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Abstract
N-acylethanolamines (NAEs) are endogenous lipids that are synthesized in response to tissue injury,
including ischemia and stroke, suggesting they may exhibit neuroprotective properties. We
hypothesized that NAE 16:0 (palmitoylethanolemine) is neuroprotective against ischemia-
reperfusion injury in rats, a widely employed model of stroke, and that neuroprotection is mediated
through an intracellular mechanism independent of known NAE receptors. Administration of NAE
16:0 from 30 min. before to 2 hrs after stroke significantly reduced cortical and subcortical infarct
volume, and correlated with an improvement of the neurological phenotype, as assessed by the
neurological deficit score. We here show that NAE 16:0-mediated neuroprotection was independent
of cannabinoid (CB1) and vanilloid (VR1) receptor activation, known NAE receptors on the plasma
membrane, as determined by inclusion of specific inhibitors. The inclusion of an NAE uptake
inhibitor (AM404), however, completely reversed NAE 16:0-mediated neuroprotection, suggesting
that NAE 16:0’s effects are through an intracellular mechanism. NAE 16:0 produced a significant
reduction in the number of cells undergoing apoptosis and reversed ischemia-induced up-regulation
of several proteins, including inducible nitric oxide synthase and transcription factor NFκB. Our
findings suggest that NAE 16:0-mediated neuroprotection is due to the reduction of neuronal
apoptosis and inflammation in the brain.
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Stroke is the third leading cause of death in the United States with approximately 5.8 million
current cases and approximately 780,000 new cases every year, making it a significant health
problem (Lloyd-Jones et al., 2009). Potential neuroprotective treatment and intervention
strategies have been tested over the last several years, but with limited success (White et al.,
2000; Lo et al., 2003). Studies utilizing animal surgical models of stroke, such as ischemia-
reperfusion injury induced by middle cerebral artery occlusion (MCAO), have been utilized
to identify potential neuroprotective agents (Wen et al., 2004a, b; Hu et al., 2004; Green and
Ashwood, 2005). Assessment of the efficacy of neuroprotective compounds against ischemia-
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reperfusion injury is an important in vivo experimental strategy relevant to ischemic stroke.
Pharmacological agents used in these studies include anti-epileptic drugs (Calabresi et al.,
2003), COX-2 inhibitors (Iadecola and Gorelick, 2005), estrogens (Wen et al., 2004a, b,
2007; Gibson et al., 2006), free radical scavengers (Green and Ashwood, 2005)and tissue
plasminogen activator (Sheehan and Tsirka, 2005).

N-acylethanolamines (NAEs) are lipids present in the central nervous system and involved in
cellular signaling and a variety of physiological funtions (for review, see Fride, 2002). One
particular NAE, NAE 20:4 (arachidonylethanolamine; AEA), is an endogenous ligand for
cannabinoid (CB1) receptors (Fride, 2002) and activation of CB1 receptors protects cultured
cortical neurons from excitotoxicity and oxidative stress (Marsicano et al., 2003; Kim et al.,
2005, 2006; Shouman et al., 2006). AEA has since been demonstrated to have significant
neuroprotective effects in experimental models for stroke (Sinor et al., 2000). Other targets of
NAE action include vanilloid receptors, protein kinases, nitric oxide synthase and possibly ion
channels (Di Marzo et al., 2002; Fride, 2002).

Of particular relevance, some NAE species and NAE precursor molecules, N-
acylphosphatidylethanolamines (NAPEs), are increased in response to multiple chemical and
traumatic insults (Epps et al., 1979; Epps et al., 1980; Natarajan et al., 1986; Moesgaard et al.,
1999; Schabitz et al., 2002; Berger et al., 2004), suggesting a role in cytoprotection. In addition,
NAEs and NAPEs occur at higher levels in aged rat cortical neuron cultures and aged rats lose
the ability to accumulate NAPE in the brain in response to ischemia (Moesgaard et al., 2000).

We previously hypothesized based on the structural and biochemical similarities to AEA that
other NAEs that do not activate cannabinoid receptors are neuroprotective as well (Koulen and
Chapman, 2006). Recently, the lesser characterized non-cannabinoid NAE 16:0 has been
shown to reduce infarct volume in rats following ischemia/reperfusion injury (Schomacher et
al., 2008). However, the therapeutic window for NAE 16:0 and the mechanisms underlying
this NAE 16:0-mediated protection remain unclear.

We here determined the therapeutic window of NAE 16:0-mediated neuroprotection against
ischemia/reperfusion injury in the middle cerebral artery occlusion (MCAO) model of ischemic
stroke, and show that neuroprotection occurs by an intracellular mechanism independent of
CB1 and vanilloid receptor 1 (VR1) activation, by inducing a reduction in activity of apoptotic
and neuroinflammatory pathways.

EXPERIMENTAL PROCEDURES
Animals

Male Sprague Dawley rats weighing 300–325 g were purchased from Harlan Sprague Dawley
(Indianapolis, IN). The animals were acclimatized for one week in the animal care facility prior
to use in present studies. Animals were maintained in a temperature-controlled room (22–25
°C) with 12-hour light/dark cycles. Rats had free access to food and water. All animal
experiments had been reviewed and approved by the Institutional Animal Care and Use
Committee.

Middle cerebral artery occlusion (MCAO) to induce focal cerebral ischemia
For MCA occlusion and reperfusion, an intraluminal filament model was used as described by
us previously (Wen et al., 2004a; Wen et al., 2004b; Wen et al., 2007). Briefly, animals were
anesthetized with Ketamine (60 mg/kg) and Xylazine (10 mg/kg). For MCAO the left common
carotid artery, left internal carotid artery (ICA) and the left external carotid artery were exposed,
and a 3-0 monofilament nylon suture (Ethilon; Ethicon Inc., Sommerville, N.J., USA) was
introduced into the ICA lumen through a puncture and was gently advanced until proper
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resistance was felt. After 90 min., the suture was gently withdrawn from the ICA and 24 hrs
of reperfusion followed the MCAO. Rectal temperature of the animals was maintained at 37.0
± 0.5° C throughout the surgery procedure using heating lamps. After recovery from anesthesia,
animals were returned to their cages with free access to food and water.

Experimental groups
Animals were randomly divided into eight experimental groups for the present study: (1)
control group of sham-operated rats with vehicle (ethyl alcohol) treatment, (2) control
ischemic-reperfusion group (I/R, 90 min. of MCAO followed by 24 hrs of reperfusion) with
vehicle treatment, (3) I/R with NAE 16:0 (10 mg/kg, i.p.) pretreatment, 6 hrs and 30 min. before
MCAO, (4) I/R + NAE 16:0 concomitant with MCAO, (5) I/R + NAE 16:0 at 2 hrs after MCAO,
(6) I/R + NAE 16:0 at 3 hrs after MCAO, (7) AM251 (10 mg/kg, i.p., 15 min. before MCAO)
+ Capsazepine (CPZ) (10 mg/kg, i.p., 10 min. before MCAO) + I/R + NAE 16:0 at 0 hrs after
MCAO, (8) AM404 (10 mg/kg, i.p., 15 min. before MCAO) + I/R + NAE 16:0 at 0 hrs after
MCAO. All parameters were measured at 24 hrs after 90 min. of MCAO. All compounds used
in this study were administered intraperitoneally (i.p.) at indicated times and dosed with ethyl
alcohol as the vehicle control.

Measurement of cerebral infarct volume
For evaluation of infarct volume and other parameters an overdose of pentobarbital was given
to rats prior to decapitation. Brains were quickly removed and placed in ice-cold saline for 5
min. Seven coronal slices of 2 mm thickness were cut from each brain and incubated in 2%
2,3,5- triphenyltetrazolium chloride (TTC) for 15 min at 37 °C. In the TTC stained sections,
pale colored region indicated infarct area and colored region indicated viable areas. Stained
brain sections were stored in 10% formalin and refrigerated at 4 °C for further processing and
storage. Analysis for infarct volume in each brain slice was done using Simple PCI version
5.3.1 High Performance Imaging Software (Compix, Inc., Cranberry Township, PA).

Infarction volume was calculated with a previously described method to compensate for brain
swelling in the ischemic hemisphere (Swanson et al., 1990). Briefly, the infarction area in each
section was calculated by subtracting the non-infarct area of the ipsilateral side from the area
of the contralateral side. Infarction areas on each section were summed and multiplied by
section thickness to give the total infarction volume, which is expressed as a percentage of total
volume.

Neurological evaluation
Neurological evaluation was performed before euthanasia at 24 hrs of reperfusion after MCAO
for neurological deficits and scored as described elsewhere as follows: 0, no observable
neurological deficit (normal); 1, failure to extend left forepaw on lifting the whole body by tail
(mild); 2, circling to the contralateral side (moderate); 3, leaning to the contralateral side at
rest or no spontaneous motor activity (severe) (Huang et al., 1994).

Hematoxylin and Eosin stain
Hematoxylin and eosin (HE) staining was conducted on animals sacrificed 24 hrs after sham
surgery or I/R with and without NAE 16:0 treatment at the time of occlusion. Brains were flash
frozen in liquid nitrogen, cryosectioned at 16 m onto StarFrost adhesive slides (Mercedes
Medical, Sarasota, FL) and stored at −80 °C until staining. Sections were fixed in 4% (w/v)
paraformaldehyde in phosphate puffer (pH 7.4) for one hour at room temperature and washed
two times for 7 min. each with PBS containing 0.5% (w/v) glycine. HE staining was performed
on these sections (Hu et al., 2004). Five microscopic fields in each section (from areas marked
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in Fig. 3C) were analyzed. Images were acquired using a Zeiss Axiovert 200M inverted
microscope equipped with an axiocam MRC5 camera (Carl Zeiss, Thornwood, NY, USA).

TUNEL stain
DNA fragmentation was detected using terminal deoxynucleotidyltransferase, recombinant
enzyme mediated dUTP Nick-End Labeling (TUNEL) method with the DeadEnd Fluorometric
TUNEL assay according to the manufacturer’s protocol (Promega, Madison, WI). Animals
were sacrificed at 24 hrs after post MCAO reperfusion, brains were removed, flash frozen on
liquid nitrogen, cryosectioned at 16 μm onto adhesive slides and stored at −70 °C until further
processing. Sections were fixed in 4% (w/v) paraformaldehyde in PB (pH 7.4) for 30 min. at
room temperature and washed two times for 7 min. each with PBS containing 0.5 % (w/v)
glycine. Sections were then permeabilized for 10 min. in 0.2% (v/v) Triton X-100 and then
further processed for staining with DeadEnd Fluorometric TUNEL. As a negative control,
sections of ischemic brain were used after the standard procedures, but recombinant terminal
deoxynucleotidyltransferase (rTdT) was omitted. To counterstain with DAPI for detecting the
total number of cells the sections were mounted in Prolong Gold containing DAPI (Invitrogen,
Carlsbad, CA). Total of five sections from each rat brain were taken and five microscopic fields
(see Fig. 3C) in each section were acquired and analyzed. Optically sectioned images were
acquired by using a Zeiss LSM 510 Duo META confocal laser-scanning microscope (Carl
Zeiss, Thornwood, NY, USA). For counting cells stereologically in each field, the maximum
projection of optically sectioned images was used. From each image the total number of cells
(nuclei stained with DAPI) and the number of TUNEL positive cells is counted and percentage
of cells (TUNEL positive) in each image was calculated using Simple PCI version 5.3.1
software (Compix, Inc., Cranberry Township, PA).

Immunohistochemistry
Immunohistochemistry was performed on tissue from animals sacrificed 24 hrs after
reperfusion following MCAO. Brains were flash frozen in liquid nitrogen, cryosectioned at 16
m onto adhesive slides and stored at −70°C until staining. Sections were fixed in 4% (w/v)
paraformaldehyde in PB (pH 7.4) for one hour at room temperature and washed two times for
7 min. each with PBS containing 0.5 % (w/v) glycine. Sections were then permeabilized with
0.5% (v/v) Triton X-100 (25 min.) and blocking buffer was added containing 0.5% (w/v) gelatin
and 0.5% (w/v) BSA in PBS for one hour. Sections were incubated overnight with the following
antibodies: rabbit anti- iNOS (Cell Signaling Technology), rabbit anti- nNOS (Chemicon
Internatinal), rabbit anti- NFkB (Santa Cruz Biotech. Santa Cruz, CA), rabbit anti-BACE 1
(Abcam, Cambridge, MA) antibodies at a dilution of 1:100 and rabbit anti- caspase 3 (Cell
Signaling Technology) antibodies at a dilution of 1:400 and were subsequently stained at room
temperature for one hour with highly specific Alexa Fluor 488 and Alexa Fluor 594 conjugated
secondary goat anti- rabbit IgG antibodies (Molecular probes) at a dilution of 1:1000. Sections
were incubated with Hoechst 33342 (Sigma) for staining nuclei along with the secondary
antibody incubation. Negative controls were performed by omitting primary antibodies.
Images were acquired using an Olympus IX-70 fluorescence microscope (Olympus America,
Melville, NY). Total of three sections from each rat brain were taken and ten microscopic fields
(from areas marked in Fig. 3C) in each section were acquired and analyzed using Simple PCI
version 5.3.1 imaging software (Compix, Inc., Cranberry Township, PA). Microfluorimetric
analysis was conducted as described previously (Stokely et al., 2008). Background adjustment
for fluorescence was calculated by subtracting total fluorescence from the appropriate
secondary antibody control from the total fluorescence measured for each image to determine
the primary antibody specific total fluorescence within each specific area. Primary antibody
specific total fluorescence was compared among different experimental groups and tested for
statistical significance by ANOVA with post-hoc Bonferroni multiple comparison test.
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Statistical data analysis
Data are expressed as the mean standard error of mean. Statistical significance was determined
by ANOVA with post-hoc Newman Keuls and Bonferroni multiple comparison tests, using
GraphPad Prism 4 statistical software and a p value of less than 0.05 was considered significant.

RESULTS
NAE 16:0 treatment is neuroprotective against and facilitates functional recovery from
ischemia/reperfusion injury

We performed MCAO followed by 24 hr reperfusion in rats, using an intraluminal filament
model. Vehicle-treated rats displayed extensive infarction (38.4 ± 5.7%) in the cortical and
subcortical areas, as determined using TTC-stained coronal brain slices (Fig. 1A,B), and
consistent with previous reports (Xu et al., 2003; Tsubokawa et al., 2007).

Administration of NAE 16:0 (10 mg/kg i.p.) 30 min. before, during or 2 hrs after occlusion
resulted in a significant reduction in of infarct volume compared with vehicle treatment (11.2
± 1.3%, 10.2 ± 0.5% and 12.9 ± 2.0%, respectively, n=3, P<0.001, Fig. 1A,B). This corresponds
to 70.7%, 73.3%, and 66.3% less infarction compared with vehicle, respectively. In contrast,
NAE 16:0 treatment 3 hrs post occlusion did not significantly affect infarct size, which was
38.4 ± 3.1% (Fig. 1A,B). The neuroprotective effect NAE 16:0 was also reflected by an
improvement of the ischemia/reperfusion injury-induced neurological deficits, assessed
following MCAO and 24 hr reperfusion using the standardized neurological deficit score (Fig.
1C). The mean neurological deficit score was 2.3 in vehicle-treated rats, corresponding to a
medium to severe neurological phenotype. The score of NAE 16:0-treated rats improved
significantly to scores of 0.6 when NAE 16:0 administered 30 min. prior to (n=3, P<0.05) or
at the same time as MCAO occurred (n=3, P<0.01) (Fig. 1C). When we administered NAE
16:0 two hrs following MCAO, we observed a mild improvement of neurological deficits,
however, this did not reach statistical significance. At three hrs post-MCAO, NAE 16:0
treatment had no effect on the neurological outcome (n=3, Fig. 1C).

NAE 16:0 neuroprotection is independent of CB1 and VR1 receptors, but dependent on
uptake into cells

In order to gain mechanistic insight into NAE 16:0-mediated neuroprotection, we performed
MCAO and reperfusion experiments in the presence of inhibitors of CB1 and VR1
endocannabinoid receptors. To this end, AM251 (a CB1 antagonist) and CPZ (a VR1
antagonist) were co-administered with NAE 16:0 at the time of MCAO. Blocking CB1 and
VR1 receptors did not alter the neuroprotective effects of NAE 16:0 treatment: infarction
volume was 15.2 ± 5.7% in comparison to 10.2 ± 0.5% of NAE 16:0 treatment alone (n=3,
Fig. 2A,B). Similarly, there was no difference in the neurological outcome of rats treated with
NAE 16:0 without or in the presence of AM251 and CPZ (n=3, Fig. 2C). These data suggest
that neuroprotection by NAE 16:0 is not mediated via the classical endocannabinoid receptors
CB1 and VR1.

Using AM404, an NAE uptake inhibitor, allowed us to assess whether uptake into cells was
required for NAE 16:0’s neuroprotective effects. When we co-administered AM404 with NAE
16:0 at the time of MCAO, we found a significant increase of brain infarction volume exceeding
that of vehicle-treated rat (59.6 ± 1.8% and 38.4 ± 5.7%, respectively; n=3, P<0.05; Fig. 2A,B).
In accordance, AM404-treated rats exhibited the maximum neurological deficit score, which
was significantly more severe than that of vehicle-treated rats (n=3, P<0.05, Fig. 2C).
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NAE 16:0 protects against ischemia-induced cell death and apoptosis
One of the hallmarks of ischemia/reperfusion injury is the induction of apoptotic and cell death
pathways. We here used quantification of pyknotic nuclei in HE staining and positive cells in
TUNEL labeling studies to determine the effects of NAE 16:0 treatment on apoptosis and cell
death. Following ischemia/reperfusion, 68.2 ± 0.7% of nuclei in cortical and subcortical areas
(Fig. 3C) on the side ipsilateral to the injury were pyknotic, as indicative of undergoing DNA
fragmentation, compared with only 11.7 ± 0.5% in the sham-operated group. NAE 16:0
treatment reduced the number of pyknotic nuclei by half to 32.0 ± 2.1% (n=3, P<0.001; Fig.
3A,D). Similarly, the number of TUNEL-positive cells was reduced by 60%, from 38.3 ± 8.8%
to 15.4 ± 0.2%, when NAE 16:0 was administered (n=3, P<0.05, Fig. 3B,E). The percentage
of TUNEL-positive cells in the sham-operated group was 0.8 ± 0.6% (Fig. 3E).

NAE 16:0 decreases ischemia reperfusion induced levels of immunoreactivity for proteins
mediating cell death and cellular defense

There is a large number of proteins that are up-regulated in response to ischemia/reperfusion
injury and that have been proposed or shown to mediate cell death and cellular defenses. We
here chose five proteins and investigated using microfluorometry, whether NAE 16:0 treatment
was effective in preventing up-regulation of these proteins.

Qualitative assessment showed that iNOS, NFκB, nNOS, Cas-3 immunoreactivities appeared
up-regulated in ischemia/reperfusion-treated rat brain, compared with sham-operated control
(Fig. 4A). Furthermore, NAE 16:0 treatment at the time of MCAO prevented this up-regulation.
BACE 1 immunoreactivity was similar in all three groups.

In order to quantify changes in immunoreactivities, we selected a total of 10 areas in cortex
and subcortex (Fig. 4B) and performed microfluorometry. NAE 16:0 had a significant effect
of preventing up-regulation of iNOS and NFκB, both in ipsilateral cortical and subcortical
areas (Fig. 4C,D). The apparent lack of up-regulation of nNOS and Cas-3 did not reach
statistical significance in our microfluorometric quantification (Fig. 4E,F). Quantification of
BACE 1 confirmed that neither ischemia/reperfusion nor NAE 16:0 treatment significantly
affected protein levels (Fig. 4G). The quantification of the individual cortical and subcortical
areas is provided in Supplemental Figure 1.

DISCUSSION
Here we investigated the mechanism of NAE 16:0-mediated neuroprotection against ischemia/
reperfusion injury, as a model for stroke. We show that administration of NAE 16:0 reduced
infarct volume in both cortical and subcortical areas and improved neurological outcome when
administered up to two hrs following MCAO. The mechanism of neuroprotection by NAE 16:0
is intracellular, and independent of activation of endocannabinoid receptors. Rather, NAE 16:0
appears to prevent the induction of apoptotic and neuroinflammatory pathways.

The extent of NAE 16:0 neuroprotection in our rat model of MCAO and reperfusion is similar
to that reported recently by Schomacher and colleagues (2008). However, the previous study
failed to address the therapeutic window of NAE 16:0 as well as to investigate the mechanism
by which neuroprotection is mediated. We here could show that NAE 16:0 was effectively
neuroprotective when administered between 30 min. prior to MCAO (pre-treatment) up to two
hrs following MCAO. When administered at the same time as MCAO, neuroprotection was
maximal, as assessed by the largest reduction of ipsilateral infarct volume and best neurological
outcome.

NAE 16:0 has been shown not to be a ligand for cannabinoid (CB1 and CB2) or vanilloid
(VR1) receptors (Lambert and Di Marzo, 1999; Sugiura et al., 2000), hence excluding these
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targets as likely mediators of NAE 16:0 neuroprotection. Accordingly, blocking CB1 and VR1
receptors using the specific inhibitors AM251 and CPZ did not significantly affect NAE 16:0
neuroprotection in our rat model of ischemia/reperfusion injury.

However, the role of CB1 and VR1 in neuroprotection is controversial: some reports showed
that short-term ischemia reduced CB1 expression, and inhibition of CB1 lead to protection
against ischemia, suggesting that CB1 activation is detrimental (Schomacher et al., 2006;
Sommer et al., 2006). Others have also shown that activation of VR1 leads to neuronal death
(Maccarrone et al., 2000; Shirakawa et al., 2008). If this were the case, then CB1 and VR1
antagonists as used in the present study should either have had no effect on NAE 16:0
neuroprotection, or even offered more protection than NAE 16:0 alone.

It has also been suggested that some non-cannabinoid NAEs can serve as ‘entourage’
compounds, which enhance the activity of cannabinoid receptor ligands, such as AEA and 2-
arachidonylglycerol, thereby contributing to cytoprotection (De Petrocellis et al., 2001;
Jonsson et al., 2001; Smart et al., 2002). However, our data showing that the CB1 and VR1
inhibitors, AM251 and CPZ, respectively, do not affect NAE 16:0-mediated neuroprotection
rule out any potential entourage effect of NAE 16:0. Furthermore, our data strongly support
the notion that neuroprotection must occur via an intracellular mechanism.

We tested this hypothesis by performing MCAO in the additional presence of the NAE uptake
inhibitor, AM404. This completely reversed the neuroprotective effects in our model, further
suggesting that NAE 16:0 must be taken up into the cell via the NAE transporter in order to
act as a neuroprotectant. Interestingly, AM404 has been shown to activate VR1 leading to cell
death in cancer cell lines (Zygmunt et al., 2000; Chang et al., 2008). It is thus possible that
AM404 administration caused VR1 activation and subsequent neuronal death regardless of
any inhibitory effects on the NAE transporter. The fact that AM404 actually significantly
increased infarct volume compared to vehicle-treated controls may support that hypothesis. It
was beyond the scope of the present study, however, to address whether AM404 interfered
prevented NAE 16:0-mediated neuroprotection by inhibiting NAE uptake or by activation of
VR1.

Furthermore, NAE 16:0 has been shown to be a poor agonist of the ‘peripheral’ CB2 receptor,
thereby making it an unlikely target for NAE 16:0 in our studies (Lambert and Di Marzo,
1999; Sugiura et al., 2000). The nature and extent of CB2 distribution in the brain further adds
to the controversy of CB2 as a potential receptor target eliciting NAE 16:0-mediated
neuroprotective effects (Galiegue et al., 1995; Schatz et al., 1997; Brusco et al., 2008a;
2008b).

In our model, NAE 16:0 reduced the number of pyknotic and TUNEL-labeled nuclei suggesting
that NAE 16:0 reduced apoptotic cell death in the brain. Furthermore, NAE 16:0 administration
reduced the expression of NFκB and iNOS, both contributing to neurodegeneration in models
of stroke (Huang et al., 1994; Moro et al., 2004; Wen et al., 2004a).

Our microfluorimetric quantification from multiple cortical and sub-cortical areas clearly
demonstrates that NAE 16:0 prevents the up-regulation of both NFκB and iNOS in the
ischemia/reperfusion model. We interpret such reduction in the immunoreactivities of iNOS
and NFκB as an improvement in the outcome in the MCAO stroke model.

Whilst the involvement and contributions of nNOS and iNOS in ischemia have been well
characterized (Huang et al., 1994; Moro et al., 2004; Perez-Asensio et al., 2005), the role of
NFκB in ischemia and reperfusion injury remains somewhat elusive and controversial (Crack
and Taylor, 2005; Fraser, 2006; Nijboer et al., 2008). Numerous studies have shown that
activation of NFκB in neurons leads to neuroprotection by increasing the expression of genes
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encoding anti-apoptotic proteins (Mattson, 2005). Others show that NFκB activation is
associated with neuroinflammation or neurodegeneration (Nichols, 2004; Wen et al., 2004b;
Yenari and Han, 2006). In some studies, inhibition of NFκB also lead to neuroprotection
(Nichols, 2004; Yenari and Han, 2006). The duration of NFκB activation following stroke may
determine, whether NFκB contributes to neurodegeneration or initiates neuroprotection (Crack
and Taylor, 2005).

The present study shows that non-cannabinoid NAEs, specifically NAE 16:0, are
neuroprotective in experimental models for stroke, and that the mechanism of neuroprotection
is independent of CB1 or VR1 receptor activation, but rather mediated through an intracellular,
anti-apoptotic pathway. The data presented here provide the basis for more detailed
mechanistic analyses of how NAE 16:0 and other saturated NAEs affect intracellular signaling
pathways involved in neurodegeneration and neuroprotection with the potential to ultimately
provide new targets for therapeutic intervention in stroke.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Dr. James Simpkins at the University of North Texas Health Science Center at Fort Worth and Dr. Kent
Chapman at the University of North Texas for their support. This study was supported in part by P20-MD001633 from
NCMHD (R.S.D.), grants EY014227 from NIH/NEI, RR022570 from NIH/NCRR and AG010485, AG022550 and
AG027956 from NIH/NIA (P.K.) as well as by The Garvey Texas Foundation (P.K.). We thank Margaret, Richard
and Sara Koulen for generous support and encouragement.

Abbreviations

AEA arachidonylethanolamine

CB1/2 cannabinoid receptor type 1/2

COX-2 cyclooxygenase-2

CPZ capsazepine

HE hematoxylin and eosin

ICA internal carotid artery

I/R ischemia/reperfusion

iNOS inducible metric oxide synthase

MCAO middle cerebral artery occlusion

NAE N-acylethanolamine

NAPE N-acylethanolamine-hydrolyzing phospholipase D

NFκB nuclear factor kappa B

nNOS neuronal nitric oxide synthase

PB phosphate buffer

PBS phosphate-buffered saline

tPA tissue plasminogen activator

TdT terminal deoxynucleotidyl transferase

TTC 2, 3, 5 - triphenyltetrazolium chloride
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TUNEL TdT-mediated dUTP Nick-End Labeling

VR1 vanilloid receptor 1
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Figure 1. NAE 16:0 is neuroprotective against ischemic tissue damage and improves neurological
outcome following I/R
(A) Representative TTC-stained sections of rat brain following 90 min. MCAO/24 hr
reperfusion (ischemia/reperfusion; I/R), treated with vehicle or NAE 16:0 at various time
points. Viable tissue stains red, whereas damaged ischemic brain tissue appears unstained/
white. (B) Quantification of the volume of the ischemic lesion (infarct volume) revealed that
NAE 16:0 was neuroprotective when administered from 30 min. before MCAO (pretreatment),
up to two hrs after occlusion. Administration of NAE 16:0 at 3 hrs post-MCAO had no effect
on the size of the ischemic lesion. (C) I/R causes a moderate to severe neurological phenotype,
as determined by the standardized neurological deficit score. NAE 16:0 reduced I/R-induced
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neurological deficits significantly (none to mild neurological phenotype) when administered
before or at the time of occlusion. Data are shown as mean ± s.e.m. * p<0.05, ** p<0.01, ***
p<0.001, compared with vehicle treated control group as determined using one-way ANOVA
with Newman Keuls multiple comparison post-hoc test.
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Figure 2. NAE 16:0-mediated neuroprotection is independent of activation of CB1 and VR1
receptors
(A) Representative TTC-stained sections of rat brain following 90 min. MCAO/24 hr
reperfusion (ischemia/reperfusion; I/R). NAE 16:0 was administered at the time of occlusion.
In one experimental group capsazepine (CPZ) and AM251 were co-administered in order to
inhibit cannabinoid (CB1) and vanilloid (VR1) receptors; in another, the endocannabinoid
uptake inhibitor AM404 was co-administered with NAE 16:0. (B) Neuroprotection by NAE
16:0, as assessed by quantification of the infarct volume, was unaltered in the presence of the
CB1 and VR1 receptor antagonists CPZ and AM251. In contrast, blocking endocannabinoid
uptake using AM404 significantly increased the size of ischemic lesion by 500%, compared
to NAE 16:0 treatment, and by 50% when compared to I/R in the presence of vehicle control.
(C) The size of the infarct volume correlated with the neurological deficit score: blocking CB1
and VR1 receptors using CPZ and AM251, respectively, did not significantly affect the
neurological deficit score. AM404 treatment induced more severe neurological deficits than
MCAO in the presence of vehicle alone. Data are presented as mean ± s.e.m. for each group.
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* p<0.05, ** p<0.01, n.s. non-significant, using one-way ANOVA with Newman Keuls
multiple comparison post-hoc test.
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Figure 3. NAE 16:0 protects from I/R-induced apoptosis
(A) Representative photomicrographs of hematoxilin/eosin (HE) staining within the ischemic
area of the cortex in sham-operated and ischemic-reperfusion rats with or without NAE 16:0
treatment. Arrows indicate pyknotic nuclei, indicative of cells undergoing apoptosis. Fewer
pyknotic nuclei were observed following I/R in the presence of NAE 16:0. Scale bar: 100 μm.
(B) TUNEL labeling revealed a substantially reduced number of TUNEL-positive cells in the
presence of NAE 16:0. In sham-operated animals, almost no TUNEL-positive cells were
identified (data not shown). Scale bar: 50 μm. (C) For quantification of pyknotic nuclei and
TUNEL-positive cells, five areas in each section were analyzed. Areas are indicated here on a
TTC-stained section of a vehicle-treated rat following I/R. Areas 1–3 are cortical and lie in the
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ischemic core and penumbral zone, whereas areas 4–5 represent subcortical areas mainly
falling in the ischemic penumbral zone. (D) Treatment with NAE 16:0 reduced the number of
pyknotic nuclei following MCAO/reperfusion significantly by 53%, compared with vehicle-
treated control. (E) Similarly, the number of TUNEL-positive cells was 60% lower in NAE
16:0 treated brain sections, compared with vehicle control, indicating that NAE 16:0 treatment
protects from induction of apoptosis and cell-death pathways. Data are presented as mean ±
s.e.m. for each group. * p<0.05, *** p<0.001, using one-way ANOVA with Newman Keuls
multiple comparison post-hoc test.
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Figure 4. NAE 16:0-mediated neuroprotection involves iNOS and NFκB signaling pathways
(A) Representative photomicrographs of fluorescence of Hoechst, a nuclear counterstain
(blue), and immunofluorescence for inducible nitric oxide synthase (iNOS), nuclear factor
kappa B (NFκB), neuronal nitric oxide synthase (nNOS), caspase-3 (Cas-3) and beta secretase
1 (BACE1) from cortical area 4 described in below. Immunoreactivites for iNOS, NFkB, nNOS
and Cas-3 appeared increased ipsilaterally in the I/R group when compared to sham-operated
animals. That increase was attenuated in the NAE 16:0-treated group. In contrast, expression
of BACE1 was similar across all three experimental groups. Arrows indicate examples of
positive immunoreactivity. Scale bar = 50 μm. (B) TTC-stained section vehicle-treated I/R
brain, indicating the areas selected for quantitative microfluorimetric analysis. Areas 1–6 are
cortical areas, comprising the ischemic core and penumbral areas, whereas areas 7–10 represent
subcortical areas mainly including ischemic penumbral area. (C–G) Microfluorimetric analysis
of immunoreactivities of iNOS, NFκB, nNOS, Cas-3 and BACE1 in sham-operated, vehicle-
treated and NAE 16:0-treated brain sections. Overall immunoreactivities of all proteins
increased in the vehicle-treated I/R group compared to sham-operated animals. NAE 16:0-
treatment at the time of I/R prevented the ischemia-mediated increase of iNOS, NFκB, nNOS
and Cas-3. This effect reached statistical significance for iNOS and NFκB (p<0.05).
Microfluorimetric analysis of BACE1 immunoreactivity revealed no statistically significant
change following I/R without or in the presence of NAE 16:0. Data are presented as mean ±
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s.e.m. for each group. *p < 0.05 as determined by two-way ANOVA with Bonferroni post-hoc
test.
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