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Using biochemical analysis and quantitative
We determined regionalincorporationCOeffiCientS
(k'@)
of plesma
[1@1
1Cjpalmitata into stable brain lipids of anesthetized monkeys

with PEE. Methods Carbon-i 1-palmitate was injected intrave
nousty in untreated animals and in animals pretreated with
methyl palmoxirate (MEP), an inhibitor of beta-oxidation of
palmitate in the brain and periphery. Plasma radioactMty was

followed, and brain radioactivitywas detemiined at various
times using PET. A least-squares method was used to fit the
data to an operational equation to obtain regional values of k*

@

autoradiog

naphy in animals, our laboratory has developed such a
method, and a supporting mathematical model, to quanti
tate brain phospholipid metabolism following the intrave
nous injection of a radiolabeled long-chain fatty acid (5â€”7).
Intravenously injected nadiolabeled fatty acids were shown
to readily cross the blood-brain barrier, be activated to
acyl-CoA in brain by acyl-CoA synthetase and then enter

oxidative pathways or become estenified into stable lipid

and of cerebral blood volume (Vi,)in indMdual experiments.

compartments,

Results: MEP significanfly decreased the integral of plasma

Following an intravenous injection of labeled palmitate
in awake rats, this saturated fatty acid tracer is rapidly

[11C]C02 following

1C-palmitata infusion. Mean values of k* in

monkeys not given MEP ware 4.9, 4.2, 4.9, 4.0 and 2.9 X iO@
mVsec -g for the temporal, frontal, parietal and occipital cor@ces

incorporated

and white matter, respectively.Withthe exception of k*inwhite
matter, which was increased by MEP, k* in the other brain

contrast,

regions was not sugnificanflychanged by MEP. The Vb ranged
from 0.035 mVg to 0.048 mVg in gray matter regions and
equaled 0.022 mVg in white matter. Conclusion: PET can be

particularly

phospholipids.

in brain lipids, mainly in the stereospecific

number i (snl) position of phosphatidylcholine (6,8). In
injected unsaturated

[i-'4C]anachidonate

labels

mainly sn2 positions of phosphatidylcholine and phospha
tidylinositol (5), whereas injected unsaturated [1-'4C]doco
sahexaenoate

enters sn2 positions of phosphatidylethano

used to determine regional incorporation coefficients of 11C- lamine and phosphatidylcholine. Thus, a combination of
palmitate into the primate brain in vivo. Combined with MEP, these fatty acid tracers can be used to examine metabolism
11C-palmitate could be used with PET to examine regional brain and turnover of acyl groups in different sn2 positions in
phospholipid metabolism in humans in normal and pathological
different brain phospholipids (7,9).
conditions.
Brain incorporation of radiolabeled palmitate has been
Key Words positron emissiontomography; brain;palmitic acid;
methyl palmodratad
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shown in animals to be altered in a number of experimental

conditions, including ischemic insult, acute and chronic
sensory deprivation

and axotomy with and without nerve

regeneration (10â€”14).Of relevance for imaging brain tu
mons in humans, and for understanding

hospholipids are structural components of neuronal and
glial membranes and participate in signal transduction de
pending on activation of phospholipase A2 or phospho
lipase C (1â€”3
). Phospholipids within the brain are also
involved with the synthesis of acetylcholine (i), in phos
phorylation of tau protein (4) and in neunoplasticity (5).
Accordingly, it would be of interest for clinical studies to be

able to examine different aspects of brain phospholipid
metabolism in vivo.

tumor lipid metab

olism, is the observation that incorporation of labeled
palmitate into an implanted Walker 256 carcinosarcoma in
rats was threefold to sixfold higher than in adjacent brain,
and differed from incorporation rates for labeled arachido
nate and docosahexaenoate (15â€”17).
Bolus injection studies and programmed intravenous in
fusion

studies

with

labeled

palmitic

acid

in awake

rats

to

establish a constant plasma tracer concentration have dem
onstrated that:
1. Labeled palmitate has a short half-life (<1 mm) in

plasma.
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2. Plasma-specific

activity equilibrates

rapidly (within i

mm) with brain unacylated fatty acid and palmitoyl
CoA precursor pools.

2261

3. These pools are small compared with stable lipid com

partment sizes.
4. There is rapid transfer of radioactivity in the stable
compartments (83% of brain radioactivity is in stable

compartments within 2 mm after a steady-state
plasma level of labeled palmitate has been estab
lished) (6,9,18,19).
These observations support assumptions of the fatty acid
model for quantifying brain phospholipid metabolism when
using labeled palmitate (7).

Carbon-i 1 C-palmitate has been used with PET to ex
limitations when used directly for imaging brain phospho
lipid metabolism with PET. In rats, as much as 60% of the

intravenously injected [U-'4Clpalmitate that is taken up by
the brain is oxidized within brain mitochondria to aqueous
products (e.g., glutamate and glutamine), rather than being
incorporated into brain lipids (21â€”23).Such a large aque
ous fraction results in a poor incorporated

lipid image on

autonadiographs. To overcome this limitation, [9,iO
3H]palmitate rather than a carbon-labeled tracer is used in
animals, as 75% of the 3H is converted to volatile [3H]H20
during beta-oxidation (6).
On the other hand, methyl-2-tetradecylglycidate (methyl
MEP) has been shown in rats to directly in

hibit beta-oxidation of carbon-labeled palmitate in brain
(23,24). MEP is a specific irreversible active site-directed
inhibitor of cannitine palmitoyltransferase
I (CPT I) (25),

which catalyzes the initial step of transfer of the fatty acid
acyl group in cytoplasm to mitochondnia for subsequent
oxidation. In brain, MEP can be activated to form a CoA
thioester which binds to CPT I to form a tight complex (26).
Consequently, MEP can inactivate CPT I and thus inhibit
the uptake and subsequent

MEP Preparation

MEP (McN-3716,McNeilPharmaceutical,SpringHouse, PA)
wasdissolvedin CHCI3,concentratedto a smallvolume(<100 @tl)
under N2and then dispensedby sonicationin a buffer solution(5
mM HEPES, pH 7.4) containing monkey serum albumin (100
mg/ml). The concentration of the MEP solution was 5 mg/mI.
Mimai

Preparation

We used four male monkeys(Macacamulattal)weighingfrom

amine oxidative metabolism in the myocardium (20). It has

palmoxinate,

revealed that the final product was greater than 95% radiochem
ically pure.

oxidation of palmitoyl-CoA

in

mitochondnia.
Following administration of MEP to rats, the percent of
brain [U-'4C]palmitate that is oxidized falls from 60% of
net brain radioactivity to i5% (23). Thus, it should be
possible also to use MEP with positron-emitting â€œC-palmi
tate and PET in nonterminal studies in primates (and even
tually in humans) to increase incorporation of tracer in
stable brain lipids while reducing background aqueous ac

5 to 10 kg (NIH Animal Research Protocol #91-046). Each mon

key was fasted overnight prior to the study. The monkey was
initiallyimmobilizedwith ketamine (5â€”10
mg/kg,i.m.), adminis
tered pentobarbital(20â€”25
mg/kg,i.v.)and finallyintubated and
maintainedon isoflurane(0.7%â€”1.0%).
After insertingan arterial
catheter into the femoral artery, the monkeywas transported to
the PET facilitywhere it was positioned on the scanning table with
the scanning plane parallel to the orbitomeatal (OM) line. Vital
signs were monitored and body temperature was maintained with
heating pads. A thermoplastic headholder was used to maintain

head position.
PET
PET scanning was performed with a tomograph that could
acquire seven simultaneous slices, 13.75 mm apart. In-plane and

axial resolutions were 6.6 and 10.0 mm, respectively.Initially,
transmissionscans were acquired with a rotating rod source to
correct for attention. Dynamic scans lasting 30 sec each were

acquired at different times over the course of 1 hr from the
beginningof â€œC-palmitate
infusion(0,0.50,1, 1.5,2, 2.5,3, 4, 5, 6,
8, 10, 15, 20, 25, 30, 35, 40 and 45 mm). Image reconstruction
involved corrections for attenuation, scatter, randoms and dead

time.
Nine â€˜
â€˜C-palmitatestudies were performed, six without and
three with MEP. The three MEP studies were paired with a
control study on the same day in the same animal. In the first two
studies without MEP, however, we could not calculate k* because

we did not determine labeled CO2in plasma.One control study
was not paired with a MEP study.
MEP (10 mg/kg, i.v.) was administered 2 hr prior to â€˜
â€˜Cpalmitate infusion. The radiotracer (25â€”80
mCi, 3.3â€”11.1
mCi/kg)
was infused over a 3-mm period, and scans and blood samples

were collectedduring the course of the experiment.Prior to the
infusion of â€˜
â€˜C-palmitate,a 150-water study was performed to

produce brain imagesof regionalcerebral blood flow (rCBF) of

In the present study, we show

sufficient quality to define regions of interest (ROIs). Scanning

that PET can be used to quantitate regional rates of incon
poration of [1-â€•C]palmitatein brain lipids of the rhesus
monkey when applying our fatty acid model and using MEP
to inhibit brain oxidation of the tracer. An abstract of this
work has been published (27).

wasbegunwhenradioactivityreachedthe brain and 16scanframes
were obtained over 4 mm. Arterial blood was sampled with an
automated blood counter from the time of injectionthroughout
the scanningperiod.Scansand the arterial time-activitycurvedata
were analyzedusing a rapid least-squaresmethod previouslyde

MATERIALS AND METhODS

ROIs were selected in rCBF images,with reference to MR
images obtained in a normal monkey. Axial Ti-weighted MR

Radicche@

images

tivity due to beta-oxidation.

Ether solutions(0.1M) of pentadecylmagnesiumbromidewere
prepared and â€œC
carbonylated within 18 hr according to proce
dunes previously described (28). The final product was formulated

in 10ml, 8% (v/v)serum in normalsaline,sonicatedat 40Â°C
for 3
mm and sterilized by filtration through a 0.22-mm filter. Radio

scribed (29).

(TR = 400, TE = 19, thickness

= 3 mm) were acquired

at

1.5 Tesla with a Signa Imager (G.E. Medical Systems, Milwaukee,
WI) with one of the monkeys used in this experiment. Attention

was paid to excludecorticalveinsand sinuses.
Blood samples (0.5â€”1.5
ml) were taken from the arterial line at
different times over the course of 1 hr from the beginning of

HPLCanalysisof aliquotsof the finalproductprior to formulation â€œC-palmitate
infusion(0, 0.25,0.50,0.75, 1, 1.5,2, 2.5, 3, 3.25,
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3.50, 3.75, 4, 4.5, 5, 5.5, 6, 7, 8, 10, 12, 15, 20, 25, 30, 4 and 60 mm).
Aliquots (100 pi) were immediately transferred to tubes contain
ing 0.8 ml 0.5 N NaOH to fix labeled CO2 as bicarbonate and then

capped. Blood radioactivity was counted and decay-corrected in a
@

calibrated gamma counter. To remove labeled CO2 and bicarbon
ate, another aliquot of blood was added to 0.6 ml isopropanol

followed by addition of 0.2 ml 0.5 M HCI. The sample was vortexed
to prevent gelation and then bubbled with nitrogen for 10 mm
before determining radioactivity (30).

A modificationof the procedureof Belfrageand Vaughan(31)
was used to separate fatty acids from phospholipids, glycenidesand
aqueous metabolites in plasma. Plasma (0.3 ml) was first extracted
in a solvent mixture of chloroform, methanol and heptane (1.41:
1.25:1.00) and vortexed. Potassium carbonate was then added (1.8

>

c@

0

c@O

a
@E=@
c@
oE
@-

â€”0â€”-

U

U)

0

ml, pH 10),the mixturevortexedand centrifugedto separate the
phases. Aqueous metabolites and neutral lipids in the aqueous
upper phase were removed. The upper phase was acidified with
concentrated H2S04 (30 d) and vortexed, and fatty acid was
extracted

with heptane

(2.0 ml). After the mixture

was centrifuged,

the upper phase containing the plasma unacylated fatty acid was
removed and counted for radioactivity. Radioactivity in the ex
tracted plasma samples was counted and decay-corrected in a
calibrated gamma counter. Extraction efficiency of this procedure
was assessed separately using [1-'4Clpalmitate spiked plasma sam

Control

wfthMEP

0

20

40

60

Time, minutes
FIGURE 1. Timecourseof plasmaorganicradioactivityfollowing
intravenous [1-11C]palmitate infusion in control and MEP-treated

monkeys. Values are normalized to the ratio: total infused dose
(mCi)-to-bodyw@ght(kg).Values are means Â±s.e.m. for six control
and three MEP studles.

pies. All extractedfree fatty acid samplesfrom plasmawere con

T

rected for recoveiy (49.7 Â±1.0%) (mean Â±s.e.m., n = 5).
=

Vb

cWB(T)

+

k*

L

crg,,,,ic(t)dt

Data Malysis

The mathematicalmodel for data analysishas been previously
described (7). We define a coefficient k* (mi/sec per g brain) for
unidirectional incorporation of a labeled fatty acid from plasma
into stable brain metabolic compartments as brain radioactivity
divided by integrated plasma organic (fatty acid) radioactivity from

time 0 at beginningof infusionto time T:
k* =

c@rajn(T)

Eq. 1

j@.
01crganjc(t)dt'

+ (0.4)

- (1.15)

- cCO,WB(T).

Eq. 3

Equation3 containstwo unknowns,k* and Vh,whereasall the
other variablesare experimentallydetermined.These unknowns
can be determined by least-squares fitting (36) of Equation 3 to
experimental data at different times of measurement T, but, as

c@rajntotai(T)
averagesbrain radioactivityover a 30-secscan, we
assignedT for eachscanas the midtimepointof the measurement.
We used a paired t-test to evaluate statisticalsignificancein
paired studies, or a simple t-test to examine differences between

where c@ra,n(T)(nCi/g brain) is brain parenchyma radioactivity at

means (37). Values presented are means Â±s.e.m.Statisticalsig
nificancewas taken as p < 0.05.

T and crganjc(t)(nCi/ml plasma) is radioactivityin the plasma
organic phase, that is, â€˜
â€˜C-palmitate.
PET data were obtained per
milliliter of brain. They are reported per gram of brain, however,

to be consistentwith prior animal studies and prior conventions
(7). Thus, brain density was taken as 1.0 rather than 1.038 (32).

Total brain radioactivityat timeT, c@rajntota,(T),
includesradio
activity within the vascular compartment as well as parenchymal
[I â€˜CJCO2

(in

the

forms

of

labeled

CO2

and

HCO3).

RESULTS

Figure 1 illustrates time courses of c@rganjc(T)
normalized
to injected dose (millicunies per kilogram) following the
start of a 3-mm infusion of @C-palmitatein control and in
MEP-treated anesthetized monkeys. c@rganjc(T)rose be
tween 0 and 3 mm, then declined rapidly. Plasma half-lives

Therefore:

of crganjc(T), calculated between 3 and 12 mm, were 40.2 Â±
*

cbrain.tota,@

i'T'\_@J

I J â€” V b

* I'â€¢T'\1*

cwB@ â€J̃

,@

CT

I

J

1.3 (s.c.m.) sec and 42.1 Â±0.6 sec for control and MEP

*

corganic

treated animals, respectively; between 12 and 60 mm they

Jo
+ Brain([â€•C]C02),

were 324 Â±52 sec and 313 Â±3 sec for control and MEP

Eq. 2

where V,, is cerebral blood volume (milliliter of blood per gram of
brain) and cWB(T)is â€˜
â€˜C
concentration in whole blood at time T.
According to Brooks et al. (33), brain [â€œC]CO2
equals 40% of
plasma [â€˜
â€˜C]C02in the normocapnic state. Plasma [â€˜
â€˜CJCO2
was
calculated from whole blood [â€œC]CO2
based on a study that

demonstratedthat the plasmaconcentrationof [1â€˜C]C02
is con
sistently 15% higher than that of whole blood (34,35). Thus,

Equation 2 can be rewrittenas:

Palmitate Incorporation in Brain â€¢
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treated animals, respectively. There was no significant dif
ference in either of these periods between the two groups.
In the first 5 mm of the infusion, all animals had been
exposed to more than 50% of the integral of crganjc(T)
(0â€”45mm) in plasma.

Figure 2 illustrates mean time courses of integrated
plasma [â€œC]CO2,
as the percent integrated plasma organic
radioactivity, in control and MEP-treated monkeys. The
percent of integrated plasma [â€œC]CO2in MEP-treated

2263

gray matter region by pained t-test (n = 3) but increased k*
in white matter (p < 0.05). Mean Vb for cerebral cortex and
white matter was 0.043 and 0.022 ml/g, respectively. The Vb
did not differ significantly between MEP-treated and con

U)

o@

trol animals by a pained t-test.

6

@wU
cu
E k@.2
Cl)
@)V
c@cu

DISCUSSION

U)_

V

PET can be used to determine

4

â€˜i.-.9

Q@oc

â€”â€”

cerebral regional

incon

ponation coefficients k* of an intravenously injected labeled
fatty acid, â€˜
â€˜C-palmitate,
in a primate. Fitting the data to an
operational equation using least squares also provides an

cu

0)

estimate

of regional

cerebral blood volume

Vb. To apply

Equation 3, we made a number of assumptions with regard
to the fatty acid model (7,9) and used published data to
estimate radioactivity within the brain vascular compart
0

10

20

30

ment and brain radioactivity due to [â€œC]C02.The assump
tions of the model are supported by experimental evidence

Time, minutes

of very rapid pseudo-equilibrium between plasma-specific
activity and specific activity of brain unacylated palmitate

FIGURE 2. Time courseof integratedplasmar1cico2 as per
cent integrated plasma organic radioactMty in control and MEP
three MEP Studies. *p < 0.05.

and palmitoyl-CoA pools following infusion of @C-palmi
tate (<iâ€”2 mm), rapid transfer of tracer to stable brain

animals was 46% to 54% less than in control animals after

lipid compartments and rapid disappearance of label from
plasma after cessation of intravenous infusion (6,7,9). The
k* for @C-palmitatewas greater in the cerebral cortex than

treated monkeys.Valuesare means Â±s.e.m. for fourcontroland

is mmofâ€˜
â€˜C-palmitate
infusion,
indicating
thatMEPhad

a statistically significant effect on peripheral
1 â€˜C-palmitate

(p

<

oxidation of

0.05).

reflects a higher turnover of neuronal and glial membrane

Significant increases in net brain radioactivity, c@rajn
c@rajn,totai(T)
â€”Bnain([' â€˜C]C02)â€”Vb . c@, were observed
in MEP-treated

compared

in white matter of the anesthetized monkey (Table i),
confirming results in awake and anesthetized rats using
other palmitate labels (6,21 ). This regional difference likely
lipids in gray matter compared with myelin lipids (37).
Values of k* in this study likely are less than in awake

to control animals (Fig. 3). Be

cause of reduced brain [@C]CO2in MEP-treated animals, monkeys, as anesthesia has been shown to reduce k* for
[9,iO-3H]palmitate by 40% compared with k* in awake rats

ratios of net brain radioactivity to c@rajn,total(T)were signif
icantly increased.
Figure 4 shows typical PET images of k* for control and

(14,38).

About 60% of carbon-labeled palmitate in brain is oxi
dized to produce nonvolatile aqueous metabolites rather
than entering stable brain lipids (21,23,24). We used MEP
to inhibit mitochondnial beta-oxidation of â€œC-palmitateso

MEP-tneated monkeys, as well as CBF and MR images for
comparison. It is clean that k* as well as CBF values are
higher in gray matter than in white matter regions. Frontal,

@

temporal, occipital, panietal and white matter regions are

as to increase the lipid signalcomparedwith the aqueous

identified in the CBF scans.
Table 1 summarizes mean values for k* and Vb in dif
fenent cortical regions, as calculated from scans at 1, i.5, 2,
2.5, 3, 4, 5, 6, 8, iO, 15, 20, 30 and 45 mm using least squares

background. The observed decrease of the integral of
plasma [â€˜1C]CO2
(Fig. 2) with MEP shows that it also
reduced beta-oxidation of 1C-palmitate in peripheral tis
sue, which is consistent with previous reports (24,39â€”41).
From in vivo PET studies (42,43), V,, in the frontal lobe

and Equation 3. MEP did not significantly affect k* in any

@

ParietalCortex

White Matter

â€¢a

.5 â€” >

@

FiGURE 3. Timecourseof net brainradio
actMty ct;rajncl)and brain C1CICO2radioactiv
ity as percent total brain radioactivity

@

in control and MEP-treated

HI

.c

mon

keys.Valuesare means Â±s.e.m.forfourcon
trol and three MEP-studies. *p < 0.05, @p
<

0

10

20

30

40

0

10

20

30

40

Time, minutes

0.01.
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k*(ml/s.gx Ut)
CBF(mi/lOOg/mln)
7.5/60

3.5/30

)

FIGURE4. PETimages show kt (top and
second rows)and CBF(thirdrow)inthe brain
of anesthetizedmonkey.k*was determined
usingEquation3. CBFwas measured 15sec
afteran injectlonof H2150.MRimagesare at
16, 22 and 27 mm above the orbitomeatal
line. ROls are shown with circles. T = tempo
+22 mm

mlcortex;F = frontalcortex;0 = occipital

+27 mm

cortex;P = panetalcortex;W = whitematter.

whole brain 0.036 ml/g. In humans, the ratio of Vb in gray
matter to Vb in white matter is 1.4 to 1.8 (44) compared
with 20 Â±0.2 in our study in anesthetized monkeys. Mean

Because labeled palmitate that has been incorporated in
the brain is found mainly in phosphatidylcholine (8), k* for
labeled palmitate is thought to reflect synthesis and/on
turnover of membranes containing this phospholipid (9). A

Vb with or without MEP was 0.045 Â±0.002 ml/g in cortex

previous study showed that MEP pretreatment

and 0.023 Â±0.002 ml/g in white matter. Thus, with our
least-squares method we would be able to measure k* in

uptake of labeled palmitate in both triglycerides and phos

of the monkey was reported to equal 0.054 mug, Vb in

lesions where Vb was variable, as in vascular brain tumors
(45,46).

augmented

pholipids, while reducing the extent of oxidation from 60%

to 15% of net brain radioactivity (21,22). MEP at iO mg/kg
inhibits beta-oxidation of labeled palmitate in rat brain and

TABLE I

Means Â±s.e.m. for k*and Vbin Four Controland Three MEP-TreatedMonkeys
brain)Control
(mVsec per gbrain x 10@)Vb
3)CortexTemporal4.90
Brainregionk*

0.005Frontal4.15
0.004Panetal4.97
0.007Occipital4.01
0.009White
0.003*M@,
matter2.85

(n = 4)MEP

(n = 3)Control

(mlbloodper g
(n = 4)MEP

(n =

Â±0.82*4.52

Â±0.150.045

Â±0.0050.054

Â±0.144.14

Â±0.410.042

Â±0.0060.043

Â±0.454.91

Â±0.470.035

Â±0.0050.039

Â±0.224.58

Â±0.260.048

Â±0.0070.053

Â±
Â±
Â±
Â±

Â±0.233.38

Â±0.180.022

Â±0.0030.025

Â±

Â±s.e.m.
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would be expected to have the same effect in monkey brain,
but this could be confirmed only with costly terminal mon
key studies.
CONCLUSION
The fatty acid method with PET, MEP and â€˜
1C-palmitate
should allow in vivo assessment of human brain phospho
lipid metabolism in relation to membrane growth, develop

ment and neunoplasticity (9). One possible application
would be to study human brain tumors (15â€”17)
for which in
vivo imaging is not entirely satisfactory (45 ). The fatty acid
method can also be used with labeled unsaturated fatty
acids to examine signal transduction

involving phospho

lipase A2 (46,47). Because PET can measure only net ra
dioactivity (Eq. 3), animal models with neurochemical anal
ysis will be needed to identify brain compartments in which
a tracer enters under different conditions. Progress in this
regard is summarized elsewhere (7,9).
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