrophages
were Mac-2, produced from hybridoma (ATCC TIB 166,
M3/38.1.2.8.HL.2), kindly provided by Professor I. Witz,
Tel-Aviv University, and the rat anti-mouse F4/80 monoclo-
nal antibody (mAb; MCA497; Serotec, Raleigh, NC). Rabbit
anti-glial fibrillary acidic protein (GFAP) polyclonal Abs
(Z 0334; Dako Cytomation; Carpinteria, CA) was used for
detecting astrocytes, and a biotin-conjugated mouse mAb
raised against neuronal nuclei (NeuN) (MAB 377B, Chemi-
con) was used to detect neurons. The secondary Abs used for
3,3'-diaminobenzidine (DAB) chromogenic staining were as
follows: biotin-conjugated rabbit anti-rat diluted 1:500 (for
Mac-2 staining) or 1:250 (for F4/80 staining; BA-4001; Vector
Laboratories, Burlingame, CA) and biotin-conjugated goat
anti-rabbit antibody diluted 1:200 (BA-1000; Vector Labora-
tories).

Closed head injury

The CHI study was conducted according to the National
Institutes of Health (NIH) Guidelines for Use and Care of
Laboratory Animals, and was approved by the Animal Care
Committee of the Hebrew University of Jerusalem. Four-
month-old male Cd38~/~ mice and BALB/c (wild-type [WT])
mice were used in this study. Experimental CHI was induced
under isoflurane anesthesia using a modified weight-drop
device (Chen et al., 1996; Yatsiv et al., 2002). Briefly, following
anesthesia, a midline longitudinal incision was performed
and the skull was exposed. A Teflon-tipped cone (2mm di-
ameter) was placed 1 mm lateral to the midline in the mid-
coronal plane. The head was manually held in place, and a
95-g weight was dropped on the cone from a height that was
adjusted to yield a moderate trauma (Neurological Severity
Score [NSS] of 6—7) to the left hemisphere. The severity of the
trauma was confirmed 1h later by assessing the NSS values.
After recovery from anesthesia, the mice were returned to
their home cages with postoperative care and ad libitum access
to food and water. WT and Cd38~/~ mice (81 and 68, re-
spectively) were subjected to CHI; afterwards, the NSS values
of each mouse were determined at different time points.
Fractions of the injured mice were scarified at day 1, 3, and 7
post-injury for immunohistochemical analysis. Six different
experiments were performed. In three experiments, the NSS
was determined at 1h and 1, 3, 7, 14, 21, and 28 days post-
injury. In two experiments, the NSS was determined at 1 h and
1,2,3,7, 14, 21, and 28 days post-injury. In one experiment,
NSS was analyzed at 1h and 1, 2, and 28 days post-injury.
Accordingly, the total number of mice assessed for NSS at
each of the indicated time points was as follows: WT, 81 at 1h,
80 at day 1, 42 at 2 days, 59 at 3 days, 29 at 7 days, 23 at 14
days, 23 at 21 days, and 35 at 28 days; Cd38 /", 68 at 1h, 66
atday 1, 35atday 2,48 atday 3,22 at day 7, 17 at day 14, 17 at
day 21, and 25 at day 28. The number of WT and Cd38 ~/~ mice
scarified for the immunohistochemical analysis was 9 and
8atday 1,19 and 17 at day 3, and 6 and 5 at day 7 post-injury,
respectively. These mice were anesthetized with a mixture
of ketamine (250 mg/kg; Ketaset, Fort Dodge, IA) and xyla-
zine (2%; in a ratio of 0.85:0.15, respectively), and perfused
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transcardially with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). Next, the brains were removed and placed for
further fixation in 4% paraformaldehyde for 18 h at 4°C and
placed in 30% sucrose for 48h. Frozen coronal sections
(30 um) were then cut on a sliding microtome and collected
serially.

Immunohistochemistry

The sections were immunostained free-floating as de-
scribed (Matsumori et al., 2006), utilizing the following pri-
mary Abs: anti-NeuN mAb (1:500), anti-F4/80 mAb (1:100),
anti-Mac-2 mAb (1:300), and anti-GFAP Ab (1:1000). Follow-
ing a 1-h blocking step in primary Abs dilution buffer (Bio-
meda Corp., Foster City, CA), primary Abs were applied
overnight at 4°C. After having been rinsed in phosphate-
buffered saline (PBS) with 0.1% Triton X-100, the bound pri-
mary Abs were visualized with the aid of the appropriate
biotinylated secondary Abs and horseradish peroxidase
(HRP)-conjugated streptavidin (Vectastain Elite ABC Kit
(Standard); Vector Laboratories).

Image analysis

The peroxidase-immunostained sections were viewed
and photographed with either a Nikon plan x4/0.10 NA or a
Nikon planx10/0.25 AN objective and a Nikon DS-5M camera
(Nikon Instech, Tokyo, Japan). The density of immunohisto-
chemical staining was determined with the aid of the Image-
Pro Plus system (version 5.1; Media Cybernetics, Silver
Spring, MD) by expressing the amount of staining as a per-
centage area stained. Moderate adjustments for contrast and
brightness were done after quantification on the images
shown in Figures 3-5 below. Notably, equal adjustments were
applied to the corresponding WT and Cd38/~ images. For
quantifying the F4/80 and Mac-2 staining, for each mouse,
images were taken with Nikon plan x10/0.25 AN objective
from four brain sections (spacing approximately 200 micron)
containing the area of maximal cavitation (approximately
bregma 1.1 to —0.1). The images were taken frame-by-frame
in such a way that they covered without overlapping all the
surrounding of the cavity. The mean cavity area in the sec-
tions of WT or Cd38~/~ mice was similar. Three to five images
(dependent on the size of the cavity) from the areas sur-
rounding to the cavity were captured in each section. The
density of the stained cells was calculated in each of these
regions as the percentage area that was stained. For quanti-
tating the GFAP staining, seven brain sections (spacing ap-
proximately 200 micron) containing the area of maximal
cavitation (approximately bregma 1.1 to —0.1) of each mouse
were analyzed. Three to five (depending on the size of the
hemisphere) non-overlapping images were taken at a x4
magnification (Nikon plan x4/0.10 NA objective), covering
the entire injured hemisphere. For each slice, the amount of
staining in the injured hemisphere (the sum of staining mea-
sured in all the corresponding images) was expressed relative
to the area of the injured hemisphere (the sum of the areas
covered by all the corresponding images). To prevent over-
lapping fields, in each image we defined a specific region at
the edge of the image as a point of reference. The next image
was taken immediately after this marked area. When images
were taken at the edge of the brain (and thus contained also
white space), the analysis was performed only on the part
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which contained brain tissue. For quantitating the NeuN
staining, three to five brain sections, taken from bregma —1.46
to —2.06 of each mouse, were analyzed. Images were captured
with Nikon plan x10/0.25 AN objective from the hippocam-
pus of the damaged and contralateral hemispheres. The
amount of staining in the area of the hippocampus, confined
by a line connecting both ends of the dentate gyrus and ex-
tending towards the pyramidal cell layer of the hippocampus
(CA2/3), was determined. The staining density was deter-
mined by expressing the amount of staining as a percentage
area stained. The sections of all mice were coded, and all of the
sections of each marker, for each time point post-injury, were
stained simultaneously.

Neurobehavioral evaluation

The neurological status of the mice was evaluated accord-
ing to the NSS, by an observer who was unaware of the dif-
ferences between the mice. This score is a 10-point scale that
assesses the functional neurological status based on the
presence of some reflexes and the ability to perform motor
and behavioral tasks such as beam walking, beam balance,
and spontaneous locomotion (Beni-Adani et al., 2001; Tsenter
et al., 2008). Animals are awarded one point for failure to
perform a task, such that scores ranged from 0 to 10, in-
creasing with the severity of dysfunction. The NSS obtained
1h following CHI reflects the initial severity of injury.
Therefore, the extent of recovery can be calculated as the
difference between the NSS at 1 h and at any subsequent time
point (ANSS).

Object Recognition Test

We used the procedure described by Ennaceur and Dela-
cour (1988) and adapted to mice as described (Biegon et al.,
2004; Tsenter et al., 2008). At 24h before testing, WT and
Cd38~/~ mice were allowed to explore the testing box for 1h
to reduce neophobic responses and habituate to the stimuli
present in the empty arena. Then, in the first trial, two iden-
tical objects were placed in the right and left corners of the
box. Mice were placed into the box for 5min, where they
explored the two objects, and the exploratory activity (i.e.,
time spent in object-directed exploration) was recorded
manually. Four hours later, mice were re-introduced for 5 min
to the same cage, in which one of the objects was replaced by a
new one. The cumulative time spent by the mouse exploring
each of the objects was recorded. Exploration of an object was
defined as follows: directing the nose to the object at a distance
of <2 cm and/or touching it with the nose; turning around or
sitting on the object was not considered as exploratory be-
havior. The test was performed on days 3, 6, 14, 23, and 29,
following the CHI. Mice were assessed by a single observer.
Memory was operationally defined by the discrimination ra-
tio for the novel object (DIR), as the proportion of time the
animals spent investigating the novel object minus the pro-
portion spent investigating the familiar one during the testing
period [Discrimination Ratio, DIR = (Novel Object Explora-
tion Time — Familiar Object Exploration Time) / Total Ex-
ploration Time)x100]. Two experiments were conducted. In
the first (n =9), the test was done before the trauma, and then
at days 3 and 6 after trauma. In the second (1 =7-10), the test
was done before the trauma, and then at days 3, 14, 23, and 29
after trauma. Accordingly, the total number of mice assessed
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FIG. 1. CD38 deficiency worsens post-traumatic neurological recovery. Wild-type (WT) and Cd38/~ mice were subjected
to closed head injury (CHI) as described in the text, and their neurological performance was evaluated at the indicated time
points by the Neurological Severity Score (NSS). The NSS (A) and the ANSS (B) data are expressed as mean score =+ standard
error of the mean (SEM). Mixed Models analysis of the NSS and ANSS results reveled a significant effect of time (p < 0.001)

and genotypextime (p <0.001). *p <0.017, **p <0.004 a significant difference between WT and Cd38~/

corrected Student’s t-test).

for the Object Recognition Test (ORT) at each of the indi-
cated time points was as follows: WT, 19 naive mice and 19,
9, 10, 8, and 8 injured mice at 3, 6, 14, 23, and 29 days post-
injury, respectively; Cd38/~, 19 naive mice and 17, 9, 9, 7,
and 7 injured mice at 3, 6, 14, 23, and 29 days post-injury,
respectively.

Statistical analysis

Statistical evaluation was performed by Mixed Models
analysis (for the NSS, ANSS, and ORT), using the SPSS soft-
ware (SPSS Inc., Chicago, IL) followed by Bonferroni cor-
rected Student’s t-test, or by the two-tailed Student’s t-test (for
the analysis of F4/80, Mac-2, GFAP or NeuN staining) using

mice (Bonferroni

the Statistica software (StatSoft Pacific, Australia). Data was
expressed as mean value +standard error of the mean
(SEM). A value of p <0.05 was considered to be statistically
significant.

Results
Effect of closed head injury on neurological functions

WT and Cd38~/~ mice were subjected to CHI. The neuro-
logical status of the mice was evaluated using the NSS scoring
system (which tests motor and behavioral functions) at 1h,
and 1,2,3,7,14,21, and 28 days following trauma. All the WT
and Cd38 /- mice exhibited moderate neurological deficits
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1 h after the trauma, with a group mean NSS of 6.76 - 0.08 and
6.82 4 0.09 for WT and Cd38 /™ mice, respectively, indicating a
similar initial severity of injury (Tsenter et al., 2008). Evalua-
tion of the NSS values at later time points revealed that the
neurological status of both WT and Cd38~/~ mice improved
over time (a decrease in the NSS values). The improvement
effect reached a plateau after 7-14 days post-trauma in both
genotypes; however, the improvement was lower in the
Cd38™/~ mice compared to WT (38% in WT versus 20% in
Cd387/~ at plateau; Fig. 1A). Mixed Models analysis of the
NSS values revealed a significant effect of treatment (time) and
group x treatment (genotypextime; p < 0.001). Further analy-
sis revealed a significant difference between the WT and
Cd38~/~ mice at 14, 21, and 28 days post-injury (Bonferroni
corrected Student’s t-test; p < 0.017). Assessment of the extent
of recovery, as reflected by ANSS, revealed an increase in
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ANSS values over time, which reached a plateau after 7-14
days in both genotypes; however, the ANSS values of the
Cd38/~ mice at plateau were lower than those of WT mice
(Fig. 1B). Mixed Models analysis of the ANSS values revealed
a significant effect of time and genotypextime (p < 0.001).
Further analysis revealed significant differences between the
WT and Cd38 /™ mice at 3, 7, 14, 21, and 28 days post-injury
(Bonferroni corrected Student’s t-test; p < 0.004). These results
thus suggest that CD38 deficiency leads to impairment in the
neurological recovery following CHI.

Post-traumatic effect on recognition memory

The effect of CD38 deficiency on post-traumatic recognition
memory of WT or Cd38/~ mice was tested using the ORT
paradigm. Recognition memory was measured in the naive
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FIG. 2. CD38 deficiency abrogates recognition memory after closed head injury (CHI). Recognition memory was evaluated
using the Object Recognition Test (ORT) in naive and injured (3, 6, 14, 23, and 29 days after injury) wild-type (WT) and
Cd38~/~ mice as described in the text. For each mouse in the different groups, the absolute time spent exploring each of the
two objects was recorded, and the differences between the exploration time of the two objects were calculated, first, with
identical objects (baseline; A) and then, 4h later (test; B), with one of the objects replaced by a new one. The results are
expressed as discrimination ratio (DIR) values as described in the text. Values shown are means =+ standard error of the mean
(SEM; bars). Statistical analysis (Mixed Models analysis) of the DIR values of the “Test” results revealed a significant
difference of genotypextime (p < 0.001) between the WT and Cd38 /~ groups. *p <0.003, DIR >0, t-test single sample,

Bonferroni corrected.



3 days

7 days

c /-
W wT O Ca38"

1604 F4/80 Mac-2

1404
= 120
E 1004 B2 - s
é 201 ok
= a0

401

204

04 . . / . .
1 3 7 | 3

Days post -injury



PROTECTIVE EFFECT OF CD38 AGAINST TBI

and the injured mice, the latter from day 3 post-injury until
day 29. The time spent by the mice exploring two identical
reference objects on the testing day (baseline recognition) was
first assessed, and then, 4h later, one of the objects was re-
placed and the time that the mice spent exploring the famil-
iar or the new objects was assessed (test). Figure 2 depicts
the DIR between the two objects in the field (Arque et al.,
2008), namely, the difference in exploration time between two
identical objects (baseline; A) or between a new and the fa-
miliar objects (test; B), divided by the total time that the mouse
spent exploring the two objects in the test. Analysis of the
baseline DIR values (Fig. 2A) revealed that all animals tested,
i.e., naive WT and Cd38~/~ or injured WT and Cd38~/, did
not discriminate between the identical objects and spent about
the same time at each of the objects (DIR ~0). Statistical
analysis utilizing the Mixed Models analysis of the DIR values
during the test period (Fig. 2B) revealed a significant differ-
ence of group xtreatment (genotypextime) between the DIR
values of the two genotypes (p <0. 001) Further analysis re-
vealed that the naive WT and Cd38 /™ mice significantly
discriminated (DIR > 0, t-test single sample, Bonferroni cor-
rected; p < 0.003) between the familiar and the new objects
and spent more time exploring the new object (Fig. 2B). No
significant difference in the DIR values was observed between
the naive WT and Cd38/~ mice (Bonferroni corrected Stu-
dent’s t-test). These results suggest that both WT and Cd38~/~
mice exhibited a similar recognition memory before injury. At
3 days post-injury, the ability of both WT and Cd38/~ mice to
discriminate between the familiar and the new objects was
significantly impaired (their DIR values were not significantly
different from 0; t-test single sample, Bonferroni corrected). At
later time points following injury, the WT mice significantly
improved their ability to discriminate between the objects
(DIR > 0, t-test single sample, Bonferroni corrected; p < 0.003),
whereas the Cd38~/~ mice did not (the DIR values were not
significantly different from 0; t-test single sample, Bonferroni
corrected). Taken together, these results suggest that CD38
deficiency impaired recognition memory following a moder-
ate CHIL

Effect of CD38 on the appearance of activated
microglia/ macrophages in the vicinity of the cavity

One of the hallmarks of CHI is the generation of a cavitation
lesion. This lesion is surrounded by dense gliosis comprising
mainly activated microglia/macrophages in the immediate
vicinity of the impact (Erlich et al.,, 2007). These activated
microglia were thought to participate in the post-injury re-
covery process (Akiyama et al., 1994; Kreutzberg, 1996; Stahel

‘
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et al., 2000). Since our previous in vitro studies showed that
microglial activation is impaired in CD38-deficient microglia
(Mayo et al., 2008), we were interested in examining the effect
of CD38 deficiency on the appearance of activated microglia
at the cavity boundary zone. To this end, WT and Cd38 "/~
mice were subjected to CHI, and frozen coronal brain sec-
tions were prepared at 1, 3, and 7 days post-injury. Activated
microglia/macrophages were detected by immunohisto-
chemical staining for the activated microglia markers F4/80
and Mac-2. Figure 3A,B shows that activated microglia/
macrophages accumulate around the cavity both in the WT-
and Cd38~/ “-injured brains, and this effect is evident already
at 1 day post-injury. However, close inspection of the density
of activated microglia/macrophages (F4/80 or Mac-2-positive
cells) around the cavity reveals that it was lower in Cd38~/~
mice, compared with WT mice, at 1 and 3 days post-injury
(Fig. 3A,B). Quantitation of the F4/80 or Mac-2 staining den-
sity around the cavity reveals reduction in the density of
F4/80 or Mac-2-positive cells (activated microglia), in Cd38 /=
brains compared with WT brains, at 1 and 3 days post-injury
(44 8% and 21 £ 6%, or 34 & 7% and 29 + 4% staining in WT
and Cd38/~ mice at 1 and 3 days post-injury, respectively).
At7 days post-injury, however, no significant difference in the
density of F4/80-positive cells was observed between WT and
Cd38~/~ mice (Fig. 3A,C). Similar results were obtained for
Mac-2-positive cells (Fig. 3B); however, the intensity and the
high-density staining did not allow quantitation of the Mac-2
staining at day 7. These results thus suggest that CD38 defi-
ciency attenuates the appearance of activated microglia/
macrophages at the injury site at early time points following
injury.

Effect of CD38 deficiency on the appearance
of activated astrocytes

Astrocytes respond to TBI by undergoing activation, a
process that is accompanied by enhanced GFAP expression,
hypertrophy, and proliferation, and occurs in a gradated
fashion in relation to the severity of the injury. Because acti-
vated astrocytes also affect recovery from TBI (Floyd and
Lyeth, 2007; Laird et al., 2008; Myer et al., 2006), we examined
the effect of CD38 expression on the appearance of activated
astrocytes following CHI, by monitoring GFAP staining. As
shown in Figure. 4A, massive GFAP staining was observed in
both injured WT and Cd38~/~ mice, at 3 days post-injury. The
GFAP staining was detected in both hemispheres; however, it
was mainly confined to the injured hemisphere where it was
localized in various regions, predominately around the cav-
ity. Since the activated astrocytes were not confined to distinct

FIG. 3. The amount of activated microglia at the injury site is lower in Cd38 /~ mice than in wild-type (WT) mice at 1 day
and 3 days post-injury. Frozen brain sections, prepared from WT and Cd38 /™ mice subjected to closed head injury (CHI) and
killed 1, 3, and 7 days post-injury, were immunohistochemically stained with the anti-F4/80 or anti-Mac-2 monoclonal
antibody (mAb), as described in the text. Representative images are shown for anti-F4/80 (A) and Mac-2 (B) staining,
respectively. The images shown are low-magnification (upper) and high magnification (lower) of the same brain area. The
region that was magnified is marked in the upper panel by a rectangle. Scale bar =250 um. (C) Quantitation of the density of
the F4/80 and the Mac-2-positive cells in the injury boundary. This was performed by computerlzed densitometry as
described in the text. At each time point, the density value obtained for each section (WT and Cd38~/~) was normalized to the
average density value of the corresponding WT sections. Images used for the analysis were obtained from coronal sections at
bregma 1.1 and —0.1. The data presented are expressed as the means + standard error of the mean (SEM; bars) of the
normalized values from two different experiments (n=38, 11, and 6; WT) or 7, 10, and 5 (Cd38 7), at 1, 3, and 7 days
postinjury, respectively) **p < 0.01 compared with the corresponding WT (Student’s t-test).
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FIG. 4. The appearance of activated astrocytes in wild-type (WT-) and Cd38~/~ -injured brains. Frozen brain sections,
prepared from WT and Cd38/~ mice subjected to closed head injury (CHI) and killed 3 days post-injury, were im-
munohistochemically stained with the anti—glial fibrillary acidic protein (GFAP) antibodies (Abs), as described in the text. (A)
Representative images of GFAP staining of WT and Cd38~/~ brain sections are shown. The images shown are low (upper)
and high (lower) magnifications of the same brain area. The region that was magnified is marked in the upper panel by a
rectangle. Scale bar =250 um. (B) Quantitation of the density of the GFAP staining. This was performed by computerized
densitometry, as described in the text. The density value obtained for each section (WT and Cd38 /") was normalized to the
average density value of the corresponding WT sections. Images used for the analysis were obtained from coronal sections at
bregma 1.1 and —0.1. The data presented are expressed as means + standard error of the mean (SEM; bars) of the normalized
values from two different experiments (10 WT and nine Cd38~/~ mice). No significant difference (Student’s t-test) was
observed between the WT and Cd38~/~ (no significant difference [n.s.]).
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brain regions but were spread in various regions, the amount
of GFAP staining was quantified in the entire injured hemi-
sphere, rather than in a particular region. As shown in Figure
4B, no significant difference was observed in the amount of
GFAP staining between WT and Cd38 /™ mice. Similar results
were obtained when GFAP expression was determined in the
injured cortex by quantitative real-time reverse transcription—
polymerase chain reaction (RT-PCR) at 4 and 12 h post-injury;
namely, GFAP mRNA expression was similar in WT and
Cd38~/~ mice (data not shown).

Effect of CD38 deficiency on hippocampal
neuronal loss

Hippocampal neurons, especially in the CA3 domain, are
particularly susceptible to cell death following CHI (Chen
etal., 1996). We therefore examined whether CD38 expression
affects the susceptibility of the CA2 and CA3 hippocampal
neurons to cell death induced by CHI. Neurons were detected
by staining for the neuronal marker NeuN. As shown in
Figure 5A, CHI caused a neuronal loss (a reduction in NeuN
immunoreactivity) in the CA2 and CA3 hippocampal regions
of the injured hemispheres in WT and Cd38 /™ mice, 7 days
post-injury (compared to the CA2 and CA3 regions in the non-
injured contralateral hemispheres). However, quantitation of
the density of the NeuN staining of these regions, in the non-
injured as well as the injured hemispheres, did not reveal a
significant difference between WT and Cd38~/~ mice.

A
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Discussion

We show here that CD38 deficiency impairs the ability to
recovery from head trauma in mice subjected to CHI. The NSS
and ORT behavioral tests were used to assess the neurological
functions of the mice. The NSS measures motor ability, bal-
ancing, and alertness, and is a reliable indicator of the severity
of the neurological damage (Reshef et al., 2008; Tsenter et al.,
2008). Animals subjected to CHI undergo spontaneous re-
covery, which is indicated, inter alia, by a progressive decline
in their NSS over time and is expressed by the ANSS values
(Chen et al., 1996). Our results clearly show that the CD38-
deficient mice exhibited a significantly lower ability, com-
pared with WT mice, to improve the neurological functions,
which are assessed by the NSS test.

ORT is a well-established procedure to measure a specific
form of episodic memory in rodents. It is based on the spon-
taneous behavior of rodents to distinguish between novel and
familiar objects and can be considered as a “pure” working-
memory non-spatial test, completely free of reference memory
components. Failure to show a preference for the novel object
after a delay is interpreted as impairment in the neural storage
or retrieval of the memory of the previously presented object
(Ennaceur and Delacour, 1988; Ennaceur et al., 2005). Our
results show that CD38 deficiency significantly impaired the
cognitive performance (measured by the ORT) following TBI,
suggesting that CD38 has a protective role against the effect of
injury on recognition memory.
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FIG.5. Analysis of neuronal loss in the hippocampal CA2 and CAS3 regions. Frozen brain sections, prepared from wild-type
(WT) and Cd38~/~ mice subjected to closed head injury (CHI) and killed 7 days post-injury, were immunohistochemically
stained with the anti-neuronal nuclei (NeuN) monoclonal antibody (mAb), as described in the text. (A) Representative
images of NeuN staining of WT and Cd38/~ brain sections are shown. Scale bar =250 um. The CA2/CA3 region was defined
as the region included between an imaginary line drawn from one tip of the dentate gyrus to the other toward the pyramidal
neurons. Arrows indicate areas of neuronal loss, and asterisks indicate the cavity. (B) Computerized densitometric analysis of
the density of NeuN staining of the hippocampal CA2/CA3 neurons. This was performed by computerized densitometry, as
described in the text. Density values were obtained for the ipsilateral (injured) and contralateral hemispheres. The density
value obtained for each section (WT and Cd38~/7) was normalized to the average density value of the contralateral WT
sections. Images used for the analysis were obtained from coronal sections at bregma 1.46 and —2.06. The data presented are
expressed as means =+ standard error of the mean (SEM; bars) of the normalized values from two different experiments
(12WT and 13 Cd38~/~ mice. *p < 0.05 compared with the corresponding contralateral value (Student’s t-test). No significant
difference (n.s.) was observed between the WT and Cd38 /™ in the contralateral and ipsilateral.
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Taken together the NSS and ORT results suggest that CD38
function plays an important role in injury and repair/recovery
processes following TBI

Numerous mechanisms may account for the effect of CD38
on recovery processes. In the present study, we focused on
two potential processes, i.e., neuronal loss and neuroin-
flammation. Neuronal loss following CHI may result from
immediate cell death that occurs at the site of the lesion as well
as from secondary neuronal death in parts of the brain that are
not directly affected by the impact (Grossman et al., 2003;
Reshef et al., 2008). Since the CA2 and CAS3 regions of the
hippocampus were previously shown to undergo secondary
neuronal loss in CHI (Chen et al., 1996; Panikashvili et al.,
2001) and ORT is partially controlled by the hippocampus
(Akirav and Maroun, 2006; Broadbent et al., 2004), we ex-
amined the NeuN staining in these areas. As expected, neu-
ronal loss was detected in these brain regions; however, no
difference was observed in the density of the NeuN staining
between the WT and Cd38~/~ mice, suggesting that the CD38
deficiency did not enhance neuronal death in these hippo-
campal regions. We cannot exclude, however, the possibility
that in other brain regions subtle differences do exist. Alter-
natively, it is possible that the effect of CD38 is not mediated
by affecting the extent of neuronal death but rather, it depends
on other features such as synaptic transmission or neurite
sprouting in the hippocampus or other brain regions.

It is well established that neuroinflammation, via activated
microglia and astrocytes, plays an important role in TBI (Allan
and Rothwell, 2001; Ladeby et al., 2005; Laird et al., 2008;
Morganti-Kossmann et al., 2007; Streit, 2000). Therefore, the
potential role of activated microglia and astrocytes in pro-
moting the CD38 effect was examined by assessing their ap-
pearance in the CHI-subjected WT and Cd38 /"~ mice. In the
CHI model, activated microglia are mainly confined to the
boundary of the injured cavity, whereas the distribution of
reactive astrocytes is much broader (Figs. 3 and 4). Thus, ac-
tivated microglia were monitored in brain areas adjacent to
the injury, whereas reactive astrocytes were monitored in the
entire injured hemisphere. Analysis of the GFAP staining did
not reveal a significant difference in the density of GFAP
staining in the injured hemisphere between WT and Cd38/~
mice. Inspection of GFAP staining in the injured hippocam-
pus also did not reveal a difference between WT and Cd38 ™/~
(data not shown). These results thus suggest that CD38 defi-
ciency does not affect CHI-induced astrocyte activation, at
least as indicated by GFAP expression. However, a significant
and substantial reduction (~40%) in the amount of activated
microglia (as indicated by two different activated microglial/
macrophages markers, F4/80 and Mac-2) was observed in
Cd38~/~ mice, compared with WT mice, as early as 1 day
post-injury. Notably, at later time points, the extent of this
difference declined until no difference was observed 7 days
post-injury. These results thus suggest that CD38 expression
regulates, at least in part, the amount of activated microglia/
macrophages in the injured area at early time points following
injury. We have previously shown that CD38 and/or its me-
tabolite cADPR is needed for proper microglial activation
(Mayo et al., 2008) and response to FPRL1-dependent che-
motaxis (Partida-Sanchez et al., 2004). Therefore, the reduced
amount of activated microglia/macrophages detected at the
site of injury may reflect an impairment in either activation or
migration (or both). The latter notion might be supported by
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the findings that, at 12 h post-injury, Cd38/~ mice exhibited
~90% increase (compared with injured WT mice) in the ex-
pression (measured by qRT PCR) of the chemokine CCL2 in
the injured cortex, whereas no difference was observed in the
expression of the cytokines IL-1f and TNFa (data not shown).
Thus, despite the enhancement of CCL2 expression in the
injured area, the amount of activated microglia in this region
was lower in the Cd38~/~ mice, which may suggest that the
microglia were impaired in their ability to be recruited to the
injured site. The reason why, at 7 days post-injury, the amount
of activated microglia at the site of injury was similar in WT
and Cd38~/~ mice is not known. A possible explanation might
be that at that time point the microglial activation process
(includin ;g migration) reaches its plateau in WT mice but not
in Cd38™/~ mice, and thus, in the latter, microglia continue to
migrate into the injured site or are activated until they close
the gap.

Our findings, indicating thatin Cd38 =/~ mice accumulation
of activated microglia is impaired at the site of injury, may
suggest that CD38 regulates recovery from TBI, at least in
part, by its effect on microglial activation. Indeed, several
reports indicated that proliferating microglia have a protec-
tive effect against various types of acute brain injury such as
excitotoxicity (Simard and Rivest, 2007) and ischemic injury
(Lalancette-Hebert et al., 2007). In addition, it was shown that
reactive microglia/macrophages can remove inhibitory tissue
debris and secrete growth-promoting factors, resulting in re-
generation (Streit, 2002). Note, however, that in addition to its
effect on microglia, CD38 may affect other yet unknown brain
functions that may also play a role in its effect on recovery
from trauma. With this regard, it should be noted that it was
reported that CD38 ligation can cause death of thymocytes
and pro-B cells (Malavasi et al., 2008). The role of infiltrating
thymocytes and B cells following TBI has not been fully es-
tablished, thus the effect of such death process in the recovery
from TBI is not known. However, if these infiltrating cells play
a harmful effect, then an alternative interpretation of our re-
sults would be that the impaired recovery of CD38 deficient
mice is also due to a reduction in such CD38-dependent cells
death.

The CD38 substrate, NAD, was shown to exert toxic effects
in some systems (Adriouch et al., 2007; Ying, 2008) and NAD
levels are elevated in some tissues from Cd38~/~ mice. Thus, it
is possible that this elevated level of NAD may lead to the
impaired recovery of Cd38~/~ mice from CHI. Although we
cannot exclude this possibility, we do not favor it, since mice
deficient in either CD38 alone (C438/~) or CD38 and Poly
(ADP-ribose) polymerase-1 (PARP-1) (Cd38~/~/PARP-17/")
(PARP-1 is an enzyme that uses NAD as a substrate to Poly-
ADP-ribosylate proteins [Schreiber et al., 2006]) exhibited a
similar reduced recovery (as indicated by NSS) from CHI,
compared with WT mice (data not shown). Moreover, it was
shown that NAD may promote a protective effect in acute
brain injuries since intranasal administration of NAD+ de-
creased ischemic brain injury (Ying et al., 2007).

CD38 may exert its effects on recovery by either its enzy-
matic activity (via its metabolites, cADPR, ADPR, and
NAADP™) or by its receptor activity. Which of these activities
or metabolites actually mediates the effect of CD38 on re-
covery from CHI is presently not known. However, we
showed previously that cADPR plays an important role in
microglial activation and response to chemotaxis in vitro,
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whereas agonist Abs did not have any effect (Mayo et al.,
2008; Partida-Sanchez et al., 2004). Thus, at least with respect
to the CD38 effects that are mediated via microglia, it is rea-
sonable to assume that these effects are mediated via the CD38
ADP-ribosyl cyclase activity.

The results presented here indicate that CD38 plays a
beneficial role in recovery/repair processes following CHI.
Further studies, however, are needed to determine the mech-
anism whereby CD38 promotes these effects, although a
mechanism that acts via microglia seems to be a promising
candidate. TBI is the leading cause of death and disability in
young people (Waxweiler et al., 1995), yet no specific phar-
macological therapy is currently available to prevent the de-
velopment of secondary brain injuries. Our findings thus
suggest that CD38 and its downstream targets might be useful
targets and therefore need to be further investigated in order
to develop new efficacious therapeutic approaches to facilitate
recovery from head trauma.
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