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Abstract

Docosahexaenoic acid (DHA), the n-3 essential fatty acid that is highly enriched in the brain,
increases neurite growth and synaptogenesis in cultured mouse fetal hippocampal neurons. These
cellular effects may underlie the DHA-induced enhancement of hippocampus-dependent learning
and memory functions. We found that N-docsahexaenoylethanolamide (DEA), an ethanolamide
derivative of DHA, is a potent mediator for these actions. This is supported by the observation that
DHA is converted to DEA by fetal mouse hippocampal neuron cultures and a hippocampal
homogenate, and DEA is present endogenously in the mouse hippocampus. Furthermore, DEA
stimulates neurite growth and synaptogenesis at substantially lower concentrations than DHA, and
it enhances glutamatergic synaptic activities with concomitant increases in synapsin and glutamate
receptor subunit expression in the hippocampal neurons. These findings suggest that DEA, an
ethanolamide derivative of DHA, is a synaptogenic factor, and therefore we suggest utilizing the
term ‘synaptamide’. This brief review summarizes the neuronal production and actions of
synaptamide and describes other N-docosahexaenoyl amides that are present in the brain.
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Introduction

Docosahexaenoic acid (DHA, 22:6n-3) is the n-3 polyunsaturated fatty acids that is highly
enriched in the brain, including the hippocampus [1]. DHA accumulates in the brain during
development, and this is associated with an increase in the hippocampus-related learning and
memory functions [2]. Survival of the neurons, neurite development, synapse formation and
glutamatergic synaptic activity are increased by DHA in embryonic hippocampal neuron
cultures [3], suggesting that these cellular effects may underlie the DHA-induced
enhancement in cognitive function. DHA also increases neurite growth in dorsal root ganglia
neurons cultured from young and older rats [4], indicating that these actions of DHA are not
limited to the hippocampus or the fetal period. It is important to determine the mechanism of
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these effects in order to gain further insight into the role of DHA in neurological
development and function.

Most of the DHA in the tissues is esterified in phosphatidylserine (PS) and
phosphatidylethanolamine (PE), phospholipids localized primarily in the inner leaflet of cell
membranes. Some actions of DHA are due to effects on membrane lipid properties. These
include effects of the DHA-enriched phospholipids on lipid domain structure [5], on proteins
embedded in these membrane lipid domains [6,7], or signaling pathways activated by
interacting with these domains [8-11]. Alternatively, DHA can be hydrolyzed from
phospholipids by the Ca2*-independent phospholipase A, (iPLA,) [12], and other functional
effects are produced by metabolites synthesized from the released DHA. These include
10,17(S)-docosatriene that reduces neutrophil entry into inflammatory exudates [13],
neuroprotectins that limit brain injury [14,15] and cyclopentenone neuroprostanes that have
anti-inflammatory effects [16].

N-docosahexaenoylethanolamide (DEA), another metabolite synthesized from DHA, is a
member of the N-acylated amino acid or neurotransmitter class of lipid signaling molecules
[17]. A number of these compounds have important bioactive properties in the brain; for
example, the endocannabinoid N-arachidonoylethanolamide (AEA, anandamide) that
modulates synaptic transmission and affects memory and behavior patterns [18,19]. DEA is
present in the brain, and the amount in mouse brain increases when the diet is supplemented
with DHA [20,21]. Our findings indicate that DEA is the mediator of the DHA-induced
increase in neurite growth and synaptogenesis in hippocampal neurons, resulting in
enhanced synaptic activity [22]. Therefore, we coin the term ‘synaptamide’ for DEA, a
synaptogenic amide derivative of DHA. This brief review summarizes the formation and
potent action of synaptamide in neurodevelopment and describes the currently available
information about other N-docosahexaenoyl derivatives of amino acids and
neurotransmitters that have been detected in the brain.

Neurite growth and synaptogenesis mediated by an amide form of DHA

DHA uniquely promotes neurite growth, synaptogenesis, synaptic protein expression and
synaptic function in hippocampal neuron cultures obtained from day 18 (E-18) mouse
fetuses [3]. The treatment of hippocampal neurons with DHA significantly increases the
density of synapsin puncta (synapsins associated with synaptic vesicles) on neurites,
suggesting improved synaptogenesis in developing neurons. Synapsins are a family of
neuron-specific phosphoproteins associated with the membranes of synaptic vesicles, and
have been identified as a molecular component involved in synaptogenesis, synaptic
maturation and synaptic function [23-25]. Synapsins have also been shown to regulate
neurotransmitter release by controlling the number of vesicles available for the
neurotransmitter release during the action potential [26]. Increases in neurite growth and
synaptogenesis produced by 1 uM DHA after 7 days in culture are due to at least in part its
transformation to an amide form. As shown in Fig. 1, the effect of DHA was substantially
greater when treated with 1 uM URB597, a fatty acid amide hydrolase (FAAH) inhibitor,
while inhibitors of either cyclooxygenase (indomethacin) or lipoxygenase (NDGA) exerted
little effect [22]. The DHA-induced expression of glutamate receptors as measured by the
NR2B and GluR1 antibodies also increased when the FAAH inhibitor was added [22],
indicating the involvement of an amide derivative of DHA in the expression of these
synaptic proteins.

Biosynthesis of synaptamide in hippocampal neurons

The hippocampal neuron cultures were found to synthesize synaptamide from DHA [22],
consistent with the inhibitor profile indicating that an amide metabolite of DHA mediates
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the DHA-induced effects on neurite growth and synaptogenesis. Fig. 2 contains mass
spectrometry data showing that hippocampal cultures convert 13C5,-DHA to a metabolite
detected at m/z 394. The DEA standards, synthesized from DHA reacted with dy4- or
unlabeled ethanolamine, are detected at m/z 376 or m/z 372, respectively. The mass
spectrometric fragmentation pattern in Fig. 2A, in comparison to that of the DEA and dy-
DEA standards, revealed the identity of the 13C,,-metabolite produced by cultures as 13Cy,-
N-docosahexaenoylethanolamide. Monitoring multiple transitions of molecular ions to
specific fragments (multiple reaction monitoring) confirmed the production of 13C,,-DEA
from 13C»,-DHA in E-18 hippocampal neuron cultures. As shown in Fig. 2B, the
chromatographic retention times of standard DEA and the 13C,,-metabolite are identical
[22]. Homogenates of E-18 hippocampi also converted 13C,-DHA to 13C,,-DEA. In
contrast, no docosahexaenoylamide (DHA-amide) production was detected, and addition of
DHA-amide to the cultures did not affect hippocampal neurite growth or synaptogenesis.

Synaptamide production was quantitatively determined by multiple reaction monitoring of
E-18 hippocampal cultures. The cellular synaptamide level after 3 days of supplementation
with 1 uM DHA was estimated to be approximately 13.5 nM, or 240 nM when its hydrolysis
was blocked by URB597 [22].

No information is available regarding the mechanism of synaptamide synthesis. Because of
the structural similarity to AEA, however, it may be postulated that AEA and synaptamide
synthesis occur through the same mechanism. An intermediate in this biosynthetic pathway
is N-acylphosphatidylethanolamine (NAPE) [27]. NAPE-dependent AEA synthesis has been
observed in rat cortical neurons cultured from day17 fetuses and in rat brain, including the
hippocampus [28,29]. One possible mechanism for the production of N-acylethanolamide
from NAPE is hydrolysis by a phospholipase D [27]. Another involves an initial double O-
deacylation of NAPE by the o/p-hydrolase 4 (ABH4), forming a glycerophospho-N-
acylethanolamine intermediate that is hydrolyzed by glycerophosphodiesterase 1 (GDE1) to
release the N-acylethanolamide group [30]. NAPE synthesis is presumed to occur through
transfer of the sn-1 fatty acid of phosphatidylcholine (PC) to PE [31]. This is a potential
problem with regard to synaptamide synthesis because the sn-1 position of PC contains
mostly saturated fatty acids and very little, if any, DHA. However, a Ca2*- independent N-
acyltransferase (iNAT) that can transfer either the sn-1 or sn-2 fatty acyl group of PC to PE
has been recently described (32), and this reaction could be a source of the DHA required to
form the N-docosahexaenoyl group of NAPE. A possible alternative pathway for
synaptamide synthesis is direct condensation of DHA and ethanolamine, a reversal of the
hydrolysis reaction catalyzed by FAAH. Synthesis of AEA by such a direct condensation
mechanism has been observed in bovine and rabbit brain preparations [33-35]. However, the
fatty acid and ethanolamine concentrations required for this reaction are high, and thus the
physiological relevance of this process is questionable [27]. Currently, it is uncertain if any
of these reported pathways are applicable to the biosynthesis of synaptamide.

Synaptamide modulates neuritogenesis, synaptogenesis and synaptic

function

Synaptamide is a potent mediator for the neuritogenic and synaptogenic effects of DHA.

Fig. 3A shows the comparative effectiveness of synaptamide and DHA on neurite growth in
3 days-in-vitro (DIV) cultures. Although a small increase in neurite growth relative to the
control culture was noted with 0.5 uM DHA, a larger effect was produced by a 10-fold
lower concentration of synaptamide. Fig. 3B shows the quantitative difference in neurite
growth induced by synaptamide and DHA during 3 days in culture. A statistically significant
increase was produced by 0.01 uM synaptamide, and further increases occurred when the
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concentration was raised to 0.1 uM and 1 uM. In contrast, a DHA concentration of 0.5 uM
was required to produce a significant increase.

Synaptamide is also a potent synaptogenic factor. In addition to promoting neurite growth,
0.1 uM synaptamide included in the E-18 hippocampal neuron culture for 7 days
significantly increased synaptogenesis measured by the number of synapsin puncta per a
given neurite length (Fig. 4). Functional evidence for the observed improvement in
synpatogenesis was provided electrophysiologically. Supplementation of hippocampal
neurons with 0.1 uM synaptamide promoted synaptic transmission, concomitantly
increasing expression of synapsins and glutamate receptors [22]. The spontaneous
postsynaptic current frequency (sPSC), which represents the number of active synapses and
relative levels of presynaptic release, was increased 2.9-times by treatment of the
hippocampal cultures with 0.1 uM synaptamide for 10 days. The magnitude of the effects on
synaptogenesis and synaptic activity produced by 0.1 uM synaptamide was similar to, if not
higher than, that produced by 1 uM DHA. Synaptamide did not affect the GABAergic
component of sSPSCs which was measured in the presence of both AMPA and NMDA
receptor antagonists. On the contrary, glutamatergic sPSCs isolated using a GABA receptor
antagonist was significantly higher in neurons treated with synaptamide. These data
demonstrates that synaptamide enhances specifically glutamatergic synaptic activity as in
the case with DHA-treated neurons. Synaptamide acutely added to the target neurons
produced no effects on synaptic activity, indicating that prolonged treatment that allows
development of synapses and synaptic protein expression is required for the synaptamide-
induced improved synaptic activity. Synaptamide action on development of hippocampal
neurons is unique and distinctive, as other fatty acyl ethanolamides including AEA and
oleylethanolamide (OEA) did not affect neurite growth (Fig. 5A) or synaptogenesis even at
significantly higher concentrations (Fig. 5B).

No conclusive information is available regarding the mechanism of action for synaptamide.
The fact that synaptamide was effective when added to the culture medium suggests that it
might act through a membrane receptor mechanism. The functional effects of AEA are
mediated through binding to cell surface cannabinoid (CB) receptors [36]. As a structural
analogue of AEA, synaptamide may also function through a CB1-mediated mechanism.
AEA has been observed to promote hippocampal neurogenesis by binding to CB1 receptors
[37], while other evidence indicates that AEA binding to CB1 receptors inhibits the
differentiation of neuronal progenitor cells [38]. Although a role for CB1 receptors in the
synaptamide-mediated effect cannot be excluded, this seems unlikely for several reasons.
AEA binds much more strongly than synaptamide to CB1 receptors [39]. Yet, it was not
effective in stimulating neurite growth or synaptogenesis in the E-18 hippocampal neuron
cultures at a concentration of 1 uM (Fig. 5B), 10-times higher than the effective
concentration of synaptamide (Fig. 4). The selectivity for synaptamide is consistent with the
possibility that it functions through a mechanism that differs from that of AEA.

Another possibility is that synaptamide acts through an intracellular mechanism although
whether and how extracellular synaptamide transfers into the intracellular compartment in
neuronal cells are not known. Neuronal cells have been shown to take up AEA by a high-
affinity transport system [36,40]. It has been also reported that intact molecules of AEA can
be transported into mouse cortical neurons without hydrolysis [41]. Based on the structural
similarity, it is reasonable to assume that neurons also can take up synaptamide and that
intact synaptamide might be present inside the cell for a period of time prior to its hydrolysis
by FAAH. The possibility of an intracellular mechanism of action is suggested by the
finding that N-oleoylethanolamide promotes neurite growth by a PPARa-dependent process
[42]. Nevertheless, the N-oleoylethanolamide concentration required for this effect is
relatively high. In addition, PPARa downstream protein expression in the hippocampal
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neuron cultures is not affected by synaptamide [22], indicating that PPARa does not mediate
synaptamide activity. Synaptamide increases neurite growth in E-18 hippocampal neurons to
the similar extent as 9-cis-retinoic acid which activates the retinoid X receptor (RXR), a
nuclear transcription factor. DHA is also known to activate RXR in brain tissues [43]. These
findings suggest the possibility that synaptamide also functions through a RXR-dependent or
a related transcriptional mechanism.

Effects of dietary n-3 fatty acid deficiency on hippocampal N-
acylethanolamides

Hippocampal neurite growth and synaptogenesis are impaired due to DHA depletion in
offspring of female mice maintained on an n-3 fatty acid deficient diet [3,44]. The deficient
diet produced approximately 75 % decrease in hippocampal DHA. This was accompanied
by a 10-fold increase in the n-6 docosapentaenoic acid (DPAnN-6). Accordingly, changes
occurred in the levels of synaptamide and N-docosapentaenoyl ethanolamide (DPEA) in the
hippocampi obtained from E-18 fetuses, as well as from offspring that were continued on the
respective diet for 18 days. In both cases, the n-3 fatty acid deficient diet substantially
reduced the synaptamide content, but it had no appreciable effect on the AEA content. The
decrease in synaptamide was partially replaced by DPEA, consistent with the fact that
DPAnN-6 replaces much of the decrease in DHA when n-3 fatty acids are deficient. The
dependence of the hippocampal synaptamide level on the DHA content in the tissue
indicates that DHA-derived synaptamide synthesis is an endogenous process of in vivo
relevance in hippocampal neuronal development. The effect of synaptamide on synapse
formation in vivo remains to be determined. However, the impairment of synaptic function
that occurred in the DHA-deficient mice when the hippocampal synaptamide level decreased
suggests that synaptamide is likely to promote synapse formation in vivo. However, we have
shown the impairment of synaptic function in the DHA-deficient mice when the
hippocampal synaptamide level decreased [3], suggesting that synaptamide is likely to
promote synapse formation in vivo.

N-Docosahexaenoylamide derivatives

In addition to the N-acylethanolamides, more than 70 N-acylamide derivatives of amino
acids and neurotransmitters have been detected in the brain [45,46]. A number of these N-
acylamides have bioactivity. For example, N-arachidonoylglycine inhibits pain [47,48], is an
insulin secretagogue [49], a ligand for the orphan receptors GPR18 and GPR92 [50,51], and
a reversible inhibitor of the glycine transporter GLYT2a [52]. N-palmitoylglycine increases
Ca2* influx in a dorsal root ganglion-like cell line and is antinociceptive [53], and N-
arachidonoylGABA also suppresses pain [47]. N-arachidonoyldopamine and N-
oleoyldopamine activate the vanilloid type 1 receptor [54-56]. Six of the N-acylamides
detected in brain are DHA derivatives, including N-docosahexaenoylglycine, N-
docosahexaenoylglutamic acid, N-docosahexaenoylglutamine, N-docosahexaenoylGABA,
N-docosahexaenoylhistidine and N-docosahexaenoylphenylalanine [45,46]. It remains to be
determined whether these DHA derivatives, like synaptamide, also have biological activity
in the nervous system.
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Fig. 1.

Effects of inhibitors on DHA-induced development of mouse hippocampal neurons.
Hippocampal cultures were prepared from fetuses obtained on embryonic day 18 (E18) from
timed pregnant C57/BL6 mice and maintained in Neurobasal medium with 2 % B27
supplement as previously described [3,22]. The cultures then were treated with DHA (1 uM)
for 7 days in the presence or absence of the fatty acid amide hydrolase inhibitor URB597
(FAAHI, 1 uM), cyclooxygenase inhibitor indomethacin (50 pM) or lipoxygenase inhibitor
NDGA (10 uM). Representative photomicrographs are shown at 60x magnification.
Corresponding control cultures were included. After incubation, neurons were stained with
MAP?2 (green, a neuron-marker protein), DAPI (blue, nuclear-marker) and synapsin 1 (red).
These photomicrographs are taken from reference 22.
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Fig. 2.

Conversion of DHA to DEA in hippocampal cultures. A. The tandem mass (MS/MS)
spectrum was obtained from [M+H]* of 13C»,-DEA produced by mouse E-18 hippocampal
neurons cultured for 3 days in the presence of 1 uM 13C,»>-DHA. The characteristic
fragmentation pattern indicates that 13C,»-DEA is produced by the cells. B. The MRM
chromatograms using characteristic mss transitions from [M+H]* to the ethanolamine
moiety at m/z 62 confirmed the production of DEA in E-18 hippocampal cultures after
supplementation with 1 uM 13C,,-DHA or for 3 days. The retention time of 13C»,-DEA is
identical to that of the standard DEA. The mass spectrum is taken from reference 22
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Fig. 3.

Comparative effects of DHA and synaptamide on hippocampal neurite growth. A. Mouse
E-18 hippocampal neurons were incubated for 3 days with 0.05 uM synaptamide, 0.5 pM
DHA, or 0.1 uM 9-cis-retinoic acid (9C-RA), and immunostained for MAP2. Representative
photomicrographs from at least 8 fields in each case are shown at 20x magnification. B.
Total neurite length per neuron was measured in the neurons cultured for 3 days with DHA
or synaptamide. The concentration range for DHA and synaptamide was 0.1 - 1 uM and 0.01
- 1 uM, respectively. Measurements of 60 neurons in each culture were made, and the
statistical analysis was performed with the student’s t-test. The data presented are the mean
values * standard deviation, and the significant differences were compared to the control
cultures: *, p < 0.05, and **, p < 0.05.
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Fig. 4.

Effects of synaptamide (0.1 uM) on neurite growth, synaptogenesis and synaptic activity.
Representative photomicrographs are shown at 60x magnification. Synaptogenesis was
evaluated by the number of synapsin puncta / 10um neurite. **, p<0.01; ***, p<0.001. For
synaptic activity, spontaneous postsynaptic currents (SPSCs) including glutamatergic (Glu-
sPSCs) and GABAergic (GABA-sPSCs) components were recorded in hippocampal neurons
cultured with or without 0.1 uM synaptamide for 10 days. To isolate the GABAergic sPSCs,
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium (NBQX, 5
puM) and D-2-amino-5-phosphonopentanoic acid (AP5, 50 uM) were used. For measurement
of glutamatergic sPSCs, bicuculline (20pnM) was superfused onto the neuron. Paired t-tests
were performed against the baseline value of each group (##, p<0.01; ###, p<0.001) or
between indicated groups (***, p<0.001). The bar graphs are taken from reference 22.
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Fig. 5.

Effects of N-acylethanolamides on neurite growth and synaptogenesis. Embryonic
hippocampal neurons were cultured for 3 (A) or 7 days (B) with 0.1 uM synaptamide, AEA
or OEA at concentrations from 1 to 5 pM. Representative photomicrographs are shown for
neurons triple-stained with MAP2 (green), synapsin (red) and nuclei (blue). Scale bar:
30um. While 0.1 uM synaptamide significantly increased neurite growth and
synaptogenesis, AEA or OEA showed no effects at substantially higher concentrations.
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