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ABSTRACT:  N-Acylethanolamines (NAE) include lipid species
that have been identified as potent endocannabinoid mediators
in mammalian physiology. Here we have isolated, identified,
and quantified the NAE naturally present in cottonseed refining
fractions. Among the fractions examined, NAE were most preva-
lent in finished meal, totaling approximately 8.5 pg/g fresh
weight. These NAE were identified by GC-MS as ethanolamides
of myristic (14:0), palmitic (16:0), stearic (18:0), oleic (18:1),
and linoleic (18:2) acids, with NAE18:2 and NAE16:0 being the
most abundant. NAE were not detected in refined, bleached,
and deodorized oil, although they were present in less-purified
oil fractions. At micromolar concentrations, both NAE18:2 and
NAE16:0 exhibited neuromodulatory activities in murine neu-
ronal networks cultured and evaluated on microelectrode ar-
rays. It follows that oilseed processing fractions may represent a
novel, natural source of bioactive NAE.
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Studies of the effects of ischemic injury on membrane lipids
of mammalian tissues revealed that relatively large amounts
of an unusual lipid fraction accumulated dramatically in in-
farcted areas (1). This fraction was identified as a mixture of
N-acylphosphatidylethanolamines (NAPE) and N-acyletha-
nolamines (NAE). These lipids are now identified as natural
constituents of vertebrates, invertebrates, certain microorgan-
isms, and higher plants (1,2). Accumulation of NAPE and
NAE was initially attributed to physiological conditions lead-
ing to tissue degeneration and phospholipid degradation, and
hence these lipids were presumed to play a role in membrane
protection and to promote cellular survival (1,2).

In recent years, NAE were shown to bind and activate
cannabinoid receptors CB1 and CB2, and these lipids are con-
sidered components of the endocannabinoid signaling system
that mediates an array of physiological processes in animals
(3,4). In addition, NAE appear to influence the activity of
vanilloid receptors, protein kinases, ion channels, and nitric
oxide synthase (3,4). Thus, the tight regulation of endogenous
NAE levels in animals is important to the maintenance of nor-
mal physiological functions. Indeed, genetic studies to alter

*To whom correspondence should be addressed at Department of Biological
Sciences, University of North Texas, P.O. Box 305220, Denton, TX 76203.
E-mail: chapman@unt.edu

Copyright © 2003 by AOCS Press

223

either the levels or the perception of NAE in transgenic ani-
mals emphasized the pleiotrophic effects of these lipid media-
tors (5,6). Perhaps the most extensively studied physiological
role for the endocannabinoid signaling pathway to date is the
regulation of neurotransmission by NAE, in which release of
anandamide (NAE20:4) from postsynaptic neurons modulates
presynaptic neurotransmitter release (7).

Our previous work with NAPE and NAE metabolism in
plants indicated that desiccated seeds were enriched in NAE
(e.g., total content of about 1.6 pug/g fresh weight in cotton-
seed; 8). These NAE were metabolized rapidly during seed
imbibition and germination by two competing pathways, one
involving a 13-lipoxygenase for the formation of NAE-
derived oxylipins, and one involving an amidohydrolase for
the hydrolysis of NAE (9), implying a physiological function
for NAE in regulating seed germination. The occurrence of
NAE in various types of desiccated oilseeds (including corn,
soy, peanut, and cottonseed; 8) and reports by others of NAE
presence in chocolate (10,11), prompted us to ask whether
oilseed refining fractions contain measurable quantities of
these bioactive lipids.

Here, we identify and quantify the NAE types in various
samples typical of the industrial processing of raw cotton-
seed. Our results indicate that “finished” cottonseed meal was
highest in total NAE content (about 8.5 pg/g fresh weight).
NAE18:2 and NAE16:0 were most abundant in all fractions,
and were assayed for neuromodulatory activity in spinal cord
neuronal networks cultured on microelectrode arrays. With
approximately three million metric tons (3 x 10° kg) of cot-
tonseed crushed in the United States annually (12,13), cotton-
seed (and perhaps other oilseed) processing fractions may
provide a plentiful, natural source for the recovery of N-
acylethanolamines.

MATERIALS AND METHODS

NAE isolation and analyses. Cottonseed processing fractions
were provided through the coordination of David Kinard (Na-
tional Cottonseed Products Association) from a refinery in
west Texas. Efforts were made to collect samples and seed
from the same processing stream. Total lipids were extracted
from all samples (except oil fractions), filtered, and subjected
to normal-phase HPLC as described previously (8). Oil sam-
ples were dissolved in chloroform (1:1 vol/vol), filtered, and
subjected to HPLC. This dilution was accounted for in final
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values reported for NAE. HPLC fractions were evaporated to
dryness under a stream of N, gas, and the lipid residue was
subjected to derivatization in bis(trimethylsilyl) trifluoro-
acetamide (BSTFA) at 50°C (30 min). Decachlorobiphenyl
(DCB) was added as an internal standard to derivatized sam-
ples. NAE17:0, not present in cottonseeds, was added during
lipid extraction to monitor recovery of NAE. Trimethylsilyl
derivatives were analyzed by GC-MS, and NAE were identi-
fied by chromatographic retention time and EI mass spectra.
NAE in samples were quantified according to standard curves
developed for each NAE type (1 to 100 ng) using the mass
ratio of diagnostic ions of the respective analytes to those of
DCB. Synthetic NAE for GC-MS standards were synthesized
from ethanolamine and the corresponding acylchloride ac-
cording to the method of Hillard et al. (14) and were gener-
ally greater than 95% pure.

Spinal cord cultures on microelectrode arrays (MEA). The
techniques used to fabricate and prepare MEA have been pre-
viously described (15-17). Briefly, MEA consisted of an
array of 64 substrate-integrated electrodes covering a central
0.8 mm? recording area. Spinal cord tissue harvested from
embryonic day 14 HSD:IRC mice was minced, triturated,
mixed with Dulbecco’s modified Eagle’s medium (DMEM)
containing 5% horse serum and 5% FBS (18), and seeded
onto the recording area. The tissue was incubated at 37°C in
a 10% CO, atmosphere and fed three times weekly with half-
medium exchanges using DMEM containing 5% horse serum
until ready for use. Spinal cord cultures form confluent glial
and neuronal monolayer carpets by day 4, make functional
synaptic connections, and develop spontaneous electrical ac-
tivity by day 7. Cultures were generally used for experiments
between 3 wk and 3 mon after seeding and remained viable
and pharmacologically responsive for more than 6 mon (19).

Extracellular recording procedures and data analysis.
MEA were removed from the incubator and transferred to a
constant-temperature-bath stainless steel recording chamber
(19,20) on a microscope stage at 37°C. pH 7.4 was main-
tained with a continuous stream of filtered, humidified, 10%
CO,. Extracellular signals of action potentials (spikes) were
recorded with a two-stage amplifier system (Plexon Inc., Dal-
las, TX), consisting of 64 channels, with a total system gain
of approximately 12,000 and digitized in real time. The ef-
fects of NAE18:2 and NAE16:0 were interpreted in terms of
two network activity variables, spike and burst rate, and were
analyzed using commercially available software (Neuroex-
plorer, Littleton, MA). Single-unit spike and burst activity per
minute (60 s bin) was averaged across the entire network and
plotted to show temporal changes.

NAE administration. Stock solutions of synthetic 18:2 and
16:0 ethanolamines were kept in DMSO at 10 mM concen-
tration, protected from light, and under dry nitrogen at 4°C.
To facilitate NAE solubility in culture medium, aliquots of
stock NAE (never exceeding 0.7% of total bath) were dis-
solved in 0.5 mL of culture medium previously removed from
the experimental neuronal network. The medium was then
sonicated for 5 min, heated to 37°C, and returned to the net-

JAOCS, Vol. 80, no. 3 (2003)

K.D. CHAPMAN ET AL.

work to give the appropriate final NAE concentration. All
pipet tips and glass vials used were siliconized to prevent ad-
hesion of NAE during applications.

RESULTS AND DISCUSSION

NAE in cottonseed processing samples were identified by re-
tention time in GC (Table 1) and by their mass spectra (e.g.,
Fig. 1; NAE16:0), and were quantified by characteristic frag-
ment ions (Table 1) according to standard curves developed
for each NAE species. Methods adapted previously (8) for the
isolation of NAE from crude plant lipid extracts by normal-
phase HPLC effectively enriched all NAE types irrespective
of abundance, chain length, and unsaturation level (Fig. 2).
Even in complex mixtures such as those derived from “fin-
ished” cottonseed meal, NAE were quantitatively eluted be-
tween 11 and 15 min under these HPLC conditions.

We identified and quantified NAE in desiccated seed of
various plants, including a variety of oilseeds (8), but some-
what surprisingly, we found no detectable levels of NAE in
commercially refined vegetable oils from a variety of sources
(data not shown). Cottonseed oil is solvent-extracted from
cooked expander pellets into hexane and refined by removing
polar lipids and other impurities through several steps includ-
ing bleaching and steam distillation (13). The hexane-insolu-
ble meal is dried and, in the case of cottonseed, is used as a
feed for ruminant livestock. The normal cottonseed process-
ing practice is to return the soapstock (removed from the oil)
back to meal as an added nutritional supplement since is con-
tains FA and other constituents (22). Lipid-soluble vitamins
(e.g., vitamin E) are recovered from distillate fractions (13).
A detailed examination of selected fractions from a typical
cottonseed processing facility indicated that NAE were pres-
ent in samples of whole cottonseed, kernels, flakes, and ex-
pander pellets but were present at highest levels in the “fin-
ished meal” (Fig. 3). Considerable amounts of NAE were
quantified in crude oil and alkali-refined oil samples, but the
final steam-distillation step appeared to remove all NAE to
below detectable levels from the fully refined oil (Fig. 3). Al-
though it is difficult to fully account for NAE in the industri-
ally processed fractions due to continual removal of impuri-
ties during the refining process, it is likely that the higher than

TABLE 1

Summary of GC Retention Times and Fragmentation lons
Used for Identification/Quantification of Different NAE Types
in Seed Lipid Fractions?

Retention time/TMS Fragmentation ions/TMS

NAE type derivative (min) derivative (m/z)
NAE12:0 19.4 300, 272, 256, 225
NAE14:0 22.4 328, 300, 284, 253
NAE16:0 25.2 356,328,312, 281
NAE17:0? 26.7 370, 342, 326, 295
NAE18:2 27.9 395, 381, 380
NAE18:1 28.0 397,382, 354, 307
NAE18:0 28.4 384, 340, 309, 256

INAE, N-acylethanolamine; TMS, trimethylsilyl.
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FIG. 1. El mass spectrum of the trimethylsilyl (TMS) ether derivative of N-palmitoylethanolamine. The molecular
ion M* is at m/z 371, and several fragment ions used for quantification are indicated on the structural diagram.

expected NAE levels in finished meal were a result of NAE
being added back from soapstock, as is normal practice with
mills that refine cottonseed oil (Kinard, D., National Cotton-
seed Processing Association, personal communication).
Others have reported NAE in plant-derived foods such as
chocolate, soybeans, hazelnuts, and oatmeal (10,11). In these
cases, although there was some debate as to the occurrence of
NAE20:4, both NAE18:2 and NAE18:1 were identified in

amounts similar to what we found for cottonseed fractions. In
addition, we consistently found high levels of NAE16:0 in all
cottonseed fractions (Fig. 3) and in all desiccated seed sam-
ples examined (8). Many believe that NAE16:0, NAE18:1,
and NAE18:2 do not act directly in animal tissues through
binding to cannabinoid receptors (3). Rather, these NAE act
as inhibitors of endogenous anandamide (NAE20:4) degrada-
tion (4) and thereby exhibit cannabimimetic properties when
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FIG. 2. Representative normal-phase HPLC fractionation of lipids extracted from cottonseed meal. The HPLC frac-
tionation scheme was based on that developed originally by Piomelli and co-workers for N-acylethanolamine
(NAE) analyses in animal tissues (21), and modified somewhat for the fractionation of plant lipids by Chapman et
al. (8). Lipids dissolved in chloroform were subjected to normal-phase HPLC (4.6 x 250 mm Partisil 5 column,
Whatman; model 712 HPLC system, Gilson) and eluted with a linear gradient of 2-propanol (0 to 40% over 20
min) in hexane (A). Eluting material was monitored by UV absorbance at 214 nm, and NAE types quantitatively
eluted between 11 and 15 min (B). NAE types were identified and quantified by GC-MS as described in the Materi-

als and Methods section. Error bars represent SD (n = 3).

administered to animals through their diet (11) or by injection
(23).

The abundant NAE (NAE16:0 and NAE18:2) identified in
cottonseed fractions inhibited spontaneous electrical activity
in cultured primary neuronal networks in a dose-dependent
manner (Figs. 4, 5). Previous research in our laboratory es-
tablished that primary CNS (central nervous system) cultures
retain functional CB1 receptors and respond histiotypically to
CB1 receptor agonists and antagonists (24). Here, we tested
the effects of NAE16:0 and NAE18:2 on extracellularly
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recorded action potentials (spikes) in spontaneously active
spinal cord cultures. In Figure 4, two activity variables, spike
and burst rate, are represented as 1-min averages from 64 dis-
criminated nerve cells recorded from a single network. The
minute means were graphed over time to show the temporal
evolution of activity. Burst rate represents the grouping of
high-frequency spikes and generally follows spike rates. The
effective concentration range of NAE16:0 in spinal cord cul-
tures was 5 to 60 uM, with an ECy, of approximately 33 uM.
NAEI18:2 was similarly potent, with an ECy, (effective con-
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FIG. 4. Effect of NAE16:0 (palmitoylethanolamide) on spontaneous activity of a spinal cord network in vitro. (A) NAE16:0 decreased spike and
burst rates in a dose-dependent manner, with an EC of approximately 33 pM. The effects were reversible with two full medium changes (W).
Spike and burst rates increased about twofold following the medium changes, revealing possible lasting network sensitization effects of NAE16:0.
Twelve hours after medium changes, both spike and burst rates returned to reference levels (continuation of experiment 12 h later in B). (B)
NAE18:2 and NAE16:0 exhibited additive effects on network activity (same network as in A). NAE16:0 (20 pM) decreased spike and burst rates by
70% (compared with ~20% in A), reaching maximal effect 40 min after application, and attained a stable activity plateau. At 97 min NAE18:2 was
applied to the network, resulting in a combined reduction of 95% from reference activity, 60 min after application. Two medium changes (W) re-
turned the burst rate to reference levels and increased spike rates 23% over reference. For abbreviation see Figure 2.
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FIG. 5. Combination effects and dose responses of NAE16:0 and NAE18:2 on network spontaneous activity in spinal cord cultures. Burst activity
generally tracked spike rates, so only spike data are presented here. (A) NAE16:0 (20 uM) was applied at 57 min, resulting in a spike rate decrease
of 25%. The spike rate was allowed to reach a stable plateau (100 to 160 min), after which NAE18:2 (20 pM) was applied to the same network re-
sulting in a further 50% spike rate decrease (a total of 75% from reference activity). (B) The reverse order of NAE applications was performed in an-
other spinal cord culture, with a total spike rate decrease of 66% from reference. The inhibitory effect of NAE was removed by two medium
changes (W) in both A and B, and resulted in a 20-25% spike rate increase over reference activity. After reaching a stable activity plateau, 10-130
UM NAE18:2 (A) and NAE16:0 (B) were applied to evaluate continued responsiveness of cultures to NAE treatment.

centration at which a 50% response is observed) of approxi-
mately 21 uM (Fig. 5A). Spike inhibition from NAE16:0 and
NAEI18:2 was global, affecting over 90% of the units
recorded in culture (individual unit data not shown). Both
NAE16:0 and NAE18:2 exerted their maximal effects 20 to
50 min after application, and all effects were reversible with
two exchanges of the medium, indicating that inhibition was
not due to nonspecific toxicity.

A combination of NAE16:0 and NAE18:2 was evaluated
for possible synergistic/additive interactions (Figs. 4, 5). Fig-
ure S5A represents data collected from a one-step application
of 20 uM NAE16:0 followed by 20 uM NAE18:2 100 min
later. In a subsequent trial, NAE were added in the reverse
order (Fig. 5B). The order of application did not significantly
influence the potency of either NAE (also compare to Fig.
4B), and the combined effects were found to be additive. In-
terestingly, following prolonged exogenous NAE treatment,
two full medium exchanges without NAE resulted in higher
spike and burst rates when compared to reference activity
(Figs. 4, 5), which we generally do not observe in these spinal
cord cultures under non-NAE treated conditions (data not
shown). This “disinhibition” phenomenon may represent an
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acclimation of the cultures to the higher levels of exogenously
applied NAE such that when these inhibitory NAE are re-
moved, the spontaneous network activity is higher than was
established prior to NAE treatment. Although the precise
mechanism of NAE16:0 and NAE18:2 action on endo-
cannabinoid signaling within these neuronal networks re-
mains to be clearly defined, our results indicate that NAE
identified in cottonseeds have potent neurological activity in
spinal cord microelectrode arrays. Consequently, oilseed pro-
cessing fractions, such as cottonseed meal, may represent a
plentiful, natural source for the recovery of neuroactive NAE.

ACKNOWLEDGMENTS

This research was supported in part by grants from the National In-
stitutes of Health National Center for Complementary and Alterna-
tive Medicine (1-R21 AT00358-01) and the USDA-National Re-
search Initiative Competitive Grants Program (99-35304-8002). Yu
Zhao (UNT) provided technical assistance with NAE analyses, and
Dr. Edward Keefer (UNT) conducted important pilot experiments
with microelectrode arrays and NAE. Rhidaya Shrestha (UNT) as-
sisted with preparation of figures. Dr. Rodney Kuss, PYCO Indus-
tries, Lubbock, Texas, provided cottonseed processing samples.



NAE IN COTTONSEED MEAL

REFERENCES

1.

10.

11.

12.

Schmid, H.H.O., P.C. Schmid, and V. Natarajan, N-Acylated
Glycerophospholipids and Their Derivatives, Prog. Lipid Res.
29:1-43 (1990).

. Chapman, K.D., Emerging Physiological Roles for N-Acylphos-

phatidylethanolamine Metabolism in Plants: Signal Transduc-
tion and Membrane Protection, Chem. Phys. Lipids 108:
221-229 (2000).

. Howlett, A.C., F. Barth, T.I. Bonner., G. Cabral, P. Casellas,

W.A. Devane, C.C. Felder, M. Herkenham, K. Mackie, B.R.
Martin, R. Mechoulam, and R.G. Pertwee, International Union
of Pharmacology. XXVII. Classification of Cannabinoid Recep-
tors, Pharmacol. Rev. 54:161-202 (2002).

. Di Marzo, V., L. De Petrocellis, F. Fezza, A. Ligresti, and T.

Bisogno, Anandamide Receptors, Prostaglandins Leukot. Es-
sent. Fatty Acids 66: 377-391 (2002).

. Cravatt, B.F., K. Demarest, M.P. Patricelli, M.H. Bracey, D.K.

Giang, B.R. Martin, and A.H. Lichtman, Supersensitivity to
Anandamide and Enhanced Endogenous Cannabinoid Signaling
in Mice Lacking Fatty Acid Amide Hydrolase, Proc. Natl. Acad.
Sci. USA 98:9371-9376 (2001).

. Zimmer, A., A. Zimmer, A.G. Hohmann, M. Herkenham, and

T.I. Bonner, Increased Mortality, Hypoactivity, and Hypoalge-
sia in Cannabinoid CB1 Receptor Knockout Mice, Ibid.
96:5780-5785 (1999).

. Wilson, R.I., and R.A. Nicoll, Endocannabinoid Signaling in the

Brain, Science 296:678-682 (2002).

. Chapman, K.D., B.J. Venables, R. Blair, Jr., and C. Bettinger,

N-Acylethanolamines in Seeds: Quantification of Molecular
Species and Their Degradation upon Imbibition, Plant Physiol.
120:1157-1164 (1999).

. Shrestha, R., M. Noordimeer, M. van der Stelt, G. Veldink, and

K.D. Chapman, N-Acylethanolamines Are Metabolized by
Lipoxygenase and Amidohydrolase in Two Competing Path-
ways During Cotton (Gossypium hirsutum L.) Seed Imbibition,
Ibid. 130:391-401 (2002).

Di Tomaso, E., M. Beltramo, and D. Piomelli, Brain Cannabi-
noids in Chocolate, Nature 382:677-678 (1996).

DiMarzo, V., N. Sepe, L. DePetrocellis, A. Berger, G. Crozier,
E. Fride, and R. Mechoulam, Trick or Treat from Food Endo-
cannabinoids, Ibid. 396:636—-637 (1998).

Cottonseed: World’s No. 3 Oilseed Yields Diverse Products,
inform 11:820-839 (2000).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

229

Jones, L.A., and C.C. King, Cottonseed Oil, in Bailey’s Indus-
trial Oil and Fat Products, Edible Oil and Fat Products: Oils
and Oil Seeds, 5th edn., edited by Y. Hui, John Wiley & Sons,
1996, Vol. 2, pp. 159-240.

Hillard, C.J., W.S. Edgemond, and W.B. Campbell, Characteri-
zation of Ligand Binding to the Cannabinoid Receptor of Rat
Brain Membranes Using a Novel Method: Application to
Anandamide, J. Neurochem. 64:677-683 (1995).

Gross, G.W., Simultaneous Single Unit Recording in vitro with
a Photoetched Laser Deinsulated Gold Multimicroelectrode Sur-
face, IEEE Trans. Biomed. Eng. 26:273-279 (1979).

Gross, G.W., W. Wen, and J. Lin, Transparent Indium-Tin
Oxide Patterns for Extracellular, Multisite Recording in Neu-
ronal Cultures, J. Neurosci. Meth. 15:243-252 (1985).

Gross, G.W., and J.M. Kowalski, Experimental and Theoretical
Analysis of Random Nerve Cell Network Dynamics, in Neu-
ronal Networks: Concepts, Applications, and Implementations,
edited by P. Antognetti and V. Milutinovic, Prentice-Hall, En-
glewood Cliffs, NJ, 1991, Vol. 4, pp. 47-110.

Ransom, B.R., E. Neale, M. Henkart, P.N. Bullock, and P.G.
Nelson, Mouse Spinal Cord in Cell Culture. I. Morphology and
Intrinsic Neuronal Electrophysiologic Properties, J. Neurophys-
iol. 40:1132-1150 (1977).

Gross, G.W., Internal Dynamics of Randomized Mammalian
Neuronal Networks in Culture, in Enabling Technologies
for Cultured Neural Networks, edited by D.A. Stenger and
T.M. McKenna, Academic Press, New York, 1994, pp.
277-317.

Gross, G.W., and F.U. Schwalm, A Closed Flow Chamber for
Long-Term Multichannel Recording and Optical Monitoring, J.
Neurosci. Meth. 52:73-85 (1994).

Stella, N., P. Schweitzer, and D. Piomelli, A Second Endoge-
nous Cannabinoid That Modulates Long-Term Potentiation, Na-
ture 388:773-778 (1997).

Dowd, M.K., Compositional Characterization of Cottonseed
Soapstocks, J. Am. Oil Chem. Soc. 73:1287-1295 (1996).
Calignano, A., G. La Rana, A. Giuffrida, and D. Piomelli, Con-
trol of Pain Initiation by Endogenous Cannabinoids, Nature
394:277-281 (1998).

Morefield, S.I., E.W. Keefer, K.D. Chapman, and G.W. Gross,
Drug Evaluations Using Neuronal Networks Cultured on Micro-
electrode Arrays, Biosens. Bioelectron. 15:383-396 (2000).

[Received August 27, 2002; accepted December 3, 2002]

JAOCS, Vol. 80, no. 3 (2003)



