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Abstract
The hippocampal CA1 region is most susceptible to cerebral ischemia in both rodents and humans,
whereas CA3 is remarkably resistant. Here, we investigated the possible role of membrane lipids
in differential susceptibility in these regions. Transient ischemia was induced in rats via bilateral
occlusion of common carotid arteries and membrane lipids were analyzed by mass spectrometry.
While lipid profile differences between the intact CA1 and CA3 were rather minor, ischemia
caused significant pyramidal cell death with concomittant reduction of phosphatidylserine,
phosphatidylinositol, phosphatidylethanolamine, plasmalogen and sphingomyelin only in CA1.
The phospholipid loss was evenly distributed in most molecular species. Ischemia also
significantly increased cell death mediator ceramides only in CA1. Our data suggests that
differential susceptibility to ischemia between CA1 and CA3 is not linked to their unique
phospholipid profile. Also, selective activation of phospholipase A2, which primarily releases
polyunsaturated fatty acids, might not be characteristic to cell death in CA1.
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Introduction
One of the most susceptible brain regions to ischemia in rodent models [1, 2] and humans
[3] is the hippocampus, particularly the CA1 region, while CA3 region remain remarkably
resistant to ischemia. These two regions have long been the targets of interest because
investigating the neurodegenerative and/or protective mechanism of these two areas might
provide us preventive and/or therapeutic intervention for brain ischemia.

CA1 and CA3 were known to react similarly to ischemia; for example, Mitani et al [4]
reported that CA1 and CA3 did not show any differences in the time-course of ischemia-
induced glutamate release and the levels of glutamate. Excitatory postsynaptic currents
during energy deprivation were also similar in pyramidal cells in both areas [5]. During
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cerebral ischemia, neuronal transporters release glutamate, instead of removing extracellular
glutamate to protect neurons in CA1 [6] and CA3 [5]. Anatomically, CA3 pyramidal cells
are bigger than those of CA1, and input and output pathways of signals are different [7].
Ouyang et al [8] found that CA1 astrocytes were more sensitive to ischemia than those of
the dentate gyrus. It has been also suggested that tyrosine kinase and phosphatase, located
down-stream of N-Methyl-D-aspartate (NMDA) activation might be different between CA1
and CA3 [9].

The involvement of phospholipids (PL) in susceptibility of CA1 to ischemia has also been
suggested. Kubota M, et al [10] reported that the concentration of plasmalogen (PE-pl) in
CA1 was higher than CA3. Nevertheless, the reason for the differential susceptibility has not
been clearly understood. It is well accepted that ischemia increases free fatty acid
concentrations, particularly polyunsaturated fatty acids released from membrane PL [11, 12]
through activation of phospholipase A2 (PLA2) [13]. There are also many reports on
degradation of various PL molecular species during ischemia [14–23] and reperfusion [15,
19–22, 24, 25] in the brain regions including hippocampus. However, no report has
demonstrated concurrent changes in PL molecular species induced by ischemia in both CA1
and CA3 areas. To gain insight on the role of membrane lipids in differential susceptibility
of these two areas, we investigated the PL profile and molecular species in CA1 and CA3 in
relation to ischemic damage.

Materials and methods
Animals

Sprague-Dawley rats (269–343g, male) were purchased from Charles River Laboratories
(Wilmington, MA, USA). They were maintained in our animal facility under conventional
conditions with controlled temperature (23 ± 1°C) and illumination (12 hour; 6:00–18:00);
water was provided ad libitum. The rats were fed with an NIH chow diet, which contains
approximately 2% each of docosahexaenoic and eicosapentaenoic acids as well as 0.2% of
arachidonic acid. All experimental procedures were approved by the Animal Care and Use
Committee of the National Institute on Alcohol Abuse and Alcoholism, National Institute of
Health (LMS-HK02).

Surgery
Rats were deprived of food for approximately 18 h overnight before bilateral occlusion of
the common carotid arteries (2VO) or sham surgery under halothane anesthesia. The tail
artery was cannulated for blood pressure monitoring. During surgery, rats were placed in a
supine position on a heated pad together with an overhead heating lamp. The body
temperature was maintained at 37.0°C using a rectal thermometer. The neck was incised in
the ventral midline to expose the common carotid arteries. Both common carotid arteries
were occluded simultaneously for 20 min with nontraumatic micro-arterial clips, and blood
pressure was reduced to and maintained between 50 and 55 mmHg during the surgery by
means of fine adjustment of halothane dosage [26]. Four days after surgery, when neuronal
death was supposedly completed in the hippocampal CA1 region [27], rats were euthanized
to obtain brains for histology (right hemisphere) and lipid analysis (left hemisphere).

Histology
The extent of ischemic injury was assessed with coronal hippocampal sections stained with
toluidine blue. Surviving pyramidal cells per millimeter in the dorsal hippocampal CA1
region were counted in four 10 μm sections 120 μm apart, from and caudal to −4.2 mm
relative to bregma. The four values were summed for each rat.

Hamazaki and Kim Page 2

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tissue preparation and lipid extraction
The hippocampal tissue was cut in 300 μm at −4.2 mm relative to bregma with a cryostat.
CA1 and CA3 were located according to “The Rat Brain in Stereotaxic Coordinates” (5th

edition) [28]. The frozen sections of these regions were scraped off by a small metallic
spatula from the slides on dry ice under microscope and homogenized in ice-cold HEPES
buffer (pH 7.4). Aliquots were subjected to protein assay and lipid analysis. Total lipids
were extracted according to the method of Bligh and Dyer [29].

Phospholipid analysis
The PL molecular species were separated and analyzed using reversed-phase high
performance liquid chromatography-electrospray ionization-mass spectrometry (LC/MS)
with a C18 column (Prodigy, 150 × 2.0 mm, 5 μm; Phenomenex, Torrance, CA, USA) as
described previously [30]. The separation was accomplished using a linear solvent gradient
(water:0.5% ammonium hydroxide in methanol:hexane), changing from 12:88:0 to 0:88:12
in 17 min after holding the initial solvent composition for 3 min at a flow rate of 0.4 mL/min
[31]. An Agilent 1100 LC/MSD instrument (Palo Alto, CA, USA) was used to detect the
separated PL molecular species. For electrospray ionization, the drying gas temperature was
350°C; the drying gas flow rate and nebulizing gas pressure were 11 L/min and 45 p.s.i.,
respectively. The capillary and fragmentor voltages were set at 4500 and 300 V,
respectively. Identification of individual PL molecular species was based on the
monoglyceride, diglyceride and protonated molecular ion peaks [30]. As internal standards
representing each PL class, we used 1-d35-stearoyl-2-docosapentaenoyl-
glycerophosphoserine (d3518:0,22:5-PS), 1-d35-stearoyl-2-arachidonoyl-
glycerophosphoethanolamine (d3518:0,20:4-PE) and 1-d35-stearoyl-2-linoleoyl-
glycerophosphocholine (d3518:0,18:2-PC). Quantitation of PL species was based on the area
ratio calculated against the deuterium-labeled internal standards using diglyceride ions for
PS and PE, and protonated molecular ions for PC. For quantitation of phosphatidylinositol
(PI), plasmalogen (PE-pl) and ceramides (CM), d3518:0,20:4-PE was used as an internal
standard and d3518:0,18:2-PC was used for sphingomyelin (SM).

Statistical analysis
Data are expressed as means ± SD. Statistical difference between experimental groups was
assessed using Student’s t-test. p< 0.05 was considered significant.

Results
Comparison of PLs between CA1 and CA3

The PL profile in the CA1 and CA3 areas obtained from sham-operated control animals
assessed by LC/MS are shown in Fig 1. PC was the most abundant PL species followed by
PE and PS, which was consistent with a previous report using rat hippocampus [32]. The
absolute levels of PL normalized to protein amount appeared to be slightly but significantly
higher in CA1 than those in CA3. The PS, PE, PE-pl and SM contents in CA1 were higher
by 20% (p=0.02), 14% (p=0.02), 24% (p=0.02), 23% (p=0.01) and 14% (p=0.02),
respectively (Fig. 1A). Nevertheless, this difference between CA1 and CA3 became
statistically insignificant when individual PL classes were expressed with % distribution,
indicating that the PL profile in these regions is similar (Fig. 1B).

The subtle differences in the phospholipoid classes between CA1 and CA3 regions were
further analyzed at the molecular species level (Fig. 2). The molecular species profiles of
PS, PE and PC in these regions were similar to the report from the entire hippocampus [32].
The 18:0,18:1- and 18:0,22:6-PS were the two most abundant species in PS while the
16:0,22:6, 18:0,20:4 and 18:0,22:6 species were most abundant in PE. Similar to PE,
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16:0,22:6 and 18:0,22:6 were the two prominent species in PE-pl while 18:1, 18:0 species
was most abundant in SM.

The differences observed for PS were mainly due to lower levels of 18:0,18;1-PS (40.3±8.7
vs. 24.6±3.7 pmol/μg protein, p<0.01) and 18:0,20:4-PS (14.8±3.0 vs. 9.3±1.2 pmol/μg
protein, p< 0.01) in CA3 compared to CA1 (Fig. 2A). For PE, higher 18:0,22:6-PE
(55.3±4.6 vs. 38.9±6.6 pmol/μg protein, p<0.001) and 18:0,18:1-PE (27.3±3.5 vs. 18.2±2.8
pmol/μg protein, p<0.001) in CA1 contributed to the differences between two regions (Fig.
2C). Interestingly, almost all the PE-pl molecular species were significantly higher in CA1
except for the species containing arachidonic acid (20:4n-6) (Fig. 2E). The 16:0,20:4
plasmalogen species was actually higher in CA3 (4.9±1.1 vs. 9.3±2.1 pmol/μg protein,
p<0.001). The differences in SM were derived mainly from higher levels of 18:1,22:0-SM
(6.1±2.5 vs. 3.1±1.4 pmol/μg protein, p<0.05), 18:1,24:1-SM (25.1±2.7 vs. 15.0±5.7 pmol/
μg protein, p<0.01) and 18:1,24:0-SM (6.9±1.5 vs. 4.1±2.1 pmol/μg protein, p<0.01) in
CA1 in comparison to CA3 (Fig. 2G). The significance of the differences for these
molecular species was maintained when the data were expressed as % distribution (Fig. 2B,
D, F, H). Nevertheless, the relative differences in the phospholipid profile in these two
regions were rather minor (within 20% difference) with the exception of 16:0,20:4-PE-pl
which showed a greater proportion in CA3 compared to CA1 by more than two fold (Fig.
2F).

Effect of ischemic injury on hippocampal cell death
To verify the effects of transient ischemia by 2VO on pyramidal cell death, histologic
analysis of hippocampal cells was performed for the coronal section of CA1 (Fig. 3A) and
CA3 regions (Fig. 3C) after toluidine blue staining. Surviving pyramidal cells were counted
in the CA1 region after sham operation or ischemia. Mean total pyramidal cell numbers per
millimeter of dorsal hippocampal CA1 after sham operation and ischemia were 799±35 and
165±68, respectively (Fig. 3B). After ischemia only 21% of pyramidal cells survived in the
CA1 region in comparison to the sham operated group. In contrast, essentially no changes
were observed in the numbers of surviving pyramidal cells in the CA3 and granule cells in
the dentate gyrus region (greater than 90% survial) after 2VO (Fig. 3C).

Alteration of PL molecular species in CA1 and CA3 after ischemic injury
Ischemia-reperfusion injury induced by 2VO resulted in significant decreases in PS, PI, PE,
PE-pl and SM contents in CA1 by 24% (p=0.002), 31% (p=0.002), 33% (p=0.0001), 22%
(p=0.002) and 22% (p=0.002), respectively, compared to the sham operated group (Fig. 4A).
When the PL data was expressed as the proportion (% distribution), only the reduction of PE
remained statistically significant (Fig. 4B), indicating that the extent of decrease in PE was
greater than other PL classes. In addition, PC was the only class of PL that was not reduced
by the injury in CA1. Accordingly, the proportion of PC increased significantly when
normalized to the total phospholipid content. Notably, the ceramide content increased in
CA1 by 71% (p=0.01) after injury. In the CA3 region, where no cell death was detected, no
significant alteration of PL level or proportion was noted.

Alteration of PL molecular species after ischemic injury
The absolute amount of phospholipids decreased by the ischemic injury was evenly
distributed across most molecular species regardless of the unsaturation status, and the
molecular species distribution within individual PL classes remained almost identical (Fig.
5). A few exceptions include the proportion of 18:0, 22:6-PE, 18:0, 22:6-PE-pl, 16:0, 22:6-
PC and 16:0,20:4-PC which were significantly increased after injury (Fig 5). In SM, the
proportion of 18:1/16:0 species was also increased at the expense of 18:1/20:0 species.
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Ceramide molecular species increased after ischemic injury
The most abundant ceramide molecular species in CA1 are 18:0, 18:1 and 20:0 fatty acid
containing species. After cerebral ischemia the CM level was significantly increased (Fig.
4), particularly the molecular species containing shorter carbon chain fatty acid (C16
through C20) including the most abundant species (Fig. 6). The longer carbon chain species
(longer than C20) did not show significant changes, indicating some molecular specificity in
ischemia-induced production of ceramides in CA1. When ceramide molecular species were
expressed as % distribution, only 16:0 and 16:1 species showed significant increases while
the reduced proportion of 24:0 and 24:1 was apparent.

Discussion
The present study tested the possible role of membrane lipids in CA1 and CA3 in the
differential susceptibility of pyramidal cells to ischemia in these regions. The phospholipid
molecular species in CA1 and CA3 regions were compared for the sham-operated control or
ischemic injury-inflicted animals. We found that the PL profile in these regions from sham-
operated control animals is similar although CA1 has a bit higher PL to protein ratio than
CA3. After transient ischemia, the CA3 region was preserved without cell death or PL
changes. In contrast, ischemia induced significant cell death and lowered the level of all
lipid classes in CA1 with the exception of PC. The loss of PL was evenly distributed in most
molecular species (Fig 4), suggesting that cell death in CA1 may not be specifically
associated with selective activation of PLA2, which leads to the preferred release of
polyunsaturated fatty acids from PL. Ischemic injury significantly induced the cell death
mediator ceramides in CA1.

Docosahexaenoic acid (DHA) is known to attenuate cerebral ischemic injury by
downregulating apoptosis and, in turn, promoting cell survival [33]. Recently, it has been
also reported to provide protection against postischemic inflammation/innate immune
responses [34]. A recent meta-analysis shows an inverse association between fish
consumption and the risk of stroke in prospective studies [35], although no beneficial effects
of n-3 fatty acids was apparent in another study for a secondary prevention of cardiovascular
disease (including transient ischemic attack and stroke) [36]. Interestingly, in the current
study, DHA containing PE was significantly higher in CA1 than in CA3. Despite the
susceptibility of DHA to oxidation, DHA containing species were not reduced
disproportionately, but sustained in PS, and even significantly increased in PE, PE-pl and
PC (Fig 5A–C, F).

Goto et al [14] reported that during 60 min of ischemia, polyunsaturated molecular species
in PC were more vulnerable than saturated and monounsaturated species; polyunsaturated
molecular species became 58.1% of the value before ischemia, and saturated plus
monounsaturated became 68.3%. The similar decrease was seen in PE (34.1% versus 45.5%,
respectively). This can be explained by the fact that PLA2 was activated after ischemia.
However, the present study revealed that the PL reduction in CA1 was evenly distributed
across most molecular species of PS, PE and PE-pl (Fig. 5). Moreover, when PL molecular
species were evaluated as the polyunsaturated and the saturated plus monounsaturated, no
specific reduction in polyunsaturated species were observed (76.7% vs.74.2% in PS; 66.5%
vs. 67.4% in PE; 83.2% vs. 79.4% in PC for polyunsaturated vs. saturated plus
monounsaturated species, respectively). These findings suggested that selective activation of
PLA2 might not be directly involved in CA1 susceptibility to ischemia-reperfusion injury.
The discrepancy between Goto’s study [14] and ours maybe explained by the extent of the
damage in the blood-brain barrier which depends on the duration of ischemia and the
severity of injury [37]. When the blood–brain barrier is disrupted by ischemia, albumin, a
carrier of free fatty acids, can be increased in the brain [38]. It is possible that the cell
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membranes were replenished with DHA [39] and AA [40], which appeared to be
preferentially taken up by brain cells, during four days of reperfusion.

Kubota et al [10] showed that the concentration of PE-pl in the CA1 region was 2.6- and
2.7- fold higher than that in the CA3 region and cerebral cortex, respectively. Up to date,
this is the only report that shows the difference of PL profiles between the CA1 and CA3
regions. The reconstituted Na+–Ca2+ exchanger (NCX) with PE-pl-containing
proteoliposomes was reported to have higher activity than the control [41]. NCX is a plasma
membrane anti-porter which exchanges three Na+ for one Ca2+ and can either accumulate
Ca2+ (reverse mode) or extrude it (forward mode) depending on the concentration of each
ion on both sides of the membranes and membrane potential [42]. NCX is also known to be
regulated by ATP. When ATP levels are sufficient, the forward mode is activated; however,
when ATP is exhausted under ischemic conditions, the reverse mode is activated, which
results in intracellular Ca2+ overload. Kubota et al [10] hypothesized that NCX played an
important role in the vulnerability of CA1 to ischemia due to its higher level of PE-pl. Our
study also found significantly higher levels of PE-pl in CA1 (24%) which might have
contributed to NCX activity.

PC is the major membrane PL in the brain, and its loss alone induces cell death [43].
Previous reports showed that PC levels decreased in the brain during ischemia [14, 21] and
reperfusion [20, 21, 25, 44]. On the other hand, some studies showed no changes in PC
levels during ischemia [15, 17], and even an increase during reperfusion [15]. The marked
difference between the studies reporting decreases and those with no changes plus an
increase was partly due to the difference in experimental models as well as the severity of
the ischemic insult. Lukácová et al [20] also investigated the change of PC in the
hippocampus, and they found that there was a significant decrease 15 min after reperfusion
and this decrease was abolished after 30 min. Our data did not show any significant change
in PC (Fig. 4); however, PC might have been decreased in an early time point of reperfusion
and returned to a normalized level through PC synthesis afterward.

CM, a hydrolyzed product of SM catalyzed by sphingomyelinase, is known to play an
important role in apoptosis [45, 46]. Before the onset of cell death CM level has been shown
to be increased [47]. Sphingomyelinase was reported to affect the size of cerebral infarction
in mice [48] and newborn rats [49]. It has been shown that ischemia decreases SM levels
and increases CM levels in the gerbil hippocampus [24] and rat cortex [16]. In our study, we
also observed significant decrease in SM after ischemia in CA1 but not in CA3, suggesting
that sphingomyelinase was activated selectively in CA1 in response to ischemic injury.
Curiously, CM containing only shorter carbon chain (C16 through C20) increased
significantly after injury in CA1 (Fig. 6) without specific decrease in those molecular
species in SM (Fig. 5). To clarify the underlying mechanism, further investigation is needed.

We have previously reported that DHA promoted PS biosynthesis and accumulation [50],
and inhibited apoptosis of neuronal cells in a PS-dependent manner [50–53]. DHA depletion
by an n-3 fatty acid-deficient diet decreased the total PS levels in neuronal tissues [54, 55],
and inhibited cell survival by impeding Akt signaling [52, 53]. The evidence suggested that
membrane PL components, especially DHA and PS, might contribute to differential
neuronal survival in the hippocampus. Nevertheless, a higher PS content was observed in
CA1 (Fig. 1) which is more susceptible to ischemic injury than CA3 (Fig. 3), indicating that
CA1 vulnerability to ischemia-induced cell death is not due to the low level of PS. It is
possible that a higher concentration of PS in the hippocampal CA1 may serve to protect
neurons against vulnerability caused by other factors yet to be defined. In other words, it can
be hypothesized that decreased PS in the CA1 may exacerbate the ischemia-induced injury
in CA1. This area of research is still at an early stage and further investigation is needed.
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In conclusion, we document the changes of PL molecular species after cerebral ischemia in
CA1 and CA3 regions concurrently for the first time. We demonstrated that PS, PE, PE-pl
and SM were higher in CA1 in comparison to CA3, and all these phospholipids were
decreased after injury specifically in CA1. No disproportionate reduction of AA or DHA
species was observed. Instead, the proportion of DHA-containing PE or PE-pls species
became greater after injury, suggesting that selective loss of polyunsaturated fatty acids may
not be associated with ischemia-reperfusion injury.
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Abbreviations

AA arachidonic acid

CM ceramide

DHA docosahexaenoic acid

PC phosphatidylcholine

PE phosphatidylethanolamine

PE-pl plasmalogen

PI phosphatidylinositol

PLA2 phospholipase A2

PS phosphatidylserine

SM sphingomyelin
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Fig 1.
Comparison of the absolute level (A) and proportion (B) of phospholipid classes in the CA1
and CA3 region. PLs were measured by LC/MS (n=6). Data are mean±SD. *p < 0.05, **p <
0.01versus CA1.
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Fig 2.
Comparison of individual phospholipid molecular species between CA1 and CA3 regions
(n=6). Data are mean±SD of contents for (A) PS, (C) PE, (E) PE-pl and (G) SM, and
proportions for (B) PS, (D) PE, (F) PE-pl, and (H) SM. *p < 0.05, **p < 0.01, ***p < 0.001
versus CA1.

Hamazaki and Kim Page 12

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Surviving CA1 hippocampal cells 4 days after the bilateral occlusion of common carotid
arteries (2VO). (A) Photomicrograph showing a representative CA1 region from a sham and
2VO-treated rat. (B) Surviving Pyramidal cells per millimeter in the dorsal hippocampal
CA1 region were counted in four 10 μm sections 120 μm apart, from and caudal to −4.2 mm
relative to the bregma. The four values were summed for each rat. Data for each group of
rats were expressed as the mean±SD (n=6). (C) A representative CA3 region from a sham
and 2VO-treated rat.
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Fig 4.
Effect of transient ischemia on individual phospholipid classes in CA1 and CA3. PLs were
measured by LC/MS (n=6). Data are mean±SD of (A) contents and (B) proportion. **p <
0.01, ***p < 0.001 versus the sham operated group.
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Fig 5.
Effect of transient ischemia on the composition of individual PL molecular species in CA1.
PLs were measured by LC/MS (n=6). Data are mean±SD of proportion for (A) PS (B) PE,
(C) PE-pl, (D) SM, (E) PI and (F) PC. *p < 0.05, **p < 0.01, ***p < 0.001 versus the sham
operated group.
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Fig 6.
Effect of transient ischemia on the contents (A) and proportions (B) of individual ceramide
molecular species in CA1 measured by LC/MS (n=6). Data are meanrSD. *p < 0.05, **p <
0.01 versus the sham operated group.
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