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(p  =  0.008) decreased in aged (2.875  ±  0.6702) com-
pared to young animals (5.175 ±  0.971). Conversely, the 
anandamide oxylipin, 15(S)-HETE ethanolamide (15(S)-
HETE EA), was significantly (p  =  0.042) increased 
in aged (0.063  ±  0.009) compared to young animals 
(0.039 ±  0.011). Enzymatic depletion of the anandamide 
pool by 15-lipoxygenase and consequent accumulation of 
15(S)-HETE ethanolamine may contribute to decreased 
visual function in glaucomatous mice. Since N-acylethan-
olamines effectively attenuate glaucoma pathogenesis and 
associated visual impairment, our data provides additional 
rationale and novel targets for glaucoma therapies.
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Abbreviations
9NAE-HOD	� (9S,12Z,10E)-9-Hydroxy-10,12 

octadecadienoylethanolamine
13NAE-HOD	� (13S,9Z,11E)-13-Hydroxy-9,11-octa-

decadienoylethanolamine
15(S)-HETE EA	� 15(S)-Hydroxy-N-(2-hydroxyethyl)-

5Z,8Z,11Z,13E-eicosatetraenamide
BSTFA	� N,O-Bis(trimethylsilyl) 

trifluoroacetamide
CS	� Contrast sensitivity
GC/MS	� Gas chromatography–mass 

spectrometry
IOP	� Intraocular pressure
LC-APCI-MS	� Liquid chromatography–atmospheric 

pressure chemical ionization–mass 
spectrometry

Abstract  Neurons are especially susceptible to oxidative 
damage, which is increasingly implicated in neurodegen-
erative disease. Certain N-acylethanolamines (NAEs) have 
been shown to protect neurons from oxidative stress. Since 
glaucoma may be considered a neurodegenerative disorder 
and the survival of retinal neurons could also be influenced 
by N-acylethanolamines, our goal was to quantify changes 
in certain N-acylethanolamine species and their oxylipin 
derivatives in the retina of a mouse model for glaucoma. 
We also sought to identify relationships between these and 
parameters of glaucoma disease development, specifically 
intraocular pressure, visual acuity, and contrast sensitivity. 
Five N-acylethanolamine species and three NAE oxylipin 
derivatives were quantified in retina from young and aged 
DBA/2Crl mice. N-Acylethanolamines and NAE-oxylipins 
in retinal extracts were quantified against deuterated stand-
ards by isotope dilution gas chromatography–mass spec-
trometry. Levels (nmol/g dry weight) of N-arachidonoyle-
thanolamine (anandamide; NAE 20:4) were significantly 
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LCPUFA	� Long chain polyunsaturated fatty acids
NAE	� N-Acylethanolamine
NAE 16:0	� N-Palmitoylethanolamine, 

N-(2-hydroxyethyl)-hexadecanamide
NAE 18:0	� N-Stearoylethanolamine, 

N-(octadecanoyl)-ethanolamine
NAE 18:1	� N-Oleoylethanolamine, 

N-(9Z-octadecenoyl)-ethanolamine
NAE 18:2	� N-Linoleoylethanolamine, 

N-(2-hydroxyethyl)-9Z,12Z-octadecadi-
enamide

NAE 20:4	� Anandamide, N-arachidonoyleth-
anolamine, N-(2-hydroxyethyl)-
5Z,8Z,11Z,14Z-eicosatetraenamide

RP-HPLC	� Reverse phase-high performance liquid 
chromatography

TMS	� Trimethylsilyl
VA	� Visual acuity

Introduction

Neurons are particularly susceptible to oxidative damage due 
to their high rate of O2 utilization and ATP synthesis, higher 
lipid concentration and higher levels of lipid peroxidation, 
and higher levels of oxidation stress resulting from neuro-
transmitter signaling [1]. Therefore, it is not surprising that 
oxidative damage is increasingly implicated in age-related 
[2], neurodegenerative diseases such as Parkinson disease, 
Alzheimer disease and amyotrophic lateral sclerosis [3], as 
well as ocular diseases such as cataract, diabetic retinopa-
thy, and age-related macular degeneration [4]. Glaucoma 
is a common, complex optic neuropathy associated with 
degeneration of retinal ganglion cells resulting in structural 
damage to the optic nerve and the vision loss caused by 
associated pathological processes [5]. Oxidative stress may 
contribute to glaucoma pathogenesis not only by increasing 
IOP through alteration of aqueous outflow via trabecular 
meshwork degeneration [6], but also by means of apoptosis 
induction in retinal cells [7] and stimulation of the immune 
response in the retina [8]. Patients with certain types of glau-
coma exhibit decreased antioxidant mechanisms (such as 
reduced glutathione) as well as increased oxidative DNA 
damage, protein carbonyl levels, and lipid peroxidation [9].

N-Acylethanolamines (NAEs) are lipid-derived signal-
ing molecules that can be produced in most mammalian 
cells from the precursor N-acylphosphatidylethanolamine 
components of the cell membrane via a transacylase-
phosphodiesterase pathway. They are synthesized in an 
on-demand fashion in response to stress or injury. Signifi-
cant accumulations of NAEs occur under conditions such 
as necrosis, ischemia, excitotoxicity, and inflammation 
(reviewed in [10]). N-arachidonoylethanolamine, and other 

polyunsaturated NAEs interact with cannabinoid receptors 
1 and 2 [11] as well as transient receptor potential (TRP) 
channels (reviewed in [12]). The retina is rich in long-chain 
polyunsaturated fatty acid (LCPUFA) precursors of NAEs, 
which are not only highly susceptible to chemical peroxida-
tion, but are also oxygenated by cyclooxygenases, lipoxyge-
nases, and cytochrome P450s. N-Acylethanolamine deriva-
tives of LCPUFAs such as N-linoleoylethanolamine (NAE 
18:2) and N-arachidonoylethanolamine (NAE 20:4, ananda-
mide) as well as the saturated NAE, N-palmitoylethanola-
mine (NAE 16:0), have been shown to protect neurons from 
glutamate excitotoxicity, in experimental models of retinal 
ganglion cell layer neuron damage in vivo against glutamate 
excitotoxicity modeling some aspects of human glaucoma 
pathology [13, 14], and a rodent in vivo model of stroke [13, 
15], and from oxidative stress in an in vitro model of neuro-
degeneration [16]. Furthermore, changes in N-acylethanola-
mine levels and metabolites related to N-acylethanolamine 
signaling have been determined in models of disease and 
neuronal injury [17], in transgenic models that underwent 
changes in N-acylethanolamine signaling and metabolism 
[18], as well as after chronic dosing with N-acylethanola-
mines [19] or modulators of N-acylethanolamine signaling 
[20, 21] in pharmacological applications. Since N-acyleth-
anolamine derivatives of LCPUFAs are also susceptible to 
chemical and enzymatic oxygenation [22, 23], we examined 
levels of selected N-acylethanolamines and their oxylipin 
derivatives upon development of visual impairment in the 
DBA/2 mouse model of glaucoma [24].

Materials and Methods

Animals

Six week old and (approximately) 8.5  month old male 
DBA/2Crl mice were obtained from Charles Rivers Labo-
ratories (Wilmington, MA). Mice were acclimated to the 
institutional animal facility for 10 days prior to testing with 
ad libitum access to food and water and maintained on a 
12-h light/dark cycle. All experimental animal procedures 
were approved by the institutional animal care and use 
committee and performed in accordance with institutional 
and federal guidelines and the ARVO Statement for the Use 
of Animals in Ophthalmic and Vision Research.

Behavioral Analyses

Intraocular pressure was measured by rebound tonometry 
without sedation using a Tono-Lab (Tiolat, OY, Helsinki, 
Finland). Quantification of visual function using measures 
previously established in this model [25] was performed 
using an Optomotry™ system (Cerebral Mechanics, 
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Lethbridge, AB). Visual acuity is reported as the maximum 
spatial frequency that elicits an optomotor response. Acuity 
testing was performed at 100 % contrast beginning at a low 
spatial frequency [0.042 cycles/degree (c/d)] with a grat-
ing rotating at 12°/s. Contrast sensitivity is reported as the 
reciprocal of the lowest contrast which elicits an optomo-
tor response. Contrast sensitivity testing was performed by 
decreasing the contrast while maintaining the spatial fre-
quency at 0.042 c/d. Both tests utilized a random staircase 
method with the observer blind to the spatial frequency or 
contrast level.

Extraction and Quantification of NAEs

Tissues were ground in boiling isopropanol (70  oC) using 
a bead beater. Deuterated NAE standards (100  ng of D4-
NAE 16:0 and D4-NAE 20:4; Cayman Chemicals, MI) 
were added to the tissues before lipid extraction. Total 
lipids were extracted into chloroform and subsequently 
purified by solid phase extraction (SPE). Silica SPE car-
tridges (100 mg; Grace Davison Discovery Sciences) were 
conditioned with 2  ml methanol and subsequently with 
4  ml chloroform. Columns were then loaded with sam-
ples suspended in 1 ml chloroform. Columns were washed 
with 2  ml chloroform and NAEs were eluted in 2  ml of 
ethyl acetate:acetone (1:1 v/v). The eluate was dried under 
nitrogen stream prior to derivatization with 50  µl  N,O-
Bis(trimethylsilyl) trifluoroacetamide (BSTFA; Fisher Sci-
entific, PA) at 55 oC for 30 min [19]. NAEs were quantified 
as TMS derivatives against deuterated NAE 16:0 and NAE 
20:4. Quantification and confirming ions are shown in sup-
plementary Table 1 and coincident chromatographic char-
acteristics of selected confirming and/or quantitative ions 
for each species are shown in supplementary Fig.  1. The 
quantification was carried out in SIM (Single Ion Moni-
toring) mode on an Agilent GC 7890A/MSD 5975C sys-
tem with a capillary HP-5 MS column (30 ×  0.250  mm, 
0.25 µm coating thickness; Agilent technologies) as previ-
ously described [26]. NAE levels are reported as nanomoles 
per gram of dry retina.

Extraction and Separation of NAE‑oxylipins

NAE-oxylipins were extracted as described previously 
[27] with some modifications. Tissues were ground in liq-
uid nitrogen and suspended in 4 ml of n-hexane/isopropyl 
alcohol (3:2 with 0.0025 % w/v 2-butyl-6-hydroxytoluene). 
Deuterated standards (100  ng of D4-9-HOD and D8-15-
HETE) were added prior to extraction. NAE-oxylipins were 
extracted in hexane-rich phase and combined with 2 ml of 
6.6 % potassium sulfate solution. Sodium tetrahydroborate 
(approximately 5 mg) was added to reduce hydroperoxides 
to hydroxides. After centrifugation at 4500×g for 10 min, 

the hexane-rich phase was collected and dried under nitro-
gen stream. The extract was resuspended in 100  μl of 
methanol/water (80:20 v/v) for separation by RP-HPLC. 
NAE-oxylipins were separated as described previously [27] 
with some modifications. The extracts were separated by 
RP-HPLC carried out on 150 × 4.6 mm, 5 µm particle size, 
C18 Nucleosil 120-5 column (Macherey–Nagel, PA) with 
a binary gradient system (solvent A: methanol/water/ace-
tic acid (80:20:0.1, v/v/v), solvent B: methanol/acetic acid 
(100:0.1, v/v)). The eluate was collected and dried under 
nitrogen stream, and derivatized with 50 µl BSTFA (Fisher 
Scientific, PA) for GC/MS analysis.

Quantification of NAE‑oxylipins

NAE-oxylipins were quantified as TMS-derivatives against 
deuterated standards and are reported in nanomoles per 
gram dry retina. The quantification was carried out in SIM 
mode on an Agilent GC 7890A/MSD 5975C system with a 
capillary HP-5 MS column (30 m ×   0.250 mm, 0.25 µm 
coating thickness; Agilent technologies). Quantification 
and confirming ions are shown in supplementary Table  1 
and coincident chromatographic characteristics of selected 
confirming and/or quantitative ions for each species are 
shown in supplementary Fig.  1. Chiral-phase HPLC of 
selected samples confirmed the enantiomeric nature of 
NAE oxylipins, as described previously [28].

Statistics

Data are expressed as mean ±  standard deviation of the 
mean. Student’s t test was used to determine statistical 
significance. p values > 0.05 were not considered statisti-
cally significant, 0.05–0.01 were considered significant 
(*), 0.01–0.001 were considered very significant (**), 
and  < 0.001 were considered extremely significant (***). 
The Pearson product-moment correlation coefficient (r) 
was calculated to evaluate relationship strengths. Correla-
tions were identified as strong for r values > 0.6, moderate 
for r values of 0.4–0.6, weak for r values of 0.2–0.4, and 
no correlation for r values < 0.2. Statistical analyses were 
performed using GraphPad Prism 5.0 software (GraphPad 
Software Inc., La Jolla, CA).

Results

Retinal N‑arachidonoylethanolamine levels significantly 
decrease and 15(S)‑HETE EA levels significantly 
increase in aged DBA/2Crl mice

Selected N-acylethanolamines and their oxylipin deriva-
tives were extracted and quantified from the pooled retinas 
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of 7-week-old (young) and approximately 8.5-month-old 
(aged) DBA/2Crl mice (Table 1). For NAE quantification, 
4 pools of 2 retinas were analyzed per group. For NAE 
oxylipins, three pools of three retinas per group were used. 
A significant (p  =  0.0080) decrease in NAE 20:4 was 
observed in aged retinas. 15(S)-HETE EA levels were sig-
nificantly (p = 0.0420) increased in aged retinas.

Intraocular Pressure Increases and Visual Function 
Decreases in Aged DBA/2Crl Mice

To determine if NAE and NAE oxylipin contents in the 
DBA/2Crl mouse retina were correlated with measures 
of visual function indicating progression of the glaucoma 
disease state, intraocular pressure (IOP), visual acuity 
(VA) and contrast sensitivity (CS) were measured in two 
experimental cohorts of 7-week-old and ~9 month old mice 
termed young and aged, respectively.

Aged eyes had IOPs of 15  ±  0.63  mmHg (n  =  20), 
which is significantly higher (p =  0.0022) than in young 
eyes whose IOPs were 11  ±  0.71  mmHg (n  =  18) 
(Fig.  1a). Visual acuity in aged eyes was measured at 
0.388 ± 0.005 cycles/degree (c/d; n = 20), which was sig-
nificantly lower (p  <  0.0001) than in young eyes, where 
VA was 0.589 ±  0.003 c/d (n =  20) (Fig.  1b). Contrast 
sensitivity of aged eyes was significantly (p  <  0.0001) 
reduced at 1.71 ± 0.05 (n = 20) when compared to young 
eyes, whose CS was 2.56  ±  0.09 (n  =  20) (Fig.  1c). 

Intraocular pressures showed statistically significant, mod-
erate negative correlations with VA and CS measurements 
(p =  0.0034, 0.0090 and r = −0.4627, −0.4183, respec-
tively) (Fig. 1d). Contrast sensitivity demonstrated a statis-
tically significant (p ≤ 0.0001), strong, positive correlation 
(r = 0.7927) with VA (Fig. 1e).

Decreased 16:0, 18:0, 18:2, and 20:4  
N‑acylethanolamine Levels in the Retina Correlate 
with an Increase in Intraocular Pressure and Impaired 
Visual Function in Aged DBA/2Crl Mice

A Pearson product-moment correlation coefficient cal-
culation was performed to examine relationship strengths 
between NAE levels in the young and aged DBA/2Crl 
mouse retina and functional disease parameters of 
glaucoma.

NAE 16:0 levels demonstrated moderate correla-
tions with VA (r  =  0.5438) and IOP (r  =  −0.4627) 
that were not statistically significant (p  =  0.1636 and 
0.2483, respectively). However, a strong, positive, cor-
relation (r =  0.6873), approaching statistical significance 
(p  =  0.0596) between NAE 16:0 content and CS, was 
observed (Fig. 2a).

NAE 18:0 levels showed moderate, positive correlations 
with VA (r = 0.5110) and CS (r = 0.5346) that were not 
statistically significant (p  =  0.1956 and 0.1723, respec-
tively). A statistically significant (p  =  0.0343), strong, 

Table 1   Levels of selected N-acylethanolamines and their oxylipin derivatives in DBA/2Crl retinas

a  Data are expressed as mean ± SD

Lipid Lipid NAE level (nmol/g dry weight)a t test

Species Abbreviation Young Aged p value

Palmitoylethanolamine NAE 16:0 134.9 ± 28.4 106.0 ± 23.4 0.1673

(N-(2-Hydroxyethyl)-hexadecanamide)

Stearoylethanolamine NAE 18:0 15.5 ± 4.3 11.7 ± 1.9 0.1599

(N-(Octadecanoyl)-ethanolamine)

N-Oleoylethanolamine NAE 18:1 6.0 ± 1.4 6.3 ± 1.3 0.7570

(N-(9Z-Octadecenoyl)-ethanolamine)

N-Linoleoylethanolamine NAE 18:2 3.1 ± 0.5 2.5 ± 0.5 0.1578

(N-(2-Hydroxyethyl)-9Z,12Z-octadecadienamide)

N-Arachidonoylethanolamine NAE 20:4 5.2 ± 1.0 2.9 ± 0.7 0.0080

(N-(2-Hydroxyethyl)-5Z,8Z,11Z,14Z-

eicosatetraenamide)

(9S,12Z,10E)-9-Hydroxy- 9NAE-HOD 0.018 ± 0.003 0.020 ± 0.003 0.4353

10,12 Octadecadienoylethanolamine

(13S,9Z,11E)-13-Hydroxy-9,11- 13-NAE-HOD 0.021 ± 0.006 0.021 ± 0.011 0.9643

Octadecadienoylethanolamine

15(S)-Hydroxy-N-(2-hydroxyethyl)- 15(S)-HETE EA 0.039 ± 0.011 0.063 ± 0.009 0.0420

5Z,8Z,11Z,13E-Eicosatetraenamide
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negative correlation (r  =  −0.7441) was shown between 
NAE 18:0 content and IOP (Fig. 2b).

NAE 18:1 levels were not correlated with functional vis-
ual parameters—VA, CS, or IOP (r = −0.1215, −0.1040, 
and 0.1164, respectively) (Fig. 2c).

NAE 18:2 levels demonstrated a moderate, positive 
correlation with VA (r  =  0.5554) that was not statisti-
cally significant (p =  0.1530). A strong, positive correla-
tion (r  =  0.6988), approaching statistical significance 
(p  =  0.0538) with CS was also seen. Finally, a statisti-
cally significant (p = 0.0341), strong, negative correlation 
(r = −0.7446) was demonstrated between NAE 18:2 and 
IOP (Fig. 2d).

NAE 20:4 levels showed strong, positive, statisti-
cally significant correlations with both VA (r  =  0.8658, 
p = 0.0054), and CS (r = 0.7922, p = 0.0191). A moder-
ate, negative correlation (r = −0.5348) with IOP was not 
statistically significant (p = 0.1721) (Fig. 2e).

To summarize (Fig. 2f), NAE 16:0, 18:0, and 18:2 had 
moderate, positive correlations with VA that were not sta-
tistically significant, while NAE 20:4 showed a strong, 
positive, significant correlation. NAE 18:0 had a moder-
ate, positive correlation with contrast sensitivity (CS) that 
was not statistically significant, while NAE 16:0, NAE 
18:2, and NAE 20:4 demonstrated strong, positive correla-
tions that surpassed or approached statistical significance. 

Fig. 1   Intraocular pressure increases and visual function decreases in 
aged DBA/2Crl mice. a Aged (~9 m; n = 18 eyes) DBA/2Crl mice 
demonstrate significantly (P = 0.0022) elevated intraocular pressure 
(IOP) compared to young (7 w; n = 20 eyes) controls. b, c Aged mice 
have a significant (n = 20 eyes; p < 0.0001) deficit in visual acuity 
(VA) and contrast sensitivity (CS) compared to young controls. d 

IOP correlates moderately with visual function. e CS and VA corre-
late strongly with each other. Data are expressed as mean ± SD. IOP 
measurements are symbolized with triangles, VA with circles, and CS 
with squares. Open symbols represent young eyes and closed symbols 
aged eyes. Dashed lines represent the 95 % confidence interval
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NAE 16:0 and NAE 20:4 had moderate, negative correla-
tions with intraocular pressure (IOP) that were not statisti-
cally significant, while NAE 18:0 and NAE 18:2 showed 
strong, negative, statistically significant correlations with 

IOP. Levels of NAE 18:1 showed no correlation with VA, 
CS, or IOP, indicating that the relationships of functional 
parameters of ocular disease and amounts of tissue NAEs 
were selective for only certain specific NAE types.
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Increased Levels of the NAE Oxylipins, 9‑NAE‑HOD 
and 15‑(S)‑HETE EA Correlate with Higher IOP 
and Declining Visual Function, and thus with Increased 
Disease Severity

To examine relationship strengths between NAE oxylipin 
levels and functional disease parameters of glaucoma in 
the young and aged DBA/2Crl mouse retina, a Pearson 
product-moment correlation coefficient calculation was 
performed.

9-NAE-HOD levels demonstrated weak, negative cor-
relations with VA (r = −0.3477) and CS (r = −0.2925) 
that were not statistically significant (p  =  0.4995 and 
0.5738, respectively). A moderate, positive, correla-
tion (r  =  0.4331) that was not statistically significant 
(P  =  0.3910) between 9-NAE-HOD and IOP was also 
observed (Fig. 3a).

13-NAE-HOD levels were not correlated with any 
of the functional visual parameters tested—VA, CS, or 
IOP (r  =  −0.0011, −0.0005, and 0.0460, respectively) 
(Fig. 3b).

By contrast, 15(S)-HETE EA levels showed a strong, 
negative, statistically significant correlation with VA 
(r = −0.8473, p = 0.0332). A strong, negative correlation 
with CS (r = −0.8036) approaching statistical significance 
(p = 0.0541) was also seen. Finally, a weak, positive cor-
relation (r  =  0.3896) was demonstrated between 15(S)-
HETE EA and IOP that was not significant (p =  0.4452) 
(Fig. 3c).

In summary, (Fig.  3d), 9-NAE-HOD and 15(S)-HETE 
EA had negative correlations with VA and CS (weak 
and strong, respectively) and positive correlations with 
IOP (moderate and weak, respectively). The relation-
ship between 15(S)-HETE EA and VA or CS surpassed or 
approached statistical significance, respectively. Levels of 

13-NAE-HOD did not correlate with measures of visual 
function or IOP, indicating that the relationships of func-
tional parameters of ocular disease and amounts of tis-
sue NAE oxylipins were specific for certain oxidative 
metabolites.

Discussion

The methodology employed in this study allowed us to 
quantify selected NAEs and their oxylipin derivatives in 
mouse retina and associate these concentrations with rel-
evant parameters of visual function in vivo. Although lev-
els of NAE 18:0 and its neuroprotective, polyunsaturated 
derivative NAE 18:2 did not change significantly upon 
aging, both correlated strongly and significantly with lower 
IOP. We identified a very significant decline in NAE 20:4 
levels upon aging, which correlated strongly and signifi-
cantly with the development of visual impairment in the 
DBA/2 mouse model of glaucoma. Conversely, levels of 
15(S)-HETE EA, the oxylipin derivative of NAE 20:4, 
increased significantly upon aging and correlated strongly 
and significantly with impairment of visual acuity.

Since NAE 18:2 has previously been found to protect 
neurons in a rodent model for stroke [16] and retinal gan-
glion cell layer neurons in  vivo against glutamate exci-
totoxicity, modeling some aspects of human glaucoma 
pathology [13], it was not surprising that NAE 18:2 and 
NAE 18:0 levels correlated strongly with lower IOP. Know-
ing that many cannabinoids, prostamides, and prostaglan-
din analogues effectively reduce ocular hypertension, it 
is interesting to consider that NAE 18:2 could enter the 
cyclooxygenase pathway.

A previous study that examined certain NAE lev-
els in the normal adult rat retina by GC/MS found NAE 
20:4 to be undetectable, while NAE 16:0 was measured 
at 130  ±  35  pmol/g retina, and NAE 18:1 levels were 
reported as 55 ± 5 pmol/g retina [29]. Although we meas-
ured significantly higher levels (nmol/g retina vs. pmol/g 
retina) of these NAEs in the normotensive DBA/2 mouse 
retina than were found in adult Sprague–Dawley rats, our 
results are consistent in ranking order: NAE 16:0 >> NAE 
18:1 > NAE 20:4. Part of these differences is due to quan-
tification based on dry weight (here in our studies) versus 
wet weight of tissues. Further, since DBA/2 mice have 
significantly reduced brain CB1 receptor function [30], 
perhaps NAE 20:4 production in these animals is upregu-
lated to compensate. Alternatively, these differences may 
be due to variation between animal species or differences 
in extraction and detection methods. A more recent study 
comparing NAE levels in glaucomatous adult human retina 
with aged-matched controls by LC-APCI-MS was able to 
detect NAE 20:4 in the range of 10–50 pmol/g retina [31], 

Fig. 2   Increased 16:0, 18:0, 18:2, and 20:4 N-acylethanolamine lev-
els in the DBA/2Crl retina correlate with lower intraocular pressure 
and better visual function. a NAE 16:0 levels correlate moderately 
with visual acuity (VA) and intraocular pressure (IOP), but not signif-
icantly. There is a strong correlation that approaches statistical signif-
icance between NAE 16:0 and contrast sensitivity (CS). b NAE 18:0 
levels correlate moderately with VA and CS, but not significantly. 
There is a strong, statistically significant correlation between NAE 
18:0 and IOP. c NAE 18:1 levels do not correlate with VA, CS, or 
IOP. d NAE 18:2 levels correlate moderately with VA, but not signifi-
cantly. There is a strong correlation that approaches statistical signifi-
cance between NAE 18:2 and CS. A statistically significant, strong 
correlation is seen between NAE 18:2 and IOP. e NAE 20:4 levels 
correlate strongly and significantly with both VA and CS. There is a 
moderate correlation between NAE 20:4 and IOP that is not statis-
tically significant. f Table of statistical values from correlations a–e. 
Data are expressed as mean ±  SD. IOP measurements are symbol-
ized with triangles, VA with circles, and CS with squares. Open 
symbols represent young eyes and closed symbols aged eyes. Dashed 
lines represent the 95 % confidence interval

◂
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which is more consistent with our results. We found higher 
levels of NAE 16:0 in the DBA/2 mouse retina than have 
been reported in the human retina (135  nmol/g retina vs 
100–200  pmol/g retina, respectively), which is consistent 
with previous results [19].

Previous findings that NAE 20:4 levels are not signifi-
cantly different in glaucomatous human retina compared 
to age matched controls  [30] seem to conflict with our 
finding of a very significant decline upon development of 
visual impairment in the DBA/2 mouse. Since the type and 
severity of glaucoma, IOP elevation, treatment regimens, 
gender, or ethnicity was not specified in the human study, 
it is difficult to speculate on why these results differ from 
our own. A straightforward explanation would be that the 
increased sensitivity of our methods allows identification of 
differences that were not detectable with previous methods. 

Alternatively, declining levels of neuroprotective ananda-
mide could play a role in the development of neurodegen-
eration observed in the DBA/2Crl retina.

Visual function, measured here as VA and CS, are not 
always linearly correlated to IOP as one of the disease phe-
notypes. In the DBA2 glaucoma model, as in humans, not 
every animal that demonstrates a functional deficit or optic 
neuropathy also exhibits the same high level of IOP [32, 
33]. It is possible that declining levels of the neuroprotec-
tive molecule NAE 20:4 leave retinal neurons susceptible 
to glaucomatous degeneration. Alternatively or in conjunc-
tion with the loss of NAE 20:4, the accumulation of 15(S)-
HETE EA may have a negative impact on the survival of 
retinal neurons as seen in other cell types. Conversely, 
NAE 18:0 and NAE 18:2 may play a role in lowering IOP, 
but do not mediate other factors involved in glaucomatous 

Fig. 3   Increased levels of the N-acylethanolamine oxylipins 9NAE-
HOD and 15(S)-HETE EA correlate with higher intraocular pressure 
and declining visual function. a 9NAE-HOD levels correlate moder-
ately with intraocular pressure (IOP) and weakly with visual acuity 
(VA) and contrast sensitivity (CS), but not significantly. b 13NAE-
HOD levels do not correlate with VA, CS, or IOP. c 15(S)-HETE 
EA levels correlate weakly with IOP, but not significantly. There is 

a strong correlation that approaches statistical significance between 
15(S)-HETE EA and CS. A statistically significant, strong correlation 
is seen between 15(S)-HETE EA and VA. d Table of statistical values 
from correlations a–c. Data are expressed as mean ± SD. IOP meas-
urements are symbolized with triangles, VA with circles, and CS with 
squares. Open symbols represent young eyes and closed symbols aged 
eyes. Dashed lines represent the 95 % confidence interval
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neurodegeneration. Future experiments should examine the 
effects of exogenously administered compounds.

Conclusions

To our knowledge, this is the first report of oxylipin-ethanol-
amine levels in mammalian retina. The significant increase 
in 15(S)-HETE EA we observed in the aged DBA/2Crl 
mouse is not surprising, considering that arachidonate 12/15 
lipoxygenases are expressed in many types of blood and 
epithelial cells [34] including the retinal pigment epithelial 
cell line ARPE-19 [35], that lipoxygenase expression and 
activity is associated with inflammation, and lipoxygenase 
action upon NAEs is well described [22, 23]. Our finding of 
a significant increase in 15(S)-HETE EA levels correspond-
ing to a very significant decrease in anandamide levels upon 
aging in the DBA/2Crl retina suggests that the 12/15 lipoxy-
genase pathway may compete with fatty acid amide hydro-
lase for the hydrolysis of NAE 20:4. Lipoxins, the canonical 
products of the 12/15 lipoxygenase pathway, generally exert 
anti-inflammatory, pro-resolving effects and in many cases 
are considered to be neuroprotective [36]. The strong, sig-
nificant correlation of 15(S)-HETE EA with visual decline 
may indicate that this molecule cannot continue down the 
lipoxin pathway and that its accumulation may have a nega-
tive impact on retinal function. Consequently, the lipoxin 
pathway and signaling molecules identified here may repre-
sent novel target for future glaucoma therapies.
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