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Abstract Several enzymes in cellular bioenergetics
metabolism require NAD?' as an essential cofactor for
their activity. NAD" depletion following ischemic insult
can result in cell death and has been associated with over-
activation of poly-ADP-ribose polymerase PARP1 as well
as an increase in NAD* consuming enzyme CD38. CD38
is an NAD™ glycohydrolase that plays an important role in
inflammatory responses. To determine the contribution of
CD38 activity to the mechanisms of post-ischemic brain
damage we subjected CD38 knockout (CD38KO) mice and
wild-type (WT) mice to transient forebrain ischemia. The
CD38KO mice showed a significant amelioration in both
histological and neurologic outcome following ischemic
insult. Decrease of hippocampal NAD™ levels detected dur-
ing reperfusion in WT mice was only transient in CD38KO
animals, suggesting that CD38 contributes to post-ischemic
NAD?* catabolism. Surprisingly, pre-ischemic poly-ADP-
ribose (PAR) levels were dramatically higher in CD38KO
animals compared to WT animals and exhibited reduction
post-ischemia in contrast to the increased levels in WT
animals. The high PAR levels in CD38 mice were due to
reduced expression levels of poly-ADP-ribose glycohy-
drolase (PARG). Thus, the absence of CD38 activity can
not only directly affect inflammatory response, but also
result in unpredicted alterations in the expression levels of
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enzymes participating in NAD* metabolism. Although the
CD38KO mice showed significant protection against isch-
emic brain injury, the changes in enzyme activity related
to NAD* metabolism makes the determination of the role
of CD38 in mechanisms of ischemic brain damage more
complex.
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Introduction

Over-activation of PARP1, an NAD™ consuming enzyme,
due to post-ischemic DNA damage is associated with deple-
tion of tissue NAD™ pools that can lead to bioenergetics fail-
ure and cell death [1]. Maintenance of physiological NAD™*
levels is critical for cell energy metabolism since NAD™
and NADH are essential cofactors for glycolytic and mito-
chondrial bioenergetic metabolism. There are several other
enzymes that use NAD" as a substrate [2, 3]. The bifunc-
tional ectoenzyme and receptor CD38 is an NAD* glyco-
hydrolase that uses NAD" to generate second messengers,
cyclic ADP-ribose and ADP-ribose [4, 5]. These metabo-
lites function as signaling molecules by mobilizing calcium
from intracellular stores [6] or activating calcium perme-
able plasma membrane channels [7]. CD38 is expressed in
various tissues and cell types [5], including hematopoietic-
derived cells such as monocytes, dendritic cells, lympho-
cytes, and microglia. Furthermore, CD38 is considered a
major enzyme that controls cytosolic NAD* levels [8].

It was shown that after focal cerebral ischemia CD38
contributes to post-ischemic chemokine production and
aggravates cerebral injury by promoting immune cell infil-
tration [9]. Since CD38 regulates microglial activation and
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response to chemokines it has an important role in neuroin-
flamation after traumatic brain injury (TBI) [10].

We have shown that this enzyme can very rapidly deplete
brain tissue NAD" stores and is activated following global
cerebral ischemia [11]. To determine the functional signifi-
cance and contribution of the CD38 activity to mechanisms
of post-ischemic brain damage we utilized both wild-type
(WT) and CD38 knock out (CD38KO) mice that were sub-
jected to transient global cerebral ischemia.

Material and Methods
Animals

Both wild-type (WT; C57B16) and CD38-deficient mice
(CD38KO) were obtained from Jackson laboratory. Male,
3 month old mice were used for experiments. All animal
protocols were approved by the Animal care and Use Com-
mittee of the University of Maryland Baltimore, in accor-
dance with the National Institute of Health Guidelines for
the Care and Use of Laboratory Animals. The animals were
maintained in a 12-h light/dark cycle, and were housed in a
group of 2—5 mice per cage.

The animals were randomly divided into several experi-
mental groups. Forty-eight mice (24 WT and 24 CD38KO)
were used to determining the histological and neurologic
outcome following the ischemic insult. Another group of 24
mice were subjected to a sham procedure or transient fore-
brain ischemia where hippocampal tissue was collected at 2,
4, and 24 h of recovery. The tissue samples were processed
for high performance liquid chromatography (HPLC) to
determine the NAD™ and ADP-ribose levels. In the next
experimental set (24 mice), samples were used for western
blots, or the mice were perfusion-fixed and their brains pro-
cessed for histology after 2, 4, and 24 h of reperfusion.

Transient Forebrain Ischemia

Transient global cerebral ischemia was induced by com-
mon carotid arteries occlusion and reduction of mean
arterial blood pressure (MABP) as described in Onken
et al. [12]. To reduce the variability in blood glucose lev-
els before the ischemic insult the animals were fasted for
several hours before surgery with free access to tap water.
During surgery the animals were ventilated with 1.5-2.0%
isoflurane in N,0:0, (70:30). The head and core tempera-
ture were monitored by placing a needle probe subcutane-
ously on the skull and using a rectal probe. Both the head
and body temperature was maintained at 37.0+0.5°C
during ischemia and at the beginning of reperfusion until
the animals were disconnected from the ventilator. The
forebrain ischemia was induced by clamping the common
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carotid arteries (CCA) that was preceded by an increase in
isoflurane levels to 5 %, which caused a decrease in MABP
to about 30 mmHg [12]. Following the 10 min ischemic
period, reperfusion was induced by reducing the isoflurane
to 0% and removing the CCA clamps. Then the animals
were moved into a temperature-control incubator for about
3 h before they were moved into pre-heated cages for
another 24 h [12, 13]. Animals in the sham group under-
went the same surgical procedure without the occlusion
of common carotid arteries. Before the onset of ischemia,
tail arterial blood samples were collected to determine the
animals blood gases (pH, PaO, and PaCO,) and blood glu-
cose levels.

Regional Cerebral Blood Flow (rCBF) Measurement

To monitor relative changes in regional cerebral blood flow
during ischemia and reperfusion we used a laser-Doppler
flowmeter (ADInstruments) equipped with a pencil probe
affixed to the animal’s skull [12]. Pre-ischemic, intra-isch-
emic and during first 10 min of recovery rCBF was recorded
in both WT and CD38KO animals.

Histology

For histology purpose, mice were perfusion-fixed via trans-
cardial perfusion. Mice were deeply anesthetized with a
mixture of ketamine (60 %), xylazine (30 %), acepromazine
(10%) via intraperitoneal injection. The whole body was
flushed with PBS plus 0.1 unit/ml heparin and followed by
fixation with warm 4 % paraformaldehyde. After perfusion-
fixation, the brains were retrieved and post-fixed in cold
4% paraformaldehyde overnight. The next day, brains were
transferred into 30 % sucrose solution and stored at 4 °C for
at least 3 days before sectioning. The brains were cut coro-
nally at 40 um thickness on a freezing microtome (Thermo
scientific, MICROM HM450). The cut tissue sections were
stored in cryoprotectant at —20 °C until use.

Cresyl Violet Staining

Tissue sections collected at 240 um intervals were mounted
on a slide coated with vectabond and dried for an hour [12].
For the defatting process, slides were immersed in acetone
for 10 min and dipped in distilled water three times and air-
dried for 1 h. The slides were immersed in filtered cresyl
violet (FD Neurotechnologies, PS102-02) for 3 min and
dipped in distilled water to remove excess cresyl violet.
Next, the slides were dehydrated by 95 % ethanol with 0.1 %
glacial acetic acid for 1 min then moved into 100 % ethanol
for 2 min twice. The slides were put in xylene for 5 min
then coverslipped with DPX mounting media avoiding any
bubbles inside the coverslip.
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Stereologic Quantifications

Mouse brain sections stained with cresyl violet were used
for counting of hippocampal CA1 uninjured neurons. For
each animal, four sections per hippocampus starting at
1.2 mm posterior to bregma encompassing the lesion vol-
ume of CA1 sub-region (—1.2, —1.44, —1.68, —1.92 mm
from bregma) were counted using the optical fractionator
method of stereology. The Stereo Investigator program
assigned 50X 50 um optical dissector every 150 um in x,
y plane in the region of interest and an investigator who
was blinded to the genotype of the animal or experimen-
tal group counted the surviving CA1 neurons. Following
counting of the neurons, the volume of the hippocampal
CA1l region was measured with the Cavalieri estima-
tor. The cellular density was calculated by dividing the
number of neurons by the volume of CA1l with unit of
counts/mm?°.

Immunofluorescence Labeling

After washing off the cryoprotectant from the tissue sec-
tions, antigen retrieval with 0.01 M citrate buffer was
performed, followed by an hour in blocking solution
(1:30 Normal goat serum and 1% BSA fraction V in TBS
(SIGMA cat #T6664) with 2% Triton-X (TBS-2T)). Pri-
mary antibody anti-poly-ADP-ribose (PAR) (10H from
Enzo Life sciences, 1:500) diluted in TBS-2T was applied
to the tissues and shaken at room temperature for 1 h then
put on a rocker at 4 °C for 40—48 h. Following washes in
TBS, tissues were incubated in goat anti-mouse (Alexa
Fluor 594; 1:600) secondary antibody for 1 h in the dark,
washed again, and put in Hoechst 33342 for 15 min for
counter staining. The sections were examined with Nikon
Eclipse E800 microscope equipped with an Optronics
camera and Spot digital microscope camera (Diagnostic
Instruments, Inc.).

Double Immunolabeling

Following immunofluorescence labeling of PAR, sec-
tions were incubated with an additional primary antibody
(S100p from Dako, 1:20,000 or Ibal from Wako, 1:200)
in KPBST (150 mM NaCl, 400 uM K,HPO,, 100 pM
KH,PO,, 0.4 % Triton-X). Sections with S100p were incu-
bated in the dark for 1 h at room temperature while Ibal
sections were prepared using the PELCO Biowave micro-
wave tissue processor (TED PELLA, Inc.) (3X5 min at
10% power). Following washes in KPBS, tissues were
incubated in goat anti-rabbit secondary antibody (Alexa
Fluor 488, 1:600) in the dark for 1 h at room temperature
and washed again.

Laser Scanning Confocal Microscopy

To determine co-localization of poly-ADP-ribosylated pro-
teins (anti-PAR immunolabeling) with cell-type specific
markers following immunostaining the brain sections were
imaged on a Zeiss LSM 510 laser scanning confocal micro-
scope using a Plan-Apochromat 20X lens. Single planes of
1024 % 1024 pixels were recorded. Lasers 488 and 555 were
used to visualize Alexa Fluor 488, and Alexa Fluor 594,
respectively.

Western Blots

After dissection, hippocampi were combined and homoge-
nized in lysis buffer (NaCl 150 mM, Tris 10 mM, 1 % Triton
X-100, 0.5 % nonidet p-40) with protease inhibitor cocktail
(EMD Milipore) and protein concentrations were measured
using the Lowry assay. Per sample, 50 ug of protein were
heated at 75°C, loaded into Bio Rad 10 well mini-protean
TGX precast gels and separated through sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Gels were transferred to immobilon PVDF-FL membranes
using the Trans-Blot Turbo system (Bio-Rad). Membranes
were incubated in Odyssey blocking buffer (Li-cor Biosci-
ences) for 1 h before being incubated in primary antibody
overnight at 4 °C, anti-PAR (10H), 1:1000 Enzo; anti-Nampt
(PBEF), 1:1000 abcam; anti-PARG, 1:666 abcam; anti-§3-
actin, 1:10,000 Cell Signaling was used as a loading control.
Membranes were washed with PBS with 0.1% tween-20,
and then incubated for 30 min at room temperature with the
appropriate infrared fluorophore conjugated secondary anti-
body (Li-cor). The Odyssey infrared image system (Li-cor)
was used to scan the membranes and quantify bands.

To confirm the specificity of PAR (10H) antibody we
treated animals with PARP1 inhibitor nicotinamide [14, 15]
(Nam, 500 mg/kg i.p.) or vehicle (PBS). 1 h after the Nam
administration the animals were decapitated, their hippo-
campi were removed and processed for western blots.

HPLC Analysis of Nucleotides NAD* Measurement

NAD* and ADP-ribose were separated and measured using
an Agilent Chemstation 1100 high-performance liquid chro-
matography (HPLC) machine and a reverse phase Bioba-
sic C18 Column (5 pm; 250%x 4.6 mm; Thermo Scientific).
A concentration gradient similar to Broetto-Biazon et al.
(2009) was created with 50 mM sodium phosphate pH 6 and
50% of 50 mM sodium phosphate in HPLC grade metha-
nol pH 7. The gradient consisted of following steps (in %
methanol): 0 min, 0%; 2.5 min, 0.5%; 5 min, 3 %; 7 min,
5%; 8 min, 12%; 10 min, 15%; 12 min, 20%; 20 min,
30%. Standards to make the calibration curve for NAD™
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quantification of neuronal death.
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and ADP-ribose were diluted with 50 mM sodium phos-
phate pH 7. The authenticity of NAD' and ADP-ribose in
the samples was confirmed by co-elution with NAD* and
ADP-ribose standards.

Mouse hippocampi were dissected on ice and homog-
enized in 500 pl of 7% perchloric acid (PCA), centrifuged
for 10 min at 7100 g. The supernatant was removed and
adjusted to pH 7, while the pellet was used to determine
protein concentration by the Lowry assay. All samples were
filtered by 0.22 um PVDF filter and were diluted 1:1 in
50 mM sodium phosphate pH 7 before being loaded and run
on HPLC. The temperature was kept at 35 °C, and the injec-
tion volume was constant at 80 pl. Between runs the column
was washed with water and methanol.

Y-Maze Spontaneous Alternation Test
The Y-maze tests the spatial working memory of mice and
utilizes the propensity of mice to explore new environ-

ments. We used the Y-maze test as described in Wu et al.
[16]. In brief, each mouse was put at the end of one arm
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of black plastic Y-maze and allowed to freely explore for
5 min. An investigator who was blinded to the genotype
and experimental group of mice recorded the sequence
and number of all arm entries for each animal wiping the
Y-maze with 70% ethanol in between runs. When the
mouse entered all three arms consecutively, the number
of alternation (A) was marked and this was used to calcu-
late the alternation rate along with the total number of arm
entries (E).

Alternation rate(%) = [A /(E- 2)]><100

This test was performed before and 6 days following fore-
brain ischemia.

Statistical Analysis

Data among individual experimental groups were compared
by one-way ANOVA followed by appropriate post hoc test.
Values are presented as mean + SEM. The p values of <0.05
were considered to be statistically significant.
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Fig. 2 CD38KO animals do not show significant neurological deficit
following transient forebrain ischemia. a Y-maze arm entry alterna-
tion for WT and CD38KO animals before and 6 days after forebrain
ischemia. Ischemic insult significantly reduced the arm entries alterna-
tions only in WT animals. *p <0.05, ANOVA followed by Student—
Newman—Keuls test, n=12. b CD38KO mice also showed significant
hyperactivity that was reflected in higher total number of arm entries.

Results

Effect of CD38 on Post-ischemic Histological
and Neurologic Outcome

CD38 is an enzyme that uses NAD™ as a substrate to gener-
ate cyclic ADP-ribose and ADP-ribose [5]. We have shown
that CD38 activity increases in brain tissue following isch-
emic insult [11] and effectively depletes brain tissue of
NAD™ [17]. This prompted us to use CD38 knockout ani-
mals to examine the role of this enzyme in cell death mecha-
nisms following transient forebrain ischemia. Interestingly,
control, CD38KO sham mice show higher number of CA1
neurons when compared to the WT sham group (p=0.0034;
Student ¢ test) (Fig. 1b). As Fig. 1 shows in WT mice about
50% of CAl neurons survived following the ischemic
insult (Fig. 1b). However, ischemia in the CD38KO mice
resulted in only a 26 % decrease in CA1 surviving neurons

2minR

5minR 10 minR

In WT animals there was a tendency for increase, however it was not
significant. *p <0.05, ANOVA followed by Student-Newman—Keuls
test, n=12. ¢ Ischemia-induced changes in regional cerebral blood
flow (rCBF). In both WT and CD38KO animals during ischemia the
rCBF was reduced to about 5% of the pre-ischemic values and gradu-
ally recovers during the first 10 min of reperfusion (n=06)

when compared to CD38KO sham animals, suggesting that
CD38 contributes to cell death mechanisms. Similarly, we
detected an improvement in neurologic outcome of post-
ischemic CD38KO animals when compared to WT mice.
Hippocampal damage was assessed in the Y-maze test.
Wild-type animals manifested reduced spontaneous alterna-
tions (Fig. 2a) following ischemic insult suggesting hippo-
campal injury [18]. The CD38KO mice showed the same
trend, however the changes were not significant (Fig. 2a).
CD38 knockout animals also displayed moderate hyperac-
tivity after the ischemic insult (increased total number of
arm entry, Fig. 2b).

Ischemia-Induced Changes in rCBF are not Affected
in CD38 Knockout Animals

To ensure that the improved histological outcome in the
CD38KO mice is not due to alterations in rCBF during
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Fig. 3 CD38 contributes to delayed post-ischemic NAD* catabolism.
a At 2 h of recovery (2hR) both WT and CD38KO animals show a
reduction in hippocampal NAD* levels, however, following 4 h of
reperfusion in CD38KO mice the NAD" recovered to pre-ischemic
levels and was further reduced in WT animals. *p <0.05, **p<0.01,
***¥p<0.001 when the post-ischemic groups are compared to cor-
responding sham group, "p<0.05, *p<0.01 when compared to WT
ischemia group, ANOVA followed by Student-Newman-Keul test,
n=6. b, ¢ There was no significant difference in expression levels
of the rate-limiting NAD" synthesis enzyme Nampt between sham
or post-ischemic CD38KO animals and WT animals. However,
the Nampt expression was significantly increased in both WT and
CD38KO mice at 2 h of recovery. *p<0.05, **p<0.01, when com-
pared to corresponding sham groups, “p < 0.05 when compared to 2hR
CD38KO, ¥*p<0.01 when compared to 2hR CD38K0, ANOVA fol-
lowed by Student-Newman-Keul test, n=6

ischemia or reperfusion we monitored the rCBF with a
laser-doppler probe. As Fig. 2c shows there were no sig-
nificant changes in rCBF levels between WT and CD38KO
animals. Similarly, no significant differences were in other
physiological parameters (animals temperature, blood glu-
cose levels, and blood pH, PaO2 and PaCQ?2), between the
WT and CD38KO animal groups (data not shown).

CD38-Dependent Changes in Brain NAD*
and Poly-ADP-Ribosylation Levels

Next, we decided to examine whether CD38 contrib-
utes to post-ischemic NAD" degradation and its affect on
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poly-ADP-ribose (PAR) formation. Following ischemic
insult, there was a significant reduction of NAD™ pools in
both WT and the CD38KO mice (Fig. 3a). This trend contin-
ued in WT animals reaching about 40 % reduction of NAD™*
levels at 24 h of recovery. Interestingly, in the CD38KO
mice, NAD™ levels were recovered at 4 h after ischemia.
This was followed by a secondary moderate decrease at 24 h
when compared to control (Fig. 3a). Since the NAD™ levels
are determined by the activity of enzymes of both the cata-
bolic and NAD™ re-synthesis pathways, we also assessed
the changes in the expression levels of the rate-limiting
enzyme of the NAD™" salvage pathway, nicotinamide phos-
phoribosyltransferase (Nampt). Hippocampal Nampt levels
(Fig. 3b) were increased at 2 h of recovery in both WT and
CD38KO mice. At later reperfusion times Nampt expres-
sion normalized and was not significantly different from the
pre-ischemic levels in both genetic strains.

Surprisingly, although CD38 is not involved directly in
PAR metabolism, the control CD38KO animals showed
140% higher PAR levels when compared to WT animals
(Fig. 4a, b). The changes in PAR immunoreactivity follow-
ing ischemic insult were even more surprising. Although, as
expected, in WT animals the PAR levels increased at 2 h of
recovery, CD38KO mice interestingly exhibited a reduction
in PAR levels. In WT animals the poly-ADP-ribosylation
returned at later 4 and 24 h of recovery to pre-ischemic lev-
els. However, hippocampal tissue of CD38KO mice showed
significantly higher PAR levels when comparing to WT ani-
mals at these recovery times. As Fig. 4c, d shows the PAR
bands intensity was significantly reduced in hippocampal
samples from animals treated with PARP1 inhibitor nico-
tinamide (Nam), confirming the specificity of PAR (10H)
antibody to poly-ADP-ribosylated proteins (see also [19]).

Interestingly, the PAR immuostaining was exclusively
localized in the cytosolic perinuclear regions of neurons
(Fig. 5) in both WT and CD38KO animals. In post-isch-
emic hippocampal sections we detected very few cells with
nuclear PAR staining at 2 and 24 h of recovery. Interest-
ingly, after ischemic insult in CD38KO animals the peri-
nuclear staining in CA 1 neurons was markedly reduced and
non-neuronal cells showed an increase in cytosolic staining
(Fig. 5). Double staining of hippocampal sections with PAR
antiserum and microglial (Ibal) or astrocytic (S100B) anti-
serum marker revealed that the post-ischemic non-neuronal
increase in cytosolic PAR levels occurs preferentially in
astrocytes (Fig. 6b, ¢). The post-ischemic poly-ADP-ribo-
sylation of astrocytic proteins was observed in all hippo-
campal sub-regions (Fig. 6¢).

Since the levels of poly-ADP-ribosylation are deter-
mined by the activity of both PARPI and the PAR catabo-
lizing enzyme poly-ADP-ribose glycohydrolase (PARG),
we next examined PARG levels. As Fig. 7a, b shows, in the
control sham operated animals the PARG levels were lower
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Fig. 4 CD38 animals show dramatically higher poly-ADP-ribosylated
(PAR) proteins levels when compared to WT animals. a, b There is
a significant increase in PAR levels at 2 h (2hR) recovery time in
WT mice that then decreased back to sham levels at 4 and 24 h of
recovery (4hR, 24hR). The sham CD38KO animals show dramatic
increase in PAR levels when compared to sham WT mice. Surpris-
ingly, in CD38KO animals the poly-ADP-ribosylation was reduced
following ischemia. b Quantification of western blot images. § actin
was used as the loading control. *p <0.05, **p <0.01; when compared

in CD38KO mice when compared to WT mice suggesting
that the PAR hydrolysis was less effective, thus leading
to higher cellular poly-ADP-ribosylation levels. The isch-
emic insult decreased the hippocampal PARG expression
at 2 h of recovery in both WT and CD38KO animals. This
reduction of PARG levels was then reversed at later 24 h of
reperfusion.

Degradation of poly-ADP-ribose by PARG generates
mono-ADP-ribose (ADPR). Therefore, ADPR levels in hip-
pocampal tissue were assessed in both WT and CD38KO
animals. As Fig. 7c shows the ADPR levels were 50 % lower
in sham CD38KO animals when compared to sham WT
mice. Interestingly, in WT ischemic animals the ADPR was
reduced at 2 h of recovery by about 50 %. 4 h after ischemia

to corresponding sham, *p <0.05, #p <0.01, ##p <0.001 when com-
pared to corresponding WT, ®@p <0.01 when compared to 2hR WT,
&&&5 <0.001 when compared to 2hR WT, ANOVA followed by Stu-
dent-Newman—Keuls test, n=6. ¢, d Effect of PARP1 inhibitor nico-
tinamide (Nam) on hippocampal PAR levels. ¢ Immunoblots show
marked reduction of band intensities in samples from Nam treated
animals. d Nam reduced the hippocampal PAR levels by about 30 %.
**p <0.01 when compared to vehicle, student # test, n=8

there was a partial recovery that was followed by a return to
50% levels at 24 h when compared to pre-ischemic values.
There were no dramatic changes in hippocampal ADPR lev-
els in CD38KO animals during post-ischemic period.

Discussion

We report here that CD38 deficient mice show improved
ability to recover from transient global cerebral ischemia.
Stereologic assessment of uninjured CA1 neurons revealed
reduced cell death in CD38KO animals when compared to
WT mice. The ischemic insult in WT mice caused a mod-
erate but significant impairment in the animal’s cognitive
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Fig. 5 Immunostaining of CA1 hippocampal cells with PAR antibody
in WT and CD38KO animals. The PAR immunostaining was local-
ized preferentially to the perinuclear region of CA1 neurons. CD38KO
animals show stronger PAR immunoreactivity in CA1 neurons in sham
animals when compared to WT mice. CD38KO post-ischemic tissue
displayed lower PAR immunoreactivity when compared to sham or

performance at 6 days of recovery, which was not seen in
the CD38 deficient mice. These results suggest that CD38
function may play an important role in repair/recovery pro-
cesses following global cerebral ischemia.

Similar protective effects in CD38KO animals were
observed following focal cerebral ischemia [9]. The reduced
migration and accumulation of T-cells and especially mac-
rophages was suggested as the mechanism responsible for
neuroprotection [9]. However, when the CD38-deficient ani-
mals were subjected to TBI the neurological severity score
was significantly worse and also novel object recognition
performance after injury was significantly impaired [10].
In agreement with the focal ischemia model, the amount
of activated microglia/macrophages at the injury site was
lower in CD38-deficient mice when compared to WT mice.
The conflicting results in CD38 deficient animals following
different acute brain injury models suggest a more complex
change in brain metabolism than just the absence of CD38
activity.

Several mechanisms may account for the effect of CD38
on recovery processes. Since CD38 is one of the major
enzymes that use NAD™ as a substrate, in the present study,
we focused on changes in cellular NAD* metabolism fol-
lowing ischemic insult. CD38KO animals showed a ten-
dency for slightly elevated NAD™ levels, although these
were not significantly different from values determined in
the WT mice. Previous studies suggested that the CD38
deficiency results in significantly higher NAD? levels in the
brain when compared to WT animals [8, 20]. Our results
did not confirm these reports, however we used only the
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2hR

24 hR
WT hippocampal CA1 neurons. After the ischemic insult very few
neurons showed a nuclear PAR immunoreactivity (asterisk) in the WT
mice. However, during reperfusion the PAR immunostaining was also
visible in non-neuronal cells, particularly in CD38KO animals. The

cellular nuclei are stained with Hoechst 33342. Scale bar represents
50 pm

hippocampi, not the whole brain tissue for analysis. Thus,
it is possible that the NAD" levels are not homogenous
throughout the whole brain, and the total NAD™ content can
vary based on the brain region.

As expected ischemic insult caused a reduction of hip-
pocampal NAD™ pools in both CD38 deficient and WT
animals at 2 h recovery. Similar increased consumption of
NAD?* during the first hours of reperfusion was observed
in mice following middle cerebral artery occlusion (see
[21, 22]). At later 4 and 24 h of reperfusion the hippocam-
pal NAD™ further decreased in the WT mice, however in
CD38KO mice the NAD™* recovered to pre-ischemic levels.
This suggests that at later recovery times CD38 significantly
contributes to NAD* catabolism.

The reduced post-ischemic NAD?* levels coincided with
increased PAR formation in the WT mice. Surprisingly, the
PAR metabolism in CD38 deficient mice was strikingly
different. The baseline level of PAR in sham CD38KO
animals was about 140% higher when compared to WT
mice, suggesting that the CD38 deficiency leads to changes
in the ratio between PAR generation and degradation activity
under physiologic conditions. One possible explanation is a
lower activity of poly-ADP-ribose glycohydrolase (PARG),
which degrades the PAR into free ADP-ribose residues [23,
24]. PARG is encoded by one gene, however there are several
splicing variants of this enzyme expressed in the brain [25].
There are two major forms of PARG in mouse [24, 26]. The
110 kDa PARG (PARG; ) has been found in the cytoplasm
and nucleus, and the 60-kDa form (PARGy,) is localized
only in the cytoplasm [19, 27]. The PARG,, is the major
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Fig. 6 Post-ischemic poly-ADP-ribosylation in hippocampal non-
neuronal cells. a Overview of CD38KO hippocampal section immu-
nostaining with PAR antibody at 24 h of recovery. The cellular nuclei
are visualized with Hoechst 33342 staining (blue). Squares represent
areas of collected images from double immunostaining shown in pan-
els (b, ¢). b Double immunostaining of CD38KO hippocampal tissue
with PAR and S100p or Ibal antibody (CA1 sub-region). The increased
PAR immunoreactivity of non-neuronal cells in all hippocampal sub-
regions of post-ischemic hippocampus is localized in astrocytes (b, ¢,
arrows). Similar non-neuronal PAR staining was also observed in WT
animals at 2 and 24 h of recovery (Fig. 5). Scale bars represent 50 pm
(Color figure online)

poly-ADP-ribose degrading enzyme [28]. In agreement with
the high levels of PAR in CD38 deficient animals we detected
about 25 % reduction of hippocampal PARG,;, expression.
The PARGg, bands were hardly detectable preventing
reliablequantification. Immunohistochemical staining for
PAR in control animals showed only cytosolic perinuclear
localization of poly-ADP-ribosylated proteins (see also
[19]). Since PARG,, translocation to the nucleus is initiated
by elevated levels of PAR [29] it is feasible that in the CD38
deficient animals at least some of the PARG, is located in
the nucleus.

Interestingly, at 4 and 24 h of recovery in WT animals we
detected only very few CA1 neurons with positive nuclear
localization of PAR. We did not detect nuclear PAR staining
in the CD38KO animals that would support the notion of

WT CD38KO

[Ssham 2nR 4hR 24hR' sham 2nR 4hR 24hR!
PARG [ st we = pmt mwed  meem sed | 110 kD2
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Fig. 7 Effect of ischemia on PARG expression and ADP-ribose
(ADPR) levels in WT and CD38KO animals. a, b In sham animals the
PARG expression levels are significantly lower in CD38KO animals
when compared to WT mice. After the ischemic insult at 2 and 4 h of
recovery (2hR and 4hR) the PARG levels are reduced when compared
to sham group. *p <0.05 when compared to WT sham, #p <0.05 when
compared to WT, ¥¥%p <0.001 when compared to WT sham, ANOVA
followed by Student-Newman—Keuls test n=6. ¢ Correspondingly,
the product of PARG activity, ADPR, is lower in CD38KO sham
animals when compared to WT animals. Following ischemia in WT
animals the ADPR levels were lower when compared to sham ani-
mals while ischemia in CD38KO animals did not cause significant
changes in hippocampal ADPR levels. **p <0.01, ***p <0.001 when
compared to sham animals, #p <0.01, ##p <0.001 when compared to
corresponding WT group, &&&p <0.001 when compared to WT sham,
@@@p <0.001 when compared to WT 2hR, *'p<0.001 when com-
pared to WT sham, *p <0.001 when compared to WT sham, ANOVA
followed by Student—Newman—Keuls test, n=6

nuclear PARG, localization. Furthermore, the very short
half-life of PAR in vivo (as short as 1 min, [30]) reduces the
possibility to detect the positive nuclear staining for PAR.
However, nuclear PAR localization was observed following
focal ischemia insult [19, 21].

The changes in post-ischemic hippocampal PAR levels
of CD38KO animals are even more puzzling. One would
expect an increase in poly-ADP-ribosylation during the
reperfusion period, similar to the WT animals. However, we
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detected a decrease in PAR levels at 2 h of recovery, fol-
lowed to a slight increase trending toward pre-ischemic val-
ues. The immunohistochemical staining for PAR suggests
that this could be due to reduced PAR levels in the neuronal
perinuclear cytosolic compartment. Since PARGy, is local-
ized in the cytosol and at least a fraction of the PARG,
is translocated into nucleus after the injury [29], the lower
cytosolic PAR levels suggest that there is higher activity of
PARGg at early recovery time points in the post-ischemic
hippocampus of CD38KO animals. A similar observation
was reported by Burns et al. [31].

As mentioned earlier ADP-ribose is the product of PARG
activity. In sham animals there was a marked difference in
the baseline levels of ADP-ribose between WT and CD38
deficient animals. The reduction of ADP-ribose by 50% in
hippocampal tissue of WT mice can be a result of signifi-
cantly lower expression of PARG |, in these animals after
ischemia. Interestingly, the levels of ADP-ribose did not
change in CD38KO animals when compared to pre-isch-
emic levels. This could be due to ADP-ribose having a fast
enzymatic degradation [32], making a simple measurement
of its steady-state levels is not sufficient to evaluate the rate
of its formation.

The present study indicates that one needs to exercise
caution when using CD38KO animals as a genetic model to
study the effects and role of CD38 enzyme in pathophysi-
ologic mechanisms. Our data surprisingly revealed that by
disrupting the CD38 gene the animals not only show absence
of CD38 activity and suppression of the directly related met-
abolic pathways, but also as side effect the expression levels
of enzymes participating in NAD* metabolism are affected.
CD38KO animals despite showing markedly high levels of
poly-ADP-ribosylation of cytosolic proteins are more resis-
tance to ischemic brain damage than WT animals. This is in
contrast to data indicating that poly-ADP-ribose accumula-
tion is toxic to cells and that PAR polymer is a death signal
[33]. Furthermore, our data suggest that the higher PAR lev-
els are due to lower expression of the 110 kDa PARG (see
also [19]). The selective reduction of this PARG isomer was
shown to attenuate PARP1-induced cell death, however the
mechanisms of this effect remain to be determined [31].

In conclusion, the alterations in NAD" metabolism in
CD38KO mice raise more questions about CD38-dependent
mechanisms that contribute to ischemic cell death. Further
experiments are needed, preferably using conditional CD38
knockout animal models or CD38 specific inhibitor, to shed
more light on the role of CD38 in pathophysiology of neu-
rodegenerative disease.
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