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ABSTRACT
Phaseic acid (PA) is a
phytohormone regulating important

physiological functions in higher plants.
Here, we show the presence of naturally
occurring (-)-PA in mouse and rat brains. (-
)-PA is exclusively present in the choroid
plexus and the cerebral vascular endothelial
cells. Purified (-)-PA has no toxicity and
protects cultured cortical neurons against
glutamate toxicity through reversible
inhibition of glutamate receptors. Focal
occlusion of the middle cerebral artery
(MCADO) elicited a significant induction in (-
)-PA expression in the CSF, but not in the
peripheral blood. Importantly, (-)-PA
induction only occurred in the penumbra
area, indicting a protective role of PA in the
brain. Indeed, elevating (-)-PA level in the
brain reduced ischemic brain injury, while
reducing (-)-PA level using a monoclonal
antibody against (-)-PA increased ischemic
injury. Collectively, these studies showed
for the first time that (-)-PA is an
endogenous  neuroprotective  molecule
capable of reversible inhibiting glutamate
receptors during ischemic brain injury.

INTRODUCTION

Phaseic acid (PA), a terpenoid
catabolite of abscisic acid (ABA), is
generated spontaneously  after  8’-
hydroxylation of ABA by cytochrome P450s
in the CYP707A subfamily (1). In higher
plants, PA and ABA act as phytohormones
regulating important physiological functions
in growth and development, as well as in
responses to biotic and abiotic stress (cold,
drought, heat exposure, salinity). The
regulation of these processes is mediated by
a change in endogenous PA and ABA levels
that are controlled by the balance between
biosynthesis and metabolism. ABA induces
the production of the second-messenger,
cyclic ADP ribose, which controls the
release of stored intracellular calcium in
plants to exert its effect (2-4).

ABA in plants can be metabolized
by conjugation and oxidation. The principal
oxidative pathway of natural (+)-ABA,
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mediated by cytochrome P-450
monooxygenases, occurs through
hydroxylation of the 8’-methyl group
resulting in  8’-hydroxyABA,  which
rearranges to (-)-PA (1). Further enzymatic
reduction of (-)-PA leads to the production
of DPA. Similar to ABA, naturally
occurring (-)-PA is a plant hormone
associated with photosynthesis arrest and
abscission (5). However, very little is
known about the presence and function of
PA in the mammalian system.

Stroke is a leading cause of death
and disability in the world. However,
protecting stroke-induced brain injury still
represents one of the largest unmet medical
needs (6,7). Despite of decades of effort
trying to find ways to protect neurons
against ischemic insult, no clinical effective
drugs are available. It is known that brain
can indeed launch an internal protective
response against ischemic insult, such as
activating  autophagy = machinery  (8).
However, in general, the brain’s endogenous
protective mechanisms against cerebral
ischemia remain not well understood.
Further understating the internal defense
system would be extremely beneficial to
develop appropriate drugs against stroke in
humans.

Cerebral ischemia induces rapid
neuronal cell membrane depolarization and
activates NMDA-type glutamate receptors
(NMDARs). Subsequent increased calcium
influx through NMDARs causes
excitotoxicity, a process which is toxic to
neurons and contributes to a wide range of
neurological disorders such as cerebral
ischemia (6,9,10). Although drugs directly
blocking NMDARs are effective in
neuroprotection, all have failed to be
approved for clinical use due to their severe
side effects affecting normal physiological
functions of NMDAR:s. It has been suggested
that compounds with properties to reversible
and uncompetitive blocking NMDAR are the
preferred candidates for development as
therapeutics against stroke (9).

Because ABA and PA are known to
modulate the release of intracellularly stored
calcium to affect plant guard cell death and
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leaf dropping, we hypothesised that ABA and
its metabolites might be involved in animal
cells calcium regulation. In particular, the
presence of ABA has been shown in the
brains of pigs and rats (11), it is therefore
highly possible that the surge in intracellular
calcium following cerebral ischemia in the
ischemic core in the brain can be affected by
the presence of ABA and its metabolites.
Indeed, our data showed the presence of
surprisingly high level of endogenous (-)-PA,
but not other ABAs, in the choroid plexus,
CSF and vascular endothelial cells in
ischemic mouse and rat brains. The
localization of (-)-PA is only in the
penumbra area surrounding the ischemic
infarct core, indicating its involvement in
neuroprotection. Interestingly, (-)-PA
reversibly inhibits glutamate receptors,
reduces intracellular calcium influx and
protects cortical neurons against glutamate
toxicity in vitro and in vivo. These studies
revealed a previously unknown role of PA
serving as an endogenous mechanism of
neuroprotection in ischemic brain, and
suggest that (-)-PA or its analogous can be
developed as a powerful agent for
neuroprotection against stroke.

RESULTS
The presence of (-)-PA in mouse and
rat brains - We  have  successfully

developed methods to analyze and quantify
PA and its metabolites in mouse and rat
brain tissues, using ultra performance liquid
chromatography coupled with tandem mass
spectrometry (UPLC/MS/MS). Deuterium-
labeled internal standards were used and
spiked in samples to confirm the identity of
PA species (Fig 1). Levels of PA, DPA,
ABA, 7°OH-ABA, neoPA, ABAGE and
trans-ABA from both mouse brain and
blood were accurately measured and
quantified against dry sample weight (DW)
using UPLC/MS/MS (Fig 2).

To determine the stereochemical
nature of the observed PA, tissue samples
were chromatographed using a chiral column
and the identity of the observed PA was
checked against synthetic standards of the
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natural form of PA: (-)-PA, and the unnatural
mirror-image form of PA: (+)-PA (Fig 1A
and B). Near baseline enantioseparation of
PA in standard solutions was achieved by a
gradient elution mode as described in the
Material and Methods section. The
chromatograms of PA in mouse brain tissue
and blood samples were compared to that of
the known standards. Spiking experiments
of brain and blood samples with known
amounts of natural (-)-PA standard resulted
in the corresponding increase of the PA
signal in the mouse brain tissue and mouse
blood confirming the same stereochemistry
as the plant-derived compound. The
chromatograms of (-)-PA in rat brain tissue,
CSF, and blood samples were also compared
to that of the known standards. Spiking
experiments of rat CSF, blood and samples
with known amounts of natural (-)-PA
standard also resulted in the corresponding
increase of the PA signal in the rat CSF,
blood and brain confirming the same
stereochemistry as the plant-derived
compound (Fig 1D). Based on the spiking
experiment using the two forms of PA
standards shown in Fig 1B-D, it is clear that
mouse and rat only produce (-)-PA, the
naturally occurring form of PA in the brain,
CSF and blood.

Mouse brain contains a small amount
of ABA (749 £ 45.2 ng/g DW; n = 12),
which was in agreement with an earlier report
on the presence of ABA in pig and rat brains
(11). However, brain ABA level was close to
30 times lower compared with that of (-)-PA

(2245.20 + 573.20 ng/g DW; n = 15) (Fig 2A).

High level of (-)-PA was consistently detected
in both the right and left hemispheres of the
brain. Mouse blood does contain (-)-PA, but
the level of which was 10 fold lower
compared to that found in the brain tissue
(232.20 £ 90.68 ng/g DW; n = 4; as shown in
Fig 2A, p > 0.01, paired t-test). All other
ABA metabolites were also present in
extremely low quantities in the blood of
mouse fed with standard diet.

(-)-PA is endogenously produced in
the brain-To determine the source of mouse
brain (-)-PA, we tested the content of ABA
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derivatives in mouse food pellet. Mouse food
was obtained from a commercial source with
fixed ingredients. As shown in Fig 2B,
standard mouse food pellet contains very low
level of ABA and PA. Analysis of the food
pellets showed the presence of low amounts
of DPA (341 ng/g DW), PA (27 ng/g DW),
ABA (42 ng/g DW), neo-PA (36 ng/g DW)
and trans-ABA (47 ng/g DW) (Fig 2B). This
result argues against the assumption that brain
(-)-PA might be the result of accumulation of
ABA from food sources.

Moreover, to determine if food born
ABA can even be converted to (-)-PA and be
accumulated in the brain, mice were injected
through i.v with purified (+)-ABA and (-)-
ABA at 45 mg/kg or 112.5 mg/kg each (Fig
2C). These high amounts of ABA were
arbitrarily used into order to detect a surge of
their derivatives in the brain. Ethanol (2%), or
saline, used as solvents for ABA, was also
injected in mice serving as controls. No clear
increase in PA or DPA occurred in mouse
brain tissues. Only induction of (+)-ABA and
ABAGE was observed in mouse brain after 2
h injection of ABA and both decreased
significantly after 5 h of injection in the brain,
indicating that the high level of (-)-PA
occurring in mouse brain was in fact produced
endogenously in the brain. Together these
data supports the fact that brain (-)-PA could
not have derived from external sources.

The presence of (-)-PA in CSF,
choroid plexus and cerebral vascular
endothelial cells-To demonstrate where (-)-
PA is exactly localized in the brain, a mouse
monoclonal antibody made specific to PA was
used (12). This antibody cross-reacts with
both forms of PA, but does not react with
ABA, nor with DPA (12). Because our
UPLC/MS/MS detected the presence of only
(-)-PA in muse and rat brain tissues and the
blood, it is assumed that PA antibody
reactivity would represent that from (-)-PA.
The specificity of the PA antibody to mouse
brain tissue was confirmed using an
immunosorbent assay to remove the primary
or secondary antibody to yield negative
staining on an indirect immunofluorescent
assay (not shown). Strong PA
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immunofluorescence was detected in the brain
ventricles associated with the choroid plexus
(Fig 3A-C) and on the cerebral vascular walls
(Fig 3D-J). Double immonostaining with
antibodies specific to choroid plexus cells
(TTR) and PA confirmed confirmed co-
localization of PA with choroid plexus
epithelial cells (Fig 3B, B’). Higher
magnification of the choroid plexus
immunostaining showed that PA appeared in
the cytoplasm of all cells lining the choroid
plexus. Furthermore, PA double-
immunostaining  staining  positively  co-
localizes PA with those of CD31 and Lectin
(Fig 3D-I), but not PDGFRp, GFAP, NeuN,
and IBA-1 (Fig 3J-M), indicating that PA was
endogenously produced in the brain by
choroid plexus and vascular endothelial cells.

Cerebral ischemia induces (-)-PA
production in the CSF and ischemic
penumbra -In order to determine the function
of (-)-PA in the brain, mouse and rat MCAO
models were used in the study (Fig 4A).
MCAO elicited significant increase in the
level of (-)-PA after 2 h reperfusion in the
ischemic mouse brain (Fig 4B). The (-)-PA
level reached peak at 24 h reperfusion and
gradually decreased in both cortices to basal
level after 28 d reperfusion (Fig 4B).

The presence of (-)-PA in rat
ischemic brain (Fig 4C), and in rat CSF (Fig
4D), but not in rat peripheral blood (Fig 4D),
also increased significantly after 24 h
reperfusion. Because of technical difficulties
obtaining adequate quantities of CSF from the
mouse brain, only rat CSF was collected and
quantified using UPLC/MS/MS. As shown
in Fig 4D, rat CSF contains comparable level
of (-)-PA found in the brain, but significantly
higher level of (-)-PA compared to that in the
blood (Fig 4D). Together, it is very
interesting that MCAO treatment induced (-)-
PA expression in both the contralateral and
ischemic side of the brain, indicating that (-)-
PA might play a protective role in the
ischemic brain.

To establish the exact location of (-)-
PA in the ischemic mouse brain, double-
immunohistochemical staining for PA was
performed (Fig 5). PA immunofluorescence
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increased dramatically in the penumbra area
(area 3 in Fig 5A, F) compared with the
ischemia infarct core (area 2 in Fig 5A and E)
and the sham-operated mouse brain (Fig 5C
and J). Using tissue laser capture
microdissection techniques, we collected
brain tissues from the ischemic core (Fig 5A
area 2), the penumbra (Fig 5A area 3), the
contralateral side (Fig 5A area 4), and the
sham brain for UPLC/MS/MS analysis. The
result showed that (-)-PA level was
significantly higher in the penumbra and
contralateral side of the brain than that in the
ischemic core (Fig 5J). Cerebral vascular
localization of PA was also much pronounced
in the penumbra area (Fig 5G-1) based on
double-immunostaining. These studies
indicated that the naturally occurring (-)-PA
may play an importantrole in the ischemic
brain.

(-)-PA reversibly inhibits glutamate
receptors-Glutamate-mediated  excitotoxicity
plays a major role in ischemic neuronal injury
(6,7). Compounds reversible inhibiting
glutamate receptors protects brain from
ischemic damage (9,10). Experiments were
therefore designed to determine if (-)-PA has
any effect on cortical glutamate receptors.
Based on results derived from the following
two experiments, it is clear that (-)-PA
functions as a reversible glutamate receptor
inhibitor.

First, ratiometric calcium assay using
Fura2-AM  showed that (-)-PA dose-
dependently decreased cortical neuronal
intracellular calcium ([Ca®7i) influx when
treated with 100 uM NMDA (Fig 6A, B). (-)-
PA alone ranging from 10 pM to 1000 uM
didn’t affect neuronal [Ca®']i, but effectively
reduced NMDA-induced increase in [Ca®']i.
Interestingly, inhibition of [Ca®']i by (-)-PA
was reversible and (-)-PA’s effect can be
washed off using culture media. Subsequently,
neurons showed a strong surge of [Ca*]i in
response to KCI depolarization, serving as a
control (Fig 6A). The fold of reduction of
[Ca®]i by ()-PA was quantified from
measurements of at least 20 cells and shown
in Fig 6B. These observations suggested that
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(-)-PA is a potential reversible inhibitor of
glutamate receptors.

Second, whole-cell  patch-clamp
recordings demonstrated a dose-dependent
inhibition of NMDA-activated currents by (-)-
PA (Fig 6C, D, E). The effect of (-)-PA and
NMDA on neuronal excitability was first
determined in cultured cortical neurons. As
shown in Fig. 6C, 50 pM NMDA plus 1 pM
glycine induced a large inward current at —50
mV. In contrast, application of (-)-PA with a
series of concentrations in the range between
10 —1000 UM neither induced any detectable
current at —50 mV, nor affected the membrane
potential (hot shown). To determine the effect
of (-)-PA on NMDA-activated current, the
dose-response relationship was established by
application of NMDA for 30 s followed by
addition of (-)-PA (Fig. 6C, D). (-)-PA
inhibited NMDA-activated current in a dose-
dependent manner (Fig. 6E) over the range of
100-1000 uM with an ICsy of 35.4 £ 1.5 uM
and a slope factor of 0.96 £+ 0.3 (n=10). This
inhibition was fully reversible after a few
seconds of washing. Results from these
experiments showed that (-)-PA not only
dose-dependently, but also in a reversible
manner, inhibited NMDA current. When (-)-
PA and NMDA were removed, the membrane
potential returned fully to the normal resting
level.

Together these experiments
demonstrated that (-)-PA reversible and
transiently blocks glutamate receptors and
potentially plays a key role in preventing
excitotoxicity in the ischemic brain.

(-)-PA protects cortical neurons
against glutamate toxicity--Cultured cortical
neurons undergo cell death in response to bath
incubation with NMDA at 100 uM for 6 h
(Fig 7A). Pre-treatment of neurons with (-)-
PA inhibitedneuronal death dose-dependently
against NMDA toxicity (Fig 7B). Both phase
contrast and DAPI staining images were
shown in Fig 7 C. (-)-PA itself has no toxicity
to cultured neurons (Fig 7A). A calpain
inhibitor, ALLN, was very effective in
neuroprotection against NMDA toxicity to

neurons (Fig 7B), serving as a positive control.
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Elevation of (-)-PA level reduced
ischemic brain injury--To determine if (-)-PA
was indeed protective against cerebral
ischemia, (-)-PA was delivered to the mouse
brain using a pre-implanted osmotic pump
through a cannula to the left cerebral ventricle
on the ischemic side of the brain. Mice
treated with (-)-PA and vehicle had a similar
survival rate, as this particular MCAO mouse
model has very small death rate over the
period of surgery and recovery (Fig 7D). Mice
receiving (-)-PA showed no change in
survival rate compared to the vehicle-treated
group of mice serving as a control. However,
the ischemic infarct size was significantly
reduced in (-)-PA-treated group after 24 d
reperfusion (Fig 7E). Furthermore, (-)-PA-
treated mice showed significantly better
improvement in neurological scores (Fig 7F).
These results indicated that (-)-PA is
neuroprotective.

Reduction in (-)-PA level in the brain
worsens  MCAO  outcomes-Monoclonal
antibody against PA was delivered to the
brain left ventricle right before MCAO using
a pre-implanted osmotic pump through a
cannula to the left cerebral ventricle on the
ischemic side of the brain. After 24 d
reperfusion, TTC staining of the ischemic
brain showed a much enlarged ischemic
infarct core compared with the vehicle-treated
group (Fig 8A and B). Indeed, PA antibody-
treated  group  exhibited  significant
deterioration of neurological deficit scores
(Fig 8C) and reduced forepaw pulling strength
(Fig 8D) following MCAO, indicating that
reduced PA expression in the brain worsens
neurological outcomes of cerebral ischemia.
Mice receiving PA Ab, but not MCAO, had
no effect on the survival rate, neurological
scores, nor brain tissue damage, serving as a
control.

To confirm the level of (-)-PA in the
brain after antibody treatment,
immunostaining  was  performed  to
demonstrate the reduction of PA expression
levels in both of the ischemic infarct core
tissue (Fig 8E, F) and the penumbral tissue
(Fig 8E, G). To compare with a control group
without PA antibody treatment, please see Fig
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5D,E,F. Tissue microdissection was used to
isolate brain tissue from these areas and
subjected them to UPLC/MS/MS analysis
(Fig 8H). Indeed, infusion of PA antibody to
the brain inhibited the rise of (-)-PA level in
the ischemic mouse brain.

DISCUSSION

In the present study, we profiled the
presence of plant stress hormone, PA and all
major ABA metabolites, in mouse and rat
brains.  Except for (-)-PA, no other plant
ABA metabolites appear to be present in
guantifiable amounts in rat and mouse brain
and blood. (-)-PA occurs in high quantities in
rodent brain tissues relative to a much lower
level of (-)-PA in the peripheral blood.
Cerebral ischemia evoked a significant
increase in (-)-PA in the ischemic brain
penumbra, particularly in the CSF, compared
to the sham-operated animals. Brain (-)-PA
was from endogenous sources (cerebral
endothelial cells and the choroid plexus),
rather than exogenous sources (such as
accumulation from food). Importantly,
endogenously produced (-)-PA plays a role in
reversibly  blocking glutamate receptors
during  cerebral ischemia in  tissues
surrounding the ischemic core, suggesting that
naturally occurring (-)-PA is an endogenous
neuroprotectant to the brain. To the best of
our knowledge, this is the first report of the
presence of (-)-PA in rodent brains. It is
especially intriguing as to the presence of high
level of (-)-PA in the CSF of ischemic brains,
which may represent an internal defence
system during brain injury. The utility of these
findings warrants further investigation.

Is (-)-PA in the brain derived from
ABA metabolism? ABA in plants can be
metabolized by conjugation and oxidation.
The principal oxidative pathway of natural
(+)-ABA is mediated by cytochrome P-450
monooxygenases (Fig 9, 1) (Krochko et al.,
1998) through hydroxylation of the 8’-
methyl group. The resulting 8’-hydroxyABA
can be rearranged to PA. Further enzymatic
reduction of PA leads to DPA (Fig 9, 4).
Other metabolic steps, as reviewed in
(13,14), include hydroxylation of the 7’ and
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9’-methyl groups of the ABA ring as well as
conjugation as glucose esters (ABAGE).
Trans-ABA is a product of isomerization of
natural ABA under UV light. In plants, the
unnatural mirror-image form (-)-ABA is
mainly metabolized by hydroxylation at the
7°-methyl group, but there are also reports of
the unnatural mirror-image form of PA (Fig
9, 7) as a minor product which resulted from
the feeding of unnatural (-)-ABA to maize
cell suspension culture (15).

Although it is not possible to fully
discard an external source of (-)-PA as we
still do not have any direct proof of local
production, based on the current study, it is
highly unlikely that the high level of
naturally occurring (-)-PA was the result of
ABA metabolism in the brain. First, both
mouse and rat brains and their blood contain
very low levels of ABA and its
intermediates. Even injection of large
quantities of (+)-ABA and (-)-ABA into the
blood stream failed to produce noticeable
increase in (-)-PA level. Second, (-)-PA
level in the brain was at close to 2500 times
higher than that of ABA, while ABA level in
mouse and rat tissues were almost
undetectable. This makes it inconceivable for
such a low amount of ABA to be transformed
into the high level of (-)-PA. Third, mouse
food has extremely low level of ABA and
almost undetectable amount of (-)-PA,
confirming a previous report by Le Page-
Degivry et al (11) which showed that the low
level of ABA contents of the rat brain tissue
were not correlated with the amount of ABA
in the diet, as animals fed for two generations
on a synthetic ABA-poor diet had more ABA
in their brains than control animals. We
show here that, apart from very low levels of
DPA and traces of ABA and trans-ABA, no
other ABA metabolites were present in
guantifiable amounts in the mouse food.
Fourth, our results showed that in the
ischemic brain, (-)-PA levels significantly
increased. Interestingly, the induction in (-)-
PA in the ischemic brain was not followed by
the increase in any other ABA metabolites,
not even DPA, the downstream product of PA
in the ABA metabolism pathway known in
plants. This suggests that (-)-PA was either
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transported from elsewhere, such as the CSF
or is possibly following an alternate metabolic
pathway different from that in plants.
Therefore, the only plausible conclusion from
these studies is that the high levels of (-)-PA
seen in rodent brains could only be generated
from endogenous sources. Indeed, double
immunostaining and confocal fluorescence
microscopy data lend further support to the
argument that (-)-PA in the CSF was derived
from the choroid plexus and brain endothelial
cells.

What are the patho-physiological
functions of brain (-)-PA? Cerebral ischemia
initiates a complex cascade of biochemical
events, amongst which the excessive release
of glutamate and its induction of
excitotoxicity represent a major and early
response in the brain (6). Over-stimulation of
NMDA receptors with glutamate results in an
excessive influx of [Ca?i. Increased [Ca*']i
activates a plethora of potentially neurotoxic
mechanisms, such as the early induction of a
calcium-dependent protease, calpain, which
cleaves intracellular structural proteins such as
spectrin, causing the collapse of intracellular
structures and eventually neuronal death.
Excitotoxicity contributes to a wide range of
neurological disorders, such as stroke.
Pharmacological inhibition of NMDAR
ameliorates excitotoxicity-mediated neuronal
death and protects the brain after cerebral
ischemia (7). Given that calcium imaging and
whole cell recording techniques showed that
(-)-PA  dose-dependently blocks NMDA
receptors, it is determined that (-)-PA plays a
key role in modulating NMDA receptors. The
fact that (-)-PA is present in great quantities in
both the viable brain tissues surrounding the
ischemic core and in the contralateral side of
the brain strongly suggest that (-)-PA may
play a role in protecting neurons. Indeed,
injection of purified (-)-PA protected mouse
brain against MCAO, while administering of
an antibody against (-)-PA exacerbated brain
injury following MCAO. It is also intriguing
as to why (-)-PA was also present in the
contralateral side of the brain. Based on
immunostaining and MS analysis, a major site
(-)-PA production was traced to choroid
plexus. Rat CSF contains a very high level of
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(-)-PA.  During ischemic  reperfusion,
increased (-)-PA may be circulated with CSF
into both the ipsilateral and contralateral side
of the brain.

What is the potential implications of
(-)-PA as an endogenous inhibitor against
NMDA receptors? Agents that inhibit NMDA
receptors in a transient and reversible manner
are of significant interests for drug

development against glutamate toxicity (9,10).

Because these drugs uncompetitively inhibit
NMDA receptor functions and do not
interfere with NMDA receptor physiological
functions. Our studies showed that (-)-PA has
similar  electrophysiological profiles in
NMDA receptor inhibition to that of
memantine, a gold standard in uncompetitive
NMDAR inhibition. Although whether PA
acts uncompetitively at NMDA receptors
needs to be demonstrated, it is highly possible
that induction of (-)-PA by choroid plexus in
response to cerebral ischemia represents an
endogenous stress response in the brain.
Increased level of (-)-PA outside of the
ischemic core and the contralateral side of the
brain tissue provides an endogenous defence
mechanism for brain protection.  These
findings are novel and potentially important in
developing (-)-PA and its analogous as
neuroprotectants in treatment of stroke.

EXPERIMENTAL PROCEDURES

Materials-ABA metabolites standards
DPA, ABA-GE, PA, 7- OH-ABA, neoPA,
and trans-ABA were synthesized and
prepared at the National Research Council of
Canada, Saskatoon, Canada, while (+)-ABA
was purchased from  Sigma-Aldrich.
Deuterated forms of the hormones used as
internal standards included: d3-DPA, d5-
ABA-GE, d3-PA, d4-7'-OH-ABA, d3-neoPA,
d4-ABA, and d4-trans-ABA. These hormones
were synthesized and prepared as previously
published (16). The deuterated forms of the
selected hormones used as recovery (external)
standards were: d6-ABA and d2-ABA-GE,
also prepared and synthesized at the National
Research Council of Canada, Saskatoon.
Antibodies and their conditions of usage were
described in Table 1.

Phaseic acid in mouse brain

Animal study design-The clinical
failure of many candidate drugs that showed
promise in acute experimental cerebral
ischemia underscores the importance of
rigorous and comprehensive preclinical
testing along published guidelines and
recommendations by expert panels, including
STAIR (17,18) and ARRIVE (19). Therefore,
we randomized and concealed allocation to
treatment groups, reported all mortality as
well as attrition due to other causes, and
analyzed the data according to intention-to-
treat principle and did not exclude animals
showing signs of adverse effects such as
vomiting or aspiration. Multiple
experimenters blinded to the treatment group
performed surgeries, assessed endpoints and
administered all compounds as (-)-PA and
other ABAs in solution can’t be distinguished
from the vehicle by their colors.

Animal surgery and mouse middle
cerebral artery occlusion (MCAO)-All
procedures using animals were approved by
the HHT Animal Care Committee following
the guidelines established by the Canadian
Council on Animal Care. C57B/6 mice (20 -
23 g) were obtained from Charles River and
bred locally. Under temporary isofluorane
anesthesia, MCAO was induced by the
intraluminal insertion of a silicon-coated
nylon filament (Re L910 PK5, Doccol
Corporation) through the common carotid
artery into the internal carotid artery and left
in place for 60 min as we previously
described (20-26). Cerebral blood flow (CBF)
was monitored by laser Doppler flowmetry
using a probe located in the ipsilateral parietal
bone (1-2 mm posterior to bregma), and
a >90% reduction in CSF was considered to
indicate successful occlusion. The head
temperatures were maintained at 37 °C using
a warming lamp. Sham animals were
generated by the insertion of a filament into
the internal carotid artery which was
immediately withdrawn.

After 1 h of MCAO, the filament was
withdrawn, blood flow was restored to normal,
monitored by laser Doppler flowmetry, and
wounds were sutured. The body temperature
of the experimental animal was monitored
before and after the MCAO surgery using a
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rectal probe and was maintained at 37 °C
using a heating pad and lamp. In preliminary
experiments to verify a consistent stroke
procedure, measurements of blood pressure,
blood gases, and pH were also performed as
previously described (27-29). Blood was
collected from the facial vein and kept at -
80 °C. Brains were removed after 2 h, 6 h, 24
h, 3d, 7 d and 28 d reperfusion and the right
and left hemispheres were isolated. Brain and
blood samples were rapidly frozen in liquid
nitrogen and stored at -80 °C until they were
Iyophilized.

Rat focal MCAO-Male Sprague
Dawley rats (Charles River) between 350-375
g were kept on a 12 h light-dark cycle and
group-housed in plastic cages. Rats were
allowed free access to food and water. A total
of 20 rats were used and randomly separated
into sham and ischemia groups. Each rat was
anesthetized with isoflurane followed by a
MCAOQO using procedures modified from
previously described (28,29). A 1 cm incision
was made midway between the left eye and
the external auditory canal to expose the skull.
The left middle cerebral artery (MCA) was
exposed through a 2 mm burr hole in the skull
2 - 3 mm rastral to the fusion of the zygomatic
arch with the squamosal bone. A 1 mm
Codman micro-aneurysm clip was applied to
the vessel and the wound was closed with
suture material. A 1.5 cm incision was made
in the ventral surface of the neck. The right
and left common carotid arteries were isolated
and ligated for two hours using atraumatic
clips. During the surgical procedure the rat’s
body temperature was maintained between 37
- 37.5 °C. At the end of two hours, the carotid
clips were removed, the neck wound closed
and the animal was returned to its cage and
allowed to recover for 24 h. This procedure
reduced regional cerebral blood flow to 15%
of basal level during the ischemic period and
returned it to 95% of basal level upon
reperfusion. Body temperature was controlled
to 37.5 + 0.5°C both during anesthesia and
after recovery. At 24 h MCAO/reperfusion,
the 1 mm Codman micro-aneurysm clip at the
left middle cerebral artery was carefully
removed and the CSF and brain tissue were
collected after euthanization of the rat. The
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brain was removed and sliced in a rat brain
matrix. Brain slices were stained with TTC to
confirm the ischemic injury (infarct) with
edema subtracted. The rest of the brain tissue
was transferred into Eppendorf tubes and
frozen at -80 °C.

Infarct size measurement-Infarct size
was measured by a colorimetric staining
method using  2,3,5-triphenyltetrazolium
chloride (TTC) as described previously (25).
Briefly, brains were dissected out and cut into
four 2-mm-thick coronal slices, which were
stained with 5 ml of 2% TTC for 90 min at
37 °C. Afterward, the tissue was rinsed with
saline and subsequently exposed to a mixture
of ethanol/dimethyl sulfoxide (1:1), which
was to solubilize the formazan product. After
24-h incubation in the dark, the red solvent
extracts were diluted 1:20 with fresh
ethanol/Me,SO solvent in three tubes and
placed in cuvettes. Absorbance was measured
at 485 nm in a spectrophotometer and the
values were averaged. Percentage loss in brain
TTC staining in the ischemic side of the brain
was compared with the contralateral side of
the brain of the same animal using the
following equation: % loss = (1 — (absorbance
of ischemic hemisphere/absorbance of
contralateral hemisphere) x 100).

Neurological deficit scores-Both a
six-point scale assessment and forelimb grip
strength test were performed. (2) An expanded
six-point scale turning behavior test was used
exactly as described previously (21,30).
Briefly, behavioral assessments were carried
out 30 min after MCAO when animals were
fully awake after anesthesia. Assessments
were made by an individual blinded to the
treatment of the mice. The neurological
deficits were scored as follows: 0, normal; 1,
mild turning behavior with or without
inconsistent curling when picked up by tail,
50% attempts to curl to the contralateral side;
2, mild consistent curling, 50% attempts to
curl to contralateral side; 3, strong and
immediate consistent curling, mouse holds
curled position for more than 1-2 s, the nose
of the mouse almost reaches the tail; 4, severe
curling progressing into barreling, loss of
walking or righting reflex; 5, comatose or
moribund. At least eight mice per group were
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evaluated and scores were averaged for
statistical analysis. (b) Forelimb grip strength
test was performed using the Grip Strength
Meter ~ from  Columbus  Instruments
(MyNeurolab, St.  Louis, MO) which
measures muscle strength and neuromuscular
integration relating to the grasping reflex in
the forepaws. The peak preamplifier
automatically stores the peak pull force and
shows it on a liquid crystal display. For each
animal, at least 10 measurements were taken
at a specific time point and the mean and
standard error were calculated.

Rat CSF collection-Each rat was
anesthetized with isoflurane and the head was
flexed downward at approximately 45 degrees
on a homemade device. A small midline

incision was made beginning between the ears.

A retractor was placed with the spring side
pointing in the rostral direction.  The
separation of the superficial muscles exposed
an underlying layer of muscles which was
easily separated along the midline by blunt
dissection. The atlanto-occipital membrane in
between the occipital bone and the upper
cervical vertebra was exposed. A butterfly
needle (25 G x 19 mm) connected to a 1 ml
syringe was used. The needle was directly
punctured into the cisterna magna, and the
clear CSF sample (100 - 250 pl) was drawn
into the syringe until blood appeared 37. A
hemostat was used to clamp the silicon tubing
as soon as blood appeared in CSF. The tube
was then cut using scissors from the clear part
to avoid blood contamination. The clear CSF
was transferred into an Eppendorf tube and
the sample was kept frozen at —80 °C for
further analysis. Blood samples were
collected by heart puncture. The rat was
killed by decapitation under anesthesia.

Extraction of PA and ABA
metabolites from the brain, blood, CSF and
mouse food samples-Freeze-dried tissue was
homogenized using a multi-tube ball mill
(Mini-BeadBeater-96, Biospec Products Inc.,
Bartlesville, Oklahoma, USA) and about 50
mg (or less, in the case of CSF) per sample
was weighed out into individual Falcon tubes.
An aliquot (100 pL) containing all internal
standards (d3-DPA, d5-ABAGE, d3-PA, d4-
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7’0OH-ABA, d3-neoPA, d4-ABA and d4-
trans-ABA, each at a concentration of 0.2
ng/uL, dissolved in water:acetonitrile,1:1, v/v,
with 0.5% glacial acetic acid), was added to
each sample, followed by the extraction
solvent (3 mL isopropanol : water : glacial
acetic acid, 80 :19 : 1, v/v). For the blood and
CSF samples the aqueous component (600 L
acidified water) of the extraction solvent was
initially added, followed by the combined
internal standard aliquot and the organic
solvent portion of the extraction solvent (2.4
mL isopropanol with 0.5% glacial acetic acid).
After shaking in the dark for 24 h at 4 °C,
samples were centrifuged and the supernatant
was isolated and dried on a Biichi Syncore
Polyvap (Biichi, Switzerland). Samples were
reconstituted in 100 pL methanol/glacial
acetic acid (99:1, v/v) followed by 900 pL of
aqueous 1% glacial acetic acid, and then
partitioned twice against 2 mL hexane. After
separation, the aqueous layer was isolated and
dried as described above. Dry samples were
re-dissolved in 100 pL methanol/glacial acetic
acid (99:1, viv) followed by 900 pL of
aqueous 1% glacial acetic acid. The
reconstituted samples were passed through
equilibrated Oasis HLB cartridges (Waters,
Mississauga, ON, Canada), with the eluate
acetonitrile:water:glacial ~ acetic acid at
30:69:1 (v/v/v) being dried on a LABCONCO
centrivap concentrator (Labconco Corporation,
Kansas City, MO, USA). An internal standard
blank was prepared with 100 pL of the
deuterated internal standards mixture. Two
quality control (QC) standards were prepared
by adding 100 pL and 30 pL respectively of a
mixture containing the analytes of interest
(DPA, ABAGE, PA, 7’OH-ABA, neoPA,
ABA, and trans-ABA), each at a
concentration of 0.2 ng/uL, to 100 yL of the
internal standard mix. Finally, samples, blanks,
and QCs were reconstituted in an aqueous
solution of 40% methanol (v/v), containing
0.5% acetic acid and 0.1 ng/uL of each of the
recovery standards (d6-ABA and d2-ABAGE)
and subjected to UPLC/ESI-MS/MS analysis
and quantification, as described below.
Quantification of PA and ABA
metabolites by UPLC/MS/MS-Analysis of
ABA and metabolites was carried out by

9T0Z ‘T J8quissaq Lo epeue) [10UN0D Uo1essay [euoie e /B10-og-mmmy/:dny wolj pepeojumoq


http://www.jbc.org/

UPLC/ESI-MS/MS  utilizing a  Waters
ACQUITY UPLC system, equipped with a
binary solvent delivery system, column and
sample manager coupled to a Waters
Micromass Quattro Premier XE quadrupole
tandem mass spectrometer via a Z-spray
interface as previously described
(1,13,14,31,32) .

The analytical UPLC column used
was an ACQUITY UPLC® HSS C18
(2.1x100 mm, 1.8 pm) with an ACQUITY
HSS C18 VanGuard Pre-column (2.1 x 5 mm,

1.8 um). The mobile phase A contained 0.025%

glacial acetic acid in HPLC-grade water while
mobile phase B contained 0.025% glacial
acetic acid in HPLC-grade acetonitrile.
Sample volumes of 10 pL were injected onto
the column at a flow rate of 0.40 mL/min
under initial conditions of 2% mobile phase B,
which was maintained for 0.2 min, increased
to 15% mobile phase B at 0.4 min, then
increased to 50% mobile phase B at 5 min and
up to 100% by 5.5 min. Mobile phase B was
maintained to 100% up to 6.2 min and then
decreased to 2% after 6.5 min and held until 8
min for column equilibration before the next
injection.

The mass spectrometer was set to
collect data in Multiple Reaction Monitoring
(MRM) mode controlled by MassLynx v4.1
(Waters Inc). The analytes were ionized by
negative-ion electrospray using the following
conditions: capillary potential 1.75 kV;
desolvation gas flow 1100 L/h; cone gas flow
150L/h; and source and desolvation gas
temperatures at 120 °C and 350 °C,
respectively. The resulting chromatographic
traces are quantified off-line by the QuanLynx
v4.1 software (Waters Inc). Calibration curves
were created for all compounds of interest.
Quality control samples (QCs) were run along
with the tissue samples.

Enantioseparation of (-)-PA from
(+)-PA by UPLC/MS/MS-The
enantioseparation of PA was conducted on the
same UPLC/MS instrument as described
above, using the analytical chiral column
Regis (R,R) Whelko 5/100 Kromasil (4.6 X
150 mm, 5 pm, REGIS Technologies, INC).
Mobile phase A comprised of 0.1% acetic
acid in HPLC-grade water and the mobile
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phase B comprised of 0.1% acetic acid in
HPLC-grade methanol were used. Sample
volumes of 15 pL were injected onto the
column at a flow rate of 0.40 mL/min under
initial conditions of 55% mobile phase B,
which was maintained for 1 min, then
increased to 90% mobile phase B after 18 min
and up to 100% mobile phase B after 19 min.
100% mobile phase B was maintained until
20 min then decreased to 55% by 21 min and
held constant until 25 min for column
equilibration before the next injection. Under
these  chromatographic  conditions  the
retention time of synthetic standards of natural
(-)-PA and unnatural mirror-image form (+)-
PA were 13.0 min and 12.2 min, respectively.

Cortical neuronal cultures-Primary
cortical neurons were prepared from
embryonic E15-16 CD1 mice and cultured in
neurobasal media supplemented with B-27
and N2 (Invitrogen Canada) for 7 - 14 days
as previously described (20,24,25). Neurons
in these cultures are fully mature and are
responsive to glutamate induced
excitotoxicity. Briefly, hemispheres were
explanted and cleaned free of meninges.
Mechanical and enzymatic dissociation in a
0.025% wi/v trypsin solution for 25 min
followed. A trypsin inhibitor was then added
to block the enzyme and 0.05% w/v DNase
was added to remove DNA from dead cells. A
series of trituration and mild centrifugation
steps were included to disperse the neurons
prior to resuspension in medium, and to
remove undissociated debris prior to plating.
Cells were plated onto 24-well plates
containing poly-L-lysine coated coverslips at
a density of 6 x 10° cells per well. Cultures in
100 mm dishes were seeded with 2 x 107 cells
in 10 ml of culture medium. Cells were
incubated at 37 °C.

Neuronal viability assay-After 7
days-in-vitro, cortical neurons were treated
with ABA for 15 min prior to the addition of
100 uM NMDA at 37 °C. The plates were
then incubated for up to 24 h at 37 °C.
Untreated cells were also included as controls.
At the end of the treatment period, cells were
either fixed for staining or subjected to a
neuronal viability assay using Alamar Blue
(Invitrogen).  Stained cells were examined
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under a fluorescent microscope (Carl Zeiss,
AX10 vert 200M), and digital images were
taken and analyzed using Image J software
(http://rsbweb.nih.gov/ij/). The viability of
cortical neurons treated with glutamate, and
with or without ABAs as mentioned, was
assayed using an Alamar Blue assay
(Invitrogen).  Briefly, a 1:10 dilution of
Alamar blue was added to cells for 1 h at
37 °C. The medium was removed and read in
a 96-well plate using a plate reader with AEx
= 530 nm and AEm = 590 nm. Triplicate
readings were obtained per experiment with
three independent repeats.

Ratiometric measurement of [Ca?']i
using Fura-2--A ratiometric measurement of
[Ca*]i was performed using Fura-2 AM
(25,33). Briefly, mouse cortical neurons at 7
days-in-vitro on glass coverslips were loaded
with 5 uM Fura-2-AM (Molecular Probes,
Eugene, CA) plus 0.02% pluronic (Molecular
Probes, Eugene, USA) for 30 min at 37 °C.
After rinsing with PSS Mg* free buffer
containing 2 mM HEPES (pH 7.2), 140 mM
NaCl, 5mM KCI, 2.3 mM CaCl,, and 10 mM
glucose, stabilized in the same buffer for 5
min, Fura-2 intensities were measured using a
Northern Eclipse Digital Ratio Image System
(EMPIX, Mississauga, ON) with an Axiovert
200 camera and light source (Zeiss,
Thornwood, NY). Fura-2 fluorescence was
measured at 510 nm emission with 340/380
nm dual excitation selected by a DG-5 system
(Sutter Instrument Company, Novato, CA).
[Ca?i concentration was represented by the
ratio of florescence intensities between the
two excitation wavelengths of R340/380 of
Fura-2 after a correction for background. The
R340/380 for 10 cells in one field of each
coverslip was averaged. The basal level of
[Ca?i was recorded for 20 sec, followed by
the application of inhibitors and ABAs.
Glutamate (100 pM) was dissolved in PSS
buffer and was added to cortical neurons.
[Ca?i was recorded for 60 - 100 sec. After
washing with PSS buffer for 300 sec, PSS
buffer containing 45 mM KCI was added to
neurons to record changes in [Ca®]i for 60
sec to show the viability of the neurons. All
measurements were repeated for at least 3
times. The data was analyzed using Microsoft
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Excel and presented as the mean of three
experiments.

Whole-cell electrophysiological
recordings-Whole-cell patch-clamp
recordings were carried out at room
temperature (22-25°C) using an Axopatch
700A  patch-clamp  amplifier ~ (Axon
Instruments, Inverurie, Scotland). Data
acquisition was achieved using a DigiData
1322A with pClamp 9.0 software. The
acquisition rate was 10 kHz and signals were
filtered at 5 kHz. Patch electrodes were pulled
with a Flaming/Brown micropipette puller
(Sutter Instruments, Novato, CA) and fire-
polished. The recording electrodes had a
resistance of 4-6 MQ when filled with
different internal solutions. For the voltage-
clamp recordings, the capacity transients were
cancelled using the resistance capacitance
circuit within the amplifier. After the
formation of whole-cell configuration, access
resistances were generally <15 MQ. Series
resistance compensation was set to 70%—90%.
The  liquid junction  potential  was
approximately 2 mV and was auto-adjusted
each time by pipette offset. To record
NMDA/AMPA-activated currents, the
external solution [(containing (mM): NaCl
150, KCI 5, CaCl, 0.2, glucose 10 and HEPES
10, pH adjusted to 7.4 with NaOH)] and the
pipette solution [containing (mM): KCI 140,
MgCl, 2.5, HEPES 10, EGTA 11, ATP 5, pH
adjusted to 7.3 with KOH] were used. For
voltage-clamp recordings, the membrane
potential was held at =70 mV, unless noted
otherwise. Drug solutions were prepared in
extracellular solutions and applied to neurons
by pressure using the 8-Channel Focal
Perfusion System (ALA  Scientific
Instruments, Farmingdale, NY). Neurons
were bathed constantly in extracellular
solution between drug applications. Drug
solution exchange was accomplished by
electronic control.

Patch-clamp data was processed
using Clampfit 9.0 (Axon Instruments) and
then analyzed in Origin 7.5 (OriginLab,
Northampton, MA). The dose-response curve
was fitted to the logistic equation: y=(Al-
A2)/[1+ (x/x0 )p]+A2, where y is the response,
Al and A2 are the maximum and minimum
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response, respectively, x0 is the concentration
corresponding to half-maximal effect, x is the
drug concentration, and p is the Hill
coefficient.

Indirect immunofluorescence staining
and confocal microscopy-The procedures for
indirect immunofluorescence
immunocytochemistry  were exactly as
described  previously (20,22). Mouse
monoclonal antibody to PA was a kind gift
from Prof E.W. Weiler (Department of Plant
Physiology, Ruhr-University ~ Bochum,
Germany) as previously described (12,34).
The antibody to PA was diluted with distilled
water to 0.2 mg/ml and used at a 1:50 dilution.
The primary antibody was incubated with the
tissue section in a humidified chamber
overnight at 4°C. Sections were then washed
3 times with 10 mM PBS for 10 min and
incubated with a rhodamine-conjugated
secondary antibody (Invitrogen, Carlshad, CA,
USA) at a concentration of 1:5000 diluted in
antibody buffer for 1 h at room temperature.
For double immunostaining, after washing
with PBS, primary antibodies to CD31, Ibal,
MAP2, GFAP, NeuN (see Table 1) were
incubated with the section at room
temperature for 1 h. Fluorescein-conjugated
anti-rabbit or goat secondary antibody against
these marker proteins (listed in Table 1) were
incubated with the section for 1 h at room
temperature.

Sections were then washed 3 times in
10 mM PBS for 10 min, mounted with Dako
fluorescent mounting media, spiked with 2
pg/ml Hoechst 33258 (Sigma, Toronto, ON,
Canada) to counter stain nuclei. Some
sections omitted the primary antibody
incubation as a negative control. Confocal
imaging was carried out on an Olympus
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Fluoview FV1000 confocal laser scanning
microscope  (Olympus, Markham, ON,
Canada). Imaging was performed with a 20 X
or 40X objective.

Tissue laser-capture microdissection-
Laser-capture microdissection was conducted
with a Laser Microdissection Leica LMD6
system (Leica microsystems), using 10
infrared and two ultraviolet pulses. Areas of
interests were dissected successively from the
same brain slide, all cells from the same
region being pooled in a single LCM colleting
tube. Cells were lysed immediately after
dissection and stored at —20°C before
UPLC/MS/MS analysis.

Infusion of (-)-PA and (-)-PA
antibody into the brain ventricles-Mini-pumps,
with an infusion rate of 1.0 pl/hr and a
reservoir with up to 3 days delivery capacity
(Alzet 1003D) (DURECT Corporation,
ALZET Osmotic Pumps, Cupertino, CA)
were loaded with (-)-PA (50 mg/ml) or 100%
saline (placebo) as described (35). The
pumps were submerged in 0.9% sterile saline
solution at 37 °C overnight in order to prime
them so that (-)-PA was delivered
immediately after implantation. Mini-pumps
were pre-implanted subcutaneously in the
back immediately before the MCAO surgery.

Data analysis-Data was analyzed
using Microsoft Excel and Prism 5.0.
Statistical significance was determined either
by a paired t-test or by one way ANOVA and
the significant group was determined using a
post hoc Tukey’s test. P < 0.05 was
considered statistically significant.
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FOOTNOTES

T Current address: Dr. Suzanne Abrams, Saskatchewan Structural Sciences Centre, Rm 190
Thorvaldson Building, 110 Science Place, University of Saskatchewan, Saskatoon, SK S7N 5C9,
Canada

The abbreviations used: ABA, abscisic acid; DPA, dihydrophaseic acid; ABAGE, abscisic acid
glucose ester; PA, phaseic acid, 7'OH-ABA, 7'-hydroxy-abscisic acid; neo-PA, neo-phaseic acid;
cis-ABA, cis-abscisic acid; trans-ABA, trans-abscisic acid; DW, dry weight; NMDA, N-
methyl-D-aspartic acid; CSF, cerebrospinal fluid; LPS, lipopolysaccharides; MCAO, middle
cerebral artery occlusion; TTC, 2,3,5-triphenyltetrazolium chloride.

FIGURE LEGENDS

FIGURE 1. Identification and characterization of PA in rodent brains. Chemical structures of
(+)-PA and (-)-PA are shown in (A). Near baseline enantioseparation of PA in standard solutions
was achieved by a gradient elution mode as described in the Material and Methods section. Brain
and blood samples were run on the UPLC/MS/MS using a chiral column and chromatography
then compared to that of known standards shown in (B). Spiking experiments of brain and blood
samples with known amounts of standards were also performed to confirm that only naturally
occurring (-)-PA is present in mouse (B,C) and rat (D) tissues.

FIGURE 2. (-)-PA is endogenously produced in the brain. Mouse brain tissue, blood and mouse
food pellets were collected, freeze-dried and subjected to UPLC/MS/MS as described in the
Methods section. PA, ABA and its metabolites from mouse brain tissue (A), blood (A) and mouse
food pellets (B) were quantitatively determined against dry tissue weight (DW). ** indicates
statistical significance (P < 0.01 by paired t-test; n = 4 for blood; n = 15 for brain tissues). Both (+)-
ABA and (-)-ABA at a dose of 45 mg/kg each were injected into mouse vein. After 2 h and 5 h,
brains were collected to determine the level of PA and other ABA metabolites in the brain as shown
in panel C. Data represents the mean + SEM, ** indicates statistical significance (P < 0.01 by
paired t-test; n = 3).

FIGURE 3. The presence of PA in the choroid plexus and vascular endothelial cells.
Immunofluorescent staining with a monoclonal antibody to PA under a confocal microscope showed
a clear PA positivity in the choroid plexus in the cerebral ventricles (red colour, arrows in A and B).
Double immunofluorescent staining of PA (red colour) with TTR (yellow in merged image of green
with red color in B’), DAPI (C; blue colour), CD31 (D; green colour), lectin (G; green colour),
PDGFRP (J; green colour), GFAP (K; green colour), NeuN (L; green colour), and microglia (M; red
colour) were performed. PA immunostaining was co-localized with those of CD31 and lectin,
indicating that PA is expressed by endothelial cells. PA did not show co-localization with pericytes
which surrounds the microvessels, nor with astrocytes, microglia and neurons. Scale bars = 50 pum.

FIGURE 4. Cerebral ischemia elevates the level of (-)-PA in the CSF and brain. (A): schematic
diagram of MCAO model. The middle cerebral artery was occluded for 1 h and followed by up to
24 d reperfusion. Blood and brain tissues were collected at 2 h, 6 h, 24 h, 6 d and 24 d after
reperfusion. CSF was collected after 24 h reperfusion. Samples were subjected to UPLC/MS/MS
analysis. (B): Panel shows the elevated (-)-PA level in both the ipsilateral and contralateral side of
the ischemic brain. Rat brains were collected after 24 h reperfusion and fold of induction of (-)-
PA was determined and presented in (C). CSF and blood were taken after 24 h reperfusion from
MCAO rats and the concentration changes were shown in (D). Data represents the mean + SD, **
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indicates P < 0.05, *** indicates P < 0.01 (one way ANOVA with Tukey’s post hoc analysis; n =
5).

FIGURE 5. MCAO elevated (-)-PA level in the non-ischemic tissue. An example of coronal
section of the ischemic brain is shown in (A). Numbers in the square boxes on (A) indicates areas
of interests. PA immunostaining omitting the primary antibody was performed to show tissue
specificity (B). The expression of PA in sham-operated mouse brain (C) and ischemic brain (D-1)

were examined under a fluorescent microscope. Lectin was labelled as green fluorescence in D, G.

Co-localization of lectin with PA is shown in panel I. Laser capture microdissection was used to
obtain tissues from areas of interests as indicated in (A). These samples were subjected to
UPLC/MS/MS analysis to detect (-)-PA levels. Data represents mean + SEM, ** indicates P <
0.05 compared to area 2 of tissues from the infarct core (one way ANOVA with Tukey’s post hoc
analysis, n = 5).

FIGURE 6. Reversible inhibition of NMDA receptors by (-)-PA. Ratiometric calcium imaging
(A): Cultured cortical neurons on glass cover slips were loaded with Fura-2AM for 30 min
followed by washing with PSS, or HBSS buffer. (-)-PA at the indicated concentrations was added
to neurons. Fura-2 fluorescence from more than 10 selected neurons was measured for up to 30
min. After wash with PSS, or HBSS buffer, NMDA with or without (-)-PA at the indicated
dosage was loaded onto neurons. Addition of KCI showed a large [Ca2+]i, confirming that these
neurons were functional cells. Changes in calcium were measured by converting the 340/380 ratio
of Fura-2 florescence (after correction for background) as described. Data obtained from at least
three independent experiments (n = 20 cells) were averaged and plotted (B). Representative
NMDA currents activated by 50 uM NMDA plus 1 mM glycine and their inhibition by 100 and
1000 uM (-)-PA (C and D). (-)-PA was first applied for 30 s, and then simultaneously applied
with NMDA. Membrane potential was clamped at 270 mV. Panel E shows (-)-PA concentration-
response relationship for inhibition of NMDA currents activated by 50 pM NMDA plus 1 uM
glycine. Concentration-response curve was fitted by the logistic equation, with the IC 50 of 35.4

% 1.5 uM and a slope factor of 0.96 = 0.3 (n = 10). Data in E represents the average of 10 neurons.

Data represents the mean + SEM, ** indicates P < 0.05 compared to NMDA group in (B) using
one way ANOVA with Tukey’s post hoc analysis, n = 20.

FIGURE 7. (-)-PA protects cultured cortical neurons against glutamate toxicity and reduces
ischemic brain injury. Neuronal viability was assessed using Alamar blue assay. NMDA at 100
UM reduced cellular viability to 40% compared to the untreated control (A). (-)-PA alone has no
toxicity to neurons (A). Adding (-)-PA to NMDA treated neurons significantly protected cells
from death (B). DAPI staining of cellular nuclei is shown in C. Data represents the mean + SEM,
** indicates P < 0.05, (one way ANOVA with Tukey’s post hoc analysis; n =5). (D - F): (-)-PA
protects mouse brain from MCAO-induced damage. Mice were subjected to 1 h MCAO and 24 d
reperfusion as described in the Methods section. Osmotic pump was pre-implanted before
MCAO surgery to deliver (-)-PA into the ischemic side of the brain ventricle as described in the
Methods section. (-)-PA was also delivered to non-MCAO mice serving as a control. (D): Mice
survival rate was plotted. (-)-PA itself, or administered into MCAO mice, did not alter
significantly the survival rate, as this MCAQO model has very low death rate to begin with. Brain
slices were stained with TTC, soluble TTC was extracted and measured using a
spectrophotometer (E). Quantification of TTC staining showed a significant reduction in brain
infarction compared with the vehicle-treated mice (E; *P < 0.05; paired t-test; n = 11).
Neurological deficit scores were also measured at 0.5 h, 6 d and 24 d after MCAO and
reperfusion (F). Data represents the mean + SD and * indicates P < 0.05 by paired t-test, n = 11
for 0.5d and 6 d MCAO groups and the PA-no-MCAO group. n = 10 for the 24 d group).
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FIGURE 8. Reduction of (-)-PA level exacerbates brain injury in MCAO mice. Mice were
subjected to 1 h MCAO and 24 h reperfusion as described in the Methods section. Osmotic pump
was pre-implanted before MCAO surgery to deliver PA monoclonal antibody into the ischemic
side of the brain ventricle as described in the Methods section. TTC staining of brain slices are
shown in (A). The infarct areas are highlighted with dotted lines (A). The infarct volume at 24 h
reperfusion was quantified and shown in (B). Infusion of PA monoclonal antibody significantly
increased infarct volume compared with vehicle (saline)-infused ischemic brain. The neurological
deficit scores (C) and forepaw pulling strength (D) were also measured and compared amongst

the three groups (A: PA without MCAO; o:PA Ab with MCAO, and [ll: no PA Ab with MCAO).

(E): A sample of ischemic brain coronal section highlighting areas of interests. Fluorescent
double immunohistochemical staining of ischemic mouse brain infused with PA antibody showed
reduced PA immunofluorescence (red colour) both in the ischemic core (F) and the surrounding
penumbra (G). Blood vessels were stained with lectin (green colour). For comparison with a
control group lacking of PA antibody treatment, please see Fig 5 D, E, F. To confirm this, brain
tissues were laser microdissected out from areas 1, 2 and the contralateral side (labelled as right)
for UPLC/MS/MS quantification of (-)-PA levels (H). (-)-PA level was significantly reduced in
the ischemic side of the brain surrounding the core. Data represents the mean £ SD and **
indicates P < 0.01 by paired t-test, n = 5). n.s. = non-significant with P = 0.2, one way ANOVA
with Tukey’s post hoc analysis.

FIGURE 9. Known metabolic pathways of (+)-ABA in plants. The principal oxidative pathway
of natural (+)-ABA (1), mediated by cytochrome P-450 monooxygenases, occurs through
hydroxylation of the 8’-methyl group resulting in 8’-hydroxyABA (2), which rearranges to PA
(3). Further enzymatic reduction of PA leads to DPA (4). Other metabolic steps include
hydroxylation of the 7° and 9’-methyl groups of the ABA ring as well as the conjugation of
glucose esters (ABAGE, 5). In plants, Trans-ABA (6) is a product of isomerisation of natural
ABA under UV light. The unnatural mirror-image form of PA (7) may also occur as a result
from the feeding of unnatural (-)-ABA.
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