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Receptor-mediated membrane processing plays an essential
role in neural function in the synapses. In such neurotransmis-
sion process, the phosphoinositide (PI) response, an effector in
the production of second-messengers, can be used to assess in
vivo signal transduction. Using in vivo autoradiography and
positron emission tomography (PET), we attempted to visualize
the Pl response to muscarinic cholinergic receptor (mAChR)-
stimulation in rats and monkeys, which were administered 1,2-
['Cldiacyiglycerol (DAG) intravenously. Enhancement of 1,2-
[''C]DAG incorporation was observed in the rat ipsilateral
hippocampus and cortex in which mAChR-agonist was admin-
istered by local injection, but this was in contrast to spreading
cortical depression in the ipsilateral cortex using KCI. In monkey
PET studies, dynamic brain scanning revealed increase in ac-
tivity over time for about 15 min after a bolus injection of 1,2-
[''CIDAG in an awake state. The activity then remained at a
constant level. This finding documented the theoretical “mem-
brane-trapping” mechanism. The systemic mAChR-stimulation
accelerated incorporation in the cerebral cortices of the same
monkey brain. Radioactivity uptake did not differ significantly
between the mAChR-stimulated and nonstimulated early scan
images. This suggested that cerebral blood flow does not greatly
affect DAG incorporation. In sequential membrane processes of
Pl tumover, diacyliglycerol kinase rapidly metabolizes DAG, in-
cluded in Pl tumover. In conclusion 1,2-[''C]DAG incorporation
was limited by receptor-mediated Pl tumover, which can repre-
sent real synaptic transmission in neural networks.
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Tie specific visualization of a neurotransmitter-receptor
has been a challenge for many investigators studying the
central nervous system (CNS) by positron emission tomog-
raphy (PET) (/-3). However, not all receptors exert a
direct effect on neurotransmission in the postsynaptic
membrane. Biochemical reaction cascades can be induced
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by low molecular weight messenger substances following
the binding of a neurotransmitter. Intracellular reaction
cascades can reflect real synaptic transmission. Among
these intracellular reaction cascades phosphoinositide (PI)
turnover has been studied intensively (4, 5). However, no
assessments of this system have been attempted using in
vivo measurement. Our previous studies suggest that the
signal transduction system of PI turnover permits neuro-
transmission activity in synapses to be assessed (6,7).
From this viewpoint we focused on PI turnover as a bio-
chemical basis for the purpose of the imaging for activated
neural networks. PI turnover possesses a dual system giv-
ing rise to elevation of intracellular Ca’* by inositol
trisphosphate (IP;) (8,9) and the activation of Ca’*-depen-
dent protein phosphorylation by protein kinase C (PKC)
with sn-1,2-diacylglycerol (DAG) (10-12). The latter com-
ponent is usable as a tracer for assessing PI turnover. We
previously found that uptake mechanism in a rat cerebral
cortex that was administered with 1,2-[''C]DAG was rap-
idly metabolized into phosphatidic acid (PA), phosphati-
dylinositol (PI), phosphatidylinositol-4-monophosphate
(PIP), and phosphatidylinositol-4,5-bisphosphate (PIP,),
whereas radioactive phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE) did not appear after 20 min (7).
The sn-stereoisomer of 1,2-[''C]DAG, administered even
in a racemic mixture, can serve as a specific extrinsic tracer
along with the PI regenerative pathway of DAG Kkinase,
phosphatidylinositol 4-kinase (PI 4-kinase) and phosphati-
dylinositol 4-phosphate kinase (PIP 5-kinase), via CDP-
DAG and is incorporated into the cerebral phosphoinosit-
ides. We synthesized ''C-labeled rac-1,2-DAG by the
ketene method (13-16). Diacylglycerols, which have a
short-chained substituent with 1- or 2-butyryl residue, can
be more suitable for attenuation of excessive lipophilicity,
which is undesirable because of an increase in nonspecific
tissue uptake of the tracers (6). We reported that the phos-
phorylated properties of short-chained diacylglycerols are
equivalent to those of the native diacylglycerols in the PI
regenerative pathway (7).

Of the CNS receptors coupled to PI turnover (4,5,17),
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FIGURE 1. Chemical structures of ''C-abeled diglyceride
probes.

much detailed information has been obtained for musca-
rinic cholinergic receptors (mAChR) (18-20), which is
found in high density in the neocortex (21). The incorpo-
ration of rac-1,2-[''CJDAG is enhanced by systemic
mAChR-stimulation (7). This finding suggests that rac-1,2-
["'CJDAG incorporation is related to receptor-mediated PI
turnover in rat brain. We confirmed this by the local effect
of mAChR-innervation on incorporation of rac-1,2-
[''CIDAG using the stereotactic microinjection into rat
unilateral hippocampus. The effect of voltage-dependent
neuronal activation that induces a spreading cortical de-
pression (22) also was investigated. This model seemed
suitable as a control because stimulus is not involved in
receptor-mediated signal transduction.

This article also reports PET images of PI turnover in the
conscious monkey, to verify whether brain incorporation
of rac-1,2-[''C]DAG is due to the membrane-trapping
mechanism and documents time-activity curves in PET
studies in the presence of mAChR-agonists, that is, the ““PI
response”’.

MATERIALS AND METHODS

1,2-[''C]DAG Synthesis by Ketene Method

Carbon-11-labeled carbon dioxide was produced by the N(p,
a)'!C reaction using a cyclotron (The Japan Steel Works, model
BC1710) and an automated synthesis system for producing
[**Clethylketene (The Japan Steel Works, ARIS-C8). L-a-pal-
mitoyl-2-[1-''CJbutyryl-sn-glycero-3-phosphorylcholine was ob-
tained from L-a-palmitoyl-lysophosphatidyicholine by the
[**Clethylketene reaction (6,7). The phosphorylcholine moiety
was removed with phospholipase C (PLC; 5 units, Type 3 from
Bacillus cereus) (23,24). Thereafter, 1-palmitoyl-2-[1-''CJbutyryl-
sn-glycerol was obtained in the ether phase (6,7). To synthesize
racemic ''C-labeled DAG, [!!'Clethylketene was reacted in 300 ul
of pyridine containing 1 umol of 2-palmitoylglycerol and 0.5 xmol
of dimethylaminopyridine at room temperature for S min. Unre-
acted [''Clethylketene, the ketene dimer and pyridine were com-
pletely removed by evaporation to yield 1-[1-''CJbutyryl-2-palm-
itoyl-rac-glycerol (7). These ''C-labeled diglyceride probes (Fig.
1) were separated by HPLC (7).

Blodistribution of rac-1,2-[''C]DAG under Conditions
with Carrier DAG in Rat Brain

Tracer distribution in rats (male Wistar, each weighing 250-270
8) was measured by the following procedure. A dose of 3 mCi of
["'C]JDAG dissolved in 0.4 ml saline containing 0.1% bovine se-
rum albumin and 0.5% DMSO was injected into a conscious group
with 5 umol/kg of carrier-DAG (dipalmitoyl) (n = 4), a conscious
group with 50 umol/kg of carrier-DAG (dipalmitoyl) (n = 4), and
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into the control group (n = 4). Tracer was administered through
the tail vein under transient anesthesia induced by halothane
(1%-1.5%) in room air. Diacylglycerol loading was performed by
intravenous injection of carrier-DAG at each concentration 3 min
prior to intravenous injection of [''C]JDAG. An intravenous bolus
injection of ["'C]DAG was given, and 30 min later, rats were killed
by decapitation. The cerebral cortex (the cortical mantle) and
cerebellum were rapidly removed and the radioactivity was mea-
sured using a gamma counter and the sample was weighed. Re-
gional activity was calculated as %dose/g; (count/g tissue) X
(1/total injected count) x 100%, and the regional incorporation
was expressed as the brain/blood ratio. Data obtained from quad-
ruplicate experiments are presented as average + s.d.

Blodistribution of rac-1,2-[''C]DAG Under Systemic
mAChR-Stimulation and Spreading Cortical
Depression in Rat Brain

General systemic mAChR-stimulation using arecoline has been
reported (7). Tracer distribution in rats (male Wistar, each weigh-
ing 300-310 g) was measured by injecting a dose of 3 mCi of
[*'C]DAG dissolved in 0.4 ml saline into rats in the conscious
group with 5 umol/kg of arecoline (n = 4), and in the control group
(n =4).

Spreading cortical depression was studied by means of sub-
dural KCl injection (22). Tracer distribution in rats (male Wistar,
each weighing 300-310 g) was measured by injecting a dose of 3
mCi of [''C]DAG dissolved in 0.4 ml saline into rats in the con-
scious group with 3 M of KCl (n = 4), and in the sham-operated
group using saline (n = 4).

Tracer was administered through the tail vein under transiently
anesthetized conditions induced by halothane (1%-1.5%) in room
air. An intravenous bolus injection of [''C]DAG was given, and 30
min later the rats were killed by decapitation. The cerebral cortex
and cerebellum were rapidly removed and the radioactivity was
measured using a gamma counter and the sample weighed. Re-
gional activity was calculated as %dose/g; (count/g tissue) X
(1/total injected count) X 100%, and regional incorporation was
expressed as the brain-to-blood ratio. Data obtained in quadrupli-
cate experiments are presented as average + s.d.

Local Microinjection of mMAChR Agonist to Rat Brain

Wistar rats weighing 300 g were anesthetized with sodium
pentobarbital (23 mg/kg) by intraperitoneal injection, and placed
in a stereotactic frame. When the rats recovered from anesthesia,
1 mCi of sn-1,2-["'C]DAG was administered intravenously fol-
lowed immediately by a stereotactic local injection over a 5-min
period of 5 ul of carbachol in 0.9% NaCl (2 mM, pH 7.4) using a
Hamilton Microsyringe. Coordinates were determined using a
rat-brain atlas (G. Paxinos and C. Watson, 1986) to locate the
needle tip 2.0 mm laterally, 3.0 mm posteriorly and 3.0 mm in
depth from the bregma. The rat was killed 30 min after the injec-
tion of sn-1,2-["'C]DAG. The brain was rapidly removed and
frozen in powdered dry ice. Autoradiographs were reconstructed
from adjacent brain sections (40 um thick) with the Fuji Com-
puted Radiography System (FCR). The same stereotactic proce-
dures were performed in the '®F-labeled 2-fluoro-2-deoxyglucose
([*®*FJFDG) study. Fluorine-18-FDG imaging was performed by
the ordinary procedure of Sokoloff (25).
Anesthesia for Monkey PET Scanning

Qualitative images of brain radioactivity accumulation were

obtained from male monkeys (Macaca fuscata) weighing 8-10 kg
(n = 2) using PET. The experimental protocol involved a ket-
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TABLE 1
Effect on Incorporation of 1,2-{''CJDAG with Carrier-DAG (Dipalmitoyigtycerol) and mAChR-agonist (Arecoline) by Systemic

Administration
A ®)
DAG (+) DAG (++) Control Arecoline (+)
Control 5 umolkg of DP 50 umolkg of DP The systemic cholinergic blockage (+)

mean = s.d. mean * s.d. mean * s.d. mean = s.d. mean = s.d.
Cerebral cortex/blood 0.69 + 0.06 0.87 + 0.11* 0.80 = 0.11% 0.82 + 0.06 0.98 + 0.06*
Cerebetlumyblood 0.66 + 0.09 0.75 + 0.05" 0.70 + 0.08* 0.68 + 0.06 0.88 + 0.06*
*0.05 < p < 0.1.
p < 0.25.
Not significant.

The effect on 1-[1-''C]butyryl-2-paimitoy}-rao-glycerol incorporation was examined by administration of nonradioactive dipaimitoyiglycerol (DP) IV
injection and arecoline IP injection. (A) For comparison between the control group (n = 4) and carrier DAG-added groups (n = 4) by t-test. (B) For
comparison between the control group (n = 4) and mAChR-stimutated group (n = 4) by t-test. The total injection dose of 1-{1-'CJbutyryl-2-paimitoyi-
rao-glycerol was 3 mCi per rat. Rats were killed 30 min after injection. Regional incorporation was expressed as the brain-to-blood ratio. Data presents

an average + s.d. (n = 4).

amine/pentobarbital preanesthetic, followed by intubation with a
cuffed endotracheal tube and mechanical ventilation. Lidocaine
was used as the local anesthesia prior to cut-down. Pancronium
bromide (0.06 mg/kg/hr; intravenously) was used for immobiliza-
tion during scan. A respirator was adjusted to maintain arterial
gases within normal physiological range with continuous monitor-
ing of end-tidal CO,; intermittent arterial blood was sampled at
regular intervals throughout the scan to measure hematocrit,
blood pH, PaCO,, and PaO,. Mean arterial blood pressure and
rectal temperature also were monitored.

Monkey PET Imaging

PET scans were conducted with a tomograph based on the
HEADTOME III design (Shimadzu Co., Japan). The in-plane
resolution was 8.6 mm FWHM, while the axial resolution aver-
aged 13.6 mm. Immobilized monkeys were positioned on a tray,
and their heads were strapped to the tray with adhesive tape. The
first PET scans (n = 2) were performed in a resting-awake-state
and the second scans (n = 1) were performed in a mAChR-
stimulated state under controlled ventilation. In both PET scans,
systemic cholinergic blockage (7,26) was achieved using butyl-
scopolamine bromide (6.6 mg/kg; s.c.). A dose of 1-[1-''CJbutyryl-
2-palmitoyl-rac-glycerol (3 mCi/10 kg body weight) was injected
intravenously. A rapid infusion method was used, in which a 5-ml
intravenous-injection of tracer was performed for 20 sec. The PET
camera was used to continuously collect data 15 times with 2-min
intervals, and the dynamics of *'C radioactivity in the brain was
monitored. Simultaneously, arterial blood was sampled and the
1C radioactivity was sequentially measured. The initiation time,
T = 0, was set when the whole-brain activity reached a value
greater than that of the background activity in PET camera. We
set the PET counting area with 49 pixels on each region of interest
(ROI; 7 x 7 pixels). The variation of each count for a single
counting area is settled at less than 18% s.d.

Blood Sampling and Analysis

A sequence of arterial blood samples (500 ul) was collected.
The first five samples were obtained at 10-sec intervals. The
remainder samples were obtained at gradually longer intervals
(0.5 min-5 min), making a total of 17 samples within a period of 30
min. The degradation of 1-{1-''CJbutyryl-2-palmitoyl-rac-glycerol
was studied in monkey serum. Serum samples were then applied
to silica on TLC plates, in which 1,2-[''C]DAG was separated

Signal Transduction Imaging by PET ¢ Imahori et al.

from all polarized components by means of a solvent system
consisting of chloroform/methanol/water: 65/25/4 (v/v). The plates
(length, 75 mm) were developed in one dimension, then divided
into two fractions that were counted (1,2-DAG was located at the
top and all other polarized components at the bottom).

Use of mAChR-Stimulation in PET Study in Monkey
Brain

Arecoline was administered under systemic cholinergic block-
age using butylscopolamine bromide to study mAChR-stimulation
(n = 1). A male monkey weighing 10 kg was given saline with
butylscopolamine bromide (6.6 mg/kg; s.c.) 20 min prior to an
intraperitoneal injection of arecoline (13 mg/kg). Five minutes
after arecoline injection, 3 mCi of 1-[1-''CJbutyryl-2-palmitoyl-
rac-glycerol was injected intravenously through the femoral vein.
The PET camera was used to continuously collect data for 15
times at 2 min intervals and the dynamics of brain ''C radioactiv-
ity was monitored. Arterial blood was sampled simultaneously
and !!C radioactivity measured sequentially.

RESULTS

Effect on Incorporation of rac-1,2-[''C]DAG with
Carrier-DAG

The biodistribution study, which involved addition of §
umolkg of carrier DAG, revealed a 25% increase of
["'CJDAG incorporation in the carrier-DAG-treated group
when compared with the control (0.05 < p < 0.1) (Table 1).
When 50 umol/kg of carrier DAG was added, ['!C]DAG
incorporation increased by 16% when compared with con-
trols (p < 0.25). The results suggest that the DAG incor-
poration mechanism does not depend on receptor-ligand
interaction.

Effect on Incorporation of rac-1,2-[''C]DAG by
mAChR-Stimulation

As shown in Table 1, mAChR-stimulation induced by
systemic administration of arecoline caused a rise in DAG
incorporation (20%-30%) in the cortex and cerebellum rel-
ative to controls (0.05 < p < 0.1).
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TABLE 2
Effect on Incorporation of 1,2-[''C]DAG by the Spreading Cortical Depression

Sham operation KCl (+)
Local injection of 5 ul of saline Local injection of 5 ul of 3 M KCl
Contralateral cortex Ipsilateral cortex Contralateral cortex Ipsilateral cortex

control 0.9% NaCl (+) control 3 MKCI (+)

mean + s.d. mean =+ s.d. mean + s.d. mean + s.d.

Cerebral cortex/blood 0.76 + 0.09 0.77 £ 0.07 0.70 + 0.05 0.66 + 0.07*
Cerebellumyblood 0.70 + 0.08 —_ 0.65 + 0.02 -

*0.05 < p < 0.1.

The effect of K* on 1-[1-''Clbutyryl-2-paimitoyi-rac-glycerol incorporation was examined by administration of 3 M KClI to the subdural space
overtying the left parietal cortex. The sham operation was used with 0.9% NaCl by the same manner. mmm]ecﬁondoseoﬁ-n-"C]uwlyl-

2-paimitoyl-rac-glycerol was 3 mCi per rat. The rats were killed 30 min after injection.

was expressed as the brain-to-blood

Regional
ratio. For comparison between the sham operation group (n = 4) and 3 M of KCl-added group (n = 4) by t-test. Data presents an average + s.d.

Effect on Incorporation of rac-1,2-[''C]DAG by
Spreading Cortical Depression

Spreading cortical depression induced by subdural injec-
tion of KCl to the ipsilateral hemisphere in the cortex
decreased DAG incorporation by 15% (0.66 + 0.07) com-
pared with the sham-operated group (0.77 = 0.07), as
shown in Table 2. Incorporation was also attenuated in the
contralateral cortex in the spreading cortical depression

group.

Local Stimulation of mAChR-Agonist in Rat Brain
Regions with high muscarinic cholinoceptive neurons,
such as in the cerebral cortex (Cx), entorhinal cortex (Ec),
hippocampus (Hc), and amygdaloid nucleus (Ag), corre-
sponded with those showing high-grade incorporation of
sn-1,2{"'CIDAG (6). Typical autoradiographic maps of
1,2-["'C]DAG uptake sites in the brain of the conscious rat
showed a column-like pattern in the cerebral cortex (Cx)
that was vertical to the cortical laminae. The lateral genic-
ulate body (LG) was demarcated (on right). The caudate
putamen (CPu) was visible but the globus pallidus (Gp) and
thalamus (Th) were less visible (Fig. 2). We studied regions
with high cholinoceptive neurons by microinjection using
carbachol. As shown in Figure 3 (left), carbachol enhanced
accumulation of sn-1,2-["'C]DAG in the right hippocampus
and cerebral cortex. Microinjection of 5 ul of the carbachol
(2 mM) to the right hippocampus resulted in spread into the
lateral ventricle and subarachnoid space near the puncture
point, indu cm§ activation in the ipsilateral cortical neu-
rons. In the [* FIFDG study, the high glucose metabolism
was observed in an area with cholinergic stimulation in

Figure 3 (right).

Monkey PET imaging and the Mathematical Model
Dynamic scanning of monkeys using PET revealed in-
crease in activity over time for about 15 min after bolus
injection of 1,2-["'CJDAG. Activity in the brain (Fig. 4A)
remained constant in time-activity curves (Pre-stimulation
in Fig. 4B). This finding supports the ‘‘membrane-trap-
ping” mechanism previously presented (7), which allows
the DAG metabolic rate to be quantified as described be-
low. Sequential second scans conducted during mAChR-
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stimulation revealed the same pattern with an exaggerated
tendency (Post-stimulation in Fig. 4B).

The C;, indicates the !'C-phosphoinositides for the en-
tire amount of incorporated membrane phosphoinositides.
The mathematical model for data analysis can be described
by the following equation:

[k* (ml s~ g~ 1) x 1o‘]=c;m/rc;.dt.
0

This equation has been defined as the incorporation con-
stant (26). Radioactivity in each brain region (Cg,), which
was the sum of the membrane phosphoinositide compart-
ments (Cg,;), was determined. Since C, ; represents phos-

FIGURE 2. Typical autoradiographic maps of 1-[1-''C]butyryl-2-
palmitoyl-rac-glycerol incorporation sites in the brain of the con-
scious rat. The cerebral cortex (Cx), hippocampus (Hc), amygdaloid
nucleus (Ag), anterior hypothalamus (Ah), entorhinal cortex (Ec),

lateral geniculate body (LG), caudate putamen (CPu), globus palli-
dus (Gp), and thalamus (Th).
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FIGURE 3. 1-peltﬂbyl-2-{1-"0]bmyryl-srrgyceml (1.5 mCi)
was administered intravenously, immediately followed by a ster-
eotactic local injection of 5 ul of carbachol solution (2 mM). The
stimulated side was on the right in the rat brain. The autoradiograph
was from an adjacent section of 40 um thickness (on the plane —4.8
mm posteriorty from the Bregma) and was reconstructed with the
FCR System. The fiuorine-18-labeled 2-fluoro-2-deoxyglucose ('°F
FDG) study was performed under the same conditions. This auto-
radiograph was on the plane —5.6 mm posteriorty from the Bregma.
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phoinositide components on the same system, we regarded
C:. to be equal to 2Cy, ; based on the membrane-trapping
mechanism. The Cy, was divided by plasma nonmetabo-
lized 1,2-DAG radioactivity (Cp,), integrated over the du-
ration (T) of the experiment. This calculation normalizes
brain radioactivity to exposure under the plasma curve and
results in an estimate of the unidirectional incorporation
rate constant ([k* (ml s~'g~") x 10%)). From time-activity
curves, we defined integration time (T) as 15 min (900 sec).

Changes in DAG-Incorporation Rate by
mAChR-Stimulation in DAG-PET Study in a Monkey
Brain

Figure 5 shows PET images in early (2 min) and delayed
(16 min) scans representing time-sequential dynamic PET
in pre- and poststimulation with arecoline. Systemic
mAChR-stimulation accelerated incorporation in cerebral
cortices of the monkey brain in the delayed scan image (D).
However, radioactivity uptake did not differ significantly
between mAChR-stimulated (C) and nonstimulated (A)
early scan images.

As shown in Table 3, resting k* constant was higher in
the occipital region than in other brain regions. The k*
constant in white matter was about 85% of values in the
occipital region. The percentage should be regarded as
overestimation due to holding the cortices. When stimu-
lated with arecoline, the k* constant increased by 20% in
the occipital, temporal and frontal cortices, while there was
no effect on the temporal muscle. The increase is similar to
that obtained in the rat. The k* constant in the stimulated
state was higher in the occipital (retrocalcarine and lateral
calcarine) region (27) than in any other regions (Fig. 4A
and 5).

Blood Sampling and Correction of Time-Activity Curve

Degradation of 1,2-["'CJDAG was studied in monkey
serum. Figure 6 shows a typical corrected time-activity
curve for pre-stimulation with mAChR. Figure 7 shows
nonpolarized fraction on TLC from time-sequential serum

Signal Transduction Imaging by PET * Imahori et al.
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FIGURE 4. (A) DAG-PET image in equilibrium state at 16 min
under mAChR-stimulation in a male monkey (Macaca fuscata)
weighing 10 kg. A square area indicates the ROI in the occipital area
involved with high DAG accumulation by cholinergic innervation.
Section stained by Kiiver-Barrera method showing same level of
axial PET scan. Visual cortices account for a large part of the
occipital area. (B) Time-activity curves obtained in monkey brain (a
typical profile) showing “membrane-trapping” profile. The in-plane
resolution was 8.6 mm FWHM, while the axial resolution averaged
was 13.6 mm. First PET scans performed in resting state (pre-
stimulation) and second scans performed in mAChR-stimulated
state (post-stimulation). Serial scans made at 3-hr intervals. in both

PET scans systemic cholinergic blockage performed using butytsco-
polamine bromide.

samples. Degradation of 1-[1-''C]butyryl-2-palmitoyl-rac-
glycerol occurred rapidly in serum. No difference in the
degradation rate occurred between the resting and mAChR-
stimulated conditions. Almost all 1,2-["'CJDAG disappeared
within 15 min. Practically, the 1,2-[''CJDAG incorporation
can be seen within 15 min in sequential PET scans. The
11C-labeled metabolized component in serum has to be de-
duced from total serum activity, representing corrected input
function. Correction was calculated based on Figure 7.

DISCUSSION

In this study, we examined use of diglyceride probes for
imaging PI turnover in vivo. For such a study, a technique
was needed for measuring PI turnover that would not be
overstated due to use of Li* blockage (8). Previously we
demonstrated direct incorporation of radiolabeled DAG
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FIGURE 5. DAG-PET images in resting
state of monkey brain. (A) early scan image
at 2 min; (B) delayed scan image at 16 min)
and in mAChR-stimulated state of same

brain; (C) earty scan image at 2 min; and (D)
delayed scan image at 16 min).

MON 1S

into cerebral phosphoinositide along with PI recycling,
without Li* blockage. In the brain, characterized by
highly efficient synaptic neurotransmission, DAG level
usually remains low to prepare for signalling. DAG is
thus a more appropriate precursor in the central nervous
system (CNS). By contrast, DAG level is high in

16 MIN.

AWAKE WITH ARECOLINE

5 D

16 MIN.

M IM:MONISB133N, 31

proliferating cells, suggesting a continuous release of
proliferation signals (28). In this study, we examined in
detail uptake of diglyceride probes in rats and monkeys
after administration of cholinergic drugs systemically and
intracerebrally and during KCl-induced spreading cortical
depression.

TABLE 3
Changes in Intrasubject DAG-Incorporation Rate Between Pre- and Post-mAChR-Stimulation in DAG-PET Study in
Monkey Brain
Control mAChR-stimulated
(Resting state) with arecoline
mean * s.d. mean * s.d. %
Incorporation constant; [k* (ml s™'g™") x 10 mAChR-stimulated/Control
Cerebral cortices
Frontal cortex 454 + 0.36 5.57 + 0.42* 123% 1
(front-orbital)
Temporal cortex 4.69 = 0.37 5.56 + 0.45* 119% 1
Occipital cortex 5.00 = 0.52 5.92 + 0.40* 118% 1
(retro-caicarine)
White matter 419 = 043 4.93 + 0.45* 118% 1
Temporal muscle 6.46 = 0.72 6.10 + 0.41* 4% U
*p < 0.01.

The effect of MAChR-stimulation on 1-[1-''Clbutyryi-2-palmitoyi-rac-glycerol incorporation was examined by dynamic PET studies. The mathe-
matical model for data analysis was detalled in reference 26. Incorporation constant values are represented as [k* (mis~'g™") x 10%). For comparison

between the control group (in the first PET scan) and mAChR-stimulated groups

(in the second PET scan) by t-test. The total injection dose was 3

mCi per monkey. PET data were collected from each region of interest (ROI; 7 x 7 pixeis) within the variation of 18% s.d. of each pixel counts. Data

presents an average *+ s.d.
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Cp*(T) cps/g

FIGURE 6. Typical input-function (Cp*(T); cps/g) of pre-mAChR-
stimulation in monkey PET study. Correction of time-activity curve
performed based on nonpolarized radioactive fractions on time-se-
quential TLC from serum.

Carbon-11-DAG Incorporation Represented as an
Aspect of Pl Tumover

In dilution experiments using a DAG carrier, 1,2-["'C]-
DAG incorporation was not attenuated; rather, the incor-
poration was elevated as shown in Table 1. This suggests
that the receptor-binding mechanism to protein kinase C
(PKC) does not serve as an important factor determining
DAG incorporation. One explanation may be activation of
1,2-diacylglycerol kinase (DAG kinase) by an excess of
DAG (29). Namely, excessive DAG carrier elevates DAG
concentration in the cell membrane and activates PKC,
inducing activated DAG kinase due to protein phosphory-
lation (30,31). The native DAG with an acyl residue of
polyunsaturated free fatty acid such as arachidonate at the
second position has high PKC-binding affinity, allowing
more efficient activation of PKC (17,32). The 'C-labeled
DAG, however, has saturated acyl residues like palmitoyl,
stearoyl and butyryl and its role as a PI-metabolic precur-
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FIGURE 7. Percentage of nonpolarized fraction represents non-
metabolized [''CJDAG in serum based on time-sequential TLC stud-

Signal Transduction Imaging by PET * Imahori et al.

Pl kinase PIP kinase
PI* —5 PIP* —A;P»Plpz*

+ATP
CDP- DAG * ﬁ)hosphollpaseJ

?+CTP
PA *

T \ V
<_*i"°__ 1,2-DAG*
DAG kinase

FIGURE 8. DAG kinase works as key enzyme in Pl tumover.

mean remobiiization of ''C-DAG. However, this seems to be a poor
possibility.

sor is marked. We recently developed !'C-labeled phorbol
esters for use as PKC-imaging probes (33) but these com-
pounds are not metabolized along with PI turnover.

DAG kinase is activated through translocation (29,34).
The PA level in the CNS remains very low in normal brain
tissue, as does DAG. This is due to regulation by DAG
kinase, which catalyzes the following reaction:

1,2-DAG + ATP = PA + ADP.

In steady state, a DAG kinase-PA phosphatase conjugate
regulates phospholipid metabolism. Our results indicate
that this balance is shifted toward PA in nerve tissue (7).
The study was designed to determine status of DAG recy-
cling, including assessment of PKC activity. DAG incor-
poration represents an aspect of PI turnover. Imaging DAG
incorporation seems to visualize activity of DAG kinase, a
key enzyme in PI turnover. Phosphatidic acid, formed in
the presence of this enzyme, is changed via CDP-DAG into
PI in the presence of PI synthetase. Phosphatidylinositol is
then converted into PIP by PI kinase. Phosphatidylinositol-
4-phosphate is converted into PIP, by PIP 5-kinase (5,8).
Through this sequential metabolic process, a phosphoi-
nositide tracer pool is formed. We referred to this phenom-
enon as membrane trapping because the possibility of
remobilization of *C-labeled phosphoinositide (PIPs), at-
tenuated by the native membrane PIPs, seems to be very
low (7). The tracer pool can be regarded as representing
integration of phosphoinositide downstream from PA pro-
duced by DAG kinase, as summarized in Figure 8. Because
its specificity for DAG kinase is extremely low in vitro
(35), 1,3-[''C]DAG is suitable for use in nonspecific uptake
studies. Thus, 1,3-[''C]DAG should be regarded as a non-
specific PI turnover tracer. However, in vivo studies reveal
some polarized metabolites of 1,3-["'C]DAG and their ac-
cumulation in rat brain (6).

Difference in the Effects between mAChR-Stimulation
and Spreading Cortical Depression

Enhancement of 1,2-[''CJDAG incorporation reflects
characteristics of PI turnover in cholinoceptive neurons in
rat hippocampus stimulated by locally injected mAChR-
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Receptor-mediated neuronal firing Voltage-dependent neuronal firing

FIGURE 9. Effect on [''C]DAG incorporation induced by recep-
tor-mediated neuronal firing (cholinergic innervation) and voltage-
dependent neuronal firing (spreading cortical depressior).

agonist (Fig. 3). The ['®F]FDG study showed high glucose
metabolism in an area of cholinergic stimulation by carba-
chol (Fig. 3), suggesting that accelerated 1,2-["'CJDAG
incorporation reflects synaptic events that need high glu-
cose energy consumption. In addition, systemic mAChR-
stimulation also prompted incorporation of ['!C]DAG in rat
brain, however, effects of the voltage-dependent neuronal
activation induced by spreading cortical depression (SCD)
differed. PI turnover can be driven by phosphorylation by
ATP (8). However, Table 2 shows that spreading cortical
depression induced by KCl cannot accelerate 1,2-
["'CIDAG incorporation despite evidence of induced
[*®*F]FDG uptake (22, 25, unpublished data). The 15% re-
duction in DAG incorporation (Table 2) may be due to
specific negative-feedback under voltage-dependent neuro-
nal firing. This also suggests that cerebral blood flow (CBF)
does not greatly affect DAG incorporation, since it also
should have been elevated. These findings strongly suggest
that 1,2-["'C]JDAG incorporation is limited by receptor-
linked membrane processing (Fig. 9).

Phosphoinositide Tumover image in CNS by PET

Dynamic PET images demonstrate an incorporation pro-
file in the brain and time-activity curves support the notion
of a membrane-trapping mechanism. The k* constant was
more than twice the incorporation rate for [**Clarachido-
nate or ["*C]docosahexaenoate shown in the rat by De-
George et al. (26). Even when differences in the species of
the experimental animals are considered, the higher incor-
poration rate for 1,2-[''C]DAG can be interpreted as rep-
resenting its specific incorporation into phosphoinositide
alone. When stimulated with arecoline, the k* constant
was about 20% higher than its resting value. This percent-
age of increase is similar to that previously obtained using
rats (7). However, these conclusions were drawn from the
single primate study in which the mAChR-agonist was
administered. Although PET is the most reliable in vivo
measurement tool now available, further studies are
required to obtain intersubject information. When we
compared early scan images (Fig. SA and C), radio-
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activity uptake did not differ significantly between
mAChR-stimulated and nonstimulated scan images. The
result suggests that CBF does not greatly affect DAG in-
corporation.

A PET study of monkey brain in a resting condition
revealed higher activity in the occipital region, including
the visual field area (Fig. 5B and Fig. 4A). Stimulation with
arecoline resulted in elevation in DAG incorporation in the
whole brain, especially in the occipital cortex (Fig. 5D).
Change in regional DAG incorporation due to systemic
administration of a mAChR-agonist probably represents PI
response to mAChR, producing regional specific brain
mapping for mAChR-related signal transduction. As shown
in Table 3, variation of 20% increase in k* constant follow-
ing stimulation indicates that PET also allows measure-
ment of PI response in vivo. If a more accurate mathemat-
ical model is developed, it will become possible to achieve
postsynaptic signal transduction mapping of the human
brain under physiological and pathological conditions with
higher accuracy.

Postsynaptic Signal Generation Faithfully Mirrors
Status of Neural Activity

The presynaptic terminal converts electrical into chem-
ical signals. Transmembrane receptor systems, which
activate a membrane-bound phospholipase C via the G
protein, control postsynaptic signal generation. Under
pathological conditions involving down-regulation or up-
regulation of receptors, it is impossible to identify postsyn-
aptic response by examining the number of receptors using
conventional receptor-ligand assay. However, signal trans-
duction imaging may allow quantification of postsynaptic
responses. This approach in vivo can clarify response of
neuronal receptors and may give a clue to elucidating new
biological mechanisms of neural functions such as learning
and memory. Abnormalities of the mAChR-related neuro-
transmission process have been thought to be an important
factor in patients with dementia in Alzheimer’s disease
(36,37). However, it is not clear which process (the cho-
linergic innervation and mAChR-binding, or the intracellu-
lar reaction cascades that follow) is primarily responsible
for the affected cortical functions. Since the disease in-
volves dysfunctional synaptic transmission, activity of
neurons in these patients can be clarified by examining the
receptor-mediated PI turnover, making qualitative diagno-
sis of Alzheimer’s disease and quantitative diagnosis of cho-
linergic innervation possible. Because radiolabeled DAG can
be incorporated in proportion to PI turnover activity, synap-
tic transmission status may be evaluated in a neural system,
excluding effect of glial proliferation. This property may be
useful for evaluating neurotransmission damage in Alzhei-
mer’s disease or other degenerative conditions, ischemic
brain disease and traumatic brain damage. Imaging of signal
transduction in vivo will provide a much more powerful tool
for use in neurobiological research.
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