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The uptake mechanism of 1,2-[''C]diacyiglycerols (DAG) was
studied and its use as a probe for the measurement of
phosphatidylinositol (Pl) tumover was verified. A method of
synthesis for producing rac-1,2-"'C]DAG using [''C]ethylke-
tene was developed to label the 1- or 3-hydroxyl group of 2-
monoacyiglycerol. After intravenous injection, these tracers
were metabolized rapidly in the rat brain cortex to phospha-
tidic acids, phosphatidylinositols and phosphatidylinositol
phosphates. The brain cortex anesthetized by barbiturate,
which represents inhibited state of synaptic transmission, did
not produce differences in uptake values between sn-1,2-
[''C]DAG and rac-1,2{"'C]DAG. However, in the liver, lung,
and pancreas under the same conditions, the uptake values
of rac-1,2-["'C]DAG were higher than those of sn-1,2-["'C]
DAG, in which the labeling position was on the 2-hydroxyl
group in the sn type. These findings suggest that the lipase
activity in the brain should be disregarded because lipase
predominantly hydrolyzes the 1- or 3-position of rac-1,2-{''C]
DAG, which should be the main factor producing the differ-
ences in uptake values in other organs. Cholinergic stimula-
tion prompted accumulation of 1,2-[''C]DAG in the conscious
rat brain. In conclusion, sn-1,2-{''C]DAG, administered even
in the racemic mixture, could serve as a tracer that becomes
mixed with receptor-linked Pl tumover and could accumulate
in the brain based on the membrane trapping mechanism.

J Nucl Med 1992; 33:413-422

Numerous bioactive agents, which act on the cell
surface, manifest their specific cellular functions through
regulation of the intracellular reactions via the second
messenger system of the target cells (/-3). One example
of such a mechanism is neuronal receptor-linked phospha-
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tidylinositol (PI) turnover in the central nervous system
(CNS). Phospholipase C (PLC), which is associated with
receptors, hydrolyzes phosphatidylinositides (PIPs) into
sn-1,2-diacylglycerol (DAG) and inositolphosphates, pro-
moting the secondary dual turnover system. The PI turn-
over-protein kinase C (PKC) system is thought to be closely
involved in higher cortical functions such as memory and
learning (4-6). Therefore, visualization of the in vivo PI
turnover by positron emission tomography (PET) for the
study of CNS function may provide a new approach to
human neuroscience.

For visual observation of PI turnover by PET, we syn-
thesized sn-1,2-[''C]DAG by ketene reaction (7-9). We
previously found high uptake of this tracer in certain
regions of the rat brain (e.g., amygdala, cerebral cortex,
and hippocampus) (10-12). In that preliminary study, the
regions with high neuronal activity, related to PKC (13-
15), correspond with those showing high uptake of sn-1,2-
[''C]DAG. This article mainly describes our recent study
with a modified Folch’s method (1949) (16) to clarify
whether or not the brain uptake of sn-1,2-[!'C]DAG is due
to accumulation of radioactivity based on PI metabolic
processes.

This article will additionally refer to rac-1,2-[''CIDAG
(11). The method for synthesizing rac-1,2-[''C]DAG is
simpler than that for sn-1,2-[''C]DAG. We analyzed the
uptake of both rac- and sn-1,2-[''C]DAG in the rat in
vivo. The 2-position of glycerol in sn-1,2-[''C]DAG was
labeled with !'C while the 1-position of glycerol in rac-1,2-
[''C]DAG was labeled with ''C. The difference in the
labeling position between the two isomers should be re-
flected in different radioactivity uptake between tissues
because of tissue-specific metabolic features of !'C butyryl
moiety. A condition necessary for DAG to serve as a probe
specific to brain PI turnover is that phosphatidic acid (PA)
is produced by 1,2-DAG kinase phosphorylation in the
initial step of DAG-recycling in PI turnover (/,4) and that
a series of polarized components, PI, PIP (phosphatidyl-
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inositol 4-phosphate), PIP, (phosphatidylinositol 4,5-bis-
phosphate) are produced by subsequent membrane trap-
ping. In this case, sm-sterotype is specific to 1,2-DAG
kinase (/7). Degradation by lipase is also possible (18,19).
Lipase predominantly hydrolyzes the 1- and 3-position. In
rac-1,2-["'C]DAG, it is more likely that the C-11 butyryl
moiety is removed by lipase and trapped within the tissue
in the form of polarized components. We compared the
biodistribution of sn- and rac-1,2-['"'C]DAG and discussed
the PI turnover (a metabolic process important for extrin-
sic 1,2-[''C]DAG) and lipase activity (an additional factor
involved) in a rat brain.

MATERIALS AND METHODS

Chemicals

L-a-palmitoyl-lysophosphatidylcholine (1-palmitoyl-sn-glyc-
ero-3-phosphorylcholine), L-a-stearoyl lysophosphatidylcholine,
2-palmitoylglycerol, and 2-stearoylglycerol, purchased from
Sigma Chemical Co. (St. Louis, MO), as precursors; phospholi-
pase C, Type III from Bacillus cereus (Lecithinase C; EC 3.1.4.3),
purchased from Wako Pure Chemicals Industries (Osaka); are-
coline hydrobromide, purchased from Research Biochemicals
(Natick, MA), and butyl scoporamine bromide, purchased from
Sigma Chemical Co.

Ketene Method

The procedure is as described in our previous report (9,12,20,
21). Carbon-11-labeled carbon dioxide was produced by a '“N(p,
a)''C reaction using a cyclotron (The Japan Steel Works, model
BC1710) and automated synthesis system for producing [''C]
ethylketene was used (The Japan Steel Works, the prototype of
1'C-ketene system). Carbon-11-ethylketene was trapped directly
in the pyridine solution containing a precursor. All of the acylat-

ing reactions were performed under no-carrier added conditions
at room temperature and within 5 min.

Synthesis of 1-paimitoyl-2-[1-''C]butyryi-sn-glycerol

As shown in Figure 1, 1 umol of L-a-palmitoyl-lysophospha-
tidylcholine (1) was used as a precursor. L-a-palmitoyl-2-[1-''C)-
butyryl-sn-glycero-3-phosphorylcholine (2) was obtained as an
[''Clethylketene adduct. To remove the phosphorylcholine by an
enzymatic reaction modified from that used by Zwaal et al. (22,
23), phospholipase C (PLC; 5 U, Type III from Bacillus cereus)
(24) was employed. 1-palmitoyl-2-[1-''C]butyryl-sn-glycerol(3)
was obtained in the ether phase (12).

Synthesis of 1-[1-''C]butyryl-2-palmitoyl-rac-glycerol

Carbon-11-ethylketene was induced to react in 300 ul of
pyridine containing 1 umol of 2-palmitoylglycerol (¢) in Figure
1 and 0.5 umol of DMAP at room temperature for 5 min. Then,
unreacted [''Clethylketene and pyridine were completely re-
moved using an evaporator. 1-[1-''C]butyryl-2-palmitoyl-rac-
glycerol (5) was verified by the HPLC system with the standard
material.

Synthesis of 1-[1-''C]butyryl-rac-glycerol

This monoacylglycerol (MAG) tracer was employed for com-
parison with 1,2-[''C]DAG, since MAG is a good substrate for
lipase but not for DAG kinase. [''C]ethylketene was induced to
react in 300 ul of pyridine containing 1 umol of glycerol (6) in
Figure 1 and 0.5 umol of DMAP and the other procedures were
the same as above. 1-[1-!'C]butyryl-rac-glycerol (7) was verified
by the HPLC system with the standard material.

sn-1,2- and rac-1,2-[''C]DAG Metabolic Studies by
Modified Foich’s Method

A 150-mg portion of rat cerebral cortex was removed from a
rat brain (male Wistar rats weighing 300 g) administered with a
dose of 1.5-8 mCi of [''C]JDAG, dissolved in 0.4 ml saline with
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FIGURE 1. Synthesis of no-carrier-added sn- and rac-1,2-[''C]DAGs and 1-{''C]butyryl-rac-glycerol by the ketene method. (A)
Synthesis of 1-actyl-2-[1-''C]butyryl-sn-glycerol (sn-1,2-{''C]DAG). This reaction consists of two main procedures: ethylketene
reaction and PLC hydrolysis (72). (B) Synthesis of 1-{1-''C]butyryi-2-palmitoyi-rac-glycerol. (rac-1,2-{''C]JDAG). The main procedure
was an acylation to the 1- or 3-hydroxyl group of 2-acyiglycerol by ethylketene reaction. (C) Synthesis of 1-[1-''C]butyryl-rac-glycerol.
(rac-1-{"'C]MAG). The main procedure was the same as (B). The radio-HPLC profiles are shown in Figure 2.
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0.1% bovine serum albumin and 0.5% DMSO at 5 and 20 min
after injection of [''C]DAG. Three kinds of lipid solvent were
used to extract brain phospholipids. The tissue was homogenized
for 3 min by grinding manually with about 0.5 ml of the solvent
(chloroform/methanol; 3/2, v/v) and was centrifuged at 3000
rpm (1660 g, Kubota KR/702) at 10°C for 3 min. Two phases
were observed with a pellet positioned between the water phase
and chloroform phase. Both phases were collected together and
the pellet was re-homogenized with 0.5 ml of the second solvent
(chloroform/methanol/water; 1/2/0.3, v/v) and was centrifuged
in 3000 rpm for 3 min. The supernatant was added to the soluble
fraction and a pellet was re-homogenized with 0.5 ml of the third
solvent (methanol/water; 2/3, v/v). The supernatant was also
added to the soluble fraction. Then 0.5 ml of chloroform and 0.5
ml of water were newly added to the soluble fraction and the
mixture was shaken. The chloroform and water-phase mixtures
were separated. Total time was about 40 min until the final
extraction. The extracted lipids of both samples were spotted on
TLC plates, Silica Gel 60 (activated).

Thin-Layer Chromatography

We employed two solvent systems of mobile phase and Silica
Gel 60 (activated) as a stationary phase for analysis of ''C-labeled
phosphoinositides (PI, PIP, and PIP,) in the extraction and 1,2-
[''C]IDAG was separated from the polarized component in the
serum. The two solvent systems consisted of neutral and basic
polar solvents, system (A); chloroform/methanol/water:65/25/4,
v/v, and system (B); chloroform/methanol/20%methylamine:
60/36/10, v/v (25). The plates (length 75 mm) were developed
in one dimension in each solvent system. The developed TLC
was put into contact with an imaging plate of Fuji Computed
Radiography System (FCR) which was exposed for 1 hr and then
calculated to obtain digitalized images. The positions of the
various phospholipid radioactivities were visualized by FCR sys-
tem and were identified by comparison with the authentic com-
pounds. The PA, PI, PIP, PIP,, and along with other phospho-
lipids and their authentic compounds were visualized with com-
mon lipid locating agents such as I, or molybdenum blue spray
for phosphate on the same TLC plates.

Degradation of the Extrinsic Added 1,2-[''C]DAG in
Rat Serum

The degradation of 1-[1-!''C]butyryl-2-palmitoyl-rac-glycerol
was studied in rat serum (male Wistar rats each weighing 300 g
to 305 g). A dose of 3 mCi was injected (within 3 sec) through
the tail vein. Time sequence blood samples (300 ul) were collected
at0, 2.5, 5, 7, 10, and 20 min, making a total of six samples in a
period of 20 min. The serum was then spotted on TLC plates as
described in the former section.

Biodistribution of sn- and rac-1,2-[''C]DAG Under a
Deeply Anesthetized Condition and a Conscious
Condition

Tracer distribution in rats (male Wistar rats each weighing 300
g to 305 g) was measured by the following procedure. A dose of
0.8-3 mCi of ['"'C]DAG dissolved in 0.4 ml saline with 0.1%
bovine serum albumin and 0.5% DMSO was injected in three
experimental groups; 1-palmitoyl-2-[1-''C]butyryl-sn-glycerol in
the deeply anesthetized group (n = 3), 1-[1-''C]butyryl-2-palmi-
toyl-rac-glycerol in the deeply anesthetized group (n = 4), and 1-
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[1-"'C]butyryl-2-palmitoyl-rac-glycerol in the conscious group
(n = 4). Both tracers were administered through the tail vein
under an anesthetized condition with 45 mg/kg of sodium pen-
tobarbital (in deeply anesthetized groups) and under transiently
anesthetized conditions induced by halothane (0.7%) in room air
in the conscious group. An intravenous bolus injection of each
""C-DAG was given, and 30 min later the rats were killed by
decapitation. The brains were rapidly removed and divided into
cortex and cerebellum and other organs, such as the liver, lung,
heart and pancreas, were also removed. Tissue radioactivity was
measured using a gamma counter and the tissue samples were
weighed. Uptake was expressed as %dose/g; (count/g tissue) X
(1/total injected count) X 100%. The data obtained in triplicate
(sn-1,2-["'C]DAG) and quadruplicate (rac-1,2-[''C]DAG) exper-
iments were presented as average + s.d.

Exhaust of ''CO, to Expiration on sn- and rac-1,2-[''C]
DAG Injection

These experiments were performed along with biodistribution
studies as described above in the study of 1-palmitoyl-2-[1-''C]-
butyryl-sn-glycerol under deep anesthesia (n = 3) and in the study
of 1-[1-''C]butyryl-2-palmitoyl-rac-glycerol under deep anes-
thesia (n = 4). !'CO, was continuously collected into each sodal-
ime column for 5-min periods, for a total of six periods and 30
min. The column radioactivity was measured using a gamma
counter.

Cholinergic Stimulation Study in Conscious Rat Brain

Cholinergic stimulation studies were performed by the admin-
istration of arecoline under the condition of systemic cholinergic
blockage (26) by using butylscopolamine bromide. A rat (male
Wistar rat weighing 300-305 g) was administered saline with
butylscopolamine bromide (6.6 mg/kg; s.c.) 20 min prior to an
i.p. administration of saline (control: n = 4) or arecoline (13 mg/
kg: n = 4). Five minutes after arecoline injection, 3 mCi of 1-[1-
'C]-butyryl-2-palmitoyl-rac-glycerol were injected into a tail
vein. At 30 min after tracer injection, the rat was killed with
sodium pentobarbital (5 g/kg, i.v.). The brain was rapidly re-
moved and regional brain tissue radioactivities (cerebral cortex
and cerebellum) and blood radioactivity were measured using a
gamma counter and tissue samples were weighed as described
above.

The Performance of the Coincidental Gamma
Counter-Rat Brain Monitoring System

The radioactivity in the rat brain was monitored by a pair of
external coincidence BGO detectors. The detector pair was posi-
tioned to detect radioactivity in a brain, with minimum contam-
inating signals from the extracerebral tissue, using 3-mm diameter
zones marked on the exposed skull of the animals. We obtained
a time-activity curve of 1-[1-!'C]butyryl-2-palmitoyl-rac-glycerol,
in distinct contradiction to 1-[1-''C]butyryl-rac-glycerol as MAG.
Each tracer was injected in bolus administration (within 3 sec)
through the tail vein. Time sequence counting was done by the
timing single-channel analyzer connected to a computer (PC
9801; NEC). Data were collected continuously in 3-min periods,
for a total of 12 periods totaling 36 min. The ability to isolate
counts from 3 mm zones indicated an FWHM of 3.2 mm. The
scattering ratios of each measurement in a 3-min period were
from 5.4% s.d. in 200 counts to 1.7% s.d. in 2000 counts.
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TABLE 1
Synthesis of ''C-Labeled DAGs and MAG

Synthesis time yield* purity' Specific activity

[''Clethylketene
— — — 186-279GBq/umo

L-a-palmitoyl-2-[1-''C]butyryl-sn-glycero-3-phosphoryicholine (2)
30 min (5 min%) 25% 75% 186GBq/umok5Ci/umol)
1-palmitoyl-2-[1-''C]butyryl-sn-glycerol (3)
50 min 4% 96% 93GBq/umok2.5Ci/umol)
1-{1-""C]butyryl-2-paimitoyl-rac-glycerol (5)
30 min 35% 96% 186GBq/umol5Ci/umol)
14{1-""C]butyryl-rac-glycerol (7)
30 min 35% 96% 186GBq/umo}5Ci/umol)

* Calculated from the trapped ''CO..

1 Based on radio-HPLC profile obtained before the process of separative HPLC.
* Estimating specific activity of [''Clethylketene by using 12-deoxyphorbol 13-isobutyrate 20-[1-''C]butyrate as an indicator (12).
§ as the ['"Clethylketene adduct and not to be separated. Numbers in parentheses are each compound as mentioned in Figure 1.

RESULTS

Synthesis of 'C-Labeled DAGs

Table 1 shows the radiochemical yield, purity, specific
activity, and total synthesis time of 1-palmitoyl-2-[1-''C]-
butyryl-sn-glycerol (3), 1-[1-''C]butyryl-2-palmitoyl-rac-
glycerol (5), and 1-[1-''C]butyryl-rac-gycerol (7). The spe-
cific activity of these [''Clethylketene adducts was about
186 GBq/umol (5 Ci/umol) at the end of synthesis. The
hydrolyzing ratio of [''C]ethylketene adduct in PLC reac-
tion was about 15% for the production of 1-palmitoyl-2-
[1-''C]butyryl-sn-glycerol (12). The ''C adduct of 2-pal-
mitoylglycerol is rac-1,2-[''C]DAG in the no-carrier-added
reaction, which was an acylation to the 1- or 3-hydroxyl
group (Fig. 2A). 1-[1-''C]butyryl-rac-glycerol is obtained

in the no-carrier-added reaction which was the same re-
action to glycerol by [''C]ethylketene (Fig. 2B).

sn-1,2-[''C]DAG Metabolic Fates by Using Foich’s
Method: Extraction of Phosphoinositides

Lipid extraction was done without using acidified sol-
vent to avoid the deacylation of phosphatidylinositols.
Almost all radioactivity in the brain was extracted due to
the presence of water in the sample. Approximately 15%
of the total radioactivity was in the CHC1;-rich organic
phase, 80% was in the water phase, and 5% was in the
interfacial precipitate. Both phases included crude poly-
phosphoinositides, which can be further separated to yield
individual PIPs by TLC.
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FIGURE 2. Radio-HPLC profiles of 1-[1-''C]butyryl-2-paimitoyl-rac-glycerol (A) and 1-{1-'"C]butyryl-rac-glycerol (B) All diacyiglyc-
erols were analyzed by HPLC and UV spectra were measured in hexane in 1 cm cells in a sequential connected spectrophotometer
(Shimadzu model SPD-6AV) by using 242 nm in UV wave length. Zorbax SIL (Dupont Instrument, 4.6 mm x 25 cm) was used. The
HPLC was operated at room temperature. DAGs (a) and MAGs (b) were separated by using hexane/isopropyl! alcohol (95:5, v/v) and
hexane/ether/isopropyl alcohol (10:2:1, v/v), respectively. The flow rate was 1.8 mi/min. The radioactivity included in the eluent was
sequentially counted by using multi-channel analyzer. X-axis, a channel number of radio-HPLC (3 sec/channel). Y-axis, each channel

radioactivity of tracer.
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FIGURE 3. Radio-TLC profiles of ''C-
labeled Pl tumover intermediates. The
brain extracts were obtained 20 min after
1-[1-""C]butyryl-2-palmitoyl-rac-glycerol
injection. The total injected dose was 8
mCi per rat (300 g) in this case. TLC (Silica
Gel 60, activated, as a stationary phase)
for analysis of ''C-labeled phosphoinosi-
tides (P, PIP, and PIP;,) in the extraction
by modified Folch’s method. System (A),
chloroform/methanol/water: 65/25/4, v/v.

w CH w CH

As shown in Figure 3, the positions of the various
phospholipid radioactivities were visualized by the FCR
system and were identified by standards in two different
developing systems, (A) and (B). The 1,2-[''C]DAG me-
tabolites, PA, PI, PIP, PIP,, and their standards were
visualized on the same TLC plates. Figure 3 shows a typical
pattern for the brain extracts 20 min after rac-1,2-[''C]-
DAG injection. A similar TLC pattern was obtained for
sn-1,2-[""C]DAG and rac-1,2-["'C]DAG 5 min after injec-
tion. The unmetabolized sn- or rac-1,2-[''C]DAG was
observed concomitant with the PI intermediates at 5 min
after injection; however, it merged gradually into PI inter-
mediates. By 20 min after administration, almost all of
the DAG had been metabolized into the PI intermediates.

Degradation of the Extrinsic Added 1,2-[''C]DAG in
Rat Serum

Figure 4 shows the TLC profiles. Degradation of 1-[1-
"'C]butyryl-2-palmitoyl-rac-glycerol occurred rapidly in
the rat serum. The blood radioactivity values (whole blood)
were 0.25 + 0.02 %dose/g and 0.17 + 0.03 %dose/g at 10
min and 30 min after injection in a time course, respec-
tively. However, almost all of the 1,2-[''C]DAG had dis-

FIGURE 4. The de-
gradation of the
extrinsic added 1,2-
['"CIDAG in a rat
serum. The time
course of degrada-
tion of 1-[1-''C]bu-
tyryl-2-paimitoyl-rac-
glycerol in rat serum.
The total Injected
Dose was 3 mCi per
rat. TLC develop-
ment solvent was
employed system (A)
described in Figure
10mIN 3. 9

v .

DAG

BuCoA
' 8"PIF's

e e @

28 & 7
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&N System (B), chloroform/methanol/20%
1t methylamine: 60/36/10, v/v. W = Radio-
papi [Blpe®® TLC of the water fraction; CH = Radio-
TLC of the chloroform fraction; ST = TLC

ST of the lipids from brain ([B]) and standards

(PA, PI, PIP, PIP,) visualized by .

appeared by 10 min. The 1,2-['"'C]DAG practically per-
sisted for only initial several minutes in the blood.

Biodistribution of sn-1,2- and rac-1,2-[''C]DAG

Biodistribution of 1-palmitoyl-2-[1-''C]butyryl-sn-glyc-
erol (n = 3) and 1-[1-''C]butyryl-2-palmitoyl-rac-glycerol
(n = 4) was investigated 30 min after injection of each
tracer. No differences between sn-1,2- and rac-1,2-[''C]-
DAG values were seen in the cerebral cortex, cerebellum,
and blood under a deeply anesthetized condition (Fig. 5a-
b), and large differences were seen in the liver, pancreas,
and lung (Table 2). More rac-1,2-[''C]DAG than sn-1,2-
[''C]DAG was accumulated in the liver, pancreas, and
lung; but the reverse occurred in the kidney and urine.
Regional variations may be attributed to regional bio-
chemical events.

In Table 3, the rac-1,2-[''C]DAG uptake in the con-
scious group (n = 4) was compared with that in with the
deeply anesthetized group (Table 2). In the conscious state
(Fig. 5c~d), 1,2-["'C]DAG uptake in the cortex was slightly
increased, but that in the blood was decreased (0.001 < p
< 0.01). Therefore, brain/blood ratios showed an increase
in the conscious state.

Exhaust of ''CO, to Expiration After sn- and rac-1,2-
[''CIDAG Injection

Both studies on the 1-palmitoyl-2-[1-''C]butyryl-sn-
glycerol group (n = 3) and 1-[1-''C]butyryl-2-palmitoyl-
rac-glycerol group (n = 4) in the deeply anesthetized
condition demonstrated a continuous expiration profile of
''CO; during the 30-min period study (Fig. 6). This sug-
gested that ''CO, expiration accurately reflects the deac-
ylation process from the 1-position of 1,2-[''C]DAG by
lipase and further process of 8-oxidation via [1-''C]butyryl
CoA. The cumulative expiration radioactivity values of
sn- and rac-1,2-["'C]DAG were 9.5 + 1.3 and 11.4 + 2.4
%dose/total injected dose, respectively (0.3 < p < 0.5).

Cholinergic Stimulation Study Using Conscious Rat
Brain

Regional brain uptake of 1-[1-''C]butyryl-2-palmitoyl-
rac-glycerol was investigated 30 min after injection. Large
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TABLE 2
Biodistribution of sn-1,2- and rac-1,2-[''C]DAGs in Deeply Anesthetized Condition 30 Minutes After Injection

1-palmitoyl 1{1-""Clbutyryl 2-
21-""C]butyryl- palmitoyl-rac-
sn-glycerol (N = 3)* glycerol (N = 4)}
mean + s.d. mean * s.d.
(%dose/g) (%dose/g) t-test’
Cerebral cortex 0.116 £ 0.014 0.116 £ 0.012 05<p<1ins
Cerebellum 0.110 £ 0.024 0.113 £ 0.015 05<p<1ins
Temporal muscle 0.090 + 0.005 0.076 + 0.007 0.02<p<0.05
Heart 0.126 + 0.023 0.147 £ 0.010 02<p<03
Pancreas 0.176 + 0.031 0.311 £ 0.053 0.001 < p<0.01
Lung 0.422 + 0.076 0.630 + 0.136 0.05<p<0.1
Liver 0.341 + 0.026 0.628 + 0.067 0<p<0.001
Kidney 0.457 + 0.038 0.270 £+ 0.008 0<p<0.001
Urine 896 +0.178 1.14 +0.627 0<p<0.001
Blood 0.166 + 0.027 0.164 + 0.011 05<p<ins

* For comparison between the sn-1,2-[''C]DAG and rac-1,2-[''C]DAG by t-test. ns = not significant.

* The total injected dose was 0.8 mCi per rat.
* The total injected dose was 1.6 mCi per rat.

Biodistribution studies were performed using male Wistar rats each weighing 300-350 g under a deeply anesthetized conditon (45 mg/
kg). Carbon-11-labeled DAGs were injected through a tail vein. The rats were killed 30 min postinjection. Tissue uptake was expressed as
%dose/g. Data present average + s.d. in triplicate or quadruplicate experiments.

differences between the control group (n = 4) and cholin-
ergic stimulated group (n = 4) were seen in the cerebral
cortex (p < 0.01) and cerebellum (p < 0.001), and no
significant differences were seen in the blood (p > 0.3)
(Table 4). The 1,2-[""C]DAG uptake values in the cortex
and cerebellum showed an increase of 26% and 34%,
respectively. This shows that the uptake of 1,2-[''C]DAG
was enhanced by cholinergic stimulation. These findings
suggested that 1,2-[''C]DAG uptake is related to receptor-
linked PI turnover in the brain.

Time-Activity Curves of ''C-DAG and "'C-MAG in Rat
Brain Using a Coincidental Gamma Counter System

Biodistribution study using 1-[1-''C]butyryl-2-palmi-
toyl-rac-glycerol with a time course suggested a tracer
accumulation in the brain (Table 5).

Two time-activity curves of 1-[1-''C]butyryl-2-palmi-
toyl-rac-glycerol and 1-[1-''C]butyryl-rac-glycerol were ob-
tained as shown in Figure 7. The former showed accu-
mulation and the latter showed disappearance. These find-
ings suggest that 1,2-[''C]DAG can be metabolized into

TABLE 3
Comparison of 1-[1-''C]butyryl-2-palmitoyl-rac-glycerol Tissue Uptake in Conscious Group (n = 4) with the Deeply
Anesthetized Group (n = 4, in Table 1)

Conscious state (n = 4)

mean + s.d. (%dose/q)' t-test’ Variations
Cerebral cortex 0.128 + 0.007 0.1<p<02 1
Cerebellum 0.108 + 0.006 05<p<1 ns
Temporal muscle 0.075 + 0.004 05<p<1 ns
Heart 0.126 + 0.005 0.01 <p<0.02 !l
Pancreas 0.240 + 0.039 0.05<p<0.1 [
Lung 0.432 £ 0.179 01<p<02 !
Liver 0.613 + 0.056 05<p<i ns
Kidney 0.305 + 0.029 005<p<0.1 1
Urine 1.81 +0.583 02<p<03 )
Blood 0.136 + 0.007 0.001 < p < 0.01 [

* For comparison between the deeply anesthetized group (n = 4, on the third column in Table 2). ns = not significant.

' The total injected dose was 1.6 mCi per rat.

A variation in the 1-[1-''C]butyryl 2-paimitoyl-rac-glycerol uptake between the two groups was observed. Light anesthesia using halothane
was used during the short period (3 min) for tracer administration in the conscious group. Tissue distribution was examined using male Wistar
rats each weighing 300-305 g. 1-[1-''C]butyryl 2-paimitoyl-rac-glycerol was injected through a tail vein. The rats were killed 30 min after the
injection. The regional uptake was expressed as %dose/g. Data present average + s.d. (n = 4).

418

The Journal of Nuclear Medicine * Vol. 33 * No. 3 » March 1992



polarized compounds, which can be trapped in the cell
membrane. This assumption is supported by the findings
obtained using the TLC study (Fig. 3). On the contrary, 1-
[1-"'C]-butyryl-rac-glycerol cannot be trapped in the brain,
which suggests that the rac-1-[''C]JMAG cannot be metab-
olized into [1-!'C]butyryl CoA due to the lack of lipase
activity in the rat brain.

DISCUSSION

A basic method for the visualization of intracellular
signaling, employing extrinsic added 1,2-[''C]DAG, which
can be applied to PET imaging is reported. The theoretical
background for this study is the PI turnover which was
systematically studied by Berridge et al. (1984). In this
dual-second messenger system, sn-1,2-DAG appears fol-

15 -

O----0 : 1-(1-"1C)butyryl-2-palmitoyl-rac-glycerol

I , I ‘mean*SD

o——o : 1-palmitoyl-2-(1-"'C)butyryl-sn-glycerol l
P

10|

Exhaust of ''CO2 to expiration
(% dose/total injection dose)

N 1 N 1 2 1l

0 5 10 15 20 25 30
(minutes)
Time

FIGURE 6. ''CO. expiration of sn- and rac-1,2-{'']DAG. Car-
bon-11 labeled carbon dioxide, which was produced from the
total expiration of rats under enclosed condition separated from
the air, was continuously collected into each sodalime column for
5-min periods, making a total of 6 periods for 30 min.
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0.5<p<1 0.5<p<1 *% 0,001<p<0.01 *0.1<p<0.2
0.3r 0.2 0.2 —uxqy 0.2
r*3 s . —* FIGURE 5. Biodistribution of sn- and
fi rac-1,2-["'C]DAG under the deep anesthe-
w 0.2F - L. P L tized condition and the conscious condi-
2 . . 5 2 tion. () A comparison of 1-palmitoyl-2-[1-
§ 9 £ 01} & 0.1} 01k ¢ "'C]butyryl-sn-glycerol group (n = 3) with
° 1-[1-""C]butyryl-2-palmitoyl-rac-glycerol (n
0.1 = 4) group under the same deep anes-
thesic condition in blood (a) and in the
blood cerebral cortex blood cerebral cortex cerebral cortex (b). () A comparison of
oLt | olu | \ , L \ deeply anesthetized group with conscious
sn rac sn  rac anesth. awake anesth. awake group both using 1-[1-''C]butyryl-2-pal-
a b c d mitoyl-rac-glycerol in blood (c) and in the
cerebral cortex (d).

lowing neuronal signaling but is soon metabolized by 1,2-
DAG kinase into PA under normal neuronal activity. After
this step in PI turnover, functional lipids (PI, PIP, and
PIP,) are formed via CDP-DAG and coexist in the cell
membrane together with structural lipids such as phospha-
tidylcholine (PC) and phosphatidylethanolamine (PE).
Figure 8 summarizes PI turnover, 1-2-DAG is cell-perme-
able and can pass through the blood-brain barrier (BBB)
(27,28). This property of 1,2-DAG allows it to serve as a
convenient tracer of PI turnover. The administered 1,2-
[''"CIDAG was metabolized into PA, PI, PIP, and PIP,
within 5 min after injection, while raidoactive PC and PE
did not appear even after 20 min (Fig. 3). This indicates
negligible transacylation of the acyl residue of ''C-labeled
PIPs into other structural lipids. In other words, intrave-
nously administered extrinsic sn-1,2-[''C]DAG rapidly
traces the course of PI turnover as shown in Figure 8. In
this connection, we propose a concept of membrane trap-
ping, that is PIP accumulation in the membrane, to explain
the above-mentioned trapping mechanism, because the
possibility of re-mobilization of !'C-labeled PIPs after in-
corporation into a cell membrane seems to be very low.
As shown in Figure 7, time-activity curve analysis with a
coincidental gamma counter demonstrated a rac-1,2-[''C]-
DAG accumulation pattern in the brain. This finding
supported the view that membrane trapping occurs in vivo
because of the presence of sn-type in a racemic mixture.

Another important possibility is that the administration
of sn- or rac-1,2-['"'"C]DAG is degraded by lipase in the
brain or other organs (e.g., liver, pancreas) involved in the
systemic circulation (29). As shown in the results section,
about 10% of the total activity was eliminated into expired
gas in the continuous form of ''CO, within 30 min after
tracer injection (Fig. 6). This suggests a metabolic pathway
where free fatty acid (FFA), released from 1,2-DAG by
lipase, undergoes beta-oxidation to become acetyl CoA.

A major problem in this kind of study is that the
metabolic rate of 1,2-DAG based on the lipase activity
needs to be much lower than the metabolic rate based on
PI turnover. As previously described, lipase from these
organs can hydrolyze the 1- and/or 3-position of triglyc-
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TABLE 4
Cholinergic Stimulation Study of 1-[1-''C]butyryl-2-palmitoyl-rac-glycerol with Arecoline (Intraperitoneal Injection)

Control (n = 4) Arecoline-stimulated (n = 4)
mean + s.d. (%dose/qg) mean + s.d. (%dose/g)*
(minimun-maximum) (minimum-maximum) t-test*
Blood 0.223 + 0.016 0.234 + 0.014 03<p<05ns
(0.208 — 0.249) (0.212 — 0.247)
Cerebral cortex 0.182 + 0.018 0.229 + 0.015 0.001 <p<0.01
(0.160 — 0.206) (0.214 — 0.249)
Cerebellum 0.152 + 0.014 0.203 + 0.011 0 < p <0.001
(0.131 — 0.165) (0.192 — 0.218)

* For comparison between the control group (n = 4) and arecoline-stimulated group (n = 4) by t-test. ns = not significant.

1 The total injected dose was 3 mCi per rat.

Effect of cholinergic stimulation on 1-{1-'"C]butyryl 2-paimitoyl-rac-glycerol uptake in the brain was examined by arecoline i.p. injection.
This procedure of cholinergic stimulation was described in detail in the method section. The rats were killed 30 min after injection. Regional
uptake was expressed as %dose/g. Data present average + s.d. (n = 4).

erides, DAGs, and MAGs to yield polarized components
(18). As shown in the results section, the uptake of rac-
1,2-DAG labeled at the 1-position was significantly higher
than that of sn-1,2-DAG labeled at 2-position in the liver
and pancreas (Table 2). This suggests the involvement of
lipase in these organs. In the brain, on the contrary, no
significant difference was noted between the uptake of sn-
and rac-1,2-DAG with different ''C labeling positions (Fig.
5b), which suggests that lipase activity is extremely low in
the brain. Under deep pentobarbital anesthesia, synaptic
transmission in the brain can be regarded to be in an
inhibited state (30) so that the state may not produce any
differences based on the PI response in synapse. Addi-
tionally, 1-[1-''C]butyryl-rac-glycerol cannot be trapped in
the brain (Fig. 7), which suggests that 1-[''CJMAG cannot
be metabolized into [1-''C]butyryl CoA because monoacyl
glycerol can be readily degraded by monoacyl glycerol

TABLE 5
Biodistribution in the Brain with a Time Course Using
1-{1-""C]butyryl-2-paimitoyl-rac-glycerol’
Whole blood (n = 4) Cerebral cortex (n = 4)
mean + s.d. (%dose/g) mean + s.d. (%dose/g)

30 sec 0.58 + 0.05 0.08 + 0.02

5 min 0.33 £ 0.04 0.10 + 0.02
10 min 0.25 + 0.02 0.13 +0.03
20 min 0.18 £ 0.02 0.12 + 0.01
30 min 0.17 £ 0.03 0.12 £ 0.01

* The total injected dose was 1.6 mCi per rat.

Light anesthesia using halothane was used during the short period
for tracer administration in the conscious rat. Tissue distribution
(especially in the cerebral cortex and blood) was examined using
male Wistar rats each weighing 300-305g. 1-{1-"'C]butyryl 2-paimi-
toyl-rac-glycerol was injected through a tail vein. The rats were killed
each time after the injection. The brain uptake was expressed as
%dose/g. Data present average + s.d. (n = 4).
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lipase (18,29). These findings suggest that lipase activity
in the brain should be disregarded.

In a conscious state, the uptake was increased by about
30% in the presence of cholinergic stimulation (Table 4),
which is in agreement with the findings obtained by an-
other method (31,32). These findings suggest that brain
rac-1,2-["'C]DAG uptake is closely related to the metabo-
lism via PI turnover. Comparison of the spots on the TLC
of rat brain extracts with those of authentic compounds,
revealed that the metabolites are PI turnover specific and

1,2DAG

e
i

Radioactivity (Relative counts)

0 L L 1 1 1 ]
bolus

Time (Minutes)

FIGURE 7. Time-activity curves of rac-1,2-[''C]DAG and rac-
1-['"C]MAG by using coincidental y-counter in a rat brain. The
radioactivity in rat brain was monitored by a pair of external
coincidence BGO detectors. Each tracer was injected in bolus
administration (within 3 sec) through tail vein. Data was collected
continuously for 3-min periods, making a total of 12 periods for
36 min. Both data were transformed by the relative counts which
was consistent with each count at the initial period (from 0 min
to 3 min) after bolus injection. Similar time-activity curves were
obtained in three experiments in each group. = = open square in
rac-1,24{"'C]DAG and close square in rac-1{''C]JMAG; vertical
rods are each 1 s.d.
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FIGURE 8. “Membrane Trapping” mechanism of extrinsic
added 1,2-[''"C]DAG. = is ''C-labeled compound and intermedi-
ates in Pl tumover.

represent rapid metabolism. Transacylation into structural
lipids occurred only in very small amounts (Fig. 3), while
metabolism in blood occurred rapidly with polarized com-
ponents being produced in about 5 min after administra-
tion. rac-1,2-[''C]DAG disappeared from the blood within
10 min and was completely altered to the polarized com-
ponent (Fig. 4). Once polarized, sn- or rac-1,2-[''C]DAG
cannot pass through the BBB and does not affect its uptake
in the brain where its accumulation has already occurred.
However, the ''C-labeled metabolized component in
serum has to be deduced from the total serum activity,
representing the real input function.

Figure 9 summarizes the metabolic fates of each tracer
in two modes, PI turnover and lipase deacylation of the
[1-"'C]butyryl moiety. The metabolic fate of 1,2-[''C]DAG

is predominantly subjected to the course of PI turnover in
the brain and the tracer leftover could return to the serum.
However, in other organs, such as the liver and pancreas,
degradation by lipase is the main course, producing a
difference between the accumulation of both tracers. In
the case of 1-palmitoyl-2-[1-''C]butyryl-sn-glycerol, the 2-
position of glycerol was labeled with C-11; however, lipase
predominantly hydrolyzes the 1-position (18). The hydro-
lyzed ''C-labeled compound is 2-[1-''C]-butyrylglycerol,
which is also able to return to serum, and it is further
converted to 1-[1-''C]butyryl-rac-glycerol or phosphoryl-
ated compounds. On the contrary, ''C activity in the 1-
position of 1-[1-''C]butyryl-2-palmitoyl-rac-glycerol is
readily converted to [1-!'C]butyryl CoA and is taken into
the TCA cycle, resulting in the production of ''CO,. The
difference in the labeling position between the two isomers
should reflect the difference in the tissue-specific metabolic
features of ''C-butyryl moiety.

The present findings show that the brain uptake of 1,2-
[''C]DAG is due to accumulation of radioactivity based
on PI metabolic processes. The finding that the regions
with high neuronal activity related to PKC (13,15,33),
correspond with those showing high uptake of sn-1,2-[''C]-
DAG (12) suggests an in vivo linkage between PI turnover
and PKC, as anticipated by Nishizuka (4). As shown by
the time-activity curve (Fig. 7) obtained using a coinciden-
tal gamma counter, the PI turnover rate can be measured
by using 1,2-['"'C]DAG and a similar measurement with
PET may be possible in humans.
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