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Abstract
Neurons from the adult central nervous system (CNS) demonstrate limited mRNA transport and localized protein synthesis
versus developing neurons, correlating with lower regenerative capacity.We found that deimination (posttranslational conversion
of protein-bound arginine into citrulline) undergoes upregulation during early neuronal development while declining to a low
basal level in adults. This modification is associated with neuronal arborization from amphibians to mammals. The mRNA-
binding proteins (ANP32a, REF), deiminated in neurons, have been implicated in local protein synthesis. Overexpression of the
deiminating cytosolic enzyme peptidyl arginine deiminase 2 in nervous systems results in increased neuronal transport and
neurite outgrowth. We further demonstrate that enriching deiminated proteins rescues transport deficiencies both in primary
neurons and mouse optic nerve even in the presence of pharmacological transport blockers. We conclude that deimination
promotes neuronal outgrowth via enhanced transport and local protein synthesis and represents a new avenue for neuronal
regeneration in the adult CNS.

Keywords Deimination . Regeneration . Development . PAD2

Introduction

The delivery of cargo to specific compartments within the
neurons is critical for establishing unique cellular domains
and plays a crucial role during development and synapse

formation [1]. During these processes, local mRNA synthesis
becomes a heavily regulated process mediated by motor,
adaptor, and scaffolding proteins that regulate mRNA trans-
port to specific compartments [1, 2]. Cargo destined for spe-
cific compartments is transported based upon the unique
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association with compartment-specific motor complexes
whose specific complexation occurs before axonal specifica-
tion [2]. Hence, defects of motor proteins that are involved in
this transport system have been demonstrated to be associated
with neuronal degeneration [3–7]. The mammalian peripheral
nervous system (PNS) maintains the ability to regenerate into
adulthood [8–10], whereas neurons of the central nervous sys-
tem (CNS) are incapable of regeneration [6, 11, 12]; therefore,
the loss of regenerative capacity has been attributed to be the
result of reduced levels of translational machinery and growth
inhibitors that prevent protein synthesis following injury in the
mature CNS [3, 6, 7, 13]. Compartmental local protein syn-
thesis by means of RNA trafficking has been reported in den-
drites in neuronal cultures [8], and several independent studies
have now corroborated selective trafficking of mRNA and
their local translation in specific neuronal compartments
[9–12]. Despite these demonstrations, restoration of protein
synthesis and transport in mature neurons that promote neu-
ronal growth remains a challenge [3]. In addition, the mecha-
nisms that promote neuronal transport through the selection of
cargoes and their interactions with motor proteins (which lead
to the distribution of mRNA and local proteins synthesis)
remain poorly understood. Posttranslational modifications
(PTMs) such as deimination (the conversion of protein-
bound arginine into citrulline) are another layer of regulatory
mechanisms that remains to be explored [14]. Due to the lack
of a bona-fide reversal enzyme, deimination is considered to
be an irreversible and long-term PTM whose longevity high-
lights its potential for long-term regulatory effects. Thus far,
only a limited number of proteins have been identified to
undergo deimination [15]; however, deimination is highly reg-
ulated in different cell types, and dysregulation of deimination
has been reported in neurodegenerative diseases such as mul-
tiple sclerosis and glaucoma [16–18]. Here, we demonstrate
that deimination regulates the interaction of cargo molecules
and molecular motors, suggesting that neuronal transport af-
fects neurite outgrowth and neuronal function in vitro and in
vivo [11].

Results

Deimination Level Is Associated with Neuronal
Outgrowth

Deimination has been observed in the infant CNS which
showed higher levels of deimination when compared to
adult brains [19]; in addition, deimination has been docu-
mented to decrease in aged rats when compared to young
rats [20]. As deimination is under independent regulation
i n d i f f e r e n t c e l l t y p e s , t h e c o - e x i s t e n c e o f
hyperdeimination in astroglial cells and hypodeimination
in neurons of neurodegenera t ive diseases wi th

inf lammation [21] makes i t di ff icul t to observe
deimination changes when neurons undergo degeneration.
We utilized three different systems, ocular rotation in
frogs, cocaine treatment in mice, and neuronal cultures
(in which the effects of deimination in glial cells are min-
imized), to analyze changes in neuron-specific deimination
during neurite outgrowth and retraction. Ocular rotation in
frogs results in new arborization (new neurite formation)
in the optic tectum without activation of astroglial cells
[22, 23], rendering it a suitable model for detection of
deimination in neurons without interference from glial
cells. Neurons undergoing arborization were traced by
cholera toxin subunit B. Immunohistochemical (IHC) anal-
ysis showed a significant increase in deimination in the
contralateral tectal lobes of the rotated eyes compared to
controls (Fig. 1a, b), commensurated with increased
neurite outgrowth that co-localizes with neural arboriza-
tion as indicated by a tracer (Fig. 1a). These findings were
further corroborated using Western blot analysis showing
increased protein-bound citrulline (deimination) in the ro-
tated eye of the contralateral tectal lobe (Fig. 1c). The
increase in deimination was associated with increased ex-
pression of peptidyl arginine deiminase 2 (PAD2), the ma-
jor cytoplasmic deiminase in neurons (Fig. 1c). Our second
model was the chronic cocaine-treated mouse cerebellum,
which undergoes degeneration and neurite retraction [24],
with no reported astroglial cell activation. In contrast to the
eye-rotated frog optic tectums, PAD2 levels in the cerebel-
lums of chronic cocaine-treated mice (C57BL/6J) showed
a significant decrease when compared to the saline-treated
controls (Fig. 1d–f). The reduction in PAD2 correlates
with reduced axonal marker SMI312 and the synaptosomal
protein SNAP-25, suggesting rearrangement of neurons
(Fig. 1d–f).

We further investigated deimination levels in primary rat
neurons cultures and in established neuronal cell lines (PC12
and Neuro 2A) under neurite growth permissive and growth
inhibitory conditions independently. PAD2 expression in-
creased after 6 days in mouse primary neurons (E17)
(Fig. 1g), commensurate with PAD2mRNA increase during
early development in the first week and decrease during
adulthood (Fig. 1h). Nerve growth factor (NGF) was used
to induce neurite growth in PC12 cells and primary neurons
(Fig. 2a), while myelin basic protein (MBP) fragments were
used as a growth inhibitor for Neuro 2A cells and primary
neurons (Fig. 2b). As expected, PAD2 expression was up-
regulated inNGF-treated cells but decreased inMBP-treated
cells/neurons (Fig. 2a–c). These results suggest that
deimination levels are associated with neurite outgrowth
and retraction. Early steps of neuronal compartmentaliza-
tion are associated with polarized cargo trafficking; there-
fore, subsequent experiments attempted to unravel the asso-
ciation between deimination and polarized trafficking.
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Deimination Is Associated with Polarized Trafficking

Acidic nuclear phosphoprotein 32a (ANP32a) and RNA ex-
port factor (REF) are mRNA-binding proteins, primarily lo-
calized in the nucleus [25, 26], that are deiminated in neurons
during normal conditions [18, 21], but show a decreased in

deimination in neurodegenerative diseases [21]. ANP32a and
REF play a role in mRNA processing/export and neuronal
differentiation, respectively [27]. Deiminated REF facilitates
the transport of mRNAs such as ATP5b and SNAP-25,
resulting in their increased dendritic synthesis [18, 21].
Although PAD2 expression levels lack correlation with the
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Fig. 1 Deimination level is associated with growth status of neuron. a
Representative normal and eye-rotated frog tectum, detected with
antibody against deimination as indicated. Tracer indicates
isthomotectal projection after eye rotation concomitant with elevated
deimination. Bar = 50 μm. b Semiquantitative fluorescent signal from
comparative area quantified by ImageJ (n = 6; *p ≤ 0.005). c
Representative Western blot analysis of deimination and PAD2 level in
frog tectum (control and rotated as indicated). Densitometric
quantification from similar blots (n = 6; *p ≤ 0.005). d Representative
saline (control) and cocaine-treated (chronic) mouse cerebellum,

detected with anti-PAD2 and SMI312 antibody as indicated. Bar =
50 μm. e Fluorescent signal from comparative area quantified by
ImageJ (n = 3; *p ≤ 0.005). f Western blot analysis of SNAP-25 and
PAD2 level in mouse cerebellum (control and chronic cocaine treatment
as indicated). Densitometric quantification from similar blots (n = 6; *p ≤
0.005). gWestern blot analysis of PAD2, REF, and ANP32a in 0-, 4-, and
6-day neurons; GAPDH is used as control. h Detection of PAD2
expression in postnatal day 1 and 7 (P1, P7), 1-, 3-, and 5-month-old
mouse optic nerve
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expression levels of REF and ANP32a (Figs. 1g and 2a–c), we
found that ANP32a is transported in a polarized manner in
neurons and consistently co-localizes with the deimination
signal (Fig. 2d). Disruption of deimination by PAD2 knock-
down with shRNA abolished ANP32a polarization (Fig. 2d),
indicating a role of deimination in its transport.

Proteins and Their Interactors Under Regulation
of Deimination

REF and ANP32a were detected in the pool of PAD2
interactors by immunoprecipitation (IP) (Fig. 3a). In contrast,

molecular motors dynactin (DCTN) and KIF21b were not
deiminated and as such were not pulled down by PAD2.
REF was found to associate with dynactin and kinesins
(KIF21b and KIF5A) from reciprocal IPs with different motor
proteins (Fig. 3b), indicating that PAD2 is likely indirectly
interacting with motor proteins through REF. More extensive
mass spectrometric analysis identified several PAD2 pulled
down proteins that are related to ribonucleoproteins (RNPs)
and RNA granules (Table 1), suggesting that PAD2 plays a
role in the mechanism of mRNA transport.

To d e t e rm in e d e im i n a t e d REF i n t e r a c t o r s ,
nondeiminated REF recombinant proteins were produced
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in Escherichia coli (lacks deiminase), and a fraction was
in vitro deiminated by adding purified PAD2. Equal
amounts of nondeiminated (control) and deiminated REF
were used to pull down interactors in neuronal cells.
Deiminated REF associated with different cohorts of
RNA processing proteins (Fig. 3c), suggesting that
deiminated REF may play a role as a specialized mRNA
transporter that likely exhibits unique cargo selection de-
pending on the cell compartment.

Increased PAD2 levels induced by viral vector expres-
sion in primary neurons promoted neurite elongation
(Fig. 3d–f), upregulation, and accumulation of end prod-
ucts GTPase Rab3 and SNAP-25 proteins (Fig. 3f).
Simultaneously, increased ANP32a was found in neurites
but not within the cell bodies (Fig. 3d–f), which coincided
with elevated arborization. In contrast, PAD2 knockdown
showed a shift in distribution of SNAP-25, ANP32a, and
dynein in the cell body and neurites (Fig. 3f). Taken to-
gether, these results suggest that deimination is involved
in the regulation of trafficking of specific proteins. We
next investigated transport of cargo via molecular motors.

Association of Deiminated Molecules and PAD2
with Motors Systems

PAD2 expression is related to neuronal growth and associ-
ated with mRNA-binding proteins such as ANP32a and
REF, which in turn facilitates interaction with motor pro-
teins (such as KIF21b and KIF5A). We questioned whether
the transport and localized translation in different neuronal
compartments facilitated by ANP32a and REF are the in-
trinsic neurite/neuronal growth mechanisms. To address
this, we tested whether there is a shift in subcellular local-
ization of specific mRNAs or proteins, or an overall in-
crease in their levels with regulation of PAD2 expression.
We utilized novel neuronal fractionation for compartmen-
tal level analyses. Laser capture microdissection (on
unfixed tissues to preserve proteins) suitable to fractionate
different compartments of neurons generated insufficient
quantities of reproducible material to perform multiple bio-
chemical analyses in our repeated trials. Therefore, we de-
veloped a new fractionation method using biotin-
conjugated lectins (proteins that bind to sugars on cell
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surface proteins). We found two plant lectins [Canavalia
ensiformis (designated as lectin 2) and Maclura pomifera
(lectin 3)], that preferentially associated with neurites and
the neuronal cell body, respectively (Fig. 4a). The lectin-
bound neurons incubated with streptavidin-coupled mag-
netic beads allowed fractionation of neuronal compart-
ments (described in the “Materials and Methods”). The
eluents from purification steps were loaded onto a gel
and their cellular compartmental location was determined
by the markers Tau1 and GAPDH (Fig. 4a). The purity of
the fractions was further evaluated by probing the blots for
the cytoplasmic GAPDH and the synaptic marker SNAP-
25. This approach allowed detection of the compartmental
locations of PAD2 and ANP32/REF. The majority of REF
was located within the neurites rather than the cell body
(Fig. 4b). KIF21b was mainly localized to neurites, while

dynactin was ubiquitous throughout both fractions (Fig.
4b). Increased PAD2 expression results in increased
SNAP-25 and dynein levels and a shift in dynein localiza-
tion from the cell body to neurites—an opposite effect
from that observed when PAD2 expression was inhibited
(Fig. 4c). We further determined if REF or ANP32a had a
unique subset of interactors in different neuronal fractions
using IP-mass spectrometry (Table 2). Some interactors are
parts of RNP or RNA granules, both of which are enriched
in neurites. We determined whether there are any differ-
ences between REF/ANP32a (both RNA-binding proteins)
and the associated repertoire of mRNA in neurites and cell
bodies of the neuron (Fig. 4d). ANP32a had a higher affin-
ity for most mRNA in the cell body. However, REF had
higher affinities for Sphk2 (Sphingosine Kinase 2) and
Capza2 (F-Actin Capping Protein Alpha-2 Subunit)
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Fig. 4 Deimination regulates cargo distribution in different
compartments in neurons. a Localization of lectin 2 (Maclura pomifera
lectin) and lectin 3 (Canavalia ensiformis lectin) in primary cortical
neurons (IHC) and Neuro 2A cells as indicated. Bar = 20 μm. Western
blot of fractions (illustrated with fraction-nomenclature in the schematic
shown in the right) usingmarkers for cell body and neurites from different
eluents: 2E, eluent after lectin 2 binding; 2S, flow through after lectin 2
binding; 3S, flow through after lectin 3; TCE, total cell extract. bWestern
blot of selected proteins in different neuron compartmental fractions as
indicated. c Quantification of distribution of selected proteins after

induction (+) or inhibition (−) of PAD2 expression and controls (C)
based on Western blot analysis (n = 10) and densitometry. Mean ±
standard deviation. Neurite and cell body are color coded as indicated.
d Selected mRNAs in cDNA derived from two independent
immunoprecipitation (IP) products (using antibodies to REF and
ANP32 as indicated). N, neurites; CB, cell body. e Distribution of select
mRNAs in different cellular compartments of neurons after viral vector-
mediated up- (+PAD2) or downregulation of PAD2 (−PAD2). The
primers used in this study are listed in Online Resource 2
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mRNAs in the neurites than in other compartments, indi-
cating that REF transport would change the distribution for
these mRNAs. Whether deimination would affect the dis-
tribution of the selected mRNAwas tested by overexpress-
ing and knocking down PAD2 expression. As expected,
mRNAs such as Camk2a, STX3, CaMK1, and Capza1
had different distributions between cell body and neurites
when the level of deimination changed (Fig. 4e). These
differences could be regulated by the transport of either
REF or ANP32a. It has been established that distribution
of STX3 and several other mRNAs is regulated through
their untranslated (UTR) regions by RNA-binding proteins
[21, 28, 29]. To study transport and translation, we devel-
oped a hybrid construct that has 5′ and 3′ UTR regions of
STX3 and mCherry and a construct of REF fused with GFP
(see “Materials and Methods” for details). In cortical neu-
rons that were co-infected with virus containing the two
constructs, STX3 and REF co-localized in the axons
(Fig. 5b, bottom panels). In order to observe the translation
of STX3, STX3-mCherry signals (Fig. 5b, top panels) were
bleached at wavelength 546, where REF signal stays unaf-
fected (Fig. 5b, middle panels). During the 4-min recovery
time, mCherry (STX3 UTR) with REF signal perfectly co-
localized and moved toward the axon, suggesting that REF
is associated with STX3 during transport and translation.
In comparison with neurons without REF overexpression,
STX3 proteins took longer time to recover after bleaching,
indicating that REF plays a role in transport and translation
(Fig. 5a). In summary, these results suggest that PAD2
regulates mRNAs transport and protein translation through
modification of REF and ANP32a. Moreover, their

locations within neuronal compartments were found to be
closely related to their deimination level.

Next, we questioned how PAD2 would affect neuronal
transport, which required a model system for direct visualiza-
tion of motor transport. In order to label live neurons without
disrupting their activity, we looked at small molecules that
specifically interact with motor proteins and can be easily
introduced into the cell. For this application, lipid molecules
are ideal candidates (Fig. 6a), and some lipids showed speci-
ficity to the motor systems (Fig. 6b). To identify the lipids that
associate with different motors, we performed IPs against dif-
ferent motor proteins followed by lipid identification from the
eluent (Fig. 6c). This approach identified several lipids which
were motor specific, such as binding to KIF21b but not
KIF5a, allowing to distinguish between anterograde and ret-
rograde transport. A custom fluorescent lipid probe was de-
signed from one of the candidates (a glycolipid, FMC-
5(d18:1/20:0)), synthesized commercially, and tested on neu-
rons. There was a time-dependent decrease in axonal fluores-
cence, suggesting that this lipid was associatedwith retrograde
transport in contrast to a control (phosphatidylserine) lipid
(Fig. 6a). We used this approach to further evaluate the effects
of deimination on neuronal transport. Primary neurons (E17),
grown in an axon isolation chamber [27] (that contains micro-
grooves to guide neurite growth), were subjected to elevation
in deimination by viral vector-mediated PAD2 expression.
Two neuronal transport blockers (lidocaine and vincristine)
were used to interrupt neuronal transport concurrent with
overexpressed PAD2 or control [30, 31]. Fluorescent lipid
probes were detected using live imaging. As shown in
Fig. 6d, e (Movies 1 and 2), transport in the control cells
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was stalled within 30 min of adding lidocaine or vincristine;
however, transport was still active in the presence of
overexpressed PAD2. These results suggest that deimination
is involved in the regulation of specific cargo transport via
specific molecular motors.

The Effect of Deimination in Neuronal Transport
in a Mouse Model

Next, we attempted to determine if pharmacological per-
turbations can relate deimination and neuronal transport to
a functional visual (neuronal) outcome using an in vivo
model system. Pattern electroretinograms (PERGs) pri-
marily reflect the functional integrity of retinal ganglion
cells (RGCs), including their signal transport and connec-
tivity. Lidocaine can reduce PERG amplitude by blocking
axonal retrotransport [32]. Here, we utilized a hybrid
ND4(H), a cross between SLICK-H (genetically
engineered mouse to express enhanced yellow fluorescent
protein (EYFP) under regulation of the Thy1 promoter,
rendering for a ready and easy visualization of dendrites
(arbor) in a broad subset of neurons) [33] and ND4 (mod-
el for multiple sclerosis) mice [34, 35]. The hybrid
ND4(H) mouse strain demonstrates the presence of the
Thy1 marker in neuronal cells (Fig. 7d). To determine
whether deimination would rescue transport under condi-
tions where normal axonal transport is interrupted, we
increased vector-mediated PAD2 expression in retinas.
PERG measurement showed that PAD2 overexpression
maintained up to 40% of baseline amplitude after lido-
caine injection/inhibition and was significantly different
from controls (without PAD2 overexpression) that lacked
a visible wave (Fig. 7a–c). Western blots (Fig. 8a) showed
increased expression of SNAP-25 in the eyes overexpress-
ing PAD2 (Fig. 8c), suggesting that deimination facilitates
the maintenance of the PERG wave by increasing neuro-
nal transport. After 2 weeks, the eyes with PAD2 expres-
sion demonstrated stronger Thy1 signals compared to the
control eyes (Fig. 7d, e).

Discussion

There is growing recognition of the presence of quies-
cent neurons that are not being used in full capacity [36,
37], and their potential regenerative connectivity with
targets in neighboring neurons which could allow them
to be functionally restorative. Intuitively, increased trans-
port should enhance protein biosynthesis, neurite growth,
and connectivity, which are all hallmarks of neurodegen-
eration when they decrease. Graft experiments suggest
that this can be reversed in the adult phase [3] and the
evidence presented here suggests that normalization of

deimination is one such regulatory mechanism to in-
crease molecular transport, protein biosynthesis, and re-
generative reconnectivity in lower vertebrates/amphibians
(Fig. 1) and mammals (Figs. 1 and 7).

The intrinsic high rate of transport and translation underlie
the maintenance of neural growth during development
[38–40] which is substantially lost in adulthood, particularly
in the CNS [6, 9, 12, 41, 42]. In adults, increased cargo trans-
port and protein synthesis at the correct neuronal
compartment/location are necessary for recovery from degen-
eration [41, 43, 44]. In contrast to the PNS, CNS neurons are
restricted by the surrounding environment. Intrinsic regulation
that increases the rate of transport and protein synthesis may
overcome inhibition and result in functional restoration [3].

Long-term and irreversible PTMs, such as deimination
[14], are important but underinvestigated regulators. In
neuronal tissues, deimination shows a complexity of reg-
ulation in a cell-specific manner [17, 20]. Loss of
deimination precedes the loss of visual function [21] and
also modulates organelle mRNA transport [18]. We show
here that increased and decreased deimination are associ-
ated with neuronal outgrowth (Fig. 1a) and retraction
(Fig. 1d), respectively, suggesting that normalization of
deimination levels may promote neurite outgrowth even
in adults. Up- and downregulation of PAD2 affects REF
deimination, distribution of REF-associated mRNAs, and
timed cargo accumulation by molecular motors such as
KIF21b and dynein/dynactin (Fig. 4c, e). The assembly
of RNA granules and their transport are promoted by
deimination from PAD2 overexpression (Figs. 3c and 4c,
e). Conversely, downregulation of PAD2 using siRNA
shows decreased neurite outgrowth (Fig. 2d) and that
using shRNA against PAD2 shows decreased transport
of mRNA cargo molecules (Fig. 4e). REF facilitates the
delivery of specific mRNAs to their target cellular com-
partments to enhance local protein synthesis (Fig. 5), as
depicted in our model shown in Fig. 8e. PAD2 overex-
pression resulted in increased cargo transport (Figs. 3a, b
and 4e) that could overcome inhibition by the transport
blockers l idocaine and vincris t ine (Fig. 6d, e) .
Normalization of deimination thus enhanced compartmen-
tal protein synthesis (Fig. 4b, c). Deimination-induced re-
generative neurite outgrowth in adults (Fig. 1a, b) ap-
peared to underlie functional visual restoration (Figs. 7
and 8). Neuronal trafficking and localized protein synthe-
sis are highly regulated and intrinsic to neuronal activity
[45]. We developed innovative fractionation methods to
probe transported molecules in different neuronal com-
partments (Figs. 4, 5, and 6), and our techniques included
using motor-associated, fluorophore-conjugated lipids as
indicators of motor movement. Many neurodegenerative
diseases such as glaucoma [46], Alzheimer’s disease, and
demyelinating diseases [47–49] are associated with
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impaired axonal transport, the reversal of which may en-
hance neurite outgrowth [50] and lead to the restoration of
visual function (Figs. 7 and 8). The proposed mechanism
of deimination as one of the intrinsic regulators of
recalibrating regenerative connectivity could be a new di-
rection for functional restoration.

Materials and Methods

Animals

All animal protocols were approved by the Animal Care and
Use Committee of the University of Miami or of the
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University at Buffalo. The original breeding pairs of ND4
mice were from The Hospital for Sick Children, Toronto,
Canada, as a research gift, and a pathogen-free line was de-
rived via embryo transfer performed at the Charles River
Laboratory (Wilmington, MA). After confirmation of the ge-
netic status, a colony was maintained at Bascom Palmer Eye
Institute. Breeding pairs of SLICK mice were purchased from
Jackson Lab (Bar Harbor, MA). Hybrids of ND4 mouse
strains (ND4(H)) were derived from a cross between SLICK
and ND4 mice. The sparse YFP labeling (Thy1-YFP) in these

derivatives was confirmed by confocal scanning laser ophthal-
moscopy (CSLO) imaging. All mice were maintained in the
McKnight vivarium at the University of Miami.

Xenopus Eye Rotation

Xenopus laevis tadpoles were obtained from Xenopus1,
Dexter, MI. Nieuwkoop and Faber stage 56–57 tadpoles
were anesthetized by immersion in 1:4000 MS-222 in
10% Holtfreter’s solution [51]. The skin dorsal to the left
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eye was opened with fine forceps, and the extraocular
muscles were pinched apart. The eye was rotated 90°
around the optic nerve. At 2 months postmetamorphosis,
the frogs were anesthetized by subcutaneous injection
with 1% MS-222 in 10% Holtfreter’s solution, and the
brains were fixed by immersion in 4% paraformaldehyde.

Cell Culture

PC12 cells and Neuro 2A cells were purchased from ATCC
(Manassas, VA). PC12 cells were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Cellgro, Manassas, VA), sup-
plemented with 10% horse serum (ATCC) and 5% fetal bo-
vine serum (Cellgro), and Neuron 2A cells were grown in
DMEM (Cellgro), supplemented with 10% bovine serum
(ATCC).

Primary cortical neuron-only cultures were prepared as pre-
viously described [52, 53] from the cortices of E18–19-day
pups. The embryos were harvested through a cesarian section
and the cortices rapidly dissected from the brain and placed in
ice-cold HBSS. After removal of cerebral membranes, the
cortices were enzymatically digested with 0.25% Trypsin-
EDTA (Life Technologies) for 15 min at 37 °C. The resulting
cellular suspension was filtered through a 70-μM filter and
plated in MEM supplemented with 5% FBS, GlutaMax
(Invitrogen/Life Technologies) and 15 mM glucose. The cells
were plated on poly-D-lysine-coated coverslips at a density of
3000 cells/coverslip or on poly-D-lysine-coated 10-cm culture
dish at a density of 50,000 cells.

Virus Construct and PAD2 Expression in Animal Eyes

The Thy1 promoter region is located 2000 bp upstream of the
Thy1 start codon. The sequence was identified using UCSC
Genome Bioinformatics database. The BAC clone with the
insert of genomic DNA covering this region was obtained
from Children’s Hospital Oakland Research Institute
(CHORI). Primers (forward: 5′-AAAAAAACGCGTAA
TCCAGTCCAGAAATGGGGGTG; reverse: 5′-GTGG
GGGCTAGCGGACAAAGAAAACTGCACAATA)
including restriction sites forMlu1 and Nhe1 were prepared to
amplify the region 0–2000 bp upstream of the Thy1 start
codon. PCR products were subjected to verification by
agarose gel electrophoresis. The PCR bands were excised
and extracted from the agarose gel using a QIAGEN Gel
Extraction Kit (Qiagen, Valencia, CA). The concentration of
gel-purified DNAwas determined using a UV/visible spectro-
photometer. The insert and vector (pLionII) were simulta-
neously digested using restriction enzymes for excision of
the CMV region on the vector. The digested inserts and
pLionII were again subjected to gel electrophoresis and were
extracted using the gel extraction kit. The vector was dephos-
phorylated with calf intestinal alkaline phosphatase (CIP). The

digested vector and insert DNAwere ligated in a ratio of 1:3
by incubating with T4 ligase at 37 °C for 2 h. The ligated
constructs were used for transformation of TOP10 competent
E. coli cells. The colonies of transformants were picked, and
isolated DNAwas confirmed for the presence of the insert by
double digestion of the plasmid. The construct was further
confirmed by DNA sequencing. The Thy1-containing
pLionII was further subjected to digestion with Pme1 and
Not1 restriction enzymes. PAD2 was amplified using the
clone vector (Open Biosystem) with primers (forward: 5′-
ATATAAGTTTAAACATGCTGCGCGAGCGGACCG; re-
verse 5 ′-TTTTGCGGCCGCTTACAGAGGAAAGC
TGCTC) containing the Pme1 and Not1 restriction sites.
PAD2 was ligated with the Thy1-pLionII vector using the
same procedure as above.

Virus Production and Transfection

Thy1-PAD2 pLionII and CMV-YFP pLionII constructs were
transfected separately to human embryonic kidney (HEK-
293) cells using FuGENE 6 Transfection Reagent (Roche).
Briefly, structural vector (pCI-VSVG), envelope vector
(pCPRΛEnv), and transfer vector (Thy1-PAD2 pLionII, emp-
ty pLionII vector with thy1 promoter only or CMV-YFP
pLionII) were mixed in a 10:10:1 ratio; 21 μg of mixed
DNAwas incubated with 500 μL Opti-MEM (GIBCO) con-
taining 5 μL FuGENE and mixed with HEK-293 cells. Media
was changed every 3 days. Old media was collected and fil-
tered with 0.4 μm Super Membrane (PALL). The filtered me-
dia was mixed with 100% PEG (polyethylene glycol 6000,
USB Corporation, Solon, OH) using a 6:4 ratio (v/v) and cen-
trifuged for 20 min at 3500 rpm at 4 °C. The pellet was resus-
pended in 300 μL DMEM; 10 μL of Thy1-PAD2 pLionII
lentivirus was mixed with 1 μL of CMV-YFP pLionII lenti-
virus, and the whole mixture was added to HEK-293 cells.
Neuronal cells were transfected using LipofectamineTM

2000 (Invitrogen).
The siRNA experiments were performed using siRNA

against PAD2 sequences [Stealth Select RNAi for rat (Rattus
norvegicus) PAD2 (catalog numbers, Oligo id#, RSS309706,
RSS309707, RSS309705). Control siRNA (Invitrogen) unre-
lated to any known mammalian sequence was also used. The
siRNA was transfected using Lipofectamine 2000
(Invitrogen), following the manufacturer’s instructions with
minor modifications. Briefly, 106 cells were collected for each
transfection. All siRNAs used here were carefully evaluated
and were found to downregulate PAD2 mRNA expression by
about 60%. Cells were suspended in DMEM and plated onto
35-mm Petri dishes coated with poly-D-lysine (5 mg/mL)
(Sigma Chemical Co., St. Louis, MO) after transfection and
grown with differentiation medium containing 1% horse se-
rum (ATCC) and 100 ng/mLNGF (SigmaChemical Co.). The
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cultures were maintained in a humidified atmosphere of 5%
CO2 at 37 °C. The medium was changed every 3 days.

Ocular Injections

The mice were anesthetized with intraperitoneal ketamine
(50 mg/kg) and xylazine (5 mg/kg). Retrobulbar injections
of lidocaine (3 μL, 4%) were performed with a 23-gauge
needle using a supraorbital approach [32]. Intravitreal injec-
tions were performed following established methods using a
5-μL Hamilton syringe with 30-gauge needle connecting to
Ultra Micro Pump II (UMPII; World Precision Inc., Sarasota,
FL) to deliver 0.5–1 μL viral construct. Reproducible injec-
tions are achieved by the UMPII device. An ointment contain-
ing antibiotics and gentamicin was applied to the injection site
to prevent infection.

Confocal Scanning Laser Ophthalmoscopy Imaging

The mice were anesthetized with intraperitoneal ketamine
(50 mg/kg) and xylazine (5 mg/kg), and the eyes were dilated
with 2.5% phenylephrine hydrochloride eye drops (Akorn,
Lake Forest, IL) before imaging. A small drop of balanced
salt solution (BSS, Alcon, Ft Worth, TX) was topically ap-
plied on the cornea to prevent dehydration when necessary.
The mouse was placed on the platform and wrapped with
paper tissue to keep body temperature. Each eye was imaged
with a customized Heidelberg Engineering CSLO HRA II
(Heidelberg Engineering, Heidelberg, Germany) at the wave-
length for green fluorescence (488 nm) with a scan angle of
55° and scan rate of 51 frames per second.

Pattern Electroretinogram Experiments and Flash
Electroretinogram

ND4(H) mice aged 3–4 months were used in each batch of
electrophysiological experiments. Briefly, the mice were anes-
thetized using ketamine and xylazine and were gently re-
strained with the use of a bite bar and a nose holder that
allowed unobstructed vision. They were kept at a constant
body temperature of 37 °C using a feedback-controlled
heating pad with undilated pupils pointing laterally and up-
ward. The active electrode (0.25 mm diameter silver wire
configured to a semicircular loop of 2-mm radius) was placed
on the corneal surface without limiting the field of view.
Reference and ground electrodes were stainless steel needles
inserted under the skin of the scalp and tail, respectively [54].
BSS (Alcon, Ft Worth, TX) was topically applied on the cor-
nea to prevent dehydration for the duration of the recording. A
visual stimulus of contrast-reversing horizontal bars (field area
50° × 58°, mean luminance 50 cd/m2, spatial frequency
0.05 cycle/deg, contrast 98%, temporal frequency 1 Hz) was
aligned with the projection of the pupil at the viewing distance

of 15 cm. Eyes were not refracted for the viewing distance
given that the mouse eye has a large depth of focus because of
the pinhole pupil. Retinal signals were amplified (10,000-
fold) and bandpass filtered (1–30 Hz). Three consecutive re-
sponses to each of 600 contrast reversals were recorded and
were superimposed to check for consistency and then aver-
aged (1800 sweeps). The PERG is a light-adapted response.
To have a corresponding index of outer retinal function, a
light-adapted flash electroretinogram (FERG) was also re-
corded with undilated pupils in response to strobe flashes of
20 cd/m2/s superimposed on a steady background light of
12 cd/m2 and presented within a Ganzfeld bowl. Averaged
PERG and FERG consisting of a major positive wave follow-
ed by a slower negative wave were automatically analyzed to
evaluate the response amplitude. This was defined as the sum
of the absolute values of maximum and minimum voltages
(peak-to-trough amplitude). Statistical analysis was performed
by Student’s t test for unpaired data. p < 0.05 was considered
statistically significant.

Immunoprecipitation

All procedures were performed under RNase-free conditions
for the following experiments. Neuron lysates prepared from
rat brain were subjected to immunoprecipitation using differ-
ent antibodies (Online Resource 1). Briefly, IP was carried out
as follows: approximately 67 μg sepharose A beads
suspended overnight in 200 μL of 50 mM sodium borate
buffer pH 9.0 were incubated with 10 μg antibodies at room
temperature for an hour. The beads and antibody were cross-
l inked by adding 10 μg dimethyl p imel imidate
dihydrochloride (DMP) three times each with 2 h incubation
at room temperature and then was kept at 4 °C overnight.
Antibody-coupled beads were subsequently neutralized with
200 μL of 200 mM ethanolamine and washed with 1 mL of
phosphate buffered saline (PBS) twice. The antibody-coupled
beads were then incubated with 200 μg of cytosolic lysate for
an hour at room temperature. The beads were washed twice
with 500 μL of PBS and eluted with two 20 μL volumes of
100 mM glycine pH 3.0. The eluents were combined and
divided into 2 equal amounts; one was kept at 4 °C for sepa-
ration on SDS-PAGE and the other was used for mRNA
isolation.

Cloning, Purification, and In Vitro Deimination

REF clone (EMM1002-96824126) in plasmid pExpress1 pro-
cured from Open Biosystems (Huntsville, AL) was subcloned
in pET19 vector (Novagen, Cat. No. 69677-3). The clone was
sequenced and transformed in E. coli BL21 cells induced
using 0.1 mM IPTG at absorbance values of 0.55–0.8 at
600 nm. Recombinant his-tagged REF was purified using
two rounds of Ni-NTA column (Qiagen, Valencia, CA)
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according to the protocol from the company. In the second
round, the purified product from the first round was extensive-
ly dialyzed using a 3500MWCOmembrane (Sigma Chemical
Co.) in PBS and repurified on a Ni-NTA column using
100 mM imidazole for elution. The final purified product
was subjected to dialysis.

Briefly, PAD2 (Sigma-Aldrich, St. Louis, MO) was incu-
bated under deiminating conditions with dialyzed REF. The
recombinant REF (100μg) was deiminated in vitro using 6 μg
PAD2, repurified using a Ni-NTA column, dialyzed, and then
quantified using Bradford’s method.

IP experiments for the identification of translation com-
plexes were performed using 5 μg of recombinant, his-tagged,
deiminated and nondeiminated REF. Each batch was incubat-
ed with 1000 μg of cytosolic cell fraction extract for 1 h,
incubated with approximately 50 μL of Ni-NTA beads, and
loaded onto a mini column. The columnwas then washed with
50 volumes of binding buffer (PBS, 5 mM imidazole), and the
bound his-tagged protein was eluted using 100 and 250 mM
imidazole. Similar IPs were also performed with cultured
RGC utilizing 5 μg of REF (deiminated and control) and
100 μg of protein extracts. Eluted proteins were either dia-
lyzed to remove imidazole or acetone precipitated [55] and
subjected to further analyses.

For protein identification, concentrated protein was
digested in situ with sequencing grade trypsin (Promega
Biosciences Inc., CA). Peptides were loaded onto 3 cm
YMC ODS-A spherical 5–15 μm (YMC, Milford, MA)
precolumns packed in-house in 360 × 100-μm fused silica
and washed for 5 min to desalt prior to switching inline with
the analytical column (7 cm YMC-ODS AQ spherical 5 μm
particles packed in-house in 360 × 100-μm fused silica).
Peptides were eluted along a 20-min gradient of 1–80% ace-
tonitrile in 0.1% formic acid 0.1 M acetic acid into a Thermo
Q-Exactive™ Orbitrap mass spectrometer fitted with a
nanospray ionization source (Easy nLC 1000, Thermo
Fisher Scientific). Spectra were collected in data-dependent
mode with dynamic exclusion, selecting the top 5 most abun-
dant ions for CID fragmentation. Peak lists were generated
using Sequest (ThermoElectron, San Jose, CA) and submitted
to a clustered version of the SequestHTsearch engine. Spectra
were searched against SwissProt Fasta database (EBI,
Cambridge, UK) with no more than two missed tryptic cleav-
ages. Precursor ion tolerance was set to 10 ppm and 2 Da and
fragment tolerance to 0.6 Da. Carbamidomethylation of cys-
teine was fixed for analysis; variable modifications of oxi-
dized methionine and citrullinated arginine were permitted
during the search. Sequest result files were loaded into
Scaffold (Proteome Software, Portland, OR) for analysis
through the PeptideProphet and ProteinProphet algorithms
followed by manual validation of all proteins identified with
at least two peptides and at a protein confidence of greater than
90%. For determination of deiminated/citrullinated peptides,

the protein mixtures were subjected to chymotrypsin digestion
and tandem mass spectrometry in an Orbitrap device
(ThermoFinnigan, San Jose, CA).

RNA Extraction and Reverse Transcription PCR

The eluents from IP as described above were collected, and
RNA species together with REF or ANP32a were isolated
using the miniRNA extraction kit (Stratagene Inc., La Jolla,
CA) as per the manufacturer’s recommended protocol. Total
RNAwas dissolved in DEPC-treated distilled water and con-
verted to cDNA with the oligo dT (12–18) (Invitrogen Inc.,
Carlsbad, CA) following two-step reactions provided by the
company. For detection of mRNA species, RT-PCR of IP
product-derived mRNAwas carried out with primers for dif-
ferent mRNAs (Online Resource 2) under a mild PCR condi-
tion according to the manufacturer’s instruction (Advantage
cDNA PCR kit; Clontech Inc., Mountain View, CA) and sep-
arated on a 2.0% agarose gel made with TBE buffer.

Lectin Staining and Separations

Primary cortical neurons (106) were plated in the 10-cm plate
for 6–7 days. The plate was washed 3x with PBS, and 10 mL
PBS solution containing 2 μg/mL of lectin was added in the
plates, which were maintained in a humidified atmosphere of
5% CO2 at 37 °C for 4 h. Excess solution was then removed
by a pipette and discarded. The plate was again washed 3x
with PBS, and 40 μL of magnetic streptavidin beads (Thermo
Fisher Scientific, Grand Island, NY) in 5 mL PBS were added
to each flask and mixed on a shaker for 1 h. Excess solution
was then removed. Using a plastic dish scraper, the cells were
sheared and separated from the flask surface by force. The
resulting liquid was transferred to a micropipette tube. A mag-
netic stand was used to separate beads with attached cellular
particulate from the remaining solution. The supernatant was
transferred to a separate container, and lectin 3 was added to
make the final concentration 2 μg/mL. The remaining partic-
ulate was then washed once with 0.5 mL of 0.1% Tween-20 in
PBS to remove any remaining buffer. For elution of particulate
bound to the streptavidin beads, the beads were then washed
with two aliquots of 50 μL elution buffer (0.1M glycine at pH
2.0 for 5 min at 65 °C) followed by magnetic separation on
each aliquot. Tris buffer pH 8.0 was added to 10% total vol-
ume for neutralization. The separation of the supernatant with
lectin 3 was repeated, and the elution was collected as above.

Neuron Growth in Axon Isolation Chamber and Ex
Vivo/In Vitro Blocker

The slides were coated with 5 mg/mL poly-D-lysine (Sigma-
Aldrich, St. Louis, MO) overnight and washed with distilled
water. The axon isolation chamber (AXIS) (Millipore,
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Temecula, CA) was attached to the slides as per the manufac-
turer’s instructions. Briefly, neuronal cells (4 x 106) were load-
ed into the channel area, and media was added into the wells
(Online Resource 3). In order to overexpress the PAD2, we
add 10 μL of Thy1-PAD2 pLionII lentivirus or the empty
virus (control) to the channel areas 2 days after plating the
neurons. The chambers were maintained in a humidified at-
mosphere of 5% CO2 at 37 °C for 6 days. Growth media in
chambers C and D (Online Resource 3) was replaced by me-
dia containing lipid (1 nM) and the blockers lidocaine
(10 mM, Sigma-Aldrich, St. Louis, MO) or vincristine
(50 nM, Sigma-Aldrich). 10 min after adding the blockers,
and neuronal transport was analyzed using time-lapse micros-
copy (Carl Zeiss, Oberkochen, Germany). Images were
acquired every 15 min for 3 h.

Lipid Extraction andMass Spectrometry Identification

IP samples were subjected to the Bligh and Dyer method [56]
of lipid extraction with suitable modifications using butylated
hydroxytoluene (Sigma-Aldrich, St. Louis, MO) and argon
gas to prevent oxidation as per established procedures
[57–59]. Briefly, the organic phase containing the extracted
lipids was dried, flushed with argon gas, and stored at − 80 °C
until mass spectrometric analysis. The corresponding aqueous
phase was used for protein quantification using the Bradford
protein assay as per established procedures [57].

Dried lipids were separated on an Ascentis Express column
(C18, 2.1 × 150 mm, 2.7 μm, 90 Å pore size, Sigma-Aldrich,
St. Louis, MO) connected to an Easy nLC 1000 Liquid
Chromatograph instrument (Thermo Fisher, San Jose, CA),
which fed into a Q-Exactive orbitrap mass spectrometer
(Thermo Fisher, San Jose, CA). A binary solvent system (mo-
bile phase A consisted of acetonitrile:water (60:40) (v/v),
10 mM ammonium formate, and 0.1% formic acid; mobile
phase B consisted of isopropanol: acetonitrile (90:10) (v/v),
10 mM ammonium formate, and 0.1% formic acid) was used
in a 30-min gradient as per established methods [60, 61]. The
following gradient conditions with increasing eluent B were
used: 0–1.5 min increase to 32% B; 1.5–4 min increase to
45% B; 4–5 min increase to 52% B; 5–8 min increase to
58% B; 8–11 min increase to 66% B; 11–14 min increase to
70% B; 14–18 min increase to 75% B; 18–21 min increase to
97% B; 21–25 min held at 97% B; 25–25.1 min decrease to
32% B; and 25.1–30 min held at 32% B. Dried lipid samples
were resuspended in 100 μL acetonitrile:isopropanol (50:50)
(v/v), of which 2 μL were injected. Flow rate was set to
400 μL/min. The Q-Exactive mass spectrometer equipped
with a HESI-I probe was set for positive mode acquisition.
The method for lipid analysis was based on previously opti-
mized and experimentally determined parameters [62]. Mass
resolution was set to 70,000 for full-MS with Top-10 MS2 at
resolution 17,500 (FWHM at m/z 200 for both). Normalized

collision energy was set to 35. A dynamic exclusion of 8 s was
found to resolve partially separated isomers. An isolation win-
dow of 1.2 Da was found to be the optimal balance between a
good ion transmission and false positive IDs by the
LipidSearch 4.0 (Thermo Fisher, San Jose, CA). An injection
time of 75 ms was found as optimal. An exclusion list was
determined by injecting blank resuspension buffer under the
same conditions and was added to the method above. Spray
voltage was set to 3000 V, the ion transfer tube was held at
285 °C, S-Lens was set to 45%, and sheath gas and auxiliary
gas were held at 60 and 20 arbitrary units, respectively. Sweep
gas was at 1 arbitrary unit. The automatic gain control (AGC)
of full-MS was 1e6, and for MS2 at 1e5. Mass range was 150–
2000 m/z, with a first fixed mass at 75 Da [62].

Virus Construct

The full-length mRNA sequences of Synaptosomal-
associated protein 25 (Snap25) (NM_011428.3), Syntaxin
binding protein 3 (Stxbp3) (NM_011504.1), and
Sphingosine kinase 2 transcript variant 1 (Sphk2)
(NM_203280.3) were obtained from NCBI as referred. The
cDNAs generated from the total mouse brain mRNAs by re-
verse transcription using oligo dT.

The 5′ UTR region is defined by full-sequence mRNAs
upstream of start codon (AUG), and 3′ UTR is defined by
the downstream of the stop codon (UAA or UAG). Different
sets of primers including restriction sites for BamHI (forward)
and Nde1 (reverse) were prepared to amplify the 5′ UTR of
Sphk2 (464 bp) and SNAP-25 (225 bp). mCherry was cloned
from pmCherry vector using primers including restriction sites
for Nde1 (forward) and Not1 (reverse). For Stxbp3, the 5′
UTR sequence was included in the primers. The 5′ UTR and
mCherry were cloned together by PCR using the primers in-
cluding restriction sites for BamHI (forward) and NotI (re-
verse). Another set of primers including restriction sites for
NotI (forward) and KpnI (reverse) is designed to clone 3′UTR
region of Sphk2 (1286 bp), SNAP-25 (1316 bp), and Stxbp3
(617 bp). A summary of all the primers is listed in
Online Resource 2. PCR products were subjected to verifica-
tion by agarose gel electrophoresis. The PCR bands were ex-
cised and extracted from the agarose gel using a QIAGENGel
Extraction Kit (Qiagen, Valencia, CA). The concentration of
gel-purified DNAwas determined using a UV/visible spectro-
photometer. The inserts and vector pWPXL (Addgene) were
simultaneously digested using restriction enzymes which
would excise the GFP region on the vector. The digested in-
serts and vector were again subjected to gel electrophoresis
and were extracted using the Gel Extraction Kit. The vector
was dephosphorylated with CIP. The digested vector and in-
sert DNAwere ligated in a ratio of 1:3 by incubating with T4
ligase at 37 °C for 2 h. The ligated constructs were used for
transformation of DH5α competent E. coli cells. The colonies
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of transformants were picked and isolated DNAwas subjected
to confirmation for the presence of insert by double digestion
of the plasmid and also by the expression of mCherry. The
construct was further confirmed by DNA sequencing.

Virus Production and Transfection

pWPXL constructs were transfected separately to HEK-
293 cells using FuGENE 6 Transfection Reagent
(Roche—Cat. No. 11815091001). Briefly, structural vec-
tor (psPAX2), envelope vector (pMD2.G), and transfer
vector (pWPXL-stxbp3/sphk2/snap25) were mixed with
10:10:1 ratio; 21 μg of mixed DNA was incubated with
500 μL Opti-MEM (GIBCO) containing 5 μL FuGENE
and mixed with HEK-293 cells. Media was changed every
3 days. Old media was collected and filtrated with 0.4 μm
Super Membrane (PALL). The viral construct containing
REF-GFP or ANP32a-GFP was purchased from
Genecopeoia (EX-Mm34605-lv122; EX-Mm01200-
Lv103). The virus was produced in HEK-293 cell follow-
ing the procedures provided in the Lenti-Pac™ Lentiviral
Packaging Systems kit (HPK-LvTR-20).

The 2-day primary cortical neurons were co-infected with
REF-GFP or ANP32a-GFP and one of the viruses containing
the construct (Snap25, Stxbp3, or Sphk2) (v/v 1:1) by replac-
ing one third of the medium with the media containing the
virus. The neurons which without overexpression of REF-
GFP or ANP32a-GFP were used as controls. The expression
of the proteins was confirmed after 24–48 h. Imaging was
performed after 48 h.

Microscopy

Fluorescence recovery after photobleaching (FRAP) was
done using Leica SP8 (Mannheim, Germany) utilizing a
63x Plan Apo (1.4 NA). First, an appropriate field was
localized that expressed both endogenous markers. Next,
the nuclear region of interest was selected for the cell.
Prephotobleach images were acquired using the appropri-
ate laser and filter setting. GFP detection was accom-
plished using a 488 nm excitation laser, and a 490–
532 nm emission. mCherry was detected using a 561 laser
and a 577–680-nm emission. Photobleaching then com-
menced with a 561-nm laser for 60 s. Finally, recovery
images were acquired at a rate of one image per minute
for a total duration of 10 min.

Quantification, Bioinformatics Identification,
and Statistical Analysis

Chromatograms were automatically processed using
LipidSearch 4.0, with a precursor mass tolerance of
3 ppm, a product mass tolerance of 7 ppm, and an m-

score threshold of 3 as per established methods [62]. An
internal standard was used for ratiometric quantification in
a two-step process [63, 64]. Briefly, in the first step, the
most abundant lipids in the class were quantified using
internal standards, and the measurements from the first
step were used for quantification of low-abundance spe-
cies in the second step [57, 64, 65]. The internal standards
were procured from and made by Avanti Polar Lipids
(Alabaster, AL) in conjunction with LipidMaps (www.
lipidmaps.org) specifically for LC-MS quantification use.
The following were used in ratiometric quantification of
phospholipids: 17:0–20:4 PI (catalog no. LM-1502) for
PI, 17:0–20:4 PS (catalog no. LM-1302) for PS, 17:0–
20:4 PE (catalog no. LM-1102) for PE, and 17:0–20:4
PC (catalog no. LM-1002) for PC. The lipid amount was
normalized to the protein amount determined from the
corresponding aqueous phase as described above. Lipids
were also subjected to normalization as a percent of total
lipids. Comparison of lipid profiles between tissues or
fluids was performed using in-house written Excel macros
as described previously for other studies [57, 59, 63, 65].
Reported lipids were found statistically significant using
Student’s t test (p ≤ 0.05). For lipids that were unique, a
value of 0 was used for the groups devoid of the specific
lipid. The number of samples was then assumed to be
equivalent to the frequency of occurrence of the unique
group. The select common lipid species had statistically
significant differences between two groups by ANOVA.
Scheffe’s post hoc test showed that select lipid species in
the control group were statistically different from the
comparison group (p ≤ 0.05).
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