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ABSTRACT We previously characterized LPAAT�/AGPAT4 as a mitochondrial lyso-
phosphatidic acid acyltransferase that regulates brain levels of phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and phosphatidylinositol (PI). Here, we report
that Lpaat��/� mice display impaired spatial learning and memory compared to
wild-type littermates in the Morris water maze and our investigation of potential
mechanisms associated with brain phospholipid changes. Marker protein immu-
noblotting suggested that the relative brain content of neurons, glia, and oligo-
dendrocytes was unchanged. Relative abundance of the important brain fatty
acid docosahexaenoic acid was also unchanged in phosphatidylserine, phosphati-
dylglycerol, and cardiolipin, in agreement with prior data on PC, PE and PI. In
phosphatidic acid, it was increased. Specific decreases in ethanolamine-containing
phospholipids were detected in mitochondrial lipids, but the function of brain mito-
chondria in Lpaat��/� mice was unchanged. Importantly, we found that Lpaat��/� mice
have a significantly and drastically lower brain content of the N-methyl-D-asparate
(NMDA) receptor subunits NR1, NR2A, and NR2B, as well as the �-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunit GluR1, compared to
wild-type mice. However, general dysregulation of PI-mediated signaling is not
likely responsible, since phospho-AKT and phospho-mTOR pathway regulation was
unaffected. Our findings indicate that Lpaat� deficiency causes deficits in learning
and memory associated with reduced NMDA and AMPA receptors.

KEYWORDS AMPA receptors, brain lipid metabolism, enzymes,
glycerophosphatidylinositols, learning, memory, mitochondrial metabolism, NMDA
receptors, phospholipids

The acylglycerophosphate acyltransferase (AGPAT) family of proteins is a group of
homologous lysophosphatidic acid acyltransferases (LPAATs) that catalyze the de novo

formation of phosphatidic acid (PA), a precursor to all glycerophospholipids, as well as to
di- and triacylglycerols (1, 2). To date, 11 AGPATs have been identified in mice and humans,
although only AGPAT1 to -5 preferentially utilize lysophosphatidic acid (LPA) as an acyl
donor, while AGPAT6 to -11 have been reclassified based on alternate lysophospholipid
substrate preferences, or preference for glycerol-3-phosphate. Thus, of the 11 known
AGPAT family members, only AGPAT1 to -5 function as true LPAATs (3, 4).

We and others have studied the enzymatic and biochemical functions of LPAAT�/
AGPAT4, which are present at ubiquitously high levels in whole mouse brain (5–7) and
in multiple mouse brain subregions (6). In previous work, we reported that Lpaat�
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deficiency in mouse brain is compensated for by induction of Lpaat�, -�, -�, and -�
(Agpat1, -2, -3, and -5), which serves to maintain total brain levels of PA but, interest-
ingly, does not functionally compensate for loss of the enzyme (6). Brain levels of
specific glycerophospholipids synthesized downstream of PA, including phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), and phosphatidylinositol (PI), were all
significantly reduced, suggesting that LPAAT� provides a functionally distinct source of
PA in this tissue.

Reductions in brain PC, PE, and PI in Lpaat��/� mice were significant in magnitude
(�30 to 50%), and we predicted that these changes would impact important brain
processes involved in memory and learning. Phosphatidylinositol is enriched in the
brain compared to most other tissues and acts as a source of polyphosphorylated
phosphoinositides (PIPs) (8–10). PIPs function in a multitude of brain signaling path-
ways, including neurotransmission (11) and neuronal exocytosis (12), and have been
implicated in regulating functional and structural plasticity (13–15). PC is a major
structural component of neuronal and glial cell membranes (16). Dietary supplemen-
tation with sources of choline, an essential nutrient required for PC synthesis, improves
the performance of mice on behavioral tasks (17) and has been implicated in fetal and
neonatal brain development (18, 19), highlighting the importance of the lipid in the
brain. Finally, PE is highly enriched in neuronal membranes (20, 21) and is commonly
esterified with docosahexanoic acid (DHA), which promotes neurite outgrowth (22, 23),
synaptogenesis (23), and neurogenesis (23, 24).

Therefore, using the Morris water maze (MWM), we investigated whether Lpaat��/�

mice manifest a cognitive phenotype and found evidence of severe impairments in
spatial learning and memory. To uncover the mechanisms underlying the poor perfor-
mance of Lpaat��/� mice in the MWM, we examined differences in neuronal and glial
content; brain phospholipid DHA (22:6n-3) content and fatty acyl profiles; mitochon-
drial phospholipid composition; mitochondrial function; downstream targets of PIP
signaling, including AKT and mTOR pathways; and content of N-methyl-D-asparate
(NMDA) and �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors.
To the best of our knowledge, this work constitutes the first report of a role for any
LPAAT or AGPAT in development of a behavioral brain phenotype.

RESULTS
Lpaat��/� mice have significant impairments in spatial learning and memory

compared to wild-type littermates. We have previously reported that Lpaat��/� mice
have significantly lower brain levels of three abundant phospholipids, PC, PE, and PI (6).
Therefore, in the current study, we first investigated whether a cognitive phenotype is
associated with these decreases. We tested spatial learning and memory of wild-type
and Lpaat��/� mice using the MWM paradigm (Fig. 1A). Researchers were blinded to
the genotypes of the mice until after study completion to limit bias. Wild-type and
Lpaat��/� mice swam similar distances on average during the first day of training (Fig.
1B, left). This was not unexpected, since swimming was a new experience for these
mice, and neither group knew initially where the hidden platform was located. How-
ever, Lpaat��/� mice were significantly delayed in learning the MWM task compared to
wild-type mice (Fig. 1B). On the second day of training, a significant difference was
observed in the average distance swum between the two groups (Fig. 1B, left). While
most wild-type mice remembered the location of the hidden platform and swam
directly for it, Lpaat��/� littermates swam over three times the distance as they
continued to search for it. By the third day, there was no longer a significant difference
between Lpaat��/� mice and their wild-type littermates in the distance swum to reach
the platform, indicating that both groups were eventually able to learn the task (Fig. 1B,
left).

Examination of the swimming velocities of both groups during the training period
indicated that Lpaat��/� mice were not impaired in their swimming ability and, indeed,
swam faster than their wild-type littermates on average (Fig. 1C), as well as on training
days 4 and 5, specifically (Fig. 1C, left). Because of this greater velocity, the mice were
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able to swim a farther distance in a shorter time, and the increased time required for
Lpaat��/� mice to reach the platform (i.e., latency) was not statistically significantly
different from the times required by wild-type littermates, who tended to take a more
direct, remembered path (Fig. 1D).

To test memory after the MWM task was learned, we performed a probe trial in
which the hidden platform was removed. The time spent by mice swimming and
searching in each quadrant was then recorded to measure the ability to remember the
learned task of finding the hidden platform. Although wild-type and Lpaat��/� mice
swam the same distance during the probe trial (Fig. 1E), differences in swimming
patterns were observed. During the probe trial, wild-type mice spent the majority of
their time searching in the correct quadrant (northeast [NE]). They spent the least
amount of their time in the quadrant from which they entered the pool (southwest
[SW]) and significantly less time in the adjacent southeast (SE) quadrant, as well (Fig. 1F).
In comparison, Lpaat��/� mice spent significantly less time than their wild-type
littermates swimming in either the correct NE quadrant or the northwest (NW) quadrant
(Fig. 1F). Indeed, Lpaat��/� mice showed no significant differences in time spent

FIG 1 Lpaat��/� mice display impaired spatial learning and memory in the MWM compared to wild-type littermates. (A) Schematic of the
MWM, with the hidden platform placed in the NE quadrant during the five training days. (B) Average distances swum by wild-type and
Lpaat��/� mice over 5 days of training (left) and area under the curve (AUC) analysis (right). (C) Average swimming velocities of mice
during 5 days of training in the MWM (left) and area under the curve analysis (right). (D) Average swimming latencies (left) and area under
the curve analysis (right) of mice during 5 days of training in the MWM. (E) Total distances swum by wild-type and Lpaat��/� mice during
the 30-s probe trial performed on day 6, with the platform removed. (F) Latencies of mice in each quadrant during the day 6 probe
trial (the correct NE quadrant is boxed). a, P � 0.05; b, P � 0.01; n.s., not significant versus NE platform quadrant for within-genotype
comparison. (G) Total time spent in incorrect quadrants (i.e., NW, SE, and SW) during the probe trial by wild-type and Lpaat��/� mice. Data
are means � SEM; n � 7 or 8. *, P � 0.05; **, P � 0.01 versus wild type.
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swimming in any region, indicating an inability to distinguish quadrants or even
remember their entry point. In total, Lpaat��/� mice spent a significantly greater
amount of time than wild-type mice swimming in incorrect quadrants (NW, SW, and SE)
during the probe trial (Fig. 1G).

We next performed a series of studies to better understand the mechanisms
underlying the changes in memory and learning observed in Lpaat��/� mice.

Lpaat� deficiency does not alter brain levels of neuronal or glial marker
proteins. Changes in phospholipids could affect the content of major brain cell types.
We first probed for markers of neuronal content, including �3 tubulin, neurofilament L,
and the postsynaptic density scaffold protein PSD-95, but found no differences in the
relative levels of any of these proteins in whole-brain homogenates from wild-type
compared to Lpaat��/� mice (Fig. 2A). Likewise, we found no significant differences in
the relative contents of CNPase, a marker of oligodendrocyte content, or the glial
structural protein glial fibrillary acidic protein (GFAP) (Fig. 2B), indicating that impaired
spatial learning in Lpaat��/� mice is not likely the result of altered brain cell compo-
sition.

Lpaat� deficiency does not reduce the relative content of docosahexaenoic
acid in whole-brain phospholipids. Deficiency of the n-3 polyunsaturated fatty acid
(PUFA) DHA in neural phospholipids is associated with impairments in cognitive
processes, such as learning and memory (25–27). To investigate if decreased DHA
content was associated with the poor performance of Lpaat��/� mice in the MWM, we
harvested whole brains and analyzed the fatty acyl composition of major phospholipid
groups. Previously, we reported that the relative abundance of DHA was not signifi-
cantly altered in PC, PE, or PI, and indeed, no other significant differences in total n-3
PUFA, or any other individual n-3 PUFA species, were evident within these phospholipid
groups (6). In the present work, we investigated changes in the relative abundance of
major fatty acyl species, including DHA and other n-3 PUFAs, within the following
additional major brain phospholipid groups: PA (Fig. 3A), phosphatidylserine (PS)
(Fig. 3B), phosphatidylglycerol (PG) (Fig. 3C), and cardiolipin (CL) (Fig. 3D). No significant

FIG 2 Lpaat� deficiency does not alter brain levels of neuronal or glial marker proteins. Panels of neuronal cell (A) and glial cell (B)
marker proteins were assessed by immunoblotting of whole-brain homogenates. Shown are representative immunoblots (left), images
of total protein per lane in TGX stain-free gels as a loading control (middle), and quantification (right). The data are means � SEM (n �
4 to 11). WT, wild type; KO, Lpaat��/�.
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FIG 3 Lpaat� deficiency does not reduce the relative content of docosahexaenoic acid in whole-brain
phospholipids. Shown is the fatty acyl species composition of PA (A), PS (B), PG (C), and CL (D) from whole
brains of wild-type or Lpaat��/� mice as a relative percentage of total fatty acid (FA) mass. The data are
means � SEM (n � 4). *, P � 0.05; ***, P � 0.001 versus the wild type.
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decreases were observed in the DHA content of any of the additional phospholipid
groups examined with Lpaat� deficiency, and conversely, the relative abundance of
DHA was increased in the PA fraction derived from brains of Lpaat��/� mice relative to
wild-type brains (Fig. 3A).

Differences in the phospholipid fatty acyl compositions of individual phospholipid
groups were evident. PA from brains of Lpaat��/� mice showed a reduction in total
saturated fatty acids that was largely due to a significant reduction in palmitate (Fig. 3A).
This was proportionately offset by increases in the PA content of 18:1n-9, DHA, and
adrenic acid (22:4n-6), although a significant decrease in 20:1n-9 was also observed. In
PS, there were decreases in arachidic acid (20:0), 20:1n-9, and adrenic acid but signif-
icant increases in the monounsaturated fatty acids (MUFAs) 18:1n-7 and 18:1n-9 (Fig.
3B). Arachidic acid was also significantly decreased in PG (Fig. 3C), but the MUFA
18:1n-9 was decreased, as was 20:1n9, in this phospholipid group. In cardiolipin, there
were relatively few changes in the fatty acyl profile, and they included a decrease in
arachidic acid and 14:1n-9 but an increase in linoleic acid.

Because AGPAT4 is a mitochondrial enzyme (6), we next examined whether there
were specific changes in the phospholipid profile of mitochondria isolated from brains
of Lpaat��/� mice and their wild-type littermates.

Lpaat� deficiency reduces the abundance of specific ethanolamine-type phos-
pholipids in brain mitochondria but does not affect the relative contents of most
other major species. Isolated brain mitochondria were analyzed by tandem mass
spectrometry (MS/MS). The identities and relative abundances of acyl species of lipids
were manually determined and compared for the highly abundant species. While we
noted no difference in any identifiable major PC species (Fig. 4A), tetralinoleoyl (72:8)
CL (Fig. 4B), or 18:0/22:6n-3 PS (Fig. 4C), we observed a significant reduction in
18:0/22:4-PE (Fig. 4D), 22:4-lyso-PE, 20:4-lyso-PE (Fig. 4E), and P-18:1/20:1 plasmenyl-PE
(Fig. 4F) in the brain mitochondrial fractions derived from Lpaat��/� mice compared to

FIG 4 Lpaat� deficiency reduces the abundance of specific ethanolamine-type phospholipids in brain mitochondria. Shown are the specific fatty acyl
composition of brain mitochondrial phosphatidylcholine (A), 72:8 CL (B), 18:0/22:6 PS (C), phosphatidylethanolamine (D), lysophosphatidylethanolamine (E), and
plasmenyl phosphatidylethanolamine (PPE) (F) species from wild-type or Lpaat��/� mice as the abundance of the analyte relative to the internal standard. The
data are means � SEM (n � 4). *, P � 0.05; ***, P � 0.001 versus the wild type.
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those from wild-type mice. These differences were also confirmed using principal-
component analysis (PCA).

Mitochondrial function is similar in brains of Lpaat��/� and wild-type litter-
mates. Since LPAAT� localizes to the outer mitochondrial membrane (6), we investi-
gated whether the function of isolated brain mitochondria was impaired in Lpaat��/�

mice compared to their wild-type littermates. No statistically significant differences
were seen in the activities of the electron transport chain (ETC) complexes tested,
including complex I (CI), CI plus CII, CII, and CIV (Fig. 5A). Oxygen leak (leak only), which
compensates for proton leak, proton slip, cation cycling, and electron leak, was not
found to be different between wild-type and Lpaat��/� mice. In addition, the electron
transport system (ETS) maximum oxygen flux (measured at optimum uncoupler con-
centration) was not different between wild-type and Lpaat��/� mice. Endogenous
background mitochondrial respiration, as well as pyruvate, glutamate, and malate leak
[leak (P/G/M)] was not significantly different between wild-type and Lpaat��/� mice.
There was no significant difference between Lpaat��/� and wild-type littermate mice
in the respiratory control ratio (RCR) (Fig. 5B). Examination of H2O2 production by brain
mitochondria showed no statistically significant differences in any respiratory com-
plexes or in leak (Fig. 5C). To estimate the brain mitochondrial content, immunoblots
of the inner mitochondrial membrane protein adenine nucleotide translocator (ANT)
were prepared from homogenates of isolated mitochondria (Fig. 5D). The protein
content of ANT was not different between wild-type and Lpaat��/� protein lysates,

FIG 5 Lpaat� deficiency does not alter respiratory capacity or relative content of isolated brain mitochondria. (A) Respiratory
activities (AU, arbitrary units) of individual mitochondrial electron transport chain complexes (CI, CI plus CII, CII, and CIV) were
determined in isolated brain mitochondria, along with background activity (endog.), leak (P/G/M), oxygen leak (leak only), and
electron transport system maximum oxygen flux at optimum uncoupler concentration (ETS). (B) Respiratory control ratio (RCR)
indicating the relative oxidative phosphorylation (OXPHOS) activity compared to proton leak in isolated mitochondria,
determined as a ratio between CI plus CII and the leak respiration following the addition of oligomycin [leak (only)]. (C)
Hydrogen peroxide production by brain mitochondria isolated from wild-type and Lpaat��/� mice. (D) Representative
immunoblot and Ponceau stain (loading control) demonstrating no significant difference in the endogenous content of ANT,
a marker of mitochondrial content, from brains of wild-type and Lpaat��/� mice. The data are means � SEM (n � 6 to 9).

Lpaat� Deficiency Impairs Learning and Memory Molecular and Cellular Biology

November 2017 Volume 37 Issue 22 e00245-17 mcb.asm.org 7

http://mcb.asm.org


suggesting no difference in the mitochondrial contents between wild-type and knock-
out mouse brains.

Specific NMDA and AMPA receptor subunit contents are decreased in brains of
Lpaat��/� mice. Lpaat��/� mice have a substantial decrease in total brain PI levels (6).
NMDA and AMPA receptors are integral membrane proteins involved in synaptic
plasticity and memory (28–31) that are regulated by changes in membrane phospho-
inositide composition (32, 33). We investigated the brain content of the NMDA receptor
subunits NR1, NR2A, and NR2B (Fig. 6A) and detected drastically lower levels of all three
subunits in the brains of Lpaat��/� mice compared to those in wild-type mice (P �

0.023, P � 0.011, and P � 0.013, respectively). Since AMPA receptors are also critical for
glutamate transfer between neurons, we probed for a number of AMPA receptor
subunits, including GluR1, GluR2, GluR3, GluR4, GluR1 phosphorylated at serine 845
(Ser845), and GluR2 phosphorylated at Tyr869/873/876. We found that Lpaat��/�

mouse brains had significantly lower contents of total GluR1 versus those in wild-type
mice (P � 0.034) but no significant difference in the content of any other AMPA
receptor subunits (Fig. 6B).

AKT and mTOR pathway proteins are largely unaffected by deficiency of
Lpaat�. Since significant disruption of NMDA and AMPA receptors that are regulated
by PIP-mediated signaling was observed, we investigated whether general changes
were evident in AKT/protein kinase B (PKB) and mTOR pathways regulated downstream
of PIP3 that have known roles in neural function (34–38).

Using specific antibodies, we measured immunodetectable levels of total AKT, as
well as AKT activated by phosphorylation at Ser473 or threonine 308 (Thr308) in brains
of wild-type and Lpaat��/� mice (Fig. 7A). We also immunoblotted with phospho-
specific antibodies to detect levels of phosphorylation of two AKT target proteins,
phospho-glycogen synthase kinase 3� (phospho-GSK3�) and phospho-c-RAF (Fig. 7A).
There was no measurable difference in protein levels between wild-type and Lpaat��/�

mice for total AKT or phospho-AKT phosphorylated at Ser473 or Thr308. Similarly, there

FIG 6 Lpaat��/� mice have lower brain levels of NR1, NR2A, NR2B, and GluR1. Shown are representative immunoblots (left), images
of total protein per lane in TGX stain-free gels as a loading control (middle), and quantification (right) of NMDA receptor subunits (A)
and AMPA receptor subunits (B) from whole-brain homogenates of wild-type (WT) and Lpaat��/� (KO) mice. The data are means �
SEM. *, P � 0.05 versus the wild type (n � 4 to 12).

Bradley et al. Molecular and Cellular Biology

November 2017 Volume 37 Issue 22 e00245-17 mcb.asm.org 8

http://mcb.asm.org


was no difference in GSK3� phosphorylation at the Ser9 AKT target site. There was,
however, a statistically significant (P � 0.01) decrease in phosphorylation of c-RAF at
Ser259 in the brains of Lpaat��/� mice compared to wild-type mice (Fig. 7A). We then
investigated the levels of total mTOR and mTOR phosphorylated at Ser2448 but did not
see a significant difference in the content of either protein (Fig. 7B). We measured the
content of two additional proteins in the mTOR pathway, proline-rich AKT substrate
(PRAS40), which helps relay AKT signaling to the mTOR protein complex (39), and RagC,
a GTPase that interacts with raptor in the mTORC1 complex (40, 41). However, we did
not observe any significant changes in the content of either protein between wild-type
and knockout brains (Fig. 7B).

DISCUSSION

Together, PC and PE are two of the most abundant phospholipid species in
mammalian membranes, jointly constituting approximately 71% of total brain phos-
pholipids in humans and �79% in rodents (9). While PI makes up a much smaller
percentage of total brain phospholipid (�2.6% in humans and �1.6% in rodents) (9),
it can be phosphorylated into highly bioactive PIP derivatives that are involved in a glut
of signaling pathways. In work reported previously by our laboratory, we have shown
that mice deficient in Lpaat� have specific reductions in brain content of these
phospholipids (6), which warranted the investigation of a possible cognitive phenotype
and associated molecular changes.

In the current study, we report that Lpaat��/� mice have significant impairments in
spatial learning and memory. On the initial training day, as expected, both wild-type
and Lpaat��/� mice swam similar distances, consistent with the fact that neither group

FIG 7 Brain levels of total and phosphorylated AKT and mTOR pathway proteins are largely unchanged in
Lpaat��/� mice. Shown are representative immunoblots and quantification of proteins of the AKT signaling
pathway (A) and the mTOR signaling pathway (B) expressed relative to �-actin in whole-brain homogenates of
wild-type and Lpaat��/� mice. The data are means � SEM. **, P � 0.01 versus the wild type (n � 4 to 10).
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knew the location of the platform. On the second day of training, however, there were
clear differences between the genotypes. While wild-type mice quickly learned the
location of the hidden platform and displayed proficiency in reaching it, Lpaat��/�

mice showed significant impairments and required a third day to learn the location. The
ability to remember the location of the platform was also notably compromised, since
Lpaat��/� mice spent significantly less time swimming in the correct quadrant after it
was removed on a “test” day. Spatial learning and memory are highly integrated and
dynamic processes. We therefore investigated key factors associated with altered
phospholipid composition that could contribute to the poor performance of Lpaat��/�

mice compared to their wild-type littermates.
Alterations in the content of major phospholipid species, such as PC and PE, have

been shown to contribute to long-term potentiation (24, 42), an important process
underlying the synaptic plasticity of neurons (43, 44). Glial cells also contribute to
synaptic function, important in learning and memory (45). We hypothesized that a
lower content of brain PC and PE, which are critical components of neuronal and glial
membranes, may alter the brain content of these cell types in Lpaat��/� mice.
However, immunoblotting for a panel of neuronal, glial, and oligodendrocyte markers
demonstrated no significant difference in content between the brains of wild-type and
Lpaat��/� mice, indicating that gross neuronal and glial losses were not likely major
contributors to the observed impairments in spatial learning and memory observed in
Lpaat��/� mice.

We next investigated differences in whole-brain phospholipid fatty acyl composi-
tion, since changes in the relative abundances of different acyl species within phos-
pholipids can have significant effects on cellular function and health (46, 47). Previous
in vitro studies by Eto et al. (7) have suggested that LPAAT� may play a role in enriching
phospholipid DHA stores in neural cells. The n-3 polyunsaturated fatty acid DHA is
abundant in the brain, particularly in PE, and deficiency of DHA in brain phospholipids
is associated with impairments in cognitive processes, including learning and memory
(20, 23, 26). However, examination of individual phospholipid groups (i.e., PA, PS, PG,
and CL) in the current work, and in prior work (i.e., PC, PE, and PI) (6), demonstrated an
increase of DHA in brain PA but no difference in DHA in any other fraction analyzed,
strongly suggesting that relative DHA deficiency within brain phospholipids is not
responsible for impaired memory and learning in Lpaat��/� mice. Overall, changes in
fatty acyl species in the brain phospholipid groups examined were diverse, showing
few consistent patterns of increases or decreases, which highlights the relative impor-
tance of Lands’ pathway remodeling downstream of PA in the formation of mature
cellular phospholipids.

Since we had previously identified LPAAT� as integral to the outer mitochondrial
membrane, we next reasoned that loss of the enzyme may alter the mitochondrial
phospholipid profile or reduce the function or brain content of the organelle. The most
abundant PC, PS, and CL species, however, were present at similar levels in brain
mitochondrial membranes from wild-type and Lpaat��/� mice, while the only differ-
ences observed were in specific ethanolamine-containing phospholipids. Of note, two
of these contained adrenic acid, 18:0/22:4-PE, and 22:4-lyso-PE, which are among the
brain species that have consistently been reported to undergo a progressive, age-
related decline during normal aging (48, 49). In humans, ethanolamine phospholipids
containing adrenic acid are decreased by approximately 20 to 25% in the hippocampus
from age 20 to 80 years (48, 49). Adrenic acid content has also been found to be
inversely correlated with cognitive performance (50) and also with the development of
cognitive disorders, including attention deficit hyperactivity disorder (51) and autism
spectrum disorders (52, 53). The significant loss of these PE species from brain
mitochondrial phospholipids may, therefore, contribute to the poor performance of
Lpaat��/� mice in the MWM.

Studies were next performed to determine whether the significant loss of these PE
species from brain mitochondrial phospholipids was mechanistically associated with
changes in the function or content of brain mitochondria. Overall, the respiratory
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capacity, the function of individual electron transport chain complexes, and other
measures of mitochondrial oxidative phosphorylation and bioenergetic activity were
not significantly different between brain mitochondria isolated from Lpaat��/� mice
and their wild-type littermates. Similarly, mitochondrial marker analysis also indicated
no difference in the relative content of this organelle between brains of wild-type and
Lpaat��/� mice. Together, these data therefore indicate that changes in overall mito-
chondrial number, function, and composition are unlikely to explain the poor perfor-
mance of Lpaat��/� mice in the MWM.

Lpaat��/� mice have a substantial decrease in total brain PI levels (6). Although PI
is quantitatively a relatively minor phospholipid in most tissues (8, 9), it is enriched in
the brain (10) and is important in myriad biological processes and cell signaling
pathways as a precursor for PIPs (54, 55). In the brain, PI-mediated signaling events are
involved in regulation of neuronal exocytosis (12) and neurotransmission (11), with
phosphoinositides implicated in regulating functional and structural plasticity (13–15).
We therefore reasoned that the brains of Lpaat��/� mice, which contain approximately
half the PI content of wild-type brains, may have dysregulated signaling through
pathways regulated by PIPs.

NMDA and AMPA receptors are glutamate-gated transmembrane proteins (56).
Brain content and activation of NMDA receptors are associated with learning and
memory (28–31, 57, 58), while AMPA receptors have been shown to contribute to
hippocampal synaptic plasticity required for the formation of new memories (59, 60).
Decreases in brain NMDA and AMPA receptor content are correlated with a reduced
capacity for learning and memory in both mice (58) and humans (61). Changes in
membrane PIP composition affect the conformation, localization, and function of both
NMDA and AMPA receptors (32, 33). PIP2 mediates interaction of NMDA receptors with
a cytoskeletal adaptor protein that is required for maintenance of the open state (32)
and for synaptic localization (33). PIP3 is required for maintenance of AMPA receptor
clustering at the postsynaptic membrane (15). We determined the levels of the NMDA
receptor subunits NR1, NR2A, and NR2B, as well as a host of AMPA receptor subunits,
in total brain lysates and found that Lpaat��/� mice have a significantly lower content
of NR1, NR2A, NR2B, and GluR1 than wild-type mice. Since NMDA receptors are
comprised of a heterotetramer formed from two NR1 subunits and either or both NR2
subunits (62), our finding of a global decrease in all components suggests that brain
Lpaat� deficiency leads to reduced total NMDA receptor levels, rather than a shift in the
makeup of these receptors.

Most studies on the depletion/repletion of PIPs report redistribution of NMDA and
AMPA receptors, rather than overt changes in total levels (15). Given the drastic
reductions that were evident (i.e., �75% decrease in NR1), we did not further explore
changes in subcellular localization, since global effects would likely predominate. The
lack of difference in total receptor levels in PIP depletion/repletion experiments may be
due to the short-term nature of those in vitro experiments in contrast to the Lpaat�-
deficient mouse, which represents a chronic model of altered PI. It is also possible that
NMDA and AMPA receptor levels were not reduced as a result of changes in PI/PIPs per
se. Brain PC and PE contents are also reduced in Lpaat�-deficient mice. Moderate
decreases in PC and PE are observed in the prefrontal cortex in rats with normal aging,
and this is associated with subunit-specific decreases in AMPA and NMDA receptors
(63). It is thus possible that the loss of PC and PE in brains of Lpaat��/� mice alters
membrane composition in a manner that impairs assembly or enhances degradation of
NMDA and AMPA receptors, causing the reductions in content observed. Therefore, we
next tested whether there was evidence of generalized dysfunction in other well-
characterized PIP-regulated signaling pathways.

PIPs in membranes form docking sites for proteins such as AKT that contain a
pleckstrin homology domain (64). PIP3 is important for anchoring activated AKT/PKB to
the membrane, where it acts as a kinase regulator of other proteins, including mTOR,
which it phosphorylates directly (65) and also regulates indirectly (66). We performed
an initial investigation examining AKT/PKB and mTOR signaling pathways, which are
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involved in a multitude of cellular processes in the brain, including cell survival and
proliferation, glucose metabolism, and protein synthesis (67–72). However, we found
no differences in brain levels of AKT or AKT activated by phosphorylation at Ser473 or
Thr308. We also found no significant difference in levels of phosphorylation of GSK3�

at Ser9, which is a target site for AKT phosphorylation, together suggesting that
AKT-mediated signaling is not significantly different between wild-type and Lpaat��/�

mice. Finally, we investigated the protein contents of mTOR and mTOR phosphorylated
at the AKT consensus sites Ser2448, PRAS40, and RagC but found no significant
differences between the brains of wild-type and Lpaat��/� mice. Although we did
observe a reduction in phosphorylated cRAF, this protein is a target for kinases other
than AKT (73–76). Taken together, our findings suggest that PI is present in the brain
at a level that well exceeds cellular requirements for the production of phosphoinositi-
des, such that a �50% decrease in total PI does not cause a generalized impairment of
PI-mediated signaling.

Overall, the results from this study suggest a striking difference in learning and
memory between wild-type and Lpaat��/� mice determined using the MWM. However,
inferences should be interpreted with some caution. Although the MWM is generally
regarded as a gold standard in assessing spatial learning and memory (77, 78), other
confounding factors could affect the performance of Lpaat��/� mice in this testing
paradigm, such as a greater level of anxiety than their wild-type littermates. In this
regard, we tested Lpaat��/� mice using a computerized comprehensive laboratory
animal modeling system and found no significant differences from wild-type litter-
mates in total or directional activity when the mice were introduced to their new
environment (79). This suggests that differences in anxiety or exploratory behavior are
not responsible for impaired performance in the MWM. However, future studies using
alternate testing paradigms may be of value for expanding the understanding of
intricate relationships between neural lipid dysregulation and learning behavior.

In summary, our current study has demonstrated for the first time that deficiency of
an Lpaat or Agpat gene causes significant impairments in spatial learning and memory
as assessed by the MWM. These deficits are attributed, at least in part, to a significantly
reduced neural content of the NMDA receptor subunits NR1, NR2A, and NR2B, as well
as the AMPA receptor subunit GluR1. Significantly lower protein levels of these subunits
are likely related to a significant decrease in the membrane glycerophospholipids PC,
PE, and PI. However, the exact mechanism through which alterations in membrane
phospholipid content and composition modulate glutamate receptor function in neu-
rons is currently unknown. We speculate that significant loss of these phospholipids
may alter the biophysical properties of neuronal membranes in a manner that is
nonadvantageous to NMDA and AMPA receptor function, but further work will be
required to fully understand these associations.

MATERIALS AND METHODS
Animals and genotyping. Lpaat� gene ablation was performed by Genentech/Lexicon and was

achieved by homologous recombination that replaced exons 4 to 6 with a LacZ-neomycin selection
cassette (80). Although exon 3 contains catalytic motif I, the HX4D catalytic dyad, exons 4 to 6 contain
motifs III and IV, the highly conserved “EGTR” sequence, and a conserved proline that are critical for
acyltransferase activity of AGPAT enzymes (81). We have previously reported confirmation of Lpaat�
disruption and PCR conditions for genotyping (6). Mice were produced by intercrossing heterozygous
littermates to generate wild-type, heterozygous, and homozygous null mice, of which only the wild-type
and homozygous null mice were used for studies. Twelve- to sixteen-week-old male wild-type and
Lpaat��/� littermates were used. Animals were housed in a temperature- and humidity-controlled
environment on a 12-h/12-h light/dark cycle, and standard rodent chow and water were provided ad
libitum. All animal procedures were approved by the University of Waterloo Animal Care Committee.

Morris water maze. Lpaat��/� and wild-type littermate mice were tested for spatial learning and
memory using the MWM, as described previously (77, 82), with minor modifications for mice (78). The
researchers were blinded to the genotypes of the mice while running the study. The pool was 26.5 cm
in height and 69 cm in diameter and was divided into four quadrants. The hidden platform measured 5
cm in height by 9 cm in width by 14 cm in length. The water was maintained at 23°C � 1°C to prevent
hypothermia and stained white to obscure the platform and improve camera tracking of black and
brown mice. The platform was hidden 1 cm below the water surface and placed in the northeast
quadrant. Landmark cues were posted around the walls of the water maze room to help the mice orient
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themselves in the pool and find the platform. All MWM experiments took place between 10:00 a.m. and
12:00 p.m. The mice were placed into the pool facing away from the platform in the southwest quadrant
and were allowed to swim for up to 30 s. Mice who found the platform in under 30 s were allowed to
sit on the platform for 20 s. The researchers guided mice that failed to find the platform in 30 s to the
platform, where they also sat for 20 s. The training period lasted for 5 days, and the mice were subjected
to one block of three training repetitions each day. On the sixth day, the platform was removed, and the
mice were allowed to swim for 30 s to assess spatial learning and procedural memory. The performance
of the mice in the MWM was monitored by an overhead video camera connected to a computer with
EthoVision XT video tracking software (Noldus Information Technology, Wageningen, The Netherlands).

High-resolution respirometry and hydrogen peroxide production. Mitochondrial fractions were
obtained as previously described (83, 84), with minor modifications. Briefly, 1/2 of the brain, split along
the medial longitudinal fissure, was homogenized using a Polytron homogenizer (VWR, Radnor, PA) set
at maximum speed in 2 ml of MiR05 buffer (0.5 mM EGTA, 3 mM MgCl2, 60 mM lactobionic acid, 20 mM
taurine, 10 mM potassium dihydrogenphosphate, 20 mM HEPES, 110 mM sucrose, 1 g/liter essential-
fatty-acid-free bovine serum albumin [BSA], and 10 �l/ml protease inhibitor cocktail), a mitochondrial
respiration buffer developed by Oroboros Instruments (Innsbruck, Austria). All homogenization and
centrifugation steps were performed at 4°C. To remove nuclei, brain homogenates were centrifuged at
1,400 � g for 7 min, and the supernatant was removed to a clean tube and spun again at 1,400 � g for
an additional 3 min. The supernatant was removed to a fresh tube, which was spun at 10,000 � g for 5
min to pellet mitochondria. The mitochondrial pellet was gently resuspended in 1 ml of MiR05, and
centrifuged at 1,400 � g for 3 min to pellet and remove any remaining nuclei, further purifying the
mitochondrial fraction. The supernatant was transferred into a fresh tube and spun at 10,000 � g for 5
min to pellet the mitochondria. The supernatant was removed, and the mitochondrial pellet was then
resuspended in 250 �l of MiR05. Forty-microliter aliquots of this uniform suspension were immediately
injected into multiple chambers of an Oxygraph-2k respirometer. The remaining suspension was frozen
at �80°C for subsequent protein analysis.

The rate of mitochondrial oxygen consumption was measured using the Oxygraph-2k respirometer
(Oroboros, Innsbruck, Austria) equipped with the O2k-Fluorescence LED2 module for simultaneous
measurement of H2O2 production using Amplex Red (85). All measurements were performed at 37°C.
Prior to the addition of mitochondria, 2 ml of MiR05 was equilibrated to the chamber and oxygenated
to approximately 300 nmol/ml of O2. Components of the Amplex Red detection system were added to
each chamber (final concentrations, 10 �M Amplex Red, 1 U/ml horseradish peroxidase, and 5 U/ml
superoxide dismutase), as previously described (85). After a baseline was recorded, H2O2 was injected
into each chamber (0.1 �M final concentration) to allow initial calibration of the fluorescent signal. To
examine components of the electron transport chain in detail, a substrate-uncoupler-inhibitor titration
(SUIT) procedure adapted from Afshordel et al. (83) was performed. Forty microliters of the isolated brain
mitochondria solution was added to each of 2 chambers and allowed to equilibrate (endogenous
respiration [endog]). A solution of substrates for complex I, including glutamate (5 mM), pyruvate (5 mM),
and malate (2 mM), was added to each chamber in the absence of ADP to determine mitochondrial leak
[leak (P/G/M)]. ADP (2 mM) was then added to determine CI capacity, followed by addition of the
complex II substrate succinate (10 mM) to determine the capacity of CI plus CII. Cytochrome c (10 �M)
was subsequently added to test for mitochondrial integrity. The inhibition of ATP synthase with
oligomycin (2.5 �M) was then tested to determine the substrate-limited leak state (leak [only]), which is
a measure of intrinsic uncoupling due to proton and electron slip, as well at cation cycling. As a maximal
measure of the ETS capacity, the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) (2.5 �M)
was added. CII-supported noncoupled respiration was determined with the addition of rotenone (0.5
�M). The addition of antimycin A (2.5 �M), a complex III inhibitor, allowed the quantification of residual
oxygen consumption (ROX). Finally, tetramethylphenylenediamine (TMPD) (0.5 mM) and ascorbate (2
mM) were added to each chamber to stimulate cytochrome c oxidase CIV activity. Autoxidation was
determined with the subsequent addition of sodium azide (100 mM). All values were corrected for ROX,
and CIV activity was also corrected for autoxidation. The total protein content was determined with a
bicinchoninic acid (BCA) assay, and endogenous levels of ANT were determined by Western blotting as
a marker of mitochondrial content per sample. All respirometry and Amplex Red fluorescence values
were normalized to ANT content. The respiratory control ratio (RCR) of the isolated brain mitochondria
was determined as a ratio between CI plus CII and the leak respiration following the addition of
oligomycin (leak [only]).

Immunoblotting. Immunoblot analysis was performed as previously described (6). Briefly, whole
mouse brains were homogenized in 1 ml of buffer A (50 mM Tris-HCl, pH 6.8, 1 mM EDTA, and 0.5% Triton
X-100) with 10 �l/ml of protease inhibitor cocktail, using a Polytron homogenizer set at the highest
speed. Samples were incubated on ice for 15 min and then centrifuged at 7,600 � g for 10 min at 4°C.
Supernatants were collected, transferred to a new tube, and then sonicated on ice with three 6-s bursts
at 65% output. Samples that were not used immediately were stored at �80°C. For immunoblot analysis,
samples were mixed with 2� Laemmli buffer (125 mM Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 10%
2-mercaptoethanol, and 0.05% bromophenol blue) and denatured by heating to 95°C for 5 min. Samples
were electrophoresed on 12% SDS-PAGE gels at 120 V for 1 h and then transferred to nitrocellulose
membranes at 350 mA for 90 min. Membranes were blocked for 1 h with 5% (wt/vol) skim milk blocker
in TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20) or 3% (wt/vol) BSA blocker for
phosphospecific proteins and then probed overnight in TBST with 1% (wt/vol) blocker using primary
antibodies (1:1,000 dilution) directed against AKT, phospho-AKT (Ser 473), phospho-AKT (Thr308),
phospho-GSK� (Ser9), phospho-c-RAF (Ser259), phosphatidylinositol 3 (PI3)-kinase class III, mTOR,
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phospho-mTOR (Ser2448), PRAS40, RagC, GFAP, neurofilament L, GluR1, GluR2, GluR3, GluR4, phospho-
GluR1 (Ser845), phospho-GluR2 (Tyr869/873/876), CNPase, �3 tubulin, �-actin, and NR1 (Cell Signaling,
Beverly, MA) or PSD-95, NR2A, and NR2B (EMD Millipore, Billerica, MA). The membranes were washed 3
times with TBST and then probed with horseradish peroxidase (HRP)-conjugated secondary antibodies in
TBST with 1% blocker. The blots were washed 3 times with TBST, and bands were detected by enhanced
chemiluminescence (Luminata Forte reagent; EMD Millipore, Etobicoke, Ontario, Canada). Protein ex-
pression was normalized to one of three different loading controls: �-actin levels, total protein per lane
following Ponceau staining of membranes, or total protein per lane following fluorescence-activated
imaging of proteins in TGX stain-free gels (Bio-Rad, Mississauga, Ontario, Canada).

Lipid extraction and gas chromatography. To assess the relative content of fatty acids within
phospholipids from whole brains of wild-type and Lpaat��/� mice, brains were harvested and lipids
were extracted by Folch’s method as previously described (6, 86). Briefly, whole brains were
homogenized in 2:1 (vol/vol) chloroform-methanol with butylated hydroxytoluene as an antioxidant,
using a Polytron homogenizer set at the highest speed, followed by addition of sodium phosphate
(86). The organic phase was collected, dried, applied to a silica gel H plate, and resolved by thin-layer
chromatography (TLC) on a chloroform–methanol–2-propanol– 0.25% KCl–triethylamine solvent
front (30:9:25:6:18 [vol/vol/vol/vol/vol]). Bands corresponding to individual phospholipid species
were identified using known standards, overlaid with 10 �g of 22:3n-3 ethyl ester internal standard
(Nu-Check Prep, Elysian, MN), and scraped for determination of fatty acyl composition and content
by gas chromatography with flame ionization detection as previously described (87). Briefly, fatty
acyls in lipids were derivatized to fatty acid methyl esters by transesterification using 14% boron
trifluoride in methanol (Thermo Scientific, Bellfonte, PA) with hexane on a 95°C heat block for 1 h.
Fatty acid methyl esters were analyzed on a Varian 3900 gas chromatograph equipped with a
DB-FFAP 15-m by 0.10-mm inside diameter by 0.10-�m film thickness nitroterephthalic acid-
modified polyethylene glycol capillary column (J&W Scientific from Agilent Technologies, Missis-
sauga, Ontario, Canada) with hydrogen as the carrier gas. Samples (2 �l) were introduced by a Varian
CP-8400 autosampler into the injector heated to 250°C with a split ratio of 200:1. The initial
temperature was 150°C with a 0.25-min hold followed by a 35°C/minute ramp to 200°C, an
8°C/minute ramp to 225°C with a 3.2-min hold, and then an 80°C/minute ramp up to 245°C with a
15-min hold at the end. The flame ionization detector temperature was 300°C with air and nitrogen
makeup gas flow rates of 300 and 25 ml/min, respectively, and a sampling frequency of 50 Hz
(87).

UHPLC-MS/MS. To investigate differences in mitochondrial phospholipid content and acyl-specific
lipid species, mitochondria were isolated by subfractionation, as we and others have previously de-
scribed (6, 88), with minor modifications. Briefly, mouse brains were harvested and homogenized at
1,000 � g in buffer A (250 mM sucrose, 50 mM Tris-HCl, pH 7.4, 5 mM MgCl2) and then centrifuged at
800 � g for 15 min to isolate the nuclear fraction. All centrifugation steps were performed at 4°C. The
postnuclear supernatants were spun at 11,000 � g for 10 min to pellet mitochondria. The postmito-
chondrial supernatant was removed, and mitochondrial pellets were resuspended in 100 �l of
phosphate-buffered saline (PBS), upon which lipids were extracted using a modified Folch protocol (86)
containing 1,2-diheptadecanoyl-sn-glycero-3-phosphatidylcholine as the internal standard. A Thermo
Q-Exactive Quadrupole-Orbitrap mass spectrometer (Thermo-Fisher Scientific, Waltham, MA) was used
and coupled to a Dionex UltiMate 3000 UPLC System (Dionex Corporation, Bannockburn, IL). A reversed-
phase, binary multistep, ultrahigh-performance liquid chromatography (UHPLC) protocol was used with
a C18 Ascentis Express column with dimensions of 15 cm by 2.1 mm by 2.0 �m (Sigma-Aldrich, St. Louis,
MO). The mobile phase consisted of 80:20 acetonitrile-water plus 2% glacial acetic acid plus 1% 14.8 M
ammonium hydroxide, pH 6.7 (A) and 90:10 isopropanol-water plus 5% glacial acetic acid plus 2% 14.8
M ammonium hydroxide, pH 6.6 (B). The gradient protocol used was as follows: from 0 to 5 min, 40% B;
from 5 to 10 min, 80% B; from 10 to 14 min, 100% B. From 14 to 15.2 min, B was decreased to 40% and
allowed to equilibrate until the 20-min mark. The flow rate was 0.23 ml/min, column temperature was
55°C, and tray temperature was 4°C. The mass spectrometer was operated in negative electrospray
ionization mode, 70,000 resolution, with a scan range of m/z 100 to 1,500, spray voltage of �2.5 kV,
sheath gas flow rate of 35 units, and capillary temperature of 300°C. MS/MS experiments were done
under data-dependent conditions with top 5 ions and 17,500 resolution, and the normalized collision
energy was 17.5. Thermo Xcalibur QualBrowser software (version 2.1; Thermo-Fisher Scientific, Waltham,
MA) was used for extracting ion chromatograms, integrating peak areas, and exporting MS-MS spectra.
Chromeleon Xpress (version 7.2; Thermo-Fisher Scientific, Waltham, MA) was used to monitor and control
the Dionex UHPLC settings. MS/MS spectra were analyzed using the NIST MS search program (version 2.0;
National Institute of Standards and Technology, Gaithersburg, MD) and LipidBlast libraries. Principal-
component analysis was also performed on compounds with MS/MS profiles using Progenesis QI
(Durham, NC), and compounds with P values of �0.05 were identified manually. Extracted ion profiles
were integrated for phosphatidylcholine species using the acetate adduct [M 	 acetate]�, phosphati-
dylethanolamine [M-H]�, phosphatidylserine [M-H]�, and cardiolipin [M-H]�; the data are expressed as
the analyte/internal standard ratio.

Statistical analysis. Results are expressed as means � standard errors of the mean (SEM). Statistically
significant differences between two groups were assessed by Student’s t test, and differences across
multiple groups were assessed by one-way analysis of variance (ANOVA) with Bonferroni’s post hoc test.
Significance was accepted at a P value of �0.05.
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