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Abstract

Membrane phospholipids like phosphatidylcholine (PC) are required for cellular growth and repair, and
specifically for synaptic function. PC synthesis is controlled by cellularlevels of its precursor, cytidine-5’-diphos-
phate choline (CDP-choline), which is produced from cytidine triphosphate (CTP) and phosphocholine. In rat
PC12 cells exogenous uridine was shown to elevate intracellular CDP-choline levels, by promoting the syn-
thesis of uridine triphosphate (UTP), which was partly converted to CTP. In such cells uridine also enhanced
the neurite outgrowth produced by nerve growth factor (NGF). The present study assessed the effect of dietary
supplementation with uridine-5’-monophosphate disodium (UMP-2Na*, an additive in infant milk formulas)
on striatal dopamine (DA) release in aged rats. Male Fischer 344 rats consumed either a control diet or one for-
tified with 2.5% UMP for 6 wk, ad libitum. In vivo microdialysis was then used to measure spontaneous and
potassium (K*)-evoked DA release in the right striatum. Potassium (K*)-evoked DA release was significantly
greater among UMP-treated rats, i.e., 341 + 21% of basal levels vs. 283 + 9% of basal levels in control rats
(p < 0.05); basal DA release was unchanged. In general, each animal’s K*-evoked DA release correlated with its
striatal DA content, measured postmortem. The levels of neurofilament-70 and neurofilament-M proteins, bio-
markers of neurite outgrowth, increased to 182 + 25% (p < 0.05) and 221 + 34% (p < 0.01) of control values,
respectively, with UMP consumption. Hence, UMP treatment not only enhances membrane phosphatide
production but also can modulate two membrane-dependent processes, neurotransmitter release and neurite
outgrowth, in vivo.
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Introduction

The primary components of neuronal cell
membranes are phospholipids, the most abundant
of which is phosphatidylcholine (PC). PC synthe-
sis via the Kennedy cycle (Kennedy and Weiss, 1956)
is known to be regulated by the availability of its

precursors (Araki and Wurtman, 1997, 1998); and
the major rate-limiting precursor usually is cyti-
dine-5’-diphosphate choline (CDP-choline) (Weiss,
1995). This compound, formed from cytidine
triphosphate (CTP) and phosphocholine, combines
with diacylglycerol (DAG) to form PC. Exposure of
rat PC12 cells to the pyrimidine nucleoside uridine
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is known to increase their levels of CDP-choline
(Richardson et al., 2003). It does so by increasing
the formation of CTP, via the formation and sub-
sequent amination of uridine triphosphate (UTP).
Moreover the administration to gerbils of uridine
(as uridine monophosphate [UMP]) elevates brain
CDP-choline levels (Cansev et al., 2004), whereas
giving rats oral CDP-choline, another source of
uridine (Wurtman et al., 2000), increases brain PC
production (Agut et al., 1993). These observations
suggest that administration of uridine or other
PC precursors might affect brain membrane levels
and functions in vivo.

Thus, we explored whether UMP consumption
might affect membrane-dependent synaptic
processes inratbrain. We measured the contentand
release of the neurotransmitter dopamine (DA) in
corpus striatum, and, as exogenous uridine is
known to enhance neurite outgrowth in differentiated
PC12 cells (Pooler et al., 2004), we also measured
striatal levels of two structural neurofilament pro-
teins, neurofilament 70 (NF-70) and neurofilament
M (NEF-M).

Ad libitum consumption of a UMP-enriched diet
for 6 wk enhanced striatal DA release in proportion
to the concomitant change it produced in striatal
DAlevels, and increased striatal levels of NF-70 and
NF-M.

Materials and Methods

The following experiments were carried out under
a protocol approved by the Institutional Committee
on Animal Care of the Massachusetts Institute of
Technology, in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Animals

Aged male Fischer 344 rats (22 mo old), obtained
from the National Institute on Aging (Harlan
Sprague-Dawley, Indianapolis, IN), were reared in
a socially restricted (individual housing and mini-
mal handling) environment, exposed to a 12-h
light/dark cycle, and provided with food and water
ad libitum.

Rats were fed a control laboratory diet (Teklad
Global 16% protein rodent diet, TD.00217, Harlan
Teklad, Madison, WI), or this diet fortified with
UMP-2Na* (2.5%, TD.03398) for 1 or 6 wk. Three
experiments were performed, using 13, 22, and 11
animals, respectively.
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Chemicals and Solutions

Dopamine (DA), dihydroxyphenylacetic acid
(DOPAC), and homovanillic acid (HVA) were
obtained from Sigma (St. Louis, MO). Ringer’s
solution contained 147 mM NaCl, 2.7 mM KC], 1.2
mM CaCl,, and 0.85 mM MgCl,. In the high-
potassium-depolarizing variant, KCl was increased
to 80 mM and NaCl was decreased to 69.7 mM to
maintain osmolarity.

Microdialysis

Rats were anesthetized withamixture of ketamine
and xylazine (80 and 10 mg/kg body weight, respec-
tively, ip) and placed in a Kopf stereotaxic frame.
Surgical instruments weresterilized using a hot bead
dry sterilizer or 70% ethanol. Asmall hole was drilled
into the skull using a 2-mm trephine bone drill. A
CMA/11 14/04 Cupr probe (O.D. 0.24 mm, 4 mm
membrane length, 6000 Dalton, CMA Microdialysis,
Sweden) was then implanted into the right striatum
(anterior-posterior [AP]=+0.5, medial-lateral
[ML]=-3.0 from bregma, dorsal-ventral [DV]=-7.3
mm from dura [Paxinos and Watson, 1986]), with the
incisor bar set at -5.0 mm. Probes were secured per-
manently in position using dental cement and three
anchor screws to the skull.

During perfusion, freely moving rats were kept
in a circular bowl on a rotating platform, obviating
theneed foraliquid swivel (Wangetal., 2003). Exper-
iments were performed 1 d after surgery. Ringer’s
solution was perfused continuously using fluori-
nated ethylene propylene (FEP) tubing and a gas-tight
syringe (Exmire type I, CMA), at a constant rate of
1.5 pL/min, by a microinfusion pump (CMA /100).
Dialysates were collected at 15-min intervals. Five
microliters of 0.2 M HCIO, (0.1 mM EDTA) was
added to sampling vials prior to collection to pre-
vent degradation of catecholamines. Samples
obtained during the first hour of perfusion were dis-
carded. Subsequently, three consecutive groups of
samples (baseline, high K* stimulation, and recov-
ery) were collected. The first two sampling sessions
each lasted for 1 h and provided 4 samples; the third
session, lasting 1.5 h, provided 6 samples.

Brain Dissection for Prbteins and DA

After completion of each microdialysis experiment,
rats were anesthetized with ketamine and xylazine
(80 and 10 mg/kg, ip). Black ink was then pushed
through the probe tostain the surrounding tissueand
allow visual confirmation of probe location. After
decapitation of the animals, brains were quickly
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dissected ona chilled dissection board. The left stria-
tumwas snap-frozen inan Eppendorf tubeand placed
inliquid nitrogen for subsequent proteinor DAassays.
Theright striatum was further dissected and the posi-
tion of the probe verified.

Tissue DA Extraction

Striata were weighed, homogenized on ice (50 mg
of tissue with 1 mL 0.2 M HCIO,, 0.2 pM ascorbic
acid, and 0.2 uM EDTA) and vortexed for 10 s; a
10-pL aliquot was then taken for total protein deter-
mination (bicinchoninic acid protein assay, Sigma).
The homogenates were then centrifuged (14,000 rpm
for 15 min at 4°C) and filtered with Ultrafree-MC cen-
trifugal filter units (Millipore, Milford, MA, 14,000
rpm/min at 4°C); a 1: 10 dilution (20 pL), made using
the mobile phase, was then injected into the HPLC for
measurement of catecholamines. Values from three
repeated measures were averaged and normalized to
the amounts of protein per sample.

DA Assay

Dopamine (DA) and its metabolites in dialysates
and tissue samples were determined using an ESA
Coulochem II5100A detector (E, = -175mV; E,=325
mV; Eguard=350 mV) with an ESA Microdialysis
Cell (model 5014B, ESA, North Chelmsford, MA).
The flow rate of the mobile phase (MD-TM, ESA)
was 0.4 mL/min. The column (ESAMD 150, 3 X 150
mm, 3 pm) was kept at 40°C. Samples were injected
and analyzed by Alltech AllChromsystem (Alltech,
Deerfield, IL).

Western Blotting

Striatal tissues were placed in Eppendorf tubes
containing 200 pL lysis buffer (60 mM Tris-HCl,
4% SDS, 20% glycerol, 1 mM dithiothreitol, 1 mM
AEBSF, 8 uM aprotinin, 500 pM bestatin, 15 pM E64,
200 uM leupeptin, 10 uM pepstatin A). The samples
were sonicated, boiled (10 min), and centrifuged
(14,000¢ for 1 min at room temperature), and super-
natant fluids were transferred to clean tubes and
their total proteins determined using the bicin-
choninic acid assay (Sigma, St. Louis, MO).

Equal amounts of protein (40 pg protein/lane)
were loaded for sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (4-15% SDS PAGE; Bio-
Rad, Hercules, CA). Prior to gel electrophoresis,
bromphenol bluesolution (0.07%) was added toeach
sample to indicate the location of the sample on the
gel. Proteins were separated, transferred onto PVDF
membranes (Immobilon-P, Millipore), and blocked
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with 5% bovine serum albumin (Tris-buffered saline
[TBST]/0.15% Tween-20) for 1 h. After 3 X 10-min
rinses in TBST, blots were incubated in TBST, along
with various antibodies against the proteins of inter-
est, including NF-70 and NF-M (1:2000 and 1:5000,
respectively; Calbiochem, La Jolla, CA), at 4°C
overnight on an orbital shaker. Protein-antibody
complexes were detected and visualized using the
ECLsystem (Amersham, Piscataway, NJ) and Kodak
X-AR film, respectively, as suggested by the manu-
facturer. Films were digitized using a Supervista
S-12 scanner with a transparency adapter (UMAX
Technologies, Freemont, CA). Analysis was per-
formed using the publicdomain NIH Image program
(NIH v. 1.61).

Data Analysis

Statistical analyses werecarried out using SPSS12.0.
Data were represented as mean + S.E.M. Unpaired
Student’s ¢ test, analysis of variance (ANOVA), and
linear regression were used to assess statistical sig-
nificance of effects. Tukey’s honestly significant dif-
ference (HSD) post hoc analyses were used when
appropriate. The significance level was set at p < 0.05.

Results

The control diet did not contain nucleosides or
nucleotides, as demonstrated by HPLC analysis
(data not shown). The 2.5% UMP diet provided
approx 500 mg/kg per day of UMP-2Na*, or approx
330 mg/kg per day of uridine.

Body Weight

In one experiment, rats randomly assigned
to treatment or control groups were weighed after
0,1,2,4,and 6 wk of UMP consumption. No signif-
icant differences in body weight were obtained
between the groups, at the start (¢, =0.416,p > 0.05)
or end (¢,; = 0.321, p > 0.05) of the 6-wk treatment
period, thatis, control rats (n = 6) weighed 453+ 5¢g
at the start of the study and 457 + 4 g after 6 wk;
UMP-treated rats (n = 7) weighed 456 + 8 g at the
start of the study and 461 + 11 g after 6 wk.

Dietary UMP Supplementation Enhanced
K*-Evoked DA Release in Striatum
Uridine-5’-monophosphate (UMP) supplemen-

tation did not affect basal DA levels in dialysates

(control vs. UMP for 1 wk vs. UMP for 6 wk; 9.5 +

1.1,11.8 £ 2.0, and 9.6 * 1.1 nM, respectively; F, o

= 0.98, p > 0.05). The mean value of DA at baseline
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Fig. 1. Effect of high K* on DA release in animals pretreated with UMP. (A) Basal and potassium-evoked DA release from

striata of rats that consumed UMP-containing or control diets for 1 or 6 wk prior to in vivo microdialysis. Animals were pre-
pared and samples collected and assayed as described in the text. The baseline value (10.2 * 0.4 nM, n=88; taken as 100%)
was obtained by pooling four baseline measurements from each of 22 animals; UMP had no effect on basal (045 min) or
poststmulation (recovery) (120-195 min) DA release. Potassium-evoked DA release in control animals (32.5 = 1.7 nM,
n = 7) was significantly greater than basal release (p < 0.01) and was further increased (p < 0.05) among animals that had
consumed UMP for 6 wk. (B) Data from the three treatment groups in A were pooled and analyzed by ANOVA. DA
release among animals receiving UMP for 6 wk (341 + 21% of baseline) was significantly greater (p < 0.05) than that
in control animals (283 + 9%); the effect of consuming UMP for 1 wk was not significant. (*) p < 0.05 compared with

corresponding controls.

was 10.2 = 0.4 nM (n = 22 rats). Basal DA levels in
the dialysates were stable after 1 h equilibration
among the four consecutive samples obtained prior
to K stimulation, varying from 10.1 = 0.7 to 10.4 *
0.8 nM.

Potassium (K*)-evoked striatal DA release was
significantly enhanced among rats supplemented
with dietary UMP (F, ,; = 3.36, p < 0.05) (Fig. 1A,B).
Among control rats not receiving UMP, K* depolar-
ization increased DA release from 10.2 = 0.4 to
32.5 = 1.7 nM (p < 0.01). To calculate the effects of
UMP treatments, baseline DA levels were obtained
by pooling the four consecutive samples prior to K*
stimulation and defined as 100%. Maximum DA
release evoked by K+ was 291 + 29% of baseline in
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the control group, 377 + 16% in the group given UMP
for 1 wk, and 350 + 45% in the group given UMP for
6 wk. Two-way ANOVA, which compared DA levels
in the dialysates among treatment groups across
time, indicated a significant effect of treatments
(p <0.05). Data were further grouped into baseline,
K*-stimulation, and recovery values, as shown in
Fig. 1B. Average K*-stimulated DA release was sig-
nificantly enhanced in the group that received UMP
for 6 wk (341 + 21%), compared with control (283
+ 9%, p < 0.05). The group treated for 1 wk showed
an insignificant increase in DA release (316 + 15%).
During the recovery period after K* stimulation, DA
concentrations fell rapidly to 72-88% of basal values
(Fig. 1A,B) and then returned to baseline. Uridine

Volume 27, 2005




Uridine Increases DA Release . 141

AN 200 - A —e— Control
—0— UMP 1 week
180 | —u— UMP 6 weeks
160 |- -
140}
120}

100 |—-8—8—up

DOPAC % of basal level

801
60| B P
40 1 1 1 1 1 1 1 ]
0 30 60 90 120 150 180 210
180
B

160 |-
140 |-
120 -

W \% !§§
R K \!i

1 1 1 1 1 1 L J
0 30 60 90 120 150 180 210
Time [min]

HVA % of basal levels
8

8B &8 8 8

Fig. 2. Effect of high K* on DOPAC and HVA levels in animals pretreated with UMP. (A) Basal and potassium-
depolarized DOPAC release from striata of rats that consumed UMP-containing or control diets for 1 or 6 wk prior to
in vivo microdialysis. Animals were prepared and samples collected and assayed as in Fig. 1A. The baseline DOPAC
value (612 * 14 nM, n = 88; taken as 100%) was obtained by pooling 4 baseline measurements from each of 22 animals.
Potassium-depolarized DOPAC release in control animals (65 * 4%, n = 7) was significantly lower than basal release
(p < 0.01); the effect of consuming UMP was not significant. (B) Basal and potassium-depolarized HVA release from
striata of rats that consumed UMP-containing or control diets for 1 or 6 wk prior to in vivo microdialysis. The baseline
HVA value (369 + 7 nM, n = 88; taken as 100%) was obtained by pooling 4 baseline measurements from-each of 22
animals. Potassium-depolarized HVA release in control animals (51 * 4%, n = 7) was significantly lower than basal
release (p < 0.01); the effect of consuming UMP was not significant.

5’-monophosphate (UMP) pretreatment did not on basal DOPAC and HVA levels (control vs. UMP

affect these recovery values (p > 0.05). for 1 wk vs. UMP for 6 wk; for DOPAC, 581 + 28,
. . 625 + 16, 627 *+ 25 nM; for HVA, 364 = 15,367 £ 12,

Effects of UMP on Striatal DA Metabolites 373 + 12 nM; all p > 0.05).
in Dialysates Potassium (K*) depolarization significantly

Basal levels of DOPAC and HVA in dialysates decreased DOPAC and HVA to 65 + 4% and 51 *+ 4%
were 612 * 14 and 369 = 7 nM (n = 22 rats), and of basal levels (all p < 0.01); UMP treatment had no
were stable (all p > 0.05) in the four baseline mea- effect on this response (62 = 3% and 50 * 2% in the
surements. There were no effects of UMP treatment  group receiving UMP for 1 wk; 67 + 2% and 53 + 2%
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Fig. 3. Correlation between striatal DA content and K*-evoked DA releases in each of 11 animals fed control
(n = 5) or 2.5% UMP diets (n = 6) for 6 wk. Microdialysis experiments were carried out in right striata as described in the
text, and whole left striata were obtained after dialysis to measure tissue DA content. There was a statistically significant
correlation (p < 0.01) between each animalis K*-evoked DA release and its striatal DA content postmortem. Data were also
analyzed by linear regression, and K*-evoked DA release was found to vary directly with striatal DA contents (r = 0.81).

in the group receiving UMP for 6 wk). During the
immediate recovery period, DOPAC and HVA
values were increased, peaking at 30 min after expo-
sure to the high K* solution ended (DOPAC, 169+ 9%;
HVA, 149 * 5%). These values returned to baseline
after 75 min (Fig. 2A,B) and might have reflected
recovery of the DA transporter after the end of depo-
larization, and uptake and metabolism of the accu-
mulated extracellular DA. Nosignificantdifferences
inDOPAC or HVA levels between control and UMP-
treated animals were observed at any time (Fig. 2).

Effects of UMP on Brain DA Contents
in Striatum

An experiment was conducted on 11 aged Fischer
344 rats fed the control or 2.5% UMP diet for 6 wk.
Microdialysis was carried out as in previous proce-
dures, and wholeleftstriata wereobtained after dialysis
to measure tissue DA content. There was a statistically
significant correlation (p < 0.01) between K*-evoked
DA release in each animal and its striatal DA content
postmortem (Fig. 3). Data werealso analyzed by linear
regression, and K*-evoked DA release was found to
vary directly with striatal DA content (r = 0.81).

Effect of UMP on Neurofilament Protein;
in Striatum

Proteins (NF-70, NF-M) were measured in the con-
tralateral, non-probe-lesioned striata. Six weeks of
UMP treatmentsignificantly increased striatal levels
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of both NF-70 and NF-M to 182 + 25% (F2,31 = 6.01,
p <0.05) and 221 + 34% (F2,21 = 8.86, p < 0.01) of
control values (Fig. 4A,B). One week of treatment
failed to increase levels of these proteins (82 + 19%
and 99 + 14%; p > 0.05).

Discussion

These data show that K*-evoked DA release is sig-
nificantly increased in rats provided with a UMP-
enriched diet for 6 wk, compared with that in rats
provided with a control diet; this increase correlates
with each animal’s striatal DA level, as measured
postmortem. Spontaneousrelease of DA is unaffected
by UMP treatment. Striata of rats fed the UMP-
enriched diet also display higher levels of two major
neurofilament proteins (NF-70 and NF-M),
suggesting that UMP also promotes neurite
outgrowth in vivo as it does in differentiated PC12
cells (Pooler et al., 2005).

Oral uridine (in the form of UMP) most likely
increases PC synthesis by stimulating the forma-
tion of CDP-choline. Oral UMP is rapidly adsorbed
(Sonoda and Tatibana, 1978) and can provide many-
fold increases in plasma uridine concentrations. In
normal rats, the plasma uridine level is 1-5 p.M, and
this uridine is thought to derive mainly from de novo
synthesis orthesalvage pathway (Gasser etal., 1981;
Pizzorno et al., 2002). Following UMP administra-
tion by gavage to gerbils (1 mmol/kg, which is
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Fig. 4. Effect of UMP treatments on neurofilament protein levels in striatum. Proteins NF-70 (A) and NF-M (B) were
measured in the contralateral, non-probe-lesioned striata after microdialysis experiments. UMP treatment (2.5%) for
6 wk significantly increased striatal levels of both NF-70 and NF-M, to 182 + 25% (p<0.05) and 221 + 34% (p<0.01)
of control values. One week of treatment failed to increase levels of these proteins (82 + 19% and 99 + 14%). (*) p<0.05;

(**) p<0.01 compared with controls.

similar to the dose of UMP consumed by rats in our
experiment), plasma uridine levels rise by fivefold
after 30 min (M. Cansev, pers. comm.). In human
subjects, a smaller oral dose of UMP (2000 mg,
approx 25 mg/kg) also raises plasma uridine
threefold after 1-2 h (data not shown). Uridine can
readily cross the blood-brain barrier via an unsat-
urated transport system (Cornford and Oldendorf,
1975)and thusincreases brain uridine levels (Cansev
et al., 2004). These elevations then increase brain
levels of UTP, CTP (by amination of the UTP), and
CDP-choline and finally enhance the synthesis of
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PC (Cansev et al., 2004). (As discussed below, UTP
formed from uridine canalsoaffect brain metabolism
by directly activating P2Y receptors.)

Age-related reductions have been described in
human (Kaasinen and Rinne, 2002) and rat (Kametani
et al., 1995; Yurek et al., 1998) striatal DA levels and
might explain the motor dysfunctions that can
develop during aging. Thus, it is important to
determine whether an increase in the synthesis of
neuronal membrane as produced by uridine might
also increase DA release. We postulate that the
increase in DA release evoked by K* (Fig. 1B) is
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caused by an increase in membrane synthesis. The
time course of this phenomenon, being observed
after 6 wk but not 1 wk of UMP consumption
(Fig. 1B), is compatible with results of a previous
report in which 6 wk of treatment with oral CDP-
choline, a uridine source, was required to stimulate
an absolute increase in brain PC levels (Agutet al.,
1993). The increased membrane might allow for
increased formation of synaptic vesicles, which
could, among other things, protect DA from being
metabolized by enzymes and cause more DA to be
released in response to K+ depolarization (Fig. 3). It
might also increase the size or number of striatal
DA synapses. Either mechanism could explain an
increase in striatal DA content. Thus, the mecha-
nism of K*-evoked DA release might be related to
the increased DA content.

Membrane phospholipids such as PC are needed
for axonal and dendritic growth (Goldberg, 2003).
Our data show that UMP treatment increases striatal
levels of cytoskeletal proteins (NF-70 and NF-M; Fig.
4). These structural proteins, which are highly

- enriched in neurites, have been demonstrated to be
reliable markers of neuriteoutgrowth (Leeetal., 1982);
thus, their increases suggest increased branching or
lengthening of axons or dendrites. Longer or more
branched neurites might increase the number of con-
tacts between the neurons and, consequently, the
number of synapses that can be made between them.
Neurofilament proteins also maintain the structural
integrity of neurons and participate in intracellular
axonal transport (Grafstein and Forman, 1980); these
functions suggest that they mightbeinvolved inmod-
ulating neurotransmitter release.

Our findings are supported by an earlier report
demonstrating that consuming a CDP-choline
enriched dietincreased K*-evoked striatal DA release
inrats (Agut etal., 2000). BothUMP and CDP-choline
provide pyrimidine nucleosides (uridine and
cytidine)to theblood and thereby promotebrain CTP
synthesisand, ultimately, brainmembranesynthesis.

In addition to enhancing PC synthesis via the
Kennedy cycle, UTP formed from uridine can also
affect neuronal growth by interacting with P2Y
receptors (Pooler et al., 2005). Activation of these
G protein-coupled receptors can stimulate formation
of downstream messengers, including IP,, DAG,
Ca?*, and PKC, all of which can affect neurotrans-
mitter release (Krugel et al., 2001; Shoji-Kasai et al.,
2002) and neurite outgrowth (Sivasankaran et al.,
2004). Hence, oral UMP might act via two comple-
mentary biochemical mechanisms.
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We examined the effects of dietary UMP on
stimulated DA release and neurofilament protein
levelsinaged, socially restricted rats. Our datashow
that UMP can, by either increasing CDP-choline (PC)
synthesis or stimulating P2Y receptors, modulate
both processes. If UMP has similar effects in humans,
its consumption could slow age-related declines
in striatal dopamine levels and perhaps ameliorate
age-related motor dysfunction.
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