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Long-chain fatty acids increase cellular dopamine in an immortalized cell
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The lysate of an immortalized monoclonal cell line derived from the striatum (X61) contains a dopaminergic stimulatory act
s capable of increasing the dopamine content of an immortalized mouse mesencephalic cell line (MN9D) which expresses a do
henotype. Purification of an isoamyl alcohol extract of this lysate and subsequent identification by NMR spectroscopic analysis de

hat the dopaminergic stimulatory activity contained within the lysate was a mixture of 80–90%cis-9-octadecenoic acid (oleic acid) a
0–20%cis-11-octadecenoic acid (cis-vaccenic acid). The effect of oleic acid on MN9D dopamine is a prolonged event. MN9D dop

ncreases linearly over a 48 h period suggesting the induction of an increased dopaminergic phenotype in these dividing cells.
o increase MN9D dopamine by oleic andcis-vaccenic acids is shared by a number of other long-chain fatty acids including arach
inoleic, linolenic, palmitoleic, andcis-13-octadecenoic acid. The possibility that oleic or other relatively innocuous fatty acids migh
opaminergic function in primary neurons is intriguing with respect to possible therapeutic approaches to the treatment of dopam

oss and the motor sequelae of Parkinson’s disease.
2004 Elsevier Ireland Ltd. All rights reserved.
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mmortalized monoclonal cells of the mouse nigrostriatal
rojection have been developed as an approach to the iden-

ification of substances which could regulate dopaminergic
unction and cell survival[1,14]. The dopaminergic MN9D
ell line of mesencephalic origin and the X61 cell line of
triatal origin were obtained by somatic cell fusion with
he N18TG2 neuroblastoma which is lacking the hypoxan-
hine phosphoribosyltransferase enzyme[1,14]. We have pre-
iously demonstrated that striatal-derived monoclonal cells
X61) contain dopaminergic stimulatory substances which
ncrease the dopamine content of MN9D cells[3]. Striatal
ell lines (X61) provide a source for such substances and
he mesencephalic-derived MN9D cell line provides a rapid
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assay method for detecting active molecules capable of
ulating cellular dopamine. The crude cell lysate of X61 c
as well as a partially purified ultrafiltrate preparation (UF4
that lysate, also increases the dopamine content of pri
dopaminergic neurons grown in reaggregate culture in
absence of target cells (i.e., mesencephalic cells co-cu
with tectum, a non-target region for dopaminergic neur
as well as levels of homovanillic acid in the culture med
[15]. In such cultures, in which the majority of dopaminer
neurons are lost due to the absence of target cells, trea
with the crude lysate or UF4 ultrafiltrate results in a 2- (U
to 2.9- (X61 lysate) fold increase in the density of dopam
ergic neurons in the treated cultures[15].

The UF4 ultrafiltrate contains active substances, prob
peptides, of low molecular weight and high water solu
ity. It was, however, apparent that the bulk (two-thirds
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dopaminergic stimulatory activity present in the processed
X61 cells resided in a fraction which did not pass through
a YM-5 ultrafiltration membrane and was lipid soluble. The
present study was conducted to determine the chemical na-
ture and activity of this major fraction.

The UF4 ultrafiltrate was obtained from sonicated lysates
of X61 cells which were allowed to “autodigest” at room
temperature for 2 days and concentrated by pressure filtration
through an Amicon YM-5 membrane (5000 Da molecular
weight cut-off). Some form of digestion occurs in this process
as evidenced by the fact that 2 days of incubation at room
temperature results in the conversion of some (approximately
30%) of the dopaminergic stimulatory activity in the X61 cell
lysate from a high molecular weight form to a size that can
pass through a YM-5 membrane (see[15] for details).

The low molecular weight UF4 ultrafiltrate fraction con-
tained significant dopaminergic stimulatory activity as as-
sessed by effects on MN9D cells. However, the majority of the
activity from the “autodigested” X61 cell lysate did not pass
through the YM-5 ultrafiltration membrane. Approximately
two-thirds of the activity resided in the material remaining on
the high molecular weight side of the Amicon YM-5 mem-
brane and is referred to as “X61 concentrate”. This X61 con-
centrate was subsequently extracted with 2 M NaCl followed
by a 1:1 mixture of isoamyl alcohol/chloroform. The isoamyl
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Fig. 1. The NMR spectra of peak #49 from the Phenogel column purified
material (top) as compared to commercial oleic acid (bottom). The1H spec-
trum is shown at the bottom of each panel, and the peak integral values of
the intensities are indicated below the axes. The carboxylic acid and alkene
regions of the1H spectra are magnified and expanded. The alkene regions
of the13C spectra are shown as insets. It is apparent that the Phenogel #49
sample contains one major and one minor species. The minor species was
identified by NMR analysis to becis-vaccenic acid.

so closely related that they gave rise to virtually identical1H
NMR spectra. The minor component made up approximately
10–20% of the total sample, according to their relative inten-
sities in the13C spectra. The positions of the1H and13C peaks
in these spectra ruled out the possibility that the sample con-
tains protein, peptide, DNA, RNA, carbohydrate, glycolipid,
steroid, or other cholesterol-related molecules. The positions
are instead consistent with those expected from a fatty acid.
Comparison of the major species’ spectra with1H and13C
NMR spectra of various fatty acids showed that they were
very similar to those ofcis-9-octadecenoic acid (oleic acid).
It remained uncertain whether the unsaturated bond was of
cis or transconfiguration. Purecis-9-octadecenoic acid and
trans-9-octadecenoic acid (elaidic acid) (Aldrich), and their
1H and13C NMR spectra were compared to those of the sam-
lcohol/chloroform extract was shown to contain mate
apable of increasing MN9D dopamine levels. This act
s not extractable from fresh X61 cell lysate, but appea
equire the autodigestion step with time for the activity to
ome liberated from some cell component and be avai
or organic extraction.

The isoamyl alcohol/chloroform soluble stimulatory
ivity was taken up by a C18 reverse phase column fro
ixture of 70% acetonitrile/30% (0.05% trifluoroacetic a

n water) and then eluted by a linear gradient from the m
ure to 100% acetonitrile. The active fractions from the
mn showed some absorbance at 215 nm, but the bu
bsorbance was seen in fractions devoid of activity, sug

ng that the reverse phase separation resulted in consid
urification of the activity. The active fractions from the
erse phase column were then applied to a Phenomenex�m,
0Å Phenogel gel filtration sizing column. The dopam
rgic stimulatory activity eluted from the Phenogel colu

n 100% acetonitrile within a single absorbance peak.
henogel fractions containing dopaminergic stimulatory

ivity were subjected to mass spectrographic analysis.
eaks of high intensity were observed with molecular wei
f 283 and 565.

NMR spectroscopy demonstrated that the single elu
eak from the Phenogel column contained two chemical
ties, the greater of which constituted approximately 80–
f the material (Fig. 1). The 600 MHz1H 1D NMR spectrum
f the sample showed one major set of peaks and no s

cant minor peaks, suggesting a sample purity greater
5%. The13C 1D NMR spectrum, however, showed two s
f peaks, indicating that the sample contained two sp
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ple. We found that the major species’ peaks were essentially
identical to those of thecis isomer (i.e., oleic acid) (Fig. 1).

A variety of compounds structurally related to oleic acid
were obtained and examined by NMR spectroscopy to de-
termine the identity of the minor compound in the sample.
We found that the1H and13C NMR spectra ofcis-vaccenic
acid (cis-11-octadecenoic acid), which has the same empiri-
cal formula as oleic acid, were essentially identical to those
of the minor species in the sample. Thus, our NMR data
support the conclusion that the purified sample comprises a
mixture of approximately 80–90%cis-oleic acid and 10–20%
cis-vaccenic acid.

The NMR spectral analysis with known synthetic entities
established the chemical composition of the majority of the
purified material to becis-9-octadecenoic acid (oleic acid).
The mass spectroscopic analysis is in accord with the NMR
data in that the molecular weight of 283 corresponds to that
of oleic acid and/orcis-vaccenic acid and the larger sized 565
molecular weight species may well represent a dimerization
of these long-chain fatty acids.

In order to determine whether the Phenogel purified ma-
terial and synthetic oleic acid produce similar effects on
MN9D cellular dopamine, MN9D cells were plated into six-
well culture plates and cultured in Dulbecco’s Modified Ea-
gle’s medium containing 5% (v/v) Fetal Clone III and 1%
(
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Fig. 2. Effect of 48 h exposure to increasing (log scale) concentra-
tions (3–124�M) of cis-9-octadecenoic acid (oleic acid, squares) or
to the Phenogel column purified material from X61 cells (circles) on
MN9D dopamine levels. MN9D dopamine level of DMSO vehicle con-
trol = 109.9 ng/mg protein.

mean± S.E.M.,n= 6) was not significantly different from
DMSO vehicle (1.05± 0.10 million cells, mean± S.E.M.,
n= 6). The oleic acid-exposed cells showed none of the char-
acteristics of differentiated MN9D cells, i.e. a reduction in
cell number or increased process outgrowth[1].

Given that the assays were carried out in serum-containing
medium and the known capacity of oleic acid to bind to serum
proteins[8,12], the free EC50 for oleic may be considerably
lower than this estimate. The level of oleic acid required to
increase dopamine levels under serum-free conditions cannot
be tested with MN9D cells since they do not grow well under
conditions of low serum or serum-free medium. The MN9D
cells, in addition, only permit the examination of effects on
the catecholaminergic phenotype. The issue of whether oleic
acid affects other transmitter phenotypes will require primary
neuronal cultures.

While cis-vaccenic acid, the minor constituent of the
Phenogel purified fraction, is active (see below), a compari-
son of the concentration–response curve ofcis-vaccenic with
oleic acid on MN9D dopamine, suggests thatcis-vaccenic
acid has a slightly lower potency.

A comparison of the effect of oleic versus thetrans iso-
mer (elaidic acid), using 11 concentrations ranging from 0.3
to 353�M, on MN9D dopamine revealed that elaidic acid
showed only minimal activity (less than 10% elevation in
d
n

ated
o ine.
T f the
P a lin-
e t
o ate-
r in at
v/v) penicillin–streptomycin (5000 units penicillin/5000�g
treptomycin). The cells were exposed to increasing con
rations of oleic acid or the Phenogel purified material, dilu
n dimethylsulfoxide (DMSO), for 48 h and then collec
or analysis of cellular dopamine content using high pe
ance liquid chromatography. Protein content of the cult
as determined spectrophotometrically[11].
In agreement with the NMR data, the Phenogel

ified material and synthetic oleic acid showed ide
al concentration–response in terms of increasing M
opamine as shown inFig. 2. The concentration–respon
f MN9D cells to oleic acid has been repeated in two o
xperiments and the results obtained were identical. E
ure of MN9D cells to concentrations of oleic acid or
henogel purified material greater than 124�M produced ei

her less of a dopaminergic stimulatory effect or was actu
oxic to the cells. Thus, the response at 124�M was consid
red to be maximal. The maximal effect of oleic acid and
henogel purified material in this experiment represen
pproximate five-fold increase in dopamine level over c

rols. The EC50 for oleic acid is approximately 5.5× l0−5 M.
he effects of oleic acid are not secondary to either a
rease in MN9D cell proliferation or differentiation. This
ue was tested directly in a separate experiment in w
opamine levels, cell number and the state of cell differe

ion were examined. MN9D cells were exposed to DMSO
24�M oleic acid for 48 h. An increase in dopamine of 8

old was observed in this experiment. The protein con
f MN9D cells exposed to oleic acid was essentially id

ical to that of the DMSO group and the number of c
n the oleic acid-treated group (0.89± 0.13 million cells
opamine even at the highest concentration of 353�M) (data
ot shown).

A number of more detailed studies have been initi
n the effect of oleic acid in increasing MN9D dopam
he first of these studies, a time course on the effect o
henogel purified material and oleic acid, demonstrates
ar increase in MN9D dopamine over 48 h (Fig. 3). The effec
f both the known compound and the Phenogel purified m
ial in this experiment is impressive, resulting, after 48 h,
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Fig. 3. Time course of the effect of exposing MN9D cells to 124�M of cis-
9-octadecenoic acid (oleic acid, squares) or 124�M of the Phenogel column
purified material from X61 cells (circles) on cellular dopamine levels.N= 6
cultures per time point. MN9D dopamine level (ng/mg protein) of DMSO
vehicle control for the various time points: 1 h, 54.1; 2 h, 63.3; 4 h, 63.6; 8 h,
65.3; 24 h, 77.3; 48 h, 67.5.

least an 8.5-fold increase in MN9D dopamine as was seen in
the experiment on cell proliferation described above. Given
that the MN9D cells, which are fusion products of mesen-
cephalic cells and the N18TG2 neuroblastoma, are doubling
every 24 h, this result would suggest that the effect of the
active chemical is to induce an increase in the dopaminergic
phenotype of MN9D cells. If that is the case, then the effect
should be present in the daughter cells as they appear.

As part of this study, a limited structure–activity analysis
was conducted using a variety of common long-chain unsat-
urated fatty acids. It is clear from this study, that the ability
of oleic acid to increase MN9D dopamine content over a 48 h
period is shared by a number of other long-chain fatty acids
containing one to four double bonds, as shown inTable 1.
Concentration–response curves were determined for each of
the indicated compounds and compared to oleic acid using
seven concentrations over a range of 3–124�M. The major-

Table 1
Effect of unsaturated long-chain fatty acids on MN9D cellular dopamine

Compound Dopamine (ng/mg
protein)

Fold-increase over
DMSO control

Oleic acid 332 4.8
Arachidonic acid 365 5.3
Linoleic acid 300 4.3
Linolenic acid 297 4.3
P
c
c
P
O

M s
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D

ity of the compounds tested were active, but in most cases, a
maximal response was not obtained even at 124�M. For this
reason,Table 1provides the cellular MN9D dopamine level
(ng/mg protein) following 48 h of treatment with 124�M of
each respective compound, and the amount of increase this
represents over the DMSO vehicle control.

Two of the compounds tested showed only minimal ef-
fects: oleic anhydride, formed by the fusion of two molecules
of oleic acid with the splitting out of water, and petroselenic
acid, an 18 carbon monoenoic acid in which the double bond
is at position 6, in contrast to oleic acid with a double bond
at position 9. The remaining seven long-chain fatty acids
were all active and included both monoenoic acids (oleic,
palmitoleic,cis-vaccenic, andcis-13-octadecenoic acid) and
polyenoic acids (linoleic with two double bonds, linolenic
with three double bonds and arachidonic with four double
bonds).

Thus, it is clear that a variety of long-chain fatty
acids are capable of increasing the dopamine content of a
mesencephalic-derived immortalized monoclonal cell line
expressing a dopaminergic phenotype. While the number and
variety of fatty acids tested is too limited to reach systematic
conclusions regarding the optimal structure necessary to pro-
duce an increase in MN9D dopamine, the ability to signifi-
cantly elevate MN9D dopamine content appears to depend on
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d tain
almitoleic acid 280 4.0
is-Vaccenic acid 264 3.8
is-13-Octadecenoic acid 134 1.9
etroselenic acid 92 1.3
leic anhydride 81 1.2

N9D cells were treated for 48 h with 124�M of each of the compound
ndicated above and then cellular dopamine content determined. All
ounds were dissolved in dimethylsulfoxide (DMSO). Dopamine lev
MSO vehicle control = 69 ng/mg protein.
he presence of a carboxylic acid group and the relative
ition of an unsaturated double bond. Both petroselenic
leic acid are C18 fatty acids. Petroselenic acid, which sh
inimal effects (seeTable 1), has acis double bond that i

ocated three carbons further from the terminal carbox
cid than that of oleic acid, thus suggesting that the leng

he side chain may be a critical determinant of effect.
The MN9D cell line has served as a useful test ob

or monitoring the presence and purification of dopami
ic stimulatory activities from lysate of immortalized mo
clonal cell lines (X61) derived from the striatum. In ad

ion, at least with respect to the small, water-soluble act
UF4) which appears to be peptide in nature, effects o
N9D line were predictive of the ability of this substance

ncrease the dopamine content of primary dopaminergic
ons and prevent their loss in the absence of striatal ta
15]. Whether the increases in MN9D dopamine seen fol
ng treatment with known long-chain fatty acids descri
ere will be replicated on primary dopaminergic neuron
bviously a critical question and is currently being ex

ned using three-dimensional reaggregate culture in a si
anner to the previous studies[3,15].
The striatal lines were developed specifically for

urposes of providing a substantial source of monoc
ells which could be probed for substances that m
nfluence dopaminergic function, either with respec
opamine levels, cell survival, or the maintenance of
henotype. It is worth noting that while an isoamyl al
ol/chloroform extract of a lysate concentrate of the
ell yielded a fraction capable of markedly increasing MN
opamine, that fraction on purification turned out to con
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long-chain fatty acids (oleic andcis-vaccenic acid) which
could have been extracted from any number of sources.
The presence of these active moieties in the X61 cell
line, however, directed our attention to their isolation and
purification.

Although this is the first description of an ability of long-
chain fatty acids to increase cellular dopamine, there are
many reports of effects of oleic and other unsaturated fatty
acids on neuronal function. Oleic acid is an activator of pro-
tein kinase C activity[4,7] and, as has been reported, its
synthesis has been linked to neuronal differentiation dur-
ing development[6,13] and the promotion of axonal growth
and induction of MAP-2 expression (microtubule associated
protein-2), a marker of dendritic differentiation[9]. Arachi-
donic acid markedly stimulates, in a dose-dependent fash-
ion, the spontaneous release of dopamine in purified synap-
tosomes from rat striatum and inhibits dopamine uptake
[5]. In addition, reduced dietary intake of omega-6 (arachi-
donic acid) and omega-3 (docosahexanoic acid) fatty acids
in piglets during the first few weeks of postnatal life has
been shown to result in lower brain monoamine concentra-
tions which can be reversed upon supplementation with ad-
equate levels of these fatty acids[2]. We are not aware of
any reports of beneficial effects of dietary unsaturated fatty
acids on the pathogenesis or clinical course of Parkinson’s
d
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While the treatment of the motor sequelae of Parkins

isease has received intense study for over four decade
ome very notable successes[10], it remains clear that add
ional treatment modalities would be helpful and are b
ought. It is intriguing in this regard that a long-chain fa
cid such as oleic acid, which is essentially a benign die
aterial, can markedly increase the dopamine conten

ell expressing a dopaminergic phenotype. If it should p
o be the case, that oleic acid or other active fatty acid
rease the dopamine content of primary dopaminergic
ons, as we previously reported for the crude X61 ly
nd partially purified ultrafiltrates (UF4), the long-chain fa
cids may provide an interesting addition to pharmacolo
pproaches to the investigation of the disease and its
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