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ABSTRACT  The specific [*H]prostaglandin (PG) D, binding
was detected by using the slide-mounted sections of rat brain fixed
by perfusion with 2% paraformaldehyde. The binding was re-
versible, saturable, high affinity, Na* dependent, and highly spe-
cific for PGD;. These binding characteristics are essentially sim-
ilar to those observed with the synaptic membrane of rat brain as
previously reported. Using autoradiographic image analyses by
computerized densitometry and color coding, we visualized the
localization of [PH]PGD, binding in rat brain. A high density of
the binding sites was observed in the cerebral cortex, preoptic area,
amygdala, hypothalamic nuclei (arcuate nucleus, ventromedial nu-
cleus, and posterior hypothalamic nucleus), thalamic nuclei (reu-
niens nucleus and rhomboid nucleus), hippocampus, pineal body,
and cerebellar cortex. The binding was not significantly observed
in the striatum and also was negative in the white matter, arach-
noid membranes, and vasculatures.

Prostaglandin (PG) D, is the major PG in the brain of rat and
other mammalian species (1-3). The enzymes catalyzing the
biosynthesis (4) and metabolic inactivation of PGD, (5) have
been found in the brain and spinal cord and have been inves-
tigated in detail (3, 6). The administration of PGD; into rat brain
caused hypothermia (7), induced sleep (8, 9), and inhibited the
pulsatile secretion of luteinizing hormone (10). These effects
are probably mediated by the interaction between PGD, and
its binding protein (11) that may be linked to the adenylate cy-
clase system (12). In the present study, we visualized the dis-
tribution pattern of [*H]PGD, binding in rat brain by in vitro
labeling, computerized densitometry, and color coding as de-
scribed by Quirion et al. (13). The distribution of the binding
protein is unique in comparison with the receptor distribution
of other neuroactive substances reported so far (13-20).

MATERIALS AND METHODS

Tissue Preparation. Male Wister rats (=300 g) were injected
intraperitoneally with indomethacin (1 mg/kg of body weight)
to minimize a postmortem endogenous synthesis of PGs. After
1 hr, the rats were perfused with 200 ml of cold 10 mM sodium
phosphate-buffered saline (pH 7.4) (P;/NaCl) containing 20 ug
of indomethacin per ml. Then, the brains were fixed in situ by
perfusion with 200 ml of cold P;/NaCl containing 2% paraform-
aldehyde, followed by perfusion with 200 ml of indomethacin-
containing P;/NaCl. The brains were rapidly removed, and 1-
to 3-mm slices of appropriate regions were immersed in OCT
(Tissue-Tek II, Miles), frozen at —40°C, and cut into serial 10-
um-thick coronal sections at —14°C in a cryostat. The sections
were thaw-mounted onto acid-washed and gelatin-coated glass
slides. Materials prepared in this way can be stored for at least

1 week at 4°C without asignificant change of specific [PH|PGD,
binding activity.

[*H]PGD; Binding. All procedures of [*H]PGD, binding as-
say were performed at 4°C. The tissue sections were prein-
cubated in 50 mM Tris*HCI buffer (pH 7.4) containing 0.1 M
NaCl (buffer A) for 1 hr. After excess solution around the tissue
was removed with filter paper, the solution (100 ul) of 20 nM
[®*H]PGDs in buffer A was poured over the tissue sections. After
the incubation in a moist chamber with a gentle shaking for 20
min, the slides were rinsed in four changes of buffer A, each
for 15 sec, quickly splashed with distilled water, wiped with
filter paper to remove excess water around the tissue, and air-
dried. Total and nonspecific bindings were determined in the
consecutive sections by incubation with [PHJPGDy in the ab-
sence and presence of 100 uM unlabeled PGDs, respectively.

Biochemical Experiments. The sections were scraped from
the slides with a razor blade and placed in scintillation vials.
After the tissue was dissolved in 1 ml of Protosol (New England
Nuclear), the radioactivity was measured in 10 ml of Triton X-
100/toluene scintilator (11). The radioactivity of the specific
binding was calculated by subtracting that of the nonspecific
binding from that of the total binding. The nonspecific binding
amounted to about 70% of the total binding. The slices of dien-
cephalon (thalamus and hypothalamus) were used because
Shimizu et al. had reported the presence of a large amount of
specific PGD; binding in this region with the P, fraction of rat
brain (11). Four diencephalons were embedded in a plastic ves-
sel with OCT, in such a way that two were cut coronally from
anterior to posterior hypothalamus, and the other two were cut
in the opposite direction. All values are expressed as the means
of four to five determinations.

The specific binding increased linearly with the thickness
(4-20 um) of sections, when the sections were incubated under
the standard assay conditions as described above. No loss of the
specific binding was observed with fixation by perfusion with
paraformaldehyde solutions up to 4%.

Analysis of Tissue-Bound [PHJPGD;. The stability of bound
[*H]PGD, during the binding assay was checked as follows. The
sections (100 slides) were incubated with 20 nM [°PH]PGD, as
described above, and the tissues were air-dried, scraped off,
and transferred into a homogenizer. Tissue-bound [*H]PGD,
was extracted twice with 5 ml of buffer A containing 100 uM
PGD; and twice with 5 ml of 50% ethanol. The combined ex-
tracts were purified by the method of Narumiya et al. (2) with
Sep-Pak C g cartridges (Waters Associates). Overall recovery of
the radioactive substance throughout the extraction steps was
55%. The final extract was dried up, dissolved in 200 ul of di-
ethyl ether, and applied to a thin-layer chromatographic silica
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gel plate with solvent systems I (ethyl acetate/isooctane /acetic
acid/water, 11:5:2:10, vol/vol; the upper layer) and II (ben-
zene/dioxan/acetic acid, 20:10:1, vol/vol).

Autoradiography. After being dried in a dessicator, the slides
were juxtaposed tightly with tritium-sensitive films (Ultrafilm,
LKB) and stored at 4°C for 4-8 weeks. After the exposure, the
film was processed in Kodak D19 at 20°C for 5 min and then
fixed for 5 min. Autoradiographs of the total and nonspecific
bindings were concomitantly analyzed by a computer-assisted
image-processing system. The specific binding sites can be vi-
sualized as the subtracted images between those of total and
nonspecific bindings. The binding sites were identified by Nissl
staining on the same section after the autoradiography with ref-
erence to the stereotaxic atlas of rat brain as described by Pax-
inos and Watson (21).

Computer-Assisted Image-Processing System. The comput-
erized system was adopted to process the autoradiographic data
by the method of Goochee et al. (22). This includes a rotating-
drum scanning densitometer, a color image display, and a mi-
crocomputer system. The rotating-drum scanning densitome-
ter (model 2605, Kimoto, Tokyo) was used to convert the pho-
tometric data from the autoradiographs into digital forms. The
digitalized data were designated to be parallel with the optical
density between 0 and 3. Sampling pitches were 50 um, and
aperture sizes for data collecting were 75 X 75 um. The array
of optical density readings was processed through a microcom-
puter (NOVA IV/X, Data General, Westboro, MA). For the
decrease of the scanning noise, the sum of density levels of six
images at each point was obtained. These data were converted
to pseudocolor images and transferred to a color image display
(512 X 512 elements, model M-201, Kimoto).

Materials. [5,6,8,9,12,14,15-*H(N)]PGD, (100 Ci/mmol; 1
Ci = 3.7 X 10" Bq) was purchased from New England Nu-
clear. The radiochemical purity was >97% as judged by thin-
layer chromatography with solvent systems as described above.
Unlabeled PGs and thromboxane B, were generous gifts from
Ono Pharmaceutical (Osaka, Japan).

RESULTS

Biochemical Studies. Fig. 1A shows the time course of the
specific [*H]PGD, binding with 10-um-thick sections. The [*H]-
PGD; binding increased with time and was saturated at 20 min.
As shown in Fig. 1B, the time course of the dissociation of [*H]-
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Fi. 1. Time courses of [*PH]PGD, association to (4) and dissocia-
tion from (B) the sections of rat diencephalon. (A) The sections (10-um
thick) were incubated with 20 nM [*H]PGD, at 4°C for indicated times,
followed by four 15-sec washings in buffer A. (B) After a 20-min in-
cubation at 4°C, the slides were rinsed in four changes of buffer A within
indicated times at 4°C. The radioactivities of the sections were mea-
sured as described in the text. Specific binding was calculated by sub-
tracting the nonspecific binding (in the presence of 100 uM PGD,) from
the total binding (in the absence of excess PGDy,).
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Fic. 2. Saturation curve of specific [PHIPGD; binding to the sec-
tions of rat diencephalon. The sections were incubated in varied con-
centrations of [*HIPGD, at 4°C for 20 min, followed by four 15-sec wash-
ings at 4°C. The experiments were replicated twice with similar results.

PGD; from the sections is represented by a straight line when
plotted semilogarithmically. The half-time for the dissociation
(ty,) was 16 min. The specific binding was saturable with the
concentration of [*’H]PGD, (80 nM) (Fig. 2). The half-maximal
saturating concentration was 33 nM, and the number of binding
sites at the saturation was 9.8 fmol/mg of tissue. These values
are comparable to those observed with synaptic membranes of
rat brain (K4 = 28 X 107° M) or the P, fraction of hypothalamus
(Bmax = 124 fmol/mg of protein) (11).

To evaluate the specificity of the PGD; binding, we tested
the effect of the addition of various PGs (1 uM of PGD,, PGD,
methyl ester, PGD;, PGF,,, PGB,, PGE,, PGE,, PGI,, 6-keto-
PGF,,, or thromboxane By) to the incubation mixture on the
[*H]PGD, binding (20 nM). PGD, and its methyl ester were
most potent (70.5 = 9.7% and 54.5 * 7.7% inhibition, re-
spectively) among various PGs examined. A slight inhibition
was observed by the addition of PGD; (32.7 = 3.8%) and PGFy,
(26.7 * 5.4%). Other PGs examined did not cause a significant
inhibition.

Because PGD; binding to synaptic membranes was found to
be markedly reduced in the absence of a sufficient concentra-
tion of sodium ion (11), we also altered the concentration of
Na™ in the incubation mixture with the slide-mounted tissue
sections. Maximum PGD, binding was observed in the pres-
ence of 25-100 mM NaCl, and the specific binding was re-
duced in the absence of NaCl or in the presence of >200 mM
NaCl (Fig. 3). After slide-mounted tissue sections were boiled
in buffer A for 10 min, the total and nonspecific bindings in-
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F1G. 3. Effects of the concentration of sodium ion in the incubation
mixture on the specific [PHIPGD; binding to the sections of rat dien-
cephalon. Incubations were carried out under the standard assay con-
ditions as described in the text, except that 0.1 M NaCl was replaced
by varying concentrations of NaCl. The experiments were repeated twice
with similar results.
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creased 2- to 3-fold, and a significant amount of specific bind-
ing was no longer detected.

When the radioactive substance(s) bound to the tissues was
analyzed after the incubation, the radioactive peaks other than
[*H]PGD, were not significantly detected (the radioactive pu-
rity of the peak = 90%).

Autoradiographical Studies. Serial coronal sections of rat
brain, including nine typical brain areas indicated in Fig. 4,
were incubated with 20 nM [*H]PGD; in the absence or pres-
ence of 100 uM unlabeled PGD,. Autoradiographs were ana-
lyzed by a computer-assisted image-processing system (Fig. 5).
The average of the density of the nonspecific binding in the
coronal section was around 70% of that of the total binding.
This ratio obtained by the densitometry is well compatible with
that obtained by the calculation of the radioactivities of the slide-
mounted tissues as already mentioned.

In all sections examined, specific binding sites for PGD, were
restricted to the gray matter. High densities were present in
the cerebral cortex (Fig. 5 B-G) and hypothalamus (Fig. 5 C-
E). The specific binding was not significantly observed in the
striatum (Fig. 5 B and C), the white matter, arachnoid mem-
brane, and vasculature.

In Fig. 5A [bregma 6.7 mm in the atlas (21)], the specific
binding was observed in the mitral cell layer or in the internal
plexiform layer of the olfactory bulb, or in both. In Fig. 5B
(bregma 0.2 to about —0.3 mm), the preoptic area, lateral sep-
tal nucleus, piriform cortex (primary olfactory cortex), and cin-
gulate cortex exhibited the high PGD; binding, and the corpus
callosum, fornix, anterior commisure, and optic tract did not
exhibit significant binding. In Fig. 5C (bregma —1.3 mm), the
binding was observed in the anterior hypothalamic area, an-
terior thalamic nuclei (reuniens nucleus and anteromedial nu-
cleus), substantia innominata, and frontopariental cortex and
was not observed in the corpus callosum, fornix, internal cap-
sule, and globus pallidus. In Fig. 5D (bregma —2.3 to about
—2.8 mm), high density of the binding was observed in the
frontoparietal cortex (motor area), posterior cingulate cortex,
hippocampus (ammon’s horn and dentate gyrus), amygdaloid
nuclei, hypothalamic nuclei (arcuate nucleus and ventromedial
nucleus), and thalamic nuclei (reuniens nucleus and rhomboid
nucleus). The internal capsule was negative. In Fig. 5E (bregma
—4.3 to about —4.8 mm), high density of the binding was ob-
served in the frontoparietal cortex, hippocampus, substantia
nigra, posterior hypothalamic nucleus, and mammillary nuclei.
In Fig. 5F (bregma —5.3 to about —5.8 mm), high density was
observed in the retrosplenial cortex, temporal cortex (auditory
area), superior colliculus (superficial gray layer), and hippo-
campus. Moderate density was observed in the substantia nigra
and periventricular gray. In Fig. 5G (bregma —7.8 mm), high
density of the binding was observed in the pineal body and striate
cortex, and moderate density was in the superior colliculus and
periventricular gray. The pons was negative, except that low
density of the binding was observed in the median raphe nu-
cleus and pontine reticular nucleus. In Fig. 5H (bregma —11.3
mm), moderate density of the binding was observed in the cer-
ebellar cortex, and low density was observed in the lateral cerv-
ical nucleus (dentate nucleus) and pontine nuclei (dorsal coch-
lear nucleus, prepositus hypoglossal nucleus, medial vestibular
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Fig. 4. Schematic drawing of the sagittal plane of the rat brain.
The rat brain was cut at each coronal plane indicated by 9 straight lines
in the figure. These coronal sections were used for the present auto-
radiographic study.

nucleus, facial nucleus, and raphe magnus nucleus). On the other
hand, the cerebellar medulla and fiber tracts (spinal tract of
trigeminal nerve, ascending fibers of facial nerve, and medial
longitudinal fasciculus) were negative. In Fig. 5I (bregma —12.3
mm), significant binding was observed in the cerebellar cortex,
and low density was in the prepositus hypoglossal nuclei and
medial vestibular nuclei.

DISCUSSION

An autoradiographical method using an in vitro labeling tech-
nique has been utilized to visualize the localization of the re-
ceptors of various neurotransmitters and drugs (13-20). The
method has the advantage of not only the precise control for the
labeling conditions but also the assessment of the binding char-
acteristics. In the present study, we have demonstrated that
[*H]PGD, binding with the slide-mounted tissue sections has
several characteristics similar to those with synaptic membrane
(11); the binding was reversible, saturable, high affinity, Na*
dependent, inactivated by heat, and highly specific for PGD,.
The binding was clearly distinguishable from that to PGD syn-
thetase or PGD, dehydrogenase judging from the difference
between the K value of the binding protein (33 x 10~° M) and
the K., values for PGD, with PGD synthetase (8 X 107® M) (4)
and PGD; dehydrogenase (70 X 107® M) (6). Although PGD,
was reported to bind to some blood cells (11, 23), the blood cells
were excluded from the preparation by perfusion in the present
study. The ratio (30%) of the specific binding to total binding
with slide-mounted sections was lower than that (60-70%) with
the synaptic membranes but was in the same order as that ob-
served with P, fraction (30%) (11). These results imply that the
specific binding shown in the present study well reflects the
binding of PGD; to the specific binding protein in the synaptic
membranes of rat brain.

A comparably high content of nonspecific PGD; binding
forced us to analyze the autoradiographs by a computer-assisted
image-processing system of Quirion et al. (13). Although the
density of the nonspecific binding also was not distributed uni-
formly throughout the brain (Fig. 5 A-I Lower), we infer that
a tentative distribution of the specific PGD, binding was ob-
tained. In several discrete areas, we performed the subtraction

FIG. 5 (on next page). Visualization of [P H]PGD, binding sites in the rat brain. Nine paired autoradiographs were prepared and converted
to color images by computerized densitometry and color coding as described in the text. The upper picture of each figure represents the ima%e of
total binding upon incubation with 20 nM [*H]PGD and the lower one represents that of nonspecific binding upon incubation with 20 nM [°H]-
PGD,/100 uM unlabeled PGD,. The optical densities of the autoradiographs are indicated beside the color coding bar. MCL, mitral cell layer;
IPL, internal plexiform layer; RE, reuniens nucleus; AHA, anterior hypothalamic area; ARH, arcuate nucleus; VMH, ventomedial nucleus; S.
NIGRA, substantia nigra; CS, superior colliculus; PVG, periventricular gray; NPH, prepositus hypoglossal nucleus; NVM, medial vestibular nu-

cleus; VII, facial nucleus.
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from the average density of the total binding to that of the non-
specific binding. The subtracted values in the area coded in
yellow to red color in the images of the total binding were higher
than those in the area coded in blue to green in the images of
the total binding. Thus, the relative densities might not be sig-
nificantly altered even if the direct subtraction between the
densities of two images at all corresponding data points could
be obtained in the future study.

The present study shows the unique localization of PGD,
binding sites, in comparison with the localizations of known
neurotransmitter receptors (13-20). High density of PGD,
binding was observed in the cerebral and cerebellar cortices,
the members of the limbic system (preoptic area, septum, ol-
factory bulb, hippocampus, and amygdala), and several nuclei
of diencephalon. Scarce binding was observed in the striatum
and the nuclei of the brain stem. The regional differences of
dense PGD, binding between the hemispheres are apparent in
the reconstituted images from the autoradiographs (especially
in Fig. 5 B, C, and E). At present, it is unsolved whether these
side-to-side differences reflect uneven distribution of the bind-
ing protein in vivo or are due to some technical error, such as
the slightly inclined sectioning to the coronal plane. The latter
possibility was suggested in other works (13, 24).

Our observed localization of PGD, binding protein provides
some rational explanation for several central (pharmacological
and physiological) effects of PGD; so far known. For example,
the microinjection of PGD, to preoptic area or the anterior hy-
pothalamic area produces the hypothermal (7) and sleep-pro-
moting effects (8). These areas are reported to be the thermal
center (25) and one of the centers of sleep (26). In agreement
with this, we observed high densities of the PGD, binding in
these areas. Another example is the inhibition of pulsatile se-
cretion of luteinizing hormone by intraventricular injection of
PGD,, (10). This response is thought to be caused by the re-
duction of the release of luteinizing hormone releasing hor-
mone from the hypothalamic nuclei. We found high densities
of PGD, binding in the arcuate nucleus and some other areas
related to the secretion of luteinizing hormone releasing hor-
mone. Another example of the correlation between the location
of the binding protein and central effects of PGD, was our ob-
servation of high densities of PGD; binding in various mem-
bers of the limbic system. PGDj has significant effects on auto-
nomic responses (27) and locomotor activities (28). Other
unknown neurophysiological effects of PGD, may be predicted
through the present study in relation to the limbic function (29)
such as emotional and sexual behaviors and learning.

Mitral cell is the principal cell in the olfactory bulb, which
is the secondary neuron in the olfactory pathway. We found high
density of the PGD; binding around the mitral cell layer. This
result suggests a regulatory role of PGD; in the input of ol-
faction. More interestingly, inhibitory recurrent synapses be-
tween granular cells and mitral cells are rich in this layer. Re-
cently, we have found a high density of the PGD, binding in
the Purkinje cell layer of the pig cerebellum (30). The Purkinje
cell layer also contains numerous synapses from the inhibitory
neurons. PGD;, may act as one of the neurotransmitters or neu-
romodulators in the inhibitory recurrent neuronal circuits.
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