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Summary

We previously discovered that palmitic acid methyl ester (PAME) is a potent vasodilator first
identified and released from the superior cervical ganglion and remain understudied. Thus, we
investigated PAME’s role in modulating cerebral blood flow (CBF) and neuroprotection after 6
minutes of cardiac arrest (model of global cerebral ischemia). Our results suggest that PAME can
enhance CBF under normal physiological conditions, while administration of PAME (0.02 mg/kg)
immediately after cardiopulmonary resuscitation can also enhance CBF /in vivo. Additionally,
functional learning and spatial memory assessments (via T-maze) 3 days after asphyxial cardiac
arrest (ACA) suggest that PAME-treated rats have improved learning and memory recovery versus
ACA alone. Furthermore, improved neuronal survival in the CAL region of the hippocampus were
observed in PAME-treated, ACA-induced rats. Altogether, our findings suggest that PAME can
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enhance CBF, alleviate neuronal cell death, and promote functional outcomes in the presence of

ACA
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1. Introduction

Cardiopulmonary arrest (CA) remains one of the leading causes of death and disability in
the U.S. affecting more than 350,000 patients/year[1]. Risk factors for CA includes
smoking, coronary heart diseases, high blood pressure, high blood cholesterol, obesity, and
diabetes[2], while coronary artery disease is thought to be the leading risk factor for CA[3].
The major therapeutic challenge of CA is the inherent whole-body ischemia that causes
disruption of cerebral blood flow (CBF), known as hypoperfusion (indicative of depressed
CBF). This prolonged hypoperfusion last from hours to days following CA, and is believed
to be the major contributor to brain injury and neurological deficits [4, 5]. Thus, CA
survivors suffer cognitive dysfunction varying from mild neurological deficits to a more
severe vegetative state[6-8] indicating that development of novel therapies to alleviate
hypoperfusion after CA can provide therapeutic benefits against CA[5].

Numerous studies have suggested that dietary consumption of unsaturated fatty acids (with
one of more double bonds, i.e. docosahexaenoic acid) can increase blood high-density
lipoprotein reducing the risk of coronary artery disease (i.e. atherosclerosis) and CA[9, 10].
This is contrary to the consumption of saturated fatty acids (fatty acids with predominantly
single bonds between carbon molecules) increasing blood low-density lipoprotein (i.e.
cholesterol) resulting in coronary heart disease and CA[11]. Thus, replacement of dietary
saturated fats with unsaturated fatty acids reduces the risk of CA. Although saturated fatty
acids are traditionally considered as *“a detrimental” class of fatty acids causing CA, we
previously identified palmitic acid methyl ester (PAME), a C16:0 saturated fatty acid,
released from the superior cervical ganglion (SCG, the largest cervical ganglion innervating
cerebral arteries and brain regions)[12-15], is a novel and potent vasodilator[12]. Direct
application of PAME onto the rat/rabbit thoracic aorta caused potent vasodilation
(EC50=0.19 nM) more potent than nitric oxide (NO) donors such as sodium nitroprusside
(EC50=34.8 nM), and other vasoactive peptides such as vasoactive intestinal peptide
(ECs0=7 nM) [12, 16-18]. Since a vasodilatory response in cerebral arteries generally
enhance CBF[5], PAME’s potent vasodilatory property may have a potential role in the
regulation of vessel tonicity and brain circulation in the context of CA-induced
hypoperfusion.

We sought to investigate the neuroprotective effects of PAME on asphyxial cardiac arrest
(ACA, an animal model of CA)-induced hypoperfusion and subsequent brain injury. We
found that: 1) PAME enhanced cortical CBF under normal and pathological conditions (i.e.
ACA). 2) Post-treatment of PAME after oxygen-glucose deprivation or ACA inhibited
neuronal cell death in the CAL region of the hippocampus. 3) Learning/memory deficits can

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hui-Chao Lee et al. Page 3

be observed 3 days after ACA, while post-treatment of PAME alleviated ACA-induced
learning/memory deficits. Our findings suggest that PAME is a novel vasoactive substance
that can enhance post-resuscitation CBF, all-the-while protecting neurons promoting
functional learning/memory after ACA.

2. Materials and Methods

2.1. Chemicals

PAME (P5177, Sigma-Aldrich, St. Louis, MO) was dissolved in 100% ethanol (E7023,
Sigma-Aldrich, St. Louis, MO) and diluted with prewarmed (37°C) sterile saline (final
ethanol concentration of 0.0026%) to required concentrations for injection. For laser
Doppler flowmetry (LDF) experiments, PAME/Vehicle (0.0026% ethanol) were injected
every 10 mins for 40 mins via the femoral vein (IV, 500 pl total injection volume) with a
final dose of 0.9 pg/kg. We repeatedly injected PAME in LDF experiments to study the
effects of PAME on CBF and systemic blood pressure during normal physiological
conditions. For ACA, animals received a single bolus injection of PAME at 0.02 mg/kg
intraperitoneally (IP) immediately after ACA/sham surgery. Furthermore, PAME’s
vasodilatory effects caused a slightly decrease mean blood pressure (MABP) by ~10 mmHg.
Based on our past experiences, this slight decrease in MABP after resuscitation as presented
with 1V injection of PAME prolonged the time to return to spontaneous circulation (ROSC)
and may not aid in achieving ROSC readily. Importantly, achieving ROSC in a timely
fashion can result in more favorable functional outcomes (i.e. enhanced CBF, less pathology,
better neurological outcomes). Thus, IP injection was chosen in the present study.

2.2. Animal Preparation

All animal experimental procedures were approved by the Institutional Animal Care and Use
Committee (Louisiana State University Health Sciences Center in Shreveport and West
Virginia School of Osteopathic Medicine in Lewisburg). Adult male Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA) weighing 270-350 grams were housed for 1
week at the Louisiana State University Health Sciences Center Shreveport’s animal facilities
and fasted overnight before surgery[5, 19]. Anesthesia was induced with 4% isoflurane and a
30:70 mixture of Oy and N,O respectively, followed by endotracheal intubation. Normal
respiration was maintained with a ventilator (VentElite Small Animal Ventilator Harvard
Apparatus, Holliston, MA). After endotracheal intubation, isoflurane was reduced from 4%
to 1.5%. The right femoral artery and vein were cannulated using a single-lumen (PE-50)
catheter for the monitoring of mean arterial blood pressure (MABP), arterial blood gas
analyses, glucose assessment, and IV injection of drugs. The rats were immaobilized with
either rocuronium bromide (LDF experiments, 6.7 mg/kg, 1V every 15-20 minutes) or
vecuronium bromide (ACA experiments, 0.67 mg/kg, IV every 10 minutes) throughout the
experiments[4, 20]. Head and body temperatures were continuously maintained at 36.5—
37.3°C using heating pads and lamps.

2.3. LDF

The rat was placed on a stereotaxic frame after anesthesia. A longitudinal midline incision
over the head was made exposing the scalp using microsurgical tools. A 2 mm? thinned skull
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was drilled at the left frontoparietal cortex (1 mm lateral to the bregma) under constant
irrigation with sterile saline to avoid overheating. To monitor CBF, the LDF fiber-optic
probe (1 mm?2) was placed on the thinned-skull window. Regional cerebral blood perfusion
in a 1 mm3 tissue region was measured with a sampling frequency of 2 Hz via a PeriFlux
4001 Master laser Doppler blood perfusion system (Perimed, Jarfalla, Sweden) and analyzed
with acquisition software (Perisoft for Windows, Jarfalla Sweden). PAME (0.9 pg/kg), or
ethanol (0.0026%) were injected 1V every 10 minutes for 40 minutes with continuously
monitoring CBF and MABP (Fig. 1). The CBF was presented as peak blood flow values
during the 10-minute drug injection. Baseline CBF was defined as CBF 40 minutes prior to
drug injections.

After anesthesia, endotracheal intubation, and femoral artery/vein catheterization,
vecuronium bromide (0.67 mg/kg, 1) was administered every 10 mins throughout the
surgery to immobilize the rat. To induce ACA, asphyxia was initiated by disconnecting the
ventilator from the endotracheal intubation tube. Cardiopulmonary resuscitation was
initiated 6 mins after asphyxia by administering bolus 1V injections of epinephrine (0.005
mg/kg) and sodium bicarbonate (1 meq/kg) followed by mechanical ventilation with 100%
05, at 80 breaths/min. Manual chest compressions (200/min) were performed until the
MABP reached 60mmHg. PAME (0.02 mg/kg) was administered IP immediately after
resuscitation. Control/sham animals received similar surgical procedures without the
induction of asphyxia and ischemia.

2.5. Laser speckle contrast imaging (LSCI)

The rat was placed on a stereotaxic frame after anesthesia. A longitudinal midline incision
over the head was made exposing the whole scalp using microsurgical tools. A 10 mm
diameter circular cranial window was drilled at the frontoparietal cortex (1 mm lateral to the
bregma) under constant irrigation with sterile saline to avoid overheating. Regional CBF 30
mins before (served as baseline CBF) and 24 hrs after ACA/sham was measured[21]. To
measure CBF, the PeriCam PSI laser apparatus (Perimed, Jarfalla, Sweden) was placed 10
cm above the cranial window. Brain tissue was illuminated by a 785 nm laser for blood
perfusion measurements. Regional perfusion was recorded for 5 min and calculated based on
pixel intensity.

2.6. Oxygen Glucose Deprivation (OGD)

Organotypic hippocampal slices were obtained from postnatal day 9-12 and were
maintained for 12—14 days /n vitro prior to experimentation as previously described[22]. In
brief, rats were anesthetized by intraperitoneal injection of ketamine (1.0 mg, ~80 to 100
mg/kg) and xylazine (0.1 mg, ~10mg/kg) and the brains were rapidly removed. Transverse
slices (400 um) were dissected from the hippocampi and placed in Grey’s balanced salt
solution that was supplemented with 6.5 mg/ml glucose at 4°C. Slices from two rat pup
hippocampi will be placed onto one membrane insert that is 30 mm diameter (Millicell-CM,
Millipore). Individual inserts will be placed into a six-well culture dish containing 1 mL per
well of culture medium (50% MEM, 25% HBSS, 25% heat-inactivated horse serum
supplemented with 6.5 mg/mL glucose, and 1 Mm glutamine). The slice cultures will be
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maintained at 37°C, in 5% CO,. To simulate ischemia, cultures were exposed to 45 min of
oxygen and glucose deprivation (OGD) as previously described[22]. Organotypic slices were
washed three times with glycemic Hank’s Balanced Salt Solution (in mM: 1.26
CaCly*2H,0; 5.37 KCI; 0.44 KHoPOy; 0.49 MgCly; 0.41 MgS0O,4¢7H,0; 136.9 NaCl; 4.17
NaHCOs3; 0.34 NagHPO,4+7H50; 15 sucrose; pH 7.4) and exposed to an oxygen free
environment (90% nitrogen, 5% hydrogen, and 5% CO», 37°C) using a Biospherix C-
Chamber (Parish, NY, USA). Slices were treated after OGD with vehicle or PAME (100 nM)
for 1 hour. Organotypic hippocampal cell death was determined by propidium iodide (PI)
staining, where slices were incubated in culture medium supplemented with 2 pg/mL of Pl
for 1 hour prior to imaging. Micrographs of the organotypic slice PI staining were captured:
(1) baseline prior to treatment, (2) 24 hours after lethal ischemia or sham procedures to
assess neuronal damage, and (3) 24 hours after a 1-hour treatment with N-methyl-D-
aspartate (NMDA; 500 uM) to determine maximum neuronal cell death. Fluorescence
images were obtained using a 1.4-megapixel Peltier cooled fluorescent CCD camera and
were digitized using 1S Capture software (AM Scope, Irvine, CA, USA). Percentage of
relative optical intensity was used as an index of cell death using Image-J (NIH).

2.7. Immunohistochemistry and Histopathology

For detail methods on histopathology of hippocampal slides, pleases see Lin.HW et al.,
2015[20]. Animals were sacrificed 7 days after ACA because ACA-induced neuronal cell
death occurred 3-7 days after the onset of ischemia[4]. Animals were perfused with
physiological saline (0.9% for 2 min), following a mixture of 36% formaldehyde, glacial
acetic acid and methanol (1:1:8, FAM) for 15 min at a constant pressure of 110-120 mmHg.
The head was removed and immersed in FAM overnight at 4°C immediately after perfusion.
Brain tissue was then removed from the skull, processed in a tissue processor (Leica
ASP300S, Wetzlar, Germany), and embedded in paraffin (Leica EG1150, Wetzlar,
Germany). Coronal sections (6 um thickness) were cut using a microtome blade (VWR,
Radnor, PA) on a rotary microtome (Leica RM2245, Wetzlar, Germany). Brain slices were
collected at 100 um intervals and placed on a glass slide (M1000W StatLab, McKinney,
TX), paraffin was removed by incubating overnight in an oven at 60 °C. Slides were stained
with hematoxylin and eosin (H&E) (ThermoFisher, Waltham, MA). Neuronal cell death was
assessed via morphological changes, including severe cellular shrinkage, cytoplasmic
eosinophilia, pyknotic triangular-shaped nucleus with dark basophilic staining, and
eosinophilic staining nucleolus[23]. In a separate set of experiments, brain slices were
stained with 0.0004% Fluoro-Jade C (FJC) (AG325, Millipore, Burlington, MA) and co-
stained with DAPI (TR-100-FJT, Biosensis, Thebarton, Australia) (to determine
degenerative neurons in the CA1 region of the hippocampus[24]. All investigators were
blinded to the study. The entirety of the CA1 region was counted along the medial to the
lateral extent of the hippocampus. CA1 normal neurons and FJC-postive neurons were
manually counted from 4 different slides at 40X magnification (Leica aperio versa, Wetzlar,
Germany) using ImageScope software (Leica, Wetzlar, Germany). Rats were excluded from
immunohistochemistry study if their hippocampus contained no dead neurons (due to animal
variability) or FJC-positive neurons indicating that ACA failed to cause sufficient brain
injury. According to the above-mentioned criteria: 1 out of 7 ACA-treated animals was
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excluded from H&E staining study, while 3 out of 7 ACA-treated and 3 out of 8 ACA
+PAME-treated animals were excluded from FJC staining study.

2.8. Behavioral Trials (T-Maze)

A modified spontaneous alternation protocol[25, 26] with exclusion criteria[4] was used to
investigate the neuroprotective effects of PAME on ACA-induced learning/memory deficits.
The T-maze apparatus was constructed from a 3-dimensional printer 51 generation
Replicator (Makerbot, New York, NY) using black polylactic acid filament. The outside
dimensions of the T-maze are as follows (cm): Goal arm (X2): 50 X 10, Start box/arm: 50 X
16, Central partition: extend 10 into start box, Wall height: 30[25]. These dimensions are
modified based on the Deacon et al., 2006 protocol paper[25]. Rats were handled for 5 mins
in a dimly light room one day prior to ACA or sham surgery to acclimate to human touch. 3
days after ACA/sham surgery, rats were transfer into a dimly illuminated room for 10 min to
allow for acclimatization. The rat was then placed at the start area in the beginning of the
trial to explore either right or left goal arm (first run). The investigator gently blocks the
opposite door immediately after the rat selected one of the goal arms (this criterion is
considered when all four paws of the rat have entered the goal arm). The rat was allowed to
stay in the goal arm for 30 sec. The investigator then gently placed the rat back at starting
area again. Allow the rat to choose between left and right goal arms once again (second run,
end of first trial). Rats performed 2 trials/day at 20 mins intervals for 3 days. Each trial
contains 2 separate runs with a time limit of 2 mins/run. A thin layer of cage bedding (1 cm
thick) placed on the maze floor was changed between trials to remove scent bias. The T-
maze was wiped clean thoroughly with 70% ethanol and distilled water at the end of
experiments. Spontaneous alternation was calculated as the number of alternations (defined
as the rat chose the novel arm on the second run) divided by the total number of trials (6
trials with 12 runs). Side bias ratio was calculated as the total number of choices for the
overall preferred side (right or left) divided by the total number of runs (12 total).

2.9. Statistical Analysis

Results were expressed as means + S.E.M. Statistical analysis were evaluated by linear
mixed models: fixed effects (for LDF and blood pressure studies) and one-way ANOVA
(Tukey’s post-hoc test) as appropriate with SPSS (Chicago, IL). p<0.05 level of probability
is accepted as significance.

3. Results

Physiological parameters

For physiological parameters please refer to Tables 1-5. Higher PCO, after resuscitation was
due to inadequate ventilation during ACA, while lower pH after resuscitation was associated
with slight acidosis after ischemia. Elevated PO, and/or MAP after resuscitation were due to
increased ventilation rate (60 to 80 breaths/min), delivery of 100% O,, and administration of
epinephrine (0.005 mg/kg) during resuscitation.
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Exogenous administration of PAME in vivo enhanced cortical CBF without affecting MABP
under normal physiological conditions.

We first measured CBF via LDF to define the physiological importance of PAME on
cerebral circulation during normal physiological conditions. Results from LDF indicates that
CBF from rats-treated with Vehicle (0.0026% ethanol) was unchanged during the 40-min
recording as compared to baseline CBF, while repeatedly 1V bolus injection of PAME (0.9
pa/kg) in the rats significantly enhanced cortical CBF, as compared to rats-treated with
Vehicle (0.0026% ethanol) (Fig. 1A). Furthermore, repeatedly 1V bolus injection of Vehicle
(0.0026% ethanol) or PAME (0.9 pg/kg) had no influence on MABP (Fig. 1B). These results
suggest that PAME as a vasodilator can enhance CBF /n vivo under normal physiological
conditions.

PAME can enhance CBF after ACA

We further studied the impact of PAME on CBF regulation in pathological condition such as
ACA. CBF 24 hours after ACA was investigated via LSCI. Rats received a bolus injection
(IP) with PAME/Vehicle immediately after ACA. Post-treatment of PAME immediately after
ACA (denoted as: ACA+PAME) significantly enhanced cortical CBF (21.07%+1.02%) 24
hours after ACA suggesting that PAME can alleviate ACA-induced hypoperfusion (Fig.2).

Post-treatment of PAME enhanced neuronal survival in the CAl region of the hippocampus

after ACA

CA-induced hypoperfusion is one of the major contributors to neuronal cell death and
neurological deficits [5, 20, 27, 28]. Thus, augmentation of CBF after ACA can enhance
neuronal survival [4, 5, 20, 29, 30]. Since PAME can enhanced CBF after ACA (Fig. 2), we
investigated if PAME could reduce ACA-induced neuronal cell death via histopathological
analysis. Since ACA causes delayed neuronal cell death in the vulnerable CA1 region of the
hippocampus 7 days after the onset of ischemia[5, 27, 28, 31], hippocampal brain slices
were processed and stained with FJC and H&E 7 days after ACA/sham surgery for detection
of neurodegenerative and dead neurons, respectively. Our results from
immunohistochemistry suggest that ACA resulted in an increase in FIC-positive
(neurodegenerative) neurons (564.10+75.36) (Fig. 3), while ACA+PAME had alleviated
neurogenerative neurons (170.70+£10.24) in the CA1 region of the hippocampus (Fig. 3).
Additionally, our histopathological analysis indicated the number of normal neurons in the
CAL region of the hippocampus in ACA animals (492.30+95.65) was significantly lower as
compared to control (909.60+£20.16) (Fig. 4) and ACA+PAME-treated animals.

PAME reduced neuronal cell death following in vitro OGD

Fatty acids have been reported to have anti-inflammatory effects against oxidative stress
[32]. It is unclear if PAME has additional neuroprotective effects other than CBF
modulation. We further utilized organotypic hippocampal slices coupled with OGD (an /n
vitro model of cerebral ischemia without CBF involvement) to investigate if PAME has any
neuroprotective properties independent of CBF modulation. Hippocampal slices were treated
with PAME or vehicle after OGD for 1 hr. Extensive neuronal cell death can be observed in
the hippocampus of vehicle-treated slices 24 hr after OGD (53.97%+2.76%), while post-
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treatment with PAME reduced neuronal cell death (23.20%+5.56%) (Fig. 5) suggesting dual
effects (independent of CBF modulation) of PAME in ischemic brain injury.

Post-treatment of PAME after ACA alleviated short-term memory deficits

Neurons in the CAL region of the hippocampus play an essential role in learning/memory
formation. Post-treatment of PAME (ACA+PAME) reduced CA1 neuronal cell death (Figs.
3 and 4) indicating that PAME can enhance functional learning/memory after ACA. We thus
utilized T-maze spontaneous alternation to study the effects of PAME on learning/memory
formation after ACA. Results from the T-maze study suggest that ACA-treated rats had
lower spontaneous alternation ratio (26.29%+4.87) and a higher side-preference ratio
(79.71%=5.81%) as compared to control (63.30%+6.47% and 55.00%+1.36%, respectively),
and PAME only-treated rats 56.50%6.17% and 64.93%+2.43%, respectively) (Fig. 6).
Interestingly, posttreatment of PAME reduced side-preference ratio (65.78%+2.33%), while
enhanced spontaneous alternation ratio (51.78%+4.05%) after ACA (Fig. 6) suggesting that
the PAME can enhance CBF, neuronal survival, and functional learning/memory after ACA.

4. Discussion and Conclusions

One of the major challenges of post-resuscitation care are derangements of CBF following
CA, which leads to brain injury and neurological deficits. CA-induced CBF derangements
are initiated by hyperemia (increase in CBF) followed by prolonged hypoperfusion.
Although hyperemia is thought to be involved in neuronal cell injury[33, 34], CA-induced
hypoperfusion lasting hours to days after ischemia plays a vital role in ischemia-mediated
neuronal cell death and neurological deficits (learning/memory)[34-37]. Thus, development
of novel therapies that can enhance CBF while counteracting hypoperfusion following CA is
greatly needed.

Cerebral blood vessels are tightly regulated by many vasoactive substances, where there is a
delicate balance among vasoconstriction and dilation factors[13, 38—41]. Of extreme
importance are the cerebral arteries densely innervated by perivascular nerves from the
sympathetic and parasympathetic out-flows of the autonomic nervous system[14, 38-42].
These nerves play a central role in vascular tone regulation by releasing neurotransmitters
either presynaptically on the same or neighboring nerves or postsynaptically on vascular
smooth muscle[13].

From the sympathetic chain, the SCG provides sympathetic out-flows to the brain
innervating cerebral arteries. We previously discovered a novel vasodilator, PAME, released
from the SCG. Since revival of CBF after CA has been shown to enhance neuronal survival
in the brain[5, 43], PAME’s vasodilatory properties offer potential therapeutic opportunities
in the treatment against CA-induced hypoperfusion and subsequent brain injury and
neurological deficits. In our previous publication, we have reported that pre-treatment of
PAME can enhance hippocampal CA1 neuronal survival after ACA. Additionally, we also
reported that posttreatment of PAME 2 hours after middle cerebral artery occlusion enhances
hippocampal CA1 neuronal survival [20]. Since assessment of neurological outcomes is the
primary endpoint in pre-clinical trials of anti-stroke/ischemia therapy, in the present study
we focused on the more valuable “post-treatment” paradigms of PAME in a clinically
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relevant global model of cerebral ischemia. Our findings suggest that post-treatment of
PAME alleviates ACA-induced hypoperfusion, neuronal cell death, and in particular
neurological deficits (i.e. learning/memory deficits).

We first used LDF to evaluate the role of PAME in regulating cortical microcirculation
during normal physiological conditions. We used multiple injections of PAME (0.9 pg/Kg
IV, every 10 mins) as presented in Fig. 1 to determine if PAME had an additive effect on
CBF. Although results from LDF indicate that PAME enhanced cortical CBF under normal
physiological conditions (Fig. 1), multiple injections of PAME had no additive effect on
CBF. We further utilized /n vivoimaging of regional CBF via LSCI to determine if PAME is
a novel CBF modulator against hypoperfusion after ACA. The dose (0.02 mg/Kg IP) of
PAME used in the present study was derived from our previous publication that PAME
caused maximum aortic vasodilation at 1 uM ex vivg[12], which is equivalent to ~ 0.02
mg/kg /n vivoin a 300 g rat (approximately 20 mL of blood by volume). Results from LSCI
suggest that PAME enhanced cortical CBF under pathological conditions such as ACA (Fig.
2), which suggests that PAME as a novel CBF modulator can alleviate ACA-induced
hypoperfusion.

One of the major disadvantages of the use of broad vasodilators in the treatment against CA
is their ability to dilate vessels in multiple vascular beds, which results in hypotension
during/after resuscitation. It is interesting to note that PAME had minimal influence on
systemic blood pressure under both normal and pathological conditions such as ACA (Figs.
1 and 2, Tables 1 and 2), which suggest PAME’s specific/unique mechanism of action on
cerebral vasculatures. Mechanisms underlying PAME-induced vasodilation remains to be
elucidated. However, it has been shown that voltage-gated potassium (Kv) channel blockers
(i.e. 4-aminopyridine and tetraethylammonium) concentration-dependently inhibited aortic
vasodilation elicited by PAME[44], which suggests that Kv channels on the smooth muscle
cells play an essential role in PAME-induced vasodilation. Since more than 40 Kv channel
subunits have been identified throughout the body, studies have shown that the diversity of
Kv channel expression can cause differential responses of Kv channels to different drugs/
stimulations[45-47]. This may explain PAME’s specific action on cerebral vasculatures, but
not peripheral arteries as we observed in the present study.

Since pial arteries give rise to smaller penetrating arterioles that, in turn, transport oxygen
and nutrient supplies down to the hippocampus[5, 48-50], CA-induced cortical
hypoperfusion mainly causes neuronal cell death in the vulnerable CA1 region of the
hippocampus[51, 52]. Results from LSCI indicate that PAME enhanced cortical CBF after
ACA, which suggest that PAME can protect CA1 neurons from ACA-induced ischemic
injury. Since hypoperfusion-induced delayed neuronal cell death occurs 3—7 days after the
initial ischemic insult[5, 27, 28, 31], PAME’s neuroprotective effects on CAL neurons were
further evaluated by H&E and FJC staining 7 days after ACA. Results from H&E and FJC
staining indicate that post-treatment of PAME immediately after ACA can alleviate neuronal
cell death in the CA1 region of the hippocampus, which suggest that revival of cortical CBF
by PAME after ACA can enhance neuronal survival in the CAL region of the hippocampus
(Figs. 3 and 4)[4, 5].
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It is unclear if PAME provides other non-vasodilatory-dependent neuroprotective effects
against cerebral ischemia. We thus utilized organotypic hippocampal slice cultures coupled
with PI staining to examine if PAME offers neuroprotection against ischemia in a CBF-
independent manner. Interestingly, results from oxygen-glucose deprivation (OGD) study
(an in vitro ischemia-reperfusion injury model) indicate that PAME reduced neuronal cell
death in the CAL region of the hippocampus following OGD (Fig. 5), which suggest that
besides enhancement of CBF, mechanisms underlying PAME-induced neuroprotection are
multifaceted, affording multiple routes (i.e. anti-apoptosis and anti-inflammation) for
neuroprotection.

Hippocampal CA1 neurons play a crucial role in learning/memory formation[53]. Thus, CA
survivors suffer from severe cognitive dysfunction including learning/memory deficits[6].
PAME alleviated hypoperfusion and CA1 neuronal cell death after ACA (Figs. 2, 3, and 4)
suggesting its possible therapeutic potentials in the treatment against ACA-induced learning/
memory deficits. We further utilized behavioral trials to evaluate the neuroprotective effects
of PAME on learning/memory deficits after ACA. The Morris water, Barnes, and T mazes
are the most widely used behavioral test to examine spatial learning/memory in rodents,
while the Morris water and Barnes maze are more prominent for measuring reference (long-
term) memory[54, 55]. Since ACA-induced neuronal cell death in the CAL1 region of the
hippocampus mainly results in working (short-term) memory deficits[56-58], we used the
spontaneous alternation T-maze test for assessing the impact of PAME on short-term
memory function after ACA[26].

ACA-treated rats with hippocampal injuries developed a side-preference[26]. Therefore,
their side-preference ratio was higher than control, and PAME only-treated rats (Fig 6). In
addition, the spontaneous alternation ratio in ACA-treated rats were lower than control, and
PAME only-treated rats (Fig 6) indicating that ACA-treated rats with memory deficits had
difficulties remembering earlier explored goal arms. Post-treatment of PAME decreased
side-preference ratio and enhanced spontaneous alternation ratio (Fig. 6) after ACA
suggesting that PAME can alleviate ACA-induced hippocampal injuries and memory
deficits.

In conclusion, CA remains one of the leading causes of death in U.S. suggesting that
development of novel therapies to efficiently enhance post-resuscitation survival rate and
functional outcomes is urgently needed. In the present study, we found that post-treatment of
PAME immediately after ACA can alleviate ACA-induced hypoperfusion and neuronal cell
death in the CA1 region of the hippocampus ultimately improving functional learning/
memory. To our knowledge, we are the first to describe that PAME, traditionally considered
as “a detrimental” class of fatty acids, can counteract CA-related brain injury. Our study will
offer novel insight to further our understanding of saturated fatty acids residing in the
brain/CNS as “beneficial” fatty acids in the treatment against cerebral ischemia.
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Highlights
. We previously discovered palmitic acid methyl ester (a C16:0 saturated fatty

acid) is a novel and potent vasodilator.

. We investigated the therapeutic potential of palmitic acid methyl ester against
cardiac arrest-induced brain injury and neurological deficits.

. We found that post-treatment of palmitic acid methyl ester after cardiac arrest
can enhance cerebral blood flow and neuronal cell survival ultimately
improving functional learning/memory.
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Fig. 1. PAME enhanced cortical CBF without reducing MABP in vivo.
Time-response curves in panel (A) suggest that repeated IV injections of vehicle had

minimal influence on cortical CBF, while multiple injections of PAME increased CBF under
normal physiological conditions. Repeated injection of PAME, and vehicle had no effect on
MABP. A single bolus injection of PAME (0.9 ug/kg), or vehicle (0.0026% ethanol) via
femoral vein was applied every 10 mins for 40 mins. Cortical CBF was measured via LDF,
while MABP was simultaneously measured via femoral artery throughout the 40-min-
experiment. Results were expressed as mean = SEM. *p<0.05 indicates significantly
different from vehicle, evaluated by linear mixed models: fixed effects. n indicates number

of experiments.
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Fig. 2. PAME can enhance CBF after ACA.
(A) Regional CBF measurement of /n vivo cortical microvessels via LSCI in the

anesthetized rat. Rats were post-treated with PAME (0.02 mg/kg), or vehicle (IP bolus
immediately after ACA). (B) Summary of CBF changes before ACA and 24 hours after
ACA. Each animal served as its’ own control. Cortical CBF was expressed as percent
change in flow from baseline (CBF 30 mins before ACA). Results were expressed as mean +
SEM. *p=<0.05 indicates significantly different from vehicle, evaluated by ANOVA with
Tukey’s post hoc test. n indicates number of experiments. The dashed oval indicates the
region of interest where cortical blood flow was measured via the cranial window.
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Fig. 3. Post-treatment of PAME reduced neuronal degeneration in the CA1 region of the
hippocampus after ACA.

(A) Representative images of FJC staining in the CA1 region of the hippocampus. Rats
received an IP bolus injection of PAME (0.02 mg/kg) or vehicle (0.0026% ethanol)
immediately after ACA. Rats that were subjected to ACA surgery were sacrificed 7 days
after ACA for brain histopathology of the hippocampus. (B) The number of FJC positive
neurons from the CAL region of the hippocampus were counted and expressed in the bar
graph. n number of animals used per group. Short horizontal solid bars represent 100 um in
length in the field of view of each representative image. *p<0.05 indicates significantly
different from control and PAME only groups. #p<0.05 indicates significantly different from
ACA only group, evaluated by one-way ANOVA with Tukey’s post-hoc test.
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Fig. 4. Post-treatment of PAME enhanced neuronal survival in the CAL1 region of the
hippocampus after ACA.

(A) Representative images of H&E in the CA1 region of the hippocampus. Rats received an
IP bolus injection of PAME (0.02 mg/Kg) or vehicle (0.0026% ethanol) immediately after
ACA. Animals were sacrificed 7 days after ACA for brain histopathology of the
hippocampus. Control (no ischemia, no drug) and PAME (vehicle control) groups were
performed as internal controls. A lightly stained nucleus with a dark-stained nucleolus and a
red-stained cytoplasm can be observed in healthy neurons, while ischemic neurons exhibit
shrunken cytoplasm and pyknotic nuclei. Arrows denote typical neuronal cell death in the
CAL region of the hippocampus. Short horizontal solid bars represent 50 um in length in the
field of view of each representative image. (B) The number of healthy neurons from the CA1
region of the hippocampus were counted and expressed in the bar graph. n number of
animals used per group. *p<0.05 indicates significantly different from all groups, evaluated
by one-way ANOVA with Tukey’s post-hoc test.
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Fig. 5. Post-treatment of PAME (100 nM) provided neuroprotection against 45 mins of OGD-

induced injury in the rat hippocampal slice.

OGD-induced neuronal cell death was determined by PI fluorescence. (A) Representative
images of slices: Bright-field images following OGD in PAME- (1) and vehicle-treated slices
(1V); PI fluorescence images 24 hours following OGD in PAME- (1) and vehicle-treated (V)
slices. Effects of PAME, and vehicle on OGD-induced neuronal cell death were normalized
with NMDA (500 pM)-induced maximum neuronal cell death (111 and V1) and summarized
in panel B. Post-treatment of PAME inhibited OGD-induced neuronal cell death in the CA1
region of the hippocampus. The data were expressed as percent cell death. *p<0.05 indicates
significantly different from OGD + vehicle, evaluated by one-way ANOVA with Tukey’s

post-hoc test. Scale bars = 500 pum.
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Fig 6. Post-treatment of PAME (0.02 mg/Kg, IP) immediately after ACA enhanced functional
learning/memory.

We utilized the modified spontaneous alternation protocol to detect possible hippocampal
lesions associated with ACA [26, 59]. (A) A significant increase in side-preference ratio was
observed in rats treated with ACA, which suggests that rats with hippocampal injury
developed a side-preference[26]. Post-treatment of PAME (ACA+PAME, 0.02 mg/kg, IP)
alleviated ACA-induced side-preference ratio suggesting that PAME can reduce
hippocampal injury after ACA. Spontaneous alternation ratio was decreased in ACA-treated
rats as compared to normal control and PAME only-treated rats, while post-treatment of
PAME (ACA+PAME) at 0.02 mg/kg enhanced spontaneous alternation rate after ACA
indicating that PAME can alleviate ACA-induced short-term memory deficits. Results were
expressed as mean £ SEM. *p<0.05 indicates significantly different from all groups,
evaluated by one-way ANOVA with Tukey’s post-hoc test. n indicates number of
experiments.
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Table 1.

Physiological parameters from LDF

Group Variable

Vehicle  Body weight (g) 359 +18.0

(n=7) pH 7.41+0.06
pCO, (mm Hg) 35+35

pO, (mm Hg) 108 +15.6

MABP (mm Hg) 104 +16.2

Glucose (mg/dL) 146 £58.1

PAME  Body weight (g) 303 +4.96

(n=9) pH 7.42 +0.07
pCO, (mm Hg) 34+£50

pO, (mm Hg) 107 £12.0

MABP (mm Hg) 101+135

Glucose (mg/dL) 156 +32.4

n, number of rats; pO2 and pCO2, partial pressure of oxygen and carbon dioxide, respectively; MABP, mean arterial blood pressure; N/A, not
applicable.
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Table 2.
Physiological parameters from LSCI
Group Variable Before ACA  After ACA
ACA Body weight (g) 319 £9.00 n/a
(n=8) pH 7.42 +0.02 7.45+0.03
pCO, (mm Hg) 40+09 49+26"
pO, (mm Hg) 116+8.64  3090+456"
MABP (mm Hg) 95+29 113 +6.18%
Glucose (mg/dL) 112+ 12.4
ACA+PAME  Body weight (g) 300 + 4.66 nla
(n=5) pH 7.45+0.02 7.47 £0.02
pCO, (mm Hg) 40+19 51+277
pO, (mm Hg) 123+9.38  9304+292%
MABP (mmHg)  102+4.19 1594370
Glucose (mg/dL) 119 +13.0

Page 24

*
p < 0.05, significant difference from before ACA; n, number of rats; pO2 and pCO2, partial pressure of oxygen and carbon dioxide, respectively;
MABP, mean arterial blood pressure; N/A, not applicable.
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Table 3.

Physiological parameters from FJC staining

Group Variable Before ACA  After ACA
ACA Body weight (g) 316 £6.13 n/a
(n=4) pH 744+0.04 7.41+0.02
pCO, (Mm Hg) 35+17 51+ 6.0
pO, (mm Hg) 121+165 202+ 28.0
MABP (mmHg)  105+3.35 {54253
Glucose (mg/dL) 80 + 27
ACA+PAME  Body weight (g) 316 +5.17 WE
(n=3) pH 7.42 +0.01 7.39+£0.01
pCO, (mm Hg) 3B+1.7 46+207
pO, (mm Hg) 100 +4.90 217+49.3
MABP (mm Hg)  103+3.89 109+ 2.90
Glucose (mg/dL) 93+18

*
p < 0.05, significant difference from before ACA; n, number of rats; pO2 and pCO2, partial pressure of oxygen and carbon dioxide, respectively;

MABP, mean arterial blood pressure; N/A, not applicable.
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Table 4.

Physiological parameters from H&E staining
Group Variable Before ACA  After ACA
ACA Body weight (g) 319+4.15 n/a
=0) pH 744£003  738+002"
pCO; (mmHg)  34+11 48£4.1%
pO, (mm Hg) 118 +10.7 228 £41.2
MABP (mm Hg) 9727 113+3.00%
Glucose (mg/dL) 84 +16
ACA+PAME  Body weight (g) 312+4.73 nfa
(n=8) pH 7.43+0.01 7.42 +0.02
pCO, (mm Hg) 34+12 43+25%
POz (mMmHg)  105£513 254 4459%
MABP (mmHg)  100+2.92  q115+481*
Glucose (mg/dL) 8112

*
p < 0.05, significant difference from before ACA; n, number of rats; pO2 and pCO2, partial pressure of oxygen and carbon dioxide, respectively;

MABP, mean arterial blood pressure; N/A, not applicable.
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Table 5.
Physiological parameters from T-maze
Group Variable Before ACA  After ACA
ACA Body weight (g) 309 +13.1 n/a
= pH 746£0.02  741+001%
pCO; (mmHg)  35+0.9 49£43%
pO, (mm Hg) 118 £ 9.60 209 +30.97
MABP (mmHg)  97+22  q111+260%
Glucose (mg/dL) 105+ 13.9
ACA+PAME  Body weight (g) 267 +£10.8 n/a
(n=5) pH 7.42+0.01 7.41+0.02
pCO, (mm Hg) 33+1.0 33+0.9
POz (mMmHg)  120£590 257 +409*
MABP (mmHg) 103+371  104+215
Glucose (mg/dL) 103 +5.24
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p < 0.05, significant difference from before ACA; n, number of rats; pO2 and pCO2, partial pressure of oxygen and carbon dioxide, respectively;
MABP, mean arterial blood pressure; N/A, not applicable.
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