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Abstract

Cholecystokinin (CCK) receptor binding sites have been localized by autoradiography in the
guinea pig and rat central nervous system. ['*T)CCK-triacontatriapeptide labeled the sites in brain
slices with an observed association constant equal to 0.041 min~" and a dissociation constant equal
to 0.008 min~'. CCK-triacontatriapeptide (CCK-33) and the C-terminal octapeptide of CCK-33
(CCK-8) potently inhibited ['**IJCCK-33 binding with K;’s of 2 nM, whereas desulfated CCK-8
(CCKS8-ds) and the C-terminal tetrapeptide of CCK-33 (CCK-4) were much weaker. Receptors were
concentrated in the olfactory bulb, in the superficial laminae of the primary olfactory cortex, in the
deep laminae of the cerebral cortex, and in the pretectal area. Substantial numbers of sites were also
found in the basal ganglia, in the amygdala, and in the hippocampal formation. ['*’I]JCCK-33 binding
sites appear to be located on fibers of the optic tract and probably on olfactory tract fibers as well.
These results are discussed in terms of physiological functions associated with CCK, presynaptic

receptors, and axonal flow of CCK receptors.

For many years cholecystokinin (CCK), a 33-amino
acid peptide, has been recognized as an intestinal hor-
mone involved in the regulation of gallbladder and pan-
creatic function (Ivy and Oldberg, 1928, Harper and
Raper, 1943; Mutt and Jorpes, 1966). Recently, Dockray
(1976), Rehfeld (1977), and Strauss and Yalow (1978)
reported the existence of CCK-like immunoreactivity in
the brain. Shortly thereafter, CCK-like material was
localized in neurons by immunohistochemistry (Larsson
and Rehfeld, 1979; Innis et al., 1979; Loren et al., 1979;
Vanderhaeghen et al., 1980), and binding sites for radio-
labeled CCK were detected in the brain (Saito et al,
1980, 1981a; Innis and Snyder, 1980a, b; Hays et al., 1980).
Presently, a substantial body of evidence supports the
notion that CCK may act as a neurotransmitter in the
CNS (see Rehfeld, 1980, for review). In an earlier auto-
radiographic study, we described the laminar distribution
of ["*IJCCK-triacontatriapeptide (CCK-33) binding sites
in the guinea pig cingulate cortex and in other forebrain
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areas (Zarbin et al., 1981b). In this communication, a
more detailed description of that distribution is pre-
sented, and additional findings in the guinea pig and rat
are reported. These autoradiographic studies have been
undertaken to develop data which may indicate the CNS
loci whose function CCK alters.

Materials and Methods

Binding sites for cholecystokinin were localized by in
vitro receptor autoradiography. This quantitative tech-
nique (Unnerstall et al.,, 1981) can be used to determine
the anatomical distribution of the binding sites of diffus-
ible substances. The details of the procedure have been
described elsewhere (Young and Kuhar, 1979). Briefly,
thaw-mounted frozen tissue sections of rodent brain were
incubated in vitro in conditions which are optimal for
labeling the binding site of interest with pharmacological
specificity and maximal specific/nonspecific binding ra-
tios. Subsequently, the tissue sections are dried and
apposed against emulsion-coated glass coverslips. After
an appropriate exposure time, the photographic emulsion
is developed and the autoradiograms are veiwed using an
ordinary light microscope. Additional details are as fol-
lows:

Tissue preparation. Male guinea pigs (Hartley,
Tomkins Cove, NY, 250 to 300 gm) or rats (Sprague-
Dawley, Madison, WI, 180 to 250 gm) were anesthetized
with pentobarbitol (guinea pig: 30 mg/kg, i.p.; rat: 60 mg/
kg, i.p.) and perfused intracardially with 300 to 500 ml of
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0.1% formaldehyde (Fisher, Fairlawn, NJ) in cold phos-
phate-buffered saline, pH 7.4, for 10 to 15 min. The light
fixation of the tissue was found to have no adverse effect
on ['"®IJCCK-33 binding. The brains were then rapidly
dissected, mounted onto brass microtome chucks, and
frozen in liquid nitrogen. The material was sectioned (8
pm) on a Harris cryostat microtome (Harris Manufactur-
ing Co., N. Billerica, MA), thaw-mounted onto subbed
glass microscope slides, and stored at —20°C. Tissue
prepared in this way was stored for as long as 2 months
without significant alterations in CCK binding.

Receptor binding. '**1 Bolton Hunter-labeled CCK-33
(["*I]CCK-33) was routinely used to label CCK binding
sites. The radioactive ligand was prepared according to
the method of Sankaran et al. (1980). Chromatographic
analysis indicated that the ligand was stable and retained
full binding capacity for at least 1 hr in the incubation
conditions described below.

Slide-mounted tissue sections were brought to room
temperature and incubated at 25°C in a buffer solution
containing 50 mm Tris-HCl, pH 7.7, 0.2% bovine serum
albumin (Fraction V, Sigma), 5 mM MgCl,, 5 mm dithio-
threitol, 0.1 mM bacitracin, and 50 pm ['*I]JCCK-33. ['**1]
CCK-33 binding in the presence of 10~ M CCK-8 (the C-
terminal octapeptide of CCK-33) was used to estimate
nonspecific binding. In membrane homogenate studies,
the CCK binding site labeled in these conditions has
been shown to have biochemical and pharmacological
characteristics expected of the physiologically relevant
CCK receptor (Innis and Snyder, 1980a, b). After the
incubation was complete, the tissue sections were rinsed
in buffer (4°C), dipped in deionized distilled H,O (to
eliminate tissue-bound salts), and dried in a stream of
cool, dry air. In preliminary nonautoradiographic binding
studies, the tissue sections were not dried. Instead, the
tissue was wiped off the glass microscope slide with
Whatman GF-B83 filter paper (Whatman, Ltd., England),
and the filter-associated radioactivity was assayed in a
gamma counter.

To ascertain whether endogenous CCK-like peptides
could compete with ["**IJCCK-33 for the CCK binding
site, slide-mounted tissue sections were pre-incubated in
buffer at 25°C for 20 min, washed for 5 min at 25°C in
fresh buffer, and then assayed for CCK binding. ['*I]
CCK-33 binding to pre-incubated tissue sections did not
seem to differ from binding to nonpre-incubated consec-
utive tissue sections. Thus, the pre-incubation step was
not included in most autoradiographic experiments. Ki-
netic curves and pharmacological displacement curves
were drawn by visual inspection.

Autoradiography. Autoradiographic experiments were
carried out as described previously (Young and Kuhar,
1979; Palacios et al., 1980). The emulsion-coated cover-
slips were exposed to the tissue-bound radioactivity for
8 to 12 weeks. After this time, emulsion was developed,
and the autoradiograms were viewed using a Zeiss Uni-
versal microscope or an Olympus darkfield/brightfield
dissecting microscope (Olympus Optical Co., Ltd., NY).
When desired, grain densities were quantified using the
Zeiss scope and an eyepiece equipped with a superim-
posed grid.

Chemicals. CCK-33 was the generous gift of Dr. V.
Mutt (Karolinska Institute, Sweden). CCK-4 was kindly
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provided by Dr. L. I. Larsson (University of Aarrus,
Denmark), and CCK-8 and desulfated CCK-8 (CCK-8ds)
were the gifts of Dr. M. Ondetti (E. R. Squibb, Princeton,
NJ).

Results

Before generating autoradiograms, preliminary bio-
chemical experiments were performed to determine ap-
propriate experimental conditions for labeling CCK bind-
ing sites in slide-mounted tissue sections. Experiments
designed to examine the pharmacological characteristics
of the binding were also carried out.

Kinetic analysis of ['*IJCCK-33 binding to guinea pig
brain. The rate of dissociation of ['*’IJCCK-33 from slide-
mounted tissue sections of guinea pig forebrain was de-
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Figure 1. Time course of dissociation of ['*1]JCCK-33 binding
(22°C) from slide-mounted tissue sections (8 pm) of guinea pig
forebrain. Nonspecific binding (binding in the presence of 10~
M CCK-8) is represented as A. Specific binding (O) is defined
as the difference between total (1) and nonspecific binding.
The points are the average of three determinations with less
than 15% differences among the samples. Inset shows the dis-
sociation rate of specific binding: K_, = 0.008 min~'. B/Bm =
specific binding/maximal specific binding.
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Figure 2. Time course of association of ['**IJCCK-33 (22°C) to slide-mounted tissue sections (8 um) of guinea pig brain. Specific
binding (O) is defined as the difference between total binding ((J) and binding in the presence of 1077 M CCK-8 (A). The wash
time for all observations was 30 min (22°C). Each point is the average of three determinations which differed by less than 15%.
Inset shows the association binding kinetics: Kobs = 0.041 min™"; K; = 6.7 X 10®° Mm™' min~'. Beq/Beq-B,, specific binding at
equilibrium/specific binding at equilibrium—specific binding at time ¢,

termined. The tissue was incubated for 60 min at room
temperature with 50 pm ['**IJCCK-33 and then washed
for varying times in buffer at 4°C. Some tissue sections
were incubated in the presence of 1077 M CCK-8 to
determine nonspecific binding. After 30 min of rinsing
(Fig. 1), the nonspecific binding decreased by 84%. The
specific binding, on the other hand, had decreased by
only 22%. Because both the specific and nonspecific
binding decreased only very slowly after 30 min of rinsing,
and because the specific to nonspecific binding ratio
(1.4:1) was maximal at this time, 30-min rinses were used
in subsequent experiments. The dissociation constant
(0.008 min~') was comparable to that observed in similar
experimental conditions by others (Saito et al., 1981a, b;
Hays et al., 1980).

To determine the rate of association of ["*’IJCCK-33
to slide-mounted tissue sections of guinea pig forebrain,
slides were incubated for various times at room temper-
ature and rinsed as described above. After an incubation
time of 15 min, the nonspecific binding had achieved 85%
of its maximum value, whereas the specific binding had
achieved only 30% of its maximum. After 50 min, neither
the specific nor the nonspecific binding increased signifi-
cantly (Fig. 2). Thus, incubation times of 50 min were
used in subsequent experiments. Incubations of greater
duration were avoided because of the ligand’s propensity
to decay with longer incubation times (Hays et al., 1980).
The observed association constant (0.041 min™) is in
very good agreement with that derived from membrane
homogenate studies (Hays et al., 1980; Saito et al., 1980,
1981a).

Pharmacological specificity of [“’I]JCCK-33 binding
(Fig. 3). CCK-33 and CCK-8 potently displaced ['*’I]
CCK-33 binding with K;’s of 2 nM, whereas desulfated
CCK-8 (CCK-8ds) was substantially less potent (K; = 37
nM). CCK-4 was the least potent displacer analyzed with
an ICs of at least 100 nM. The pseudo Hill coefficients
derived from the competition studies were close to unity
for each inhibitor. These data are in close agreement
with those of membrane homogenate studies (Hays et
al., 1980; Innis and Snyder, 1980a, b; Saito et al., 1980,
1981a). The binding constant for CCK-33 that was de-
rived from equilibrium experiments was greater than that
determined by kinetic analysis. Although the reason for
this discrepancy is not apparent at the present time, this
phenomenon has also been observed in membrane ho-
mogenate studies (Innis and Snyder, 1980a; Hays et al,,
1980). In any case, the binding sites labeled in the slide-
mounted tissue sections clearly have pharmacological
characteristics of a relevant CCK receptor.

Autoradiographic studies (Table I). Eight-micron sec-
tions of guinea pig or rat brain were incubated in 50 pm
['*I)CCK-33 for 50 min, washed for 30 min, and dried as
described under “Materials and Methods.” This report
will focus mostly on results obtained in the guinea pig,
although findings in the rat will be mentioned. The
results obtained in the olfactory lobe are summarized in
Table II, while all other areas are summarized in Table
IIL

Olfactory lobe (Table II). The principal findings are
the presence of an extremely high grain density in the
external plexiform layer (EPL) of the main and accessory
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Figure 3. Pharmacology of ["*I]JCCK-33 binding to tissue sections (8 um) of guinea pig forebrain. Incubations were carried out
at 22°C for 50 min in the presence of varying concentrations of displacers. The tissue sections were then rinsed in buffer at 4°C
for 30 min. The bound radioactivity was determined in a gamma counter. Each value is the average of three determinations which
differed by less than 10%. See the text for details.

TABLE 1
Relationship between grain density rating and actual grain density
Autoradiographic grain counts were made using a X 100 oil immer-
sion objective on a Zeiss microscope equipped with a grid-containing
eyepiece. Absolute grain densities were derived from autoradiograms
which were exposed for 8 weeks. Material from two animals (guinea
pigs) was analyzed in this quantitative fashion. Within a given animal,

TABLE II
Distribution of CCK binding sites in the guinea pig olfactory bulb
See Table I for the correlation between grain density and the relative
density ratings (1, 2, 3, or 4). The data are based on observations in at
least three animals. The terminology used follows that of Lohman
(1963). See the text for details.

Relative Density of Autoradiographic

the grain density over each anatomical locus was taken to be the Area Grains
average of six determinations. Because the interanimal variation in i
grain density was not large in most regions (<20% variation), the Main Bulb Accessory Bulb
remaining material (n = 4) was reviewed qualitatively in an Olympus Glomerular layer 2 3
brightfield-darkfield dissection microscope and in the Zeiss microscope. External granular layer 2 2
Nonspecific grain densities (defined as binding in the presence of 1077 External plexiform layer 4+ 4+
M CCK-8) was usually less than 5 grains/95 um? Mitral cell layer 4 4
Relative Grain Density Rating Absolute Grain Density Internal plexiform layer 4+
grains/95 pm’ Internal granule cell layer 3+ 3+
4 40-80
3 20-40 grain density over the EPL was the highest observed in
2 5-20 the guinea pig brain. Within the EPL, the density ap-
1

<5 peared to be higher in the middle portion of the lamina
(as opposed to areas close to the glomerular and mitral

olfactory bulbs and the presence of a high grain density
over areas which are traversed by fibers of the lateral
olfactory tract (LOT).

In the rostral part of the olfactory bulb (Fig. 4), the

cell layers). The grain density in the mitral cell layer of
the accessory bulb appeared somewhat higher than that
in the main bulb. Within the lamina, grains were found
over the neuropil and over large cells which were mor-

Figure 4. Distribution of CCK binding sites in the guinea pig olfactory bulb. 4, Brightfield photomicrograph of an autoradiogram
at the level of the olfactory bulb (coronal plane). At this magnification, as in all other brightfield photos which occur in subsequent
figures, the autoradiographic grains cannot be visualized. B, Darkfield photomicrograph of the autoradiogram shown in A. In
darkfield illumination, the autoradiographic grains appear as white spots and the tissue is invisible. Some areas of low to
intermediate grain density may not be easily discernible in these low magnification, high contrast photos, although they are
described in Table III. This caveat applies to the photos in subsequent figures as well. As a result, in this and following figures,
the photo gives only a qualitative indication of grain density. C, Darkfield photomicrograph of an autoradiogram generated from
a tissue section consecutive to the one shown in A in which 50 pm [**T]CCK-33 was co-incubated with 10~ M CCK-8. The low
density of grain suggests that the nonspecific binding in the assay is rather low. The arrowheads indicate the location of various
anatomical structures. EPL, external plexiform layer; IPL, internal plexiform layer; G, glomerular layer; GR, inner granule layer.
See the text for discussion. Bar = 2300 ym.
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Figure 5. Distribution of CCK binding sites in the caudal guinea pig olfactory bulb. A, Brightfield photomicrograph of an
autoradiogram of the dorsolateral quadrant of the olfactory bulb (coronal plane). B, Darkfield photomicrograph of the
autoradiogram shown in A. C, Darkfield photomicrograph of an autoradiogram generated from a tissue section consecutive to the
one shown in A and incubated with 50 pm ['*IJCCK-33 and 10~" M CCK-8 to produce an image of the nonspecific binding. The
low density of grains over the area of the lateral olfactory tract (LOT) suggests that the nonspecific binding was relatively low.

The arrowheads indicate the transition area between the LOT and the plexiform layer of the anterior olfactory nucleus (AON).

See the text for discussion. Bar = 490 um.

phologically similar to the tufted cells described by Loh-
man (1963). The grain density over the inner granule cell
layer (ICGL) of the accessory olfactory bulb was some-
what higher than the density over the ICGL of the main
bulb. Within the ICGL, grains were found primarily in
the neuropil, and, particularly in the case of the main
bulb, the grain density was highest in the area subadja-
cent to the mitral cell layer.

The most striking finding in the caudal part of the
olfactory bulb (Fig. 5) was the presence of a moderately
high grain density over areas traversed by fibers of the
olfactory tract. The grains were found superficially along
the dorsal and lateral surface of the caudal olfactory
bulb. The grain distribution in the caudal extension of
the olfactory bulb was similar to that observed rostrally,
although the density over the EPL was somewhat de-
creased near the olfactory peduncle.

Similar results were obtained in the rat olfactory bulb
(Fig. 6), with the notable exception that the glomeruli
contained high grain densities.

Retrobulbar area. CCK binding sites were found to
have a lamellar distribution in which the highest density
of sites was localized to the most superficial lamina of
the peduncle. In order to describe this distribution more
fully, some salient anatomical features of the region will
first be summarized. The olfactory peduncle has been
described as having a plexiform layer which overlies
ventromedially the cells of the anterior olfactory nucleus
(Herrick, 1924; Vaz Ferriera, 1951) and caudally and
dorsolaterally the rostral extension of the prepyriform
cortex (Ramon y Cajal, 1911; Lohman, 1963). Further-
more, in the most rostral divisions of the peduncle, the
fibers of the olfactory tract circumferentially bound the
peduncle (superficial to the plexiform layer). Caudally,
the LOT fibers are found in a compact fiber bundle which
indents the ventrolateral surface of the prepyriform lobe.

Fibers extend dorsolaterally and medially from this bun-
dle to form a shell overlying the plexiform layer of the
peduncle.

In sections through the rostral olfactory peduncle, a
high density of autoradiographic grains overlies the sur-
face of the peduncle circumferentially. Caudally, the
distribution of grains changed slightly (Fig. 7). The su-
perficial band of high grain density extended from the
rhinal sulcus dorsolaterally to the level of the pars ex-
terna of the anterior olfactory nucleus (AON) ventrally.
At this level of the neuraxis, the grain density was very
low over the cells and adjacent plexiform layers of the
pars externa (vide infra). Medial to the pars externa, the
band of grains resumed with gradually increasing inten-
sity and extended along the ventromedial surface of the
hemisphere, superficial to the pars medialis of the AON.
Both rostrally and caudally, the area of high density
appeared to overlay the superficially situated LOT fibers
and the external half of the plexiform layer. The inner
half of the plexiform layer contained a low grain density.

In the caudal part of the olfactory peduncle, the ven-
trolaterally situated axial LOT bundle contained a very
low grain density.

Certain subdivisions of the anterior olfactory nucleus
exhibited significant ['*IJCCK-33 binding. For example,
moderate grain densities were found in the neuropil of
the external, lateral, and dorsal subdivisions of the AON
(rostrally). It was noted that an area of very low grain
density separated the cells of the pars dorsalis from the
portion of the peduncle traversed by fibers of the LOT
(and containing a moderately high grain density). This
area can be seen in Figure 5 and may correspond to part
of the plexiform layer of the pars dorsalis. No comparable
low density region was observed in the rostrolateral part
of the peduncle where the LOT fibers lie adjacent to the
cells of the external subnucleus.
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Figure 6. Distribution of CCK binding sites in the rat olfactory bulb. A4, Brightfield photomicrograph of an autoradiogram at
the level of the olfactory bulb (coronal plane). B, Darkfield photomicrograph of the autoradiogram shown in A. Note presence of
grains in the glomerular layer (G) which is indicated by the arrowhead on the left. The double arrowhead indicates the locus of
the inner granule layer (GR). EPL, external plexiform layer. See the text for discussion. Bar = 714 pm.

Caudally in the olfactory peduncle, the cells of the
external and lateral subdivisions of the AON shift such
that the lateral group is not bordered laterally by the
external group (Johnson, 1959; Lohman, 1963). At this
level, the pars externa was associated with a very low
grain density, whereas the lateral subdivision was asso-
ciated with a higher density than that found more ros-
trally.

A moderate grain density was observed throughout
(i.e., over the cells and neuropil) the posterior and ventral
subdivisions of AON.

Prepyriform cortex (Table III). Three distinct laminae
were recognized: a cell-sparse superficial plexiform layer
(I), an underlying pyramidal cell layer (II) containing
small and medium-sized cells, and a deep polymorphic
layer (III). Fiberarchitectonic studies of Flores (1911)
have suggested a further division of lamina I into at least
three regions: a superficial fibrillar layer (Iec) which
contains LOT fibers, a deeper layer (IA) in which LOT
fibers establish synaptic contacts with the distal den-
drites of cells in deeper layers (Lohman, 1963; White,
1965b), and, in the deepest half of lamina I, a layer (IB)
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TABLE I
Distribution of CCK binding sites in guinea pig brain
See Table I for the correlation between absolute grain density and the relative density ratings (1, 2, 3, 4). The data are based on observations
in three to five animals. The anatomical terminology is derived from references cited in the text. See the text for details.

Area Relative Grain Density Area Relative Grain Density

Anterior olfactory nucleus

Occipital cortex (area 18)

Pars dorsalis 3+ Laminae 1V, VI 4
Pars externa 3+ Laminae II to IIL, V 3+
Pars lateralis 3+ Lamina I 3
Pars posterior 3 Occipital cortex (area 17)
Pars ventralis 3 Lamina VI 4
Pars medialis 1 Laminae Il to V 3
Prepyriform cortex Lamina I 2
Layer I. 4+ Auditory cortex (area 41)
Layer [; 3- Laminae IV, VI 4
Pyramidal layer (1) 3 Lamina I to III, V 3
Polymorphic layer (II1) 3~ Lamina I 3~
Olfactory tubercle Brainstem
Layer I. 4+ Lateral part of the nucleus of the optic 4+
Layer [; 3— tract
Pyramidal layer (II) 3 Superior collicus
Polymorphic layer (IIT) 3— Strata zonale and cinereum 4
Islands of granule cells Variablée Strata opticum and lemnisci 2
Septal area Interpeduncular nucleus 4
Nucleus accumbens 3 Dorsal tegmental nucleus (Gudden) 3+
Medial and lateral septal nuclei 2— Parabigeminal nucleus : 3+
Nucleus of the diagonal band (Broca) 2— Oculomotor nucleus, red nucleus, and sub- 2
Tract of the diagonal band 1 stantia nigra
Median forebrain bundle 1 Periamygdaloid cortex
Basal ganglia Layer I. 4
Caudate Variable Layer I; 3+
Putamen 3 Pyramidal layer (II) 3+
Claustrum 3+ Polymorphic layer (I1T) 3
Presubiculum Amygdaloid complex
Lamina I 3 Anterior cortical nucleus 4+
11 2 Posterolateral cortical nucleus 4
I 4 Lateral nucleus (pars dorsalis) 4
v 4 Endopyriform nucleus 3+
Hippocampal formation Lateral nucleus (pars ventralis) 3
Subiculum Basolateral nucleus 3
Plexiform layer 2 Medial, posteromedial cortical, and cen- 2—orl
Pyramidal layer 3+ tral nuclei
Stratum oriens Entorhina area
CA1l 3 Lateral lamina I 4
CA3 3 II 4
Stratum pyramidale 111 2
CAl 2 v 3
CA 3 2 Medial lamina I 2
Stratum radiatum 11 3
CA1l 3 I 2
CA 3 3 v 4
Stratum lacunosum-moleculare Parasubiculum
CA1l 2 Lamina I 3
CA 3 2 II 3+
CA4 3+ 11 3
Dentate gyrus v 4
Stratum polymorphicum 2 Hypothalamus
Stratum granulare 2 Lateral mamillary nucleus 4+
Stratum moleculare 3+ Supramamillary nucleus 3+
Thalamus Medial part of medial mamillary nucleus 3—
Ventral part of lateral geniculate body 4 Arcuate, ventral and dorsalmedial para- 2o0rl
Anterodorsal nucleus . 3 ventricular, filiform, supraoptic, and
Thalamic reticular nucleus 3 medial (lateral part) mamillary nuclei
Dorsal part of lateral geniculate body 2+ Neocortex
Paratenial nucleus 2 Cingulate cortex (area 24)
Lateral thalamic nucleus 2— Laminae II to 1V, VI 4
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TABLE Ill—continued

Area Relative Grain Density Area Relative Grain Density
Lamina I 3— Laminae I, Il to 111, V 2
Lamina V 1 Superior olivary nucleus 4
Prelimbic cortex (area 32) Dorsal parabrachial nucleus and pontine 3+
Lamina VI 4 nuclei
Laminae II to V 3+ Area postrema 4+
Lamina I 3 Nucleus commissuralis 3+
Posterior cingulate cortex Lateral reticular nucleus 3+
Lamina VI 4 Spinal nucleus of the spinal tract of V, 3
Laminae IT to III 3+ medial vestibular nucleus, dorsal coch-
Lamina IV 3 lear nucleus, gracile nucleus, and nu-
Lamina I 3— cleus ambiguus
Lamina V 2 Medullary reticular formation 2
Retrosplenial cortex (area 29b) Cerebellum
Laminae VI 4 Molecular layer 3+
Laminae II to III 3+ Granule cell layer 4+
Lamina I 3 Purkinje cell layer 2
Laminae IVto V 2 Spinal cord (high cervical)
Frontal cortex (area 10) 4 (see text) Dorsal 3
Parietal cortex (area 2) Ventral 2

Laminae IV, VI 3+

in which olfactory association and commissural fibers
ramify (Heimer, 1968; Price, 1973). The pyronin Y stain
used in this study did not allow ready determination of
the foregoing subdivisions of I. For the purpose of this
study, lamina I was, therefore, subdivided into superficial
(I.) and deep (1) strata, each of which occupies one-half
the width of lamina L

As in the olfactory peduncle, the grains were present
in a superficial band of high density which extended from
the rhinal sulcus to the ventromedial surface of the
hemisphere (Fig. 7). This band overlies lamina I. (which
presumably includes I< and IA). The density in this
layer appeared to decrease slightly in the medial part of
prepyriform cortex (particularly on the ventromedial face
of the hemisphere). Furthermore, the density in I. de-
creased along a rostrocaudal gradient (being greatest
rostrally). Lamina I; was associated with a uniform, low-
moderate grain density. Grains were found over the cells
and in the neuropil of lamina II. The portions of laminae
I; and II situated deep to the axial LOT bundle were
associated with a higher grain density than the adjacent
prepyriform cortex. Grains were also found in the neu-
ropil of lamina III. Similar results were obtained in the
rat (Figs. 8 and 9).

The band of high grain density extended into the depth
of the rhinal fissure ventrally, where it was confined to
the superficial half of the cell-sparse plexiform layer. The
band also extended into the dorsal lip of the fissure, but
the density decreased to a low level near the dorsal
surface of the fissure.

Olfactory tubercle. Following Johnson (1959), three
laminae in the guinea pig olfactory tubercle were recog-
nized: a superficial plexiform layer (I), a pyramidal layer
(II) containing small and medium-sized cells, and a deep
polymorphic layer (III). Lamina I was subdivided into
superficial (I.) and deep (I;) halves as explained above.

As in the prepyriform area, the band of high density in
lamina I. decreased along a rostrocaudal gradient. Au-
toradiographic grains were present in the neuropil of the
granule cell islands contained within lamina I (Lohman,
1963). A moderately high grain density was found in the

caudal group of islands (situated adjacent to the nucleus
accumbens); a moderate density was observed over the
rostromedial group, and a low density was present over
the rostrolateral group. The grain density in laminae II
and I was similar to that in lamina L.

The anterior limb of the anterior commissure con-
tained a very low grain density.

Similar results were obtained in the rat (Figs. 8 and 9)
with the following exceptions. Caudally, the band of
grains in lamina I. decreased along a lateromedial gra-
dient which seemed more pronounced than in the guinea
pig. In addition, lamina IIT contained a rather high grain
density which also decreased along a lateromedial gra-
dient. Finally, only a negligible grain density was found
over the islands of Calleja.

Septal area. In general, the septal area contained a
very low density of autoradiographic grains. The nucleus
accumbens, an exception, contained a moderate density.

Similar results were obtained in the rat with the ex-
ception that the medial part of the nucleus accumbens
contained a high density of grains whereas the lateral
part contained a moderate density (Figs. 8 and 9).

Basal ganglia. The distribution of CCK binding sites
in the caudate appeared to be nonuniform.

In the rat, a high grain density overlay the dorsomedial
part of the caudate-putamen and a lower density overlay
the ventrolateral part (Fig. 9).

Amygdaloid region. The anatomical distribution of
the binding sites was analyzed with the aid of the cy-
toarchitectonic descriptions of Kretteck and Price
(1978a) and Hall and Geneser-Jensen (1971). Following
Hall and Geneser-Jensen, the cortical amygdaloid nu-
cleus was subdivided into anterior (CA), posterolateral
(CL), and posteromedial (CM) areas, and the lateral
amygdaloid nucleus was subdivided into a dorsal (D) and
a ventral area.

In accord with rationale presented in the analysis of
the prepyriform cortex, three strata were recognized in
the periamygdaloid cortex: a superficial, cell-sparse plex-
iform layer—which was divided into an inner (I;) and
outer (L.) half—a subadjacent pyramidal layer (II), and
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Figure 7. Distribution of CCK binding sites in the guinea pig forebrain at the level of the olfactory peduncle. 4, Brightfield
photomicrograph of an autoradiogram of the guinea pig forebrain (coronal plane). Bar = 1540 um. B, Darkfield photomicrograph
of the autoradiogram shown in A. The arrowheads indicate the location of the rhinal fissure (RF), claustrum (CL), and anterior
olfactory nucleus (AON). C, Higher magnification photomicrograph of the autoradiogram shown in A. Bar = 770 pm. D, Darkfield
photomicrograph of the close-up shown in C. The opposing arrowheads demarcate the boundaries of lamina Ie. The single
arrowhead identifies the lateral olfactory tract (LOT). P, prepyriform cortex. See the text for discussion.
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Figure 8. Distribution of CCK binding sites in the rat olfactory tubercle. A, Brightfield photomicrograph of an autoradiogram
of the rat forebrain (coronal plane). B, Darkfield photomicrograph of the autoradiogram shown in A. The arrowheads indicate
the location of various anatomical structures. A4, nucleus accumbens; C, island of Calleja; CAA, anterior limb of the anterior
commissure; M, molecular layer of the olfactory tubercle; P, pyramidal cell layer of the olfactory tubercle; TOL, lateral olfactory

tract. See the text for discussion. Bar = 800 um.

a deep polymorphic layer (III). The grains in laminae II
and III were found primarily in the neuropil.

The highest densities of CCK binding sites in the
amygdaloid complex were found in CA, CL, and D (Figs.
10 and 11; Table III). In CA, a very high density overlay
the superficial half of the plexiform layer. A moderate
density was found over the inner half of the layer, over
the subadjacent pyramidal layer (in the neuropil and
over the long processes of pyramidal cells), and over the
polymorphic layer (in the neuropil). The distribution of
grains in CL was similar to that in CA: a high density
overlay the superficial half of the plexiform layer; a

moderate density was found over the inner half of the
plexiform layer and in the neuropil of the underlying
cellular layer. As was observed in the prepyriform area,
the grain density in CL decreased along a rostrocaudal
gradient.

A particularly low density of grains was observed over
the medial and central amygdaloid nuclei. The central
nucleus was bordered dorsomedially and ventromedially
by a band of moderate grain density. The grains were
located in the neuropil just deep to the fibers of the stria
terminalis. The band appeared to be continuous with the
grains over the inferior putamen.
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Figure 9. Distribution of CCK binding sites in the rat brain at the level of the prepyriform cortex (P). A, Brightfield
photomicrograph of an autoradiogram of the rat forebrain (coronal plane). B, Darkfield photomicrograph of the autoradiogram
shown in A. The arrowhead marks the locus of the medial nucleus accumbens, ACC, nucleus accumbens; CP, caudate-putamen;

O, olfactory tubercle. See the text for discussion. Bar = 893 pm.

Entorhinal cortex and parahippocampal formation.
The cytoarchitectonic descriptions of Blackstad (1956)
and Lorente de No (1934) were utilized in the analysis of
these regions. Following Geneser-Jensen and Blackstad
(1971), the entorhinal area was subdivided into medial
and lateral parts. Laminae IV to VI of the entorhinal
cortex and of the pre- and parasubmiculum have been
recognized as a single lamina (IV) in this study.

Although the medial and lateral entorhinal areas con-
tained high grain densities, the distribution of grains
within these areas was markedly different (Fig. 12; Table
III). In the lateral entorhinal area, most of the grains
were in the superficial laminae (Fig. 12, A, B, E, and F).
The opposite was true in the medial entorhinal area (Fig.
12, A, B, E, F, G, and H).

Lamina I of the lateral entorhinal area contained a
high grain density in its outer one-third. A lower density
was present over the inner two-thirds of lamina I. The
cell islands of lamina II (characteristic of lateral entorhi-
nal cortex) contained grains over the cells and in the
neuropil. The neuropil between the islands (extending
from the ventral surface of the brain to the deep border
of lamina II), however, was associated with a low grain
density (Fig. 12, C and D). The moderate grain density
over lamina IV increased to a high level dorsolaterally.
As Kretteck and Price (1977) point out, the deeper layers
of the dorsal lateral entorhinal cortex are continuous

with the endopyriform nucleus, an area of moderately
high grain density (vide supra). A low-moderate grain
density was observed over the white matter subadjacent
to lamina IV,

In lamina IV of the medial entorhinal area, grains were
found in the neuropil and over some of the large cells.
The high grain density of lamina IV extended into the
subadjacent white matter of the angular bundle. The
density in the angular bundle decreased along a ventro-
dorsal gradient, assuming a low-moderate level approxi-
mately 1 mm dorsal to lamina IV. As in the lateral
entorhinal region, the lamina dissecans (which is included
in lamina III) of M. Rose (1912) contained a low grain
density, as did the superficial pyramidal cells of lamina
II. In the medial entorhinal area of the rat, a moderately
high grain density was present in the outer half of lamina
I and lamina III (including the lamina dissecans).

Following Geneser-Jensen and Blackstad (1971), the
deep laminae of the parasubiculum were regarded as
continuous with those of the medial entorhinal region.
Thus, the high density of grains in lamina IV of the
parasubiculum formed a band which appeared to be
continuous with that over lamina IV of the medial ento-
rhinal area (Fig. 12, E, F, G, and H). The cell poor region
superficial to this band appeared to be continuous with
the lamina dissecans of the medial entorhinal area. In
the parasubiculum, however, this region was associated



Figure 10. Distribution of CCK binding sites in the guinea pig at the level of the amygdala. A, Brightfield photomicrograph of
an autoradiogram at the level of the amygdala (coronal plane). B, Darkfield photomicrograph of the autoradiogram shown in A,
The single arrowhead near D indicates the dorsal part of the lateral amygdaloid nucleus, and the double arrowhead indicates
the ventral part of the lateral nucleus. Ac, anterior cortical nucleus of the amygdala; C, claustrum; Ce, central amygdaloid nucleus;

D, dorsolateral amygdaloid nucleus; LOT, lateral olfactory tract; PA, periamygdaloid cortex; V, ventrolateral amygdaloid nucleus.
See the text for discussion. Bar = 597 pm.
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Figure 11. Distribution of CCK binding sites in the guinea pig at the level of the thalamus. Darkfield photomicrograph of an
autoradiogram of the guinea pig thalamus, hypothalamus, and amygdala (coronal plane). AD, anterodorsal nucleus of the
thalamus; Ar, arcuate nucleus; C, caudate nucleus; Ce, central amygdaloid nucleus; CL, posterolateral cortical nucleus; F, filiform
nucleus; L, lateral amygdaloid nucleus; M, medial amygdaloid nucleus; P, putamen; TO, optic tract; TR, thalamic reticular

nucleus. Bar = 1290 pm.

with a moderate grain density (versus a low density in
the entorhinal area). The grains over lamina II of the
parasubiculum were found mainly in the neuropil.

The density of binding sites in the presubiculum was
greatest in the caudal part of the region. The band of
high grain density in lamina IV appeared to be continu-
ous with that extending across the parasubiculum and
the medial entorhinal cortex. Within laminae III and IV,
most of the grains were found in the neuropil. The
distribution of grains in the plexiform layer (I) was non-
uniform: a moderate density was found over the outer
half and a lower density was found over the inner half.

In the postsubiculum, a moderately high grain density
was observed in lamina VL.

Hippocampal formation. The cytoarchitectonic de-
scriptions of Ramon y Cajal (1911) and Lorente de No

(1934) were utilized for analysis of this region. Blackstad’s
(1956) terminology has been adopted. In general, the
hippocampal CKK binding sites were confined to discrete
laminae and exhibited graded density changes along dor-
soventral and mediolateral axes (Figs. 12 and 13).

In the ventral subiculum, grains were distributed along
a dorsoventral gradient (Fig. 12, E, F, and H). Adjacent
to area CAl, the grain density was high, whereas in the
region adjacent to the presubiculum the density was
significantly lower. Thus, the grains may be concentrated
in laminae II to IV (over cells and in the neuropil) of
Lorente de No’s prosubiculum (1934). The subadjacent
angular bundle contained a moderate grain density.

In the subicular-CAl transition area, the laminar dis-
tribution was as follows (Fig. 12, A and B). The grain
density over the deep part of the plexiform layer was
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greater than that found in the subiculum. Moreover,
these grains formed the ventral extreme of a band which
extended dorsally into the stratum radiatum of CA1. The
grain density over the superficial pyramidal cells was less
than that found in the subiculum and, dorsally, was of
the same low level found over the pyramidal layer of
CAl.

Areas CA1 and CA3 were similar with regard to their
lamellar distribution of binding sites but were slightly
different with regard to intralamellar grain density
changes along a mediolateral axis (Figs. 12, A and B and
13). In the stratum radiatum of CA1l and CA3, most of
the grains were confined to the outer two-thirds of the
lamina. In field CA3, a distinction between the deep part
of the stratum radiatum and the stratum lucidum of
Honneger could not be made with the pyronin Y stain,
but the low density area in the stratum radiatum of CA3
probably corresponds, at least partially, to the stratum
lucidum. The grains formed a band which, in each case,
extended across much of the sector. Moreover, the grain
density of the band decreased in a mediolateral direction
in both CA1l and CA3 (as seen in coronal sections such
as Fig. 13). Although grains occupied the entire width of
the stratum oriens of both CA1 and CA3, the distribution
of the grains along the mediolateral axis was different in
the two regions. In CAl, the grain density decreased
along a steep mediolateral gradient. The grains in the
stratum oriens formed a band which extended from the
subiculum through the adjacent third (approximately) of
CAl, a point beyond which the density in the stratum
radiatum was still elevated. In CA3, however, the gra-
dient of density change was the same in the stratum
radiatum and in the stratum oriens. Thus, the density
was greatest near the hilus of the dentate gyrus and
decreased to a low level at the laterally situated (in
coronal sections at the level of Fig. 13) bend in the
stratum pyramidale which marks the transition between
areas CAl and CA3.

In CA4 (Fig. 13), the grain density was somewhat
higher near the polymorphic layer of the dentate gyrus,
particularly in the transition zone between CA4 and CA3.
The grains were found primarily in the neuropil, although
grains were also seen over the somata of some of the
larger pyramidal cells.

Within the molecular layer of the dentate gyrus, the
distribution of grains was nonuniform: graded changes
were observed along rostrocaudal and dorsoventral axes.
In coronal sections through temporal (i.e., caudolateral)
regions of the hippocampus, the following results were
obtained (Fig. 12, A and B). Ventrally, the grain density
was highest in the outer half of the molecular layer and
lowest in the inner half of the lamina. At a mid-dorso-
ventral level, the grains were more clearly confined to
the outer half of the molecular layer. Dorsally, the dis-
tribution changed qualitatively: the inner quarter of the
molecular layer contained more grains than the outer
three-quarters. The gradient was not as sharply defined
as at the mid-dorsoventral level. In coronal sections
through the septal (i.e., rostrodorsal) hippocampus (Fig.
13), the following grain distribution was observed. The
density over the outer blade’s (Swanson et al., 1978)
molecular layer was uniformly high. In the inner blade,
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however, the grain density was highest over the inner
quarter of the molecular layer and lowest in the superfi-
cial part of the lamina. In the granular and polymorphic
layers of the dentate gyrus, the grain density was low in
all levels which were examined.

The rat and guinea pig differed in some respects with
regard to the grain distribution in the hippocampal and
entorhinal areas. Area CA4 and the stratum lacunosum-
moleculare, in the rat, contained the highest grain density
in the hippocampus. In the medial entorhinal area, lam-
ina IIT and the superficial part of lamina I had the highest
grain densities. The distribution of grains in the presub-
iculum and retrosplenial cortex appeared to be the same
in the rat and guinea pig.

Neocortex. To determine the anatomical distribution
of binding sites in the cerebral cortex, the cytoarchitec-
tonic studies of Krieg (1946a, b), J. Rose and Woolsey
(1948), and M. Rose (1927) were consulted. Krieg’s ter-
minology will be used in the following description unless
otherwise noted. In general, the cerebral cortex contained
a high density of CCK binding sites. The binding sites
were not uniformly distributed among the various corti-
cal regions nor within a given region. A common finding
among the various areas studied, however, was that
lamina IV contained a high density of sites whereas
lamina I contained a low density (area 10 is an exception
to this rule). The limbic, retrosplenial, frontal, parietal,
occipital, and auditory regions are described below.

A high density of grains was present in the cingulate
cortex throughout its rostrocaudal extent. Most of the
grains in laminae II to IV and VI were in the neuropil,
although grains were also found over somata in lamina
VI. The density in lamina V seemed to be lower in
cingulate cortex than in any of the other cortical areas
examined. The distribution of grains in lamina I was
nonuniform. Anteriorly (Fig. 14), most of the grains in
lamina I appeared to be confined to its outer third. The
grains were thus situated in the location of the longitu-
dinal external fiber stratum which extends from the
hippocampus to the cingulate cortex. Similar results were
obtained in the anterior cingulate cortex of the rat (Fig.
15). Furthermore, laminae Il to IV appeared to be the
locus of the highest density of cortical binding sites in
the rat. This was not true for the guinea pig. Posteriorly,
the distribution of grains was similar. The grains in
lamina I, for example, were again superficially localized
(Fig. 16).

In contrast to area 24, the anterodorsal or prelimbic
area (32) contained a moderately high, rather uniform
grain density in laminae II to VI, with lamina VI con-
taining the highest grain density. In these strata, the
grains were found primarily in the neuropil. As in area
24, a moderate density overlay the superficial part of
lamina I (the probable locus of the longitudinal fiber
bundle mentioned above), whereas a low density was
present more deeply. Similar results were obtained in the
rat.

The retrosplenial cortex (area 29b) also contained a
high density of binding sites (Fig. 16). The grains in
laminae I, I], and VI were found in the neuropil, although
some somata in lamina VI contained grains. As was
observed in the structurally similar cingular areas, a
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Figure 12. Distribution of CCK binding sites in the guinea pig entorhinal and hippocampal areas. A, Brightfield photomicro-
graph of an autoradiogram of entorhinal area and the ventral hippocampal area (coronal plane). Bar equals 1143 um. B, Darkfield
photomicrograph of A. C, Higher magnification photo of the lateral entorhinal area shown in A. Bar = 446 ym, Laminae I, II, III,
and IV are indicated. D, Darkfield of C. Opposing arrowheads demarcate the borders of the cell islands in the lateral entorhinal
cortex. The single arrowhead indicates the location of lamina II of the lateral entorhinal area. E, Brightfield photomicrograph of
an autoradiogram of the entorhinal area caudal to the level of A (coronal plane). Bar equals 746 pm. F, Darkfield photomicrograph
of E. The arrowheads mark the boundaries between the presubiculum (P), parasubiculum (PA ), medial entorhinal area (MEA),
and lateral entorhinal area (LEA). G, Brightfield photomicrograph of the parahippocampal and entorhinal areas caudal to the
level of E (coronal plane). Bar = 955 um. H, Darkfield photomicrograph of G. The double arrowheads mark the boundaries of
P, PA, and MEA. The single unlabeled arrowheads demarcate the boundary between laminae III and IV of P, PA, and MEA.
A, angular bundle; G, granule cell layer of the dentate gyrus; HFD, hilus fasciae dentatae; L, lamina lacunosum-moleculare of the

hippocampus; M, molecular layer of the dentate gyrus; RF, rhinal fissue; S, subiculum.

moderate grain density overlay the outer third of lamina
I, and a low density overlay the inner two-thirds. The
area of moderate density in lamina I probably corre-
sponds to the location of the longitudinal fibrous stratum
present in this area and identical to that found in area
24. In the rat, an area of high grain density extended
through laminae II to VI. A moderate density was present
elsewhere.

It was difficult to unambiguously identify the domains
of individual cortical laminae (Fig. 7) in frontal cortex
(area 10). The superficial laminae (probably correspond-
ing to I to III) contained a moderate grain density, and
the deep laminae (probably corresponding to IV to VI
and possibly including the deep part of III) contained a
high density. Within the deep laminae, the density
seemed somewhat higher in the superficial (IV ?) and
deep (VI ?) regions than in the central area (V ?).

In laminae IV and VI of the parietal region (area 2),
the grains were found primarily in the neuropil (Fig. 17).

The laminar distribution of grains in cingulate and
occipital cortex differed, especially in area 17, with regard
to the grain density in lamina V (Fig. 17). Although the
density was very low in cingulate cortex, the density was
moderate in occipital cortex. Furthermore, areas 17 and
18 seemed to have slightly different grain distributions,
because in area 18 two bands of high grain density were
clearly distinguishable (mainly overlying laminae IV and
VI), whereas in area 17 the grains appeared uniformly
distributed throughout laminae II to V. Moreover, in
area 18, the grain density was moderate in the outer half
of lamina I and low in the deep half, whereas in area 17,
the density was uniformly low in this lamina.

Auditory cortex (area 41) was also found to contain a
high density of binding sites in lamina VI and in an area
which probably corresponds to lamina IV (Fig. 17).

Thalamus and hypothalamus. Only a few regions in
the diencephalon contained significant densities of CCK
binding sites (Table III; Figs. 11, 18, and 19).
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Figure 12—continued

The ventral part of the lateral geniculate body con-
tained the highest grain density in the thalamus (primar-
ily in the neuropil) and one of the highest grain densities
in the guinea pig brain. The anterodorsal and thalamic
reticular nuclei also contained significant grain densities.
In the latter two areas, the grains were found primarily
in the neuropil, although some were present over a few
of the somata in the anterodorsal nucleus.

The lateral mamillary nucleus contained the highest
grain density in the hypothalamus and was among the
areas most enriched in CCK binding sites in the guinea
pig brain. Within the nucleus, the grains were not uni-
formly distributed: the ventral quarter contained most of
the grains (over the somata and their processes), and the
remaining three-quarters contained a much lower grain
density (over somata and in the neuropil).

Brainstem and cerebellum. Relatively few brainstem
areas contained significant densities of autoradiographic
grains, The cerebellum, on the other hand, contained a
very high density of binding sites (Table III; Figs. 17 and
19 to 22).

The pretectal area contained one of the highest dens-
ities of CCK binding sites in the guinea pig brain (Fig.
17). Specifically, the lateral part of the nucleus of the
optic tract contained a very high grain density in the
neuropil and over the somata of very large, pyramid-
shaped cells (Fig. 20). A moderate grain density overlay
the fibers of the optic tract which course along the dorsal

aspect of the mesencephalon and penetrate the nucleus.
Furthermore, in all the material analyzed for this study,
a moderately high density of grains was present over the
dorsolateral aspect of the optic tract (Fig. 11). A low
density was present over the ventromedial part of the
tract. These data are compatible with the notion that
some of the pretectal CCK binding sites are associated
with fibers of the optic tract, i.e., they are presynaptic
binding sites. This possibility has been confirmed in
preliminary enucleation experiments (M. A. Zarbin, man-
uscript in preparation). Another region associated with
the visual system and found to contain a high density of
binding sites was the superior colliculus (Fig. 16). Here,
most of the grains were confined to the superficial strata
receiving input from the occipital cortex. The interpe-
duncular nucleus also contained a high density of grains
(Fig. 17). The grains appeared to be localized to various
subdivisions of the nucleus, e.g., to the lateral and median
subnuclei. Within the parabigeminal nucleus (otherwise
known as the ventral rostral nucleus of the lateral lem-
niscus), the grains were confined mainly to the neuropil.

The cerebellum contained one of the highest grain
densities in the guinea pig brain (Fig. 21). Neither the
density nor the distribution of the grains appeared to
vary among the different lobules. Within a given lobule,
a very high grain density was present throughout the
granule cell layer. A lower density overlay the neuropil
of the molecular layer, and a very low density was present
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Figure 13. Distribution of CCK binding sites in the guinea pig hippocampus. A, Brightfield photomicrograph of the guinea pig
hippocampal area (coronal plane). B, Darkfield photomicrograph of A. Unlabeled arrowheads mark the borders of regio superior
(rs) and regio inferior (7). F, fimbria of the hippocampus; G, granule cell layer of the dentate gyrus; HFD, hilus fasciae dentatae;
L, lamina lacunosum-moleculare; M, molecular layer of the dentate gyrus; O, stratum oriens; R, stratum radiatum. Bar = 769 um.
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Figure 14. Distribution of CCK binding sites in the anterior cingulate cortex of the guinea pig. A, Brightfield photomicrograph
of an autoradiogram of the guinea pig cerebral cortex (coronal plane). B, Darkfield photomicrograph of the autoradiogram shown
in A. Opposing arrowheads mark the boundaries of lamina IV (left) and lamina I (right). Laminae I'V and VI are indicated. C,
Darkfield photomicrograph of an autoradiogram generated by incubating a tissue section consecutive to the one shown in A in
the presence of 50 pM ["*I]JCCK-33 and 10~7 M CCK-8. The diffusely distributed, low density of grains in C represents nonspecific

binding. See the text for discussion. Bar = 2667 um.

in the white matter underlying the granular layer. Au- binding sites in the medulla pons (Fig. 22). White matter

toradiographic grains were around and over the somata tracts, such as the spinal tract of the trigeminal nerve
of the Purkinje cells. and the inferior cerebellar peduncle, contained only neg-

The area postrema contained the highest density of ligible grain densities.
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Figure 15. Distribution of CCK binding sites in the rat anterior cingulate cortex. A, Brightfield photomicrograph of an
autoradiogram of the rat cerebral cortex (coronal plane). B, Darkfield photomicrograph of the autoradiogram shown in A. The
opposing arrowheads mark the boundary of lamina IV (left) and lamina I (right) of the cingulate cortex. Parts of the septal
(dorsal) hippocampal area can be seen in the lower right quandrant of A and B. Abbreviations: HFD, hilus fasciae dentatae; LM,
molecular layer of the hippocampus. See the text for discussion. Bar = 1667 pm.

Some areas of high grain density in the rat brainstem
include the interpeduncular nucleus, the parabigeminal
nucleus, and the caudal part of the nucleus linearis.

Spinal cord. The autoradiographic grains in the dorsal
horn appeared to be concentrated in laminae I and II
(not shown). A lower but significant grain density was
present in the ventral horn.

Discussion

The kinetic characteristics and peptide specificity of
["*T]CCK-33 binding to slide-mounted tissue sections are
similar to those of ['*I]JCCK-33 binding to membrane
homogenate preparations. Thus, the CCK binding sites
identified in this report correspond to those studied by
other binding techniques and identify a physiologically

relevant CCK receptor (Saito et al., 1980, 1981a; Innis
and Snyder, 1980a, b; Hays et al., 1980).

Relationship between CCK nerve terminals and CCK
binding site densities. Areas of apparent correspondence
between the distribution of CCK immunoreactive (CCK-
IR) nerve terminals and the ['®I]CCK-33 binding site
include the spinal cord (e.g., dorsal horn), the brainstem
(e.g., area postrema and possibly the dorsal tegmental
nucleus), the neocortex (e.g., laminae II to IV of cingulate
cortex), the basal ganglia (e.g., the caudate-putamen),
and the pyriform cortex (including the prepyriform, per-
iamygdaloid, and entorhinal cortices). If one also consid-
ers radioimmunoassay data (Larsson and Rehfeld, 1979),
it seems that the high CCK binding site density in the
olfactory lobe is matched by an equally high concentra-
tion of CCK immunoreactivity in that structure.

Some areas in which the distribution of CCK-IR nerves
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Figure 16. Distribution of CCK binding sites in the guinea pig midbrain. 4, Brightfield photomicrograph of an autoradiogram
of the guinea pig superior colliculus and cingulate cortex (coronal plane). Bar = 1736 um. B, Darkfield photo of A. The arrowheads
point to laminae II to IV and lamina VI of the posterior cingulate cortex (PC). C, Higher magnification photo of the superficial
lamina of the superior colliculus shown in A. Bar = 434 um. D, Darkfield photo of C. The opposing arrowheads mark the borders
of laminae II to III of the retrosplenial cortex (RS). The single arrowhead indicates the stratum zonale of the superior colliculus
(8Z). SC, stratum cinereum of the superior colliculus. See the text for discussion.

and ["*I]JCCK-33 binding seem to be discordant are the
amygdala, the hippocampus, and the cerebellum. For
example, in the amygdala, two studies (Larsson and
Rehfeld, 1979; Stengaard-Pedersen and Larsson, 1981),
have indicated that the medial amygdaloid nucleus, an
area of low ['*’I]CCK-33 binding site density, contains a
high density of CCK-IR. However, some of the CCK
immunoreactivity in the medial amygdala could be as-
sociated with fibers en passage (Stengaard-Pederson and
Larsson, 1981) so that one would not anticipate associ-
ated receptors (see, for example, de Olmos and Ingram,
1972; de Olmos, 1972).

The guinea pig cerebellum provides the most striking
example of a disparity between the anatomical distribu-
tion of CCK-IR nerves and ['*I]JCCK-33 binding sites.
The density of CCK-IR nerves in the cerebellum is very
low (Larsson and Rehfeld, 1979; Stengaard-Pedersen and
Larsson, 1981). The density of cerebellar [**’IJCCK-33
binding sites, on the other hand, is one of the highest in
the central nervous system.

Similar discrepancies have been noted in studies of
other neurotransmitter binding sites (Palacios and Ku-
har, 1980, Palacios et al.,, 1980; Wamsley et al., 1982).

Several explanations for discordant transmitter and bind-
ing site distributions have been suggested. They are: that
the transmitter is associated with fibers en passage, that
the binding site is not confined to the subsynaptic area
of the neural surface, and that the binding site may be
associated with non-neural as well as neural elements.
Some other conditions which could result in discrepant
transmitter and binding site dispositions are as follows.
The storage depot of a transmitter candidate need not
be closely apposed to its binding site in order for the two
elements to have a functional relationship. CCK may
very well exert some effects through a hormone-like
action in the brain (Innis et al., 1979; Larsson and Reh-
feld, 1979; Loren et al., 1979; Beinfeld et al., 1980; Van-
derhaeghen et al.,, 1980; Brar et al., 1981; Della-Fera and
Baile, 1979; Della-Fera et al., 1981). Technical limitations
may prevent the complete and appropriate identification
of loci containing the neurotransmitter candidate and/or
the putative binding site. For example, multiple forms of
CCK have been identified. Receptors in areas devoid of
immunoreactive CCK may be associated with nerve ter-
minals containing a form of CCK not recognized by the
antisera used for immunohistochemistry (compare, for
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Figure 17. Distribution of CCK binding sites in the guinea pig brain. Two darkfield photomicrographs of autoradiograms at the
level of the thalamus (fop) and superior colliculus (bottom) are shown (coronal plane). The oval areas of very high grain density
on either side of the midline in the top photo are the lateral parts of the nuclei of the optic tract. On the left-hand side of the top
photo, an area of high density overlies the ventral lateral geniculate body which is situated ventrolateral to the nucleus of the
optic tract. Note the high grain density over the interpeduncular nucleus in the bottom photograph. See the text for discussion.

Bar = 4571 pm.

example, Innis et al., 1979 and Loren et al., 1979). More-
over, multiple forms of CCK binding sites exists (Innis
and Snyder, 1980b). All relevant CCK binding sites may
not have been labeled by 50 pm ['*I]CCK-33. Due to
technical limitations, the bulk of the CCK binding sites
identified in this study are probably high affinity agonist
binding sites. A better correlation between binding site
and nerve terminal densities might be realized if low
affinity CCK-33 binding sites were also visualized. Fi-
nally, because of spare or nonfunctional receptors, the
quantitative relationship between the neurotransmitter
and the binding site might not always be one to one.
Axonal localization of CCK binding sites. In the pe-
ripheral nervous system, CCK binding sites occur in the
rat vagus nerve where they undergo transport (Zarbin et
al., 1981a). CCK binding sites may also be found on some
axons in the central nervous system, such as the guinea
pig optic tract which has a high density of CCK receptors
(Fig. 11). The high densities of binding sites in some of
the areas of optic tract termination (e.g., in the pretectal
area) are consistent with this possibility (Table III). In
preliminary experiments, enucleation is followed by a
drastic decrease in the density of binding sites in the

pretectal area contralateral to the avulsed eyeball (R. B.
Innis, M. A. Zarbin, S. H. Snyder, and M. J. Kuhar,
manuscript in preparation).

The guinea pig and rat olfactory systems may provide
another example of axonal CCK binding sites. Olfactory
tract fibers ramify in discrete parts of the olfactory
peduncle, pyriform cortex (e.g., laminae I and IA of the
prepyriform cortex), and amygdala (e.g., the plexiform
layer of the anterior cortical nucleus) (Lohman, 1963;
White, 1965b; Scalia, 1966; Heimer, 1968: Lohman and
Mentink, 1969; Price and Powell, 1971; Price, 1973). High
densities of autoradiographic grains were found in each
of these areas, suggesting that CCK binding sites are
located on olfactory tract fibers. The distribution of
autoradiographic grains within the guinea pig main and
accessory olfactory bulbs and within the primary olfac-
tory cortex (vide infra) suggests that either mitral cells,
tufted cells (especially the internal tufted cell), or both
cell types would be the source of these axonal binding
sites and that these cells might possess CCK binding
sites on their dendrites as well as on their axons (Cajal,
1911, 1955; Lohman, 1963; Lohman and Mentik, 1969;
Haberly and Price, 1977). Of course, CCK binding sites
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of an autoradiogram of the ventral lateral geniculate body (LGYV; coronal plane). B, Darkfield photomicrograph of A. See the text

for discussion. Bar = 400 pm.

in the primary olfactory cortex could also be associated
with the apical dendrites of cells which received olfactory
tract input and whose somata lie in deeper laminae.

Physiological systems associated with CCK binding
sites. Although CCK binding sites are widely distributed
in the central nervous system, some of the loci enriched
in binding sites seem to be physiologically related either
by receiving a common sensory input or by forming part
of a more or less complete neuronal circuit.

Olfactory system. The distribution of CCK binding
sites in the guinea pig paleopallium delineates the extent
of the primary olfactory cortex as defined by O’Leary
(1937), Pigache (1970), and others. As far as can be
judged in the material examined, this generalization also
seems to obtain in the rat. The high density of CCK
binding sites in the olfactory bulb also attests to the
association of CCK binding sites with the olfactory sys-
tem. Regardless of whether the CCK binding sites are
located on olfactory tract fibers or on the apical dendrites
of pyramidal cells in the paleopallium (vide supra), the
binding sites are situated in anatomical loci which would
allow the modification of olfactory information at a very
early point in its “entry” into CNS circuits. Inasmuch as
CCK and its binding sites (including those in the olfac-

tory bulb) seem to play a crucial role in the control of
food intake (Antin et al,, 1975; Smith and Gibbs, 1979;
Stacher et al., 1979; Mueller and Hsiao, 1979; Ishibashi
et al., 1979; Della-Fera and Baile, 1979; Schneider et al,,
1979; Hays and Paul, 1981; Saito et al., 1981b), the
anatomical distribution of CCK binding sites may suggest
some of the loci which are involved in this effect. As the
medial and lateral hypothalamic areas are known to be
involved in the control of food intake (see Stevenson,
1969, Grossman, 1975, for references), olfactory impulses
may ultimately affect feeding behavior by modulating
hypothalamic function. Hypothalamic neural activity can
be modulated by olfactory impulses relayed through a
circuit involving the olfactory bulb, pyriform cortex and
amygdala, and ventral subiculum (Lohman, 1963; Powell
et al.,, 1965; Cain and Bindra, 1972; Dreifuss, 1972; Kret-
teck and Price, 1978a, b). CCK binding sites are present
in moderate to high densities in various parts of the
circuit. In the guinea pig, the density of binding sites in
the hypothalamus appears to be low. Thus, if CCK
regulates the feeding behavior of guinea pigs by acting at
binding sites located in the CNS, it would seem to do so
indirectly, via action in extrahypothalamic areas. Other
olfactory-related behaviors, such as reproductive behav-
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Figure 19. Distribution of CCK binding sites in the guinea pig mammillary nuclei. A, Brightfield photomicrograph of an
autoradiogram of the guinea pig hypothalamus (coronal plane). Bar = 893 um. B, Darkfield photo of A. The arrowheads indicate
the location of the lateral mamillary body (ML) and the superior mamillary nuclus (SM). C, Higher magnification photo of ML
taken from B. Bar = 476 um. See the text for discussion.

ior (Parker and Bruce, 1961; Heimer and Larsson, 1967; Gibbs, 1979) that CCK may act peripherally as well as
Powers and Winans, 1975), might also be modulated by centrally in the induction of satiety. Moreover, there is
CCK via parts of this circuit. some evidence suggesting that CCK’s principal site of

It has been suggested (Antin et al., 1975; Smith and action, with regard to feeding behavior, may be subject
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Figure 20. Distribution of CCK binding sites in the lateral part of the nucleus of the optic tract (Zol) in the guinea pig. A,
Brightfield photomicrograph of the nucleus of the optic tract (of; coronal plane). B, Darkfield photomicrograph of A. Note the
grains overlying the optic tract fibers (double arrowheads). SM, stria medullaris; fom, medial part of the nucleus of the optic

tract. See the text for discussion. Bar = 385 pm.

to species variation (Della-Fera and Baile, 1979; Della-
Fera et al., 1981). The binding sites described in this
study would correspond to the central locus of CCK
action. In the rat, it seems that the vagus nerve is
critically involved in peripherally administered CCK’s
ability to induce satiety (Lorenz and Goldman, 1978;
Smith and Cushin, 1978; Smith et al., 1981). CCK binding
sites have also been detected in the rat vagus nerve
(Zarbin et al., 1981a). Part of the satiety effect induced
by peripherally administered CCK could result from
interaction with vagal CCK binding sites.

Other sensory systems. CCK binding sites were also
localized to various parts of the guinea pig visual, audi-
tory, and somatic sensory systems. The ability of CCK
to cause sedation (Itoh and Katsuura, 1981; Zetler, 1981),

ptosis (Zetler, 1980c), and analgesia (Zetler, 1980c; Jurna
and Zetler, 1981; but compare Deschodt-Lanckman et
al, 1981) may involve its action at binding sites associ-
ated with these systems and other areas (vide infra).

Limbic system. CCK binding sites are present in most
of the structures which comprise the limbic lobe (White,
1965a). Various parts of the hippocampal formation are
particularly enriched in CCK binding sites.

The finding that the ventral and dorsal subiculum
differ with regard to their CCK binding site density may
provide a biochemical demonstration that these two
areas are functionally different, as was suggested by
Swanson and Cowan (1977) on the basis of their anatom-
ical data in the rat. The distribution of CCK binding sites
in the entorhinal area and in the hippocampus and den-
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Figure 21. Distribution of CCK binding sites in the guinea pig cerebellum. A, Brightfield photomicrograph of an autoradiogram
of the guinea pig cerebellum (horizontal plane). Bar = 2941 pum. B, Darkfield photo of A. COD, dorsal cochlear nucleus; G, granule
cell layer of the cerebellum; M, molecular layer of the cerebellum; VM, medial vestibular nucleus. See the text for discussion,

tate gyrus suggests that, within the hippocampal area,
CCK binding sites may be located on axons as well as on
dendrites (Shipley, 1975; Shipley and Sorensen, 1975;
Cruce, 1975, 1977; Steward and Scoville, 1976; Fricke and
Cowan, 1978; Kohler et al., 1978; Swanson et al., 1978).
Finally, CCK may modulate certain activities such as
feeding behavior (see above for references) and other
behaviors (Zetler, 1980a, b, ¢, 1981; Itoh and Katsuura,
1981; Crawley et al., 1981a; but compare Crawley et al.,
1981b), in part, by acting at these “limbic” CCK binding
sites.

Co-localization of dopamine and CCK binding sites.
The co-location of dopamine and CCK-containing nerves
in many brain regions (compare, for example, Hokfelt et
al., 1974; Lindvall et al., 1974; Berger et al., 1976; and

Larsson and Rehfeld, 1979; Innis et al., 1979; Loren et al.,
1979; Vanderhaeghen et al., 1980; Williams et al., 1981)
and the presence of CCK immunoreactivity in certain
dopamine-containing neurons (Hokfelt et al., 1980b) has
led to the suggestion (Hokfelt et al.,, 1980a) that CCK
may modulate some aspects of dopaminergic neurotrans-
mission. Electrophysiological data support this notion
(Skirboll et al., 1981).

Binding sites for CCK and dopamine (Klemm et al.,
1979; Murrin and Kuhar, 1979; Palacios et al., 1981), are
co-localized in a number of brain areas, particularly in
the limbic system. For example, CCK and dopamine
binding sites occur in the interpeduncular nucleus, in the
lateral mamillary nuclei, in the olfactory tubercle, and in
the nucleus accumbens, as well as in other areas such as
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Figure 22. Distribution of CCK binding sites in the guinea pig medulla. A, Brightfield photomicrograph of an autoradiogram
of the guinea pig medulla (horizontal plane). B, Darkfield photomicrograph of A. The arrowheads indicate the location of the
spinal tract of the trigeminal nerve (TST; upper) and the nucleus ambiguus (AMB; lower). AP, area postrema; NTST, nucleus
of the spinal tract of the trigeminal nerve. See the text for discussion. Bar = 1481 ym.

the substantia nigra, the caudate-putamen, and the lat-
eral part of the nucleus of the optic tract. There are
several areas, however, in which the distributions of CCK
and dopamine binding sites seem to be discordant (the
external plexiform layer of the olfactory bulb, parts of
the hippocampus, the central amygdaloid nucleus, the
arcuate nucleus of the hypothalamus, and other areas).
The co-distribution of binding sites may be part of the
neuronal mechanism involved in the CCK-dopamine in-
teraction.

Preliminary reports of these findings have been pre-
sented elsewhere (Innis et al., 1981; Zarbin et al., 1981b).
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