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ABSTRACT 
The ultrastructural features and synaptic relationships of cholecystoki

nin (CCK)-immunoreactive cells of rat and cat hippocampus were studied 
using the unlabeled antibody immunoperoxidase technique and correlated 
light and electron microscopy. CCK-positive perikarya of variable shape and 
size were distributed in all layers and were particularly concentrated in 
stratum pyramidale and radiatum: the CCK-immunoreactive neurons were 
nonpyramidal in shape and the three most common types had the morpho
logical features of tufted, bipolar, and multipolar cells. 

Electron microscopic examination revealed that all the CCK-positive 
boutons establishpd symmetrical (Gray's type II) synaptic contacts with 
perikarya and dendrites of pyramidal and nonpyramidal neurons. The origin 
of some of the boutons was established by tracing fine collaterals that arose 
from the main axon of two CCK-immunostained cells and terminated in the 
stratum pyramidale; these collaterals were then examined in the electron 
microscope. The axon of one such neuron exhibited a course parallel to the 
pyramidal layer and formed pericellular nets of synaptic boutons upon the 
perikarya of pyramidal neurons. This pattern of axonal arborization is very 
similar to that of some of the basket cells, previously suggested to be the 
anatomical correlate for pyramidal cell inhibition. Typical dendrites of py
ramidal cells also received symmetrical synaptic contacts from CCK-immu
noreactive boutons, and some of these boutons could be shown to originate 
from a local neuron in stratum radiatum. Many CCK-immunoreactive cells 
received CCK-labeled boutons upon their soma and dendritic shafts. Synap
tic relationship, established by multiple "en passant" boutons, was observed 
between eCK-positive interneurons of the stratum lacunosum-moleculare 
and radiatum. The soma and dendrites of the CCK-immunostained neurons 
also received symmetrical and asymmetrical synapses from nonimmuno
reactive boutons. 

These results indicate that the CCK-immunoreactive neurons partici
pate in complex local synaptic interactions in the hippocampus. 
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Cholecystokinin (CCK) was originally isolated from gas
trointestinal tissue as a substance containing 33 amino acid 
residues (Mutt and Jorpes, '68) and later was also found in 
the brain along with its smaller fragments (Dockray et aI., 
'78; see reviews by Beinfeld, '83; Dodd and Kelly, '81). Its 
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distribution has been described by both radioimmunoassay 
(Vanderhaeghen et aI., '75; Rehfeld, '78; Robberecht et aI., 
'78; Larsson and Rehfeld, '79; Dockray, '80; Beinfeld et aI., 
'81; Emson et aI., '82) and immunohistochemistry (Innis et 
aI., '79; Loren et aI., '79). In addition, in vitro biosyntbetic 
studies have demonstrated that the peptide is synthesized 
in the brain (Rehfeld, '80; Golterman et aI., '80). Many 
characteristics of CCK suggest a role in neurotransmission. 
Cholecystokinin occurs in synaptic vesicle fractions of brain 
homogenates (Pinget et aI., '78; Emson et aI., 'SO), can be 
released from synaptosomes and cortical slices with depo
larizing stimuli in a Ca + + -dependent manner (Pinget et 
aI., '79; Dodd et aI., '80; Emson et aI., 'SO), and a specific 
binding of radiolabeled CCK to high-affinity binding sites 
has been reported (Saito et aI., '80; Snyder et aI., '81; Hays 
et aI., '81; Zarbin et aI., 'S3). Moreover, studies on the 
electrophysiological action of CCK applied iontophoreti
cally into the cortex and in hippocampal slices have shown 
an excitatory effect on pyramidal neurons (Phillis and Kirk
patrick, 'SO; Dodd and Kelly, 'SI). 

In agreement with the above findings, immunohisto
chemical investigations, at the light microscopic level, in 
cortex and hippocampus have localized CCK-immunoreac
tive material in cell bodies and varicose fibers (Vander
haeghen et aI., '80; Emson and Hunt, 'SI; Greenwood et aI., 
'81; Kbhler and Chan-Palay, 'S2; Peters et aI., '83; Hendry 
et aI., 'S3a). 

From these studies, it is apparent that CCK-containing 
cells form an heterogeneous population, with regard to size 
and distribution of perikarya and dendritic arborization 
pattern, and that the axons and terminals are primarily 
associated with pyramidal neurons. These results, together 
with the observations by Handelmann et al. ('SI) showing 
that isolation of the hippocampal formation from its main 
afferent connections had no effect on the CeK content of 
this region, have led to the hypothesis that eCK-containing 
cells might act as interneurons, modulating pyramidal cell 
activity. At the same time other studies suggest that at 
least some of the CCK-immunoreactive neurons may pro
ject from the hippocampal formation (see Beinfeld, '83). 
Ultrastructural features of CCK-positive cells and termi
nals in cortical areas have not led to any firm conclusions 
about their role in cortical circuitry. CCK immunoreactiv
ity has been reported to be present in neurons suggested to 
be either inhibitory or excitatory (Peters et aI., '83; Hendry 
et aI. , '83a) on the basis of the axonal and dendritic mor
phology, and by analogy with cortical neurons displaying 
similar dendritic characteristics in Golgi-impregnated prep
arations. 

Therefore, we decided to investigate further the cytologi
cal features and synaptic connections of CCK-containing 
cells and terminals in the hippocampus, a brain area where 
the role of inhibitory interneurons has been extensively 
studied (Andersen et aI., '63, '64a,b; Knowles and Schwartz
kroin, '81; Alger and Nicoll, '82; Somogyi et aI., 'S3b,c). The 
main aim of the present study was to trace connections at 
the synaptic level of light microscopically identified CCK
immunoreactive neurons, in order to establish the exis
tence of local interactions. Since pyramidal neurons in the 
hippocampus are known to receive significant input from 
local interneurons, the CCK input onto pyramidal cells was 
studied in greater detail. A preliminary report of some of 
the findings has been made (Nunzi et aI., '84). 

M.G. NUNZI ET AL. 

MATERIALS AND METHODS 

Animals 
Four albino Sprague-Dawley adult rats (Charles River, 

Breeding Labs., Wilmington, MA) and two adult cats were 
used in this study. Rats were anesthetized with an injection 
of either chloral hydrate (Merck, 0.04 g/lOO g i.p.) or pento
thal (Abbott, 0.04 g/lOO g i.p.) and perfused at room temper
ature through the left ventricle with Tyrode's solution 
(gassed with a mixture of 95% O2 and 5% e02). When the 
venous return was clear, the perfusion fluid was substituted 
with the fixative containing 4% paraformaldehyde (Serva), 
0.05% glutaraldehyde (Merck), and 0.2% picric acid dis
solved in 0.1 M sodium phosphate buffer pH 7.4 (Somogyi 
and Takagi, '82). 

Six cats were sedated with ketamine hydroclorate (Keta
nest, 0.4 mL/kg i.m.), anesthetized with chloral hydrate as 
above or with xylazine hydrochloride (Rompun, Bayer 
1 mllkg), and perfused with the same procedure and fixative 
described above for rats. 

To increase the immunostaining of CCK-containing cell 
bodies and neuronal processes, one cat, anesthetized with 
ketamine and xylazine, received injections of colchicine 24 
hours before perfusion as described earlier (Somogyi et aI., 
'83b). The right hippocampal formation was injected 
through glass micropipettes having a tip diameter of about 
50 I-I-m, with colchicine (BDH Chemicals, 6 I-I-g/u1) dissolved 
in artificial cerebrospinal fluid. Two vertical penetrations 
were made 3 mm apart in the anterior-posterior direction. 
While the capillary was withdrawn, colchicine (0.2 1-1-1) was 
injected at each half-millimeter step over a total distance of 
5 mm. Thus, 2 J-tl of solution, equivalent to 12 I-I-g of colchi
cine, was injected following each vertical penetration. 

Preparation of tissue sections and the immunocytochem
ical procedures were identical for both rats and cats. 

Preparation of tissue sections 
After perfusion, the brain was removed from the skull 

and blocks of 1-2 mm in thickness were cut from the hip
pocampus in a coronal plane . The blocks were postfixed for 
1-2 hours at 4 QC with the perfusion fixative; they were 
then washed several times with 0.1 M sodium phosphate 
buffer, pH 7.4, and subsequently, until the blocks sank, in 
10% and then 20% sucrose dissolved in the same buffer. 
Blocks were then frozen in liquid nitrogen and thawed in 
0.1 M phosphate buffer. Sections of 80-l-I-m thickness were 
cut on a Vibratome (Oxford Instruments) and washed in 0.1 
M phosphate buffer, pH 7.4. 

Immunocytochemical procedure 
The unlabeled antibody peroxidase-antiperoxidase (PAP) 

method (Sternberger et aI., '70) was used to reveal CCK 
immunoreactivity. The procedure of section incubation was 
in the following order and performed at room temperature 
unless otherwise stated: 1 hour in 20% normal goat serum 
(Sigma); 2 x 15-minute washes; overnight at 4 QC in pri
mary antiserum diluted 1:200; 4 x 20-minute washes; 6-
12 hours in goat antirabbit IgG (Miles Laboratories) diluted 
1:40; 4 x 20-minute washes; overnight at 4°e in PAP 
complex (Bioproducts, Ltd.) diluted 1:S0; 2 x 20-minute 
washes; 2 x 15-minute washes in Tris HCl buffer pH 7.4. 

Phosphate-buffered saline (PBS) containing 1 % of normal 
goat serum was used for dilutions of both primary anti-
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serum, and goat antirabbit and for each wash after 
each antisermn. PBS was for PAP dilution. Sections 
were then pre-incubated at room temperature for 30-45 
minutes in 0.5% tetrahydrochloride 
(Sigma) dissolved in 0.05 M Tris HCI buffer, 7.4, fol-
lowed a reaction for 4-6 minutes in the same solution 
but 0.01 % hydrogen peroxide. After washing in 
Tris buffer, sections were postfixed for 1 hour with 1 % OS04 
in 0.1 M phosphate buffer, pH 7.4. Dehydration was per
formed with a series of ethyl alcohols 70%, 95%, and 
100%. Block staining with 1% uranyl acetate for 40 min
utes was done during the 70% ethyl alcohol 

For correlated light and electron 
tions, sections were flat-embedded on slides 
ACM (Fluka) resin and '82). Neurons 
selected for electron were drawn from the 
ml.cnJSC:ODle using a Leitz tube attachment, 
graphed the light microscope, and the areas cOIltalnlng 
the neurons and processes were re-embedded for {'{)l~rp I !'Il-P(1 

electron (Somogyi and '82). The re
embedded neurons and processes were cut serially on an 
ultramicrotome and collected on Formvar-coated single-slot 
(2 x 1 mm) grids, stained with lead citrate, and examined 
with 400T and JEOL 100 B electron ml(~rm'C01Jes. 

Antiserum 
Antiserum to CCK (code No. L112) was raised to the C-

terminal of to bovine 
thyroglobulin, G. Dockray. The characteristics ofthis 
serum have been earlier et al., '81). 

Controls 
SPl8ClllClty of the some sec-

tions were in normal rabbit serum, 1:200, 
in place of the primary antiserum. Serum specificity was 
evaluated by pre-incubating the diluted CCK antiserum 
overnight with CCK-8 10-5 M) before 
the reaction. 

No immunoreactivity was seen in the control sections, 
but reaction endproduct was present over red 

cells and in small granules in the cell bodies of pyra
midal neurons. These places represent endolg-e110l1s 
dase and are not immunoreactive sites. 

RESULTS 
Distribution and characterization of CCK

immunoreactive cells and fibers 
of 80-/lm-thick immunostained 

cells and fibers 
of the hippocampal for-

Cl';K.-D()Sltl'v'e neurons was greater and the 
rl",·nrl, .. ,r"r> 010CA.LLLH.LF, more in col-

cn:lCll!le-lnJ!eC1Cea hippocampus from the cat. For this reason, 
and morphological characteristics of im

munostained neurons were examined in this material. 
no substantial differences were seen between the 

distribution of CCK-immunoreactive cells in nontreated 
hiJ)Pc)CamlJi of cat and rat. 

"'OY~" ... torl by Greenwood et al. ('81) for rat 
hippocampus, most of the CCK-immunoreactive cells in the 
cat hippocampus lie within the stratum and 
radiatum, while fewer cells are scattered in the 
stratum oriens and lacunosum-moleculare 1). In 

the neurons did not appear <;>"',-<;>r'ITc,rl 
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any particular pattern a of CCK-posi
tive cells occurred frequently in the proximal of 
subfield CAl adjacent to the subiculum. 

CCK-positive cells constitute a hetm'o12:enleous population 
that exhibits considerable variations in perikaryal shape 
and size and dendritic arborization. However, three basic 

of cells are commonly encountered and 
,,''''COOJLLH •• U as tufted, bipolar, and . With 

the possible of the which are 
mostly confined to the stratum pyramidale, the other neu-
ronal are out in all hippocampal layers. Tufted 
cells, the most frequently immunostained cell type, 
have ovoidal whose dimensions vary between 6 
and ll/lm 10-12 /lm for minor and axes, respec-

(Fig. 2A). Tufts of dendrites originate either from one 
or, more frequently, from the two of the cell 
body. The dendritic field has an that is 
typically orientated across the borders of the adjacent 
layers. 

The second most common neuronal elements are bipolar 
cells, which are frequently found in the stratum pyramidale 
and at the lower border of the stratum radiatum (Fig. 2B). 
The cells fusiform cell 26 x 13 /lID in aver-

I"\l"lc.yyt-nrl with their axis perpendicular to the 
ofthe alveus. Two trunks arise from 

the tapered ends of the at a short dlstarlce, 
break into a branches ar-
ranged a narrow vertical field. Each main dendrite may 
extend for 300-400 /lm from the perikaryon. The remainder 
of the CCK-immunoreactive neurons have a 

since primary dendrites arise in random 
ion the 2C). The are rounded, 
14-18 /lm in diameter, or markedly in shape, 
with the major diameter of 25 /lm or more (Fig. 2C). The 

dendrites give off secondary branches character
very thick and coarse beads. 

neurons showed dendritic pro
contours and spines were 

Sel':ml,mt of CCK-immunoreac-
tive neurons from of a 

dendrite or directly from (Fig. 2A-
In sections from not treated colchicine 

the main axons were seen pursuing a vertical or horizontal 
off, at some distance from the cell body, a 

HU . .uLl'-''-'~ of fine collaterals. 
Immunoreactive fibers numerous varicosities oc-

curred in all hippocampal with the density 
in stratum pyramidale and CCK-immunostained 
varicosities were found mostly associated with profiles of 
unlabeled perikarya and dendritic shafts of pyrami-
dal neurons, thus the of a prominent 
CCK projection onto cells 3A). strands of 
immunoreactive fibers could be traced next to CCK-
immunoreactive and nonimmunoreactive neurons of differ
ent morphology and size. Such neurons were very fre-
quently contacted fibers forming peri-
cellular upon bodies and dendritic shafts (Fig. 3B). 
This pattern of close of CCK-immunoreactive 
varicosities with different structures is strongly SUJ2;gt~stive 
ofaxosomatic and axodendritic 
below). 

~un.gn1-'1> connections of Cl~h-Ul(nrmllOJ["eaLctive 
cells and boutons 

The main purpose of this part of the is to describe 
the ultrastructm'e and synaptic connection with specific 
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Fig. 1. Camera lucida drawing of a 80-J.tm-thick coronal section of colchi
cine-injected cat hippocampus, incubated in antiserum to CCK. The CCK
positive neurons are indicated by dots. The cells are present throughout the 
subfields and layers of the hippocampus. St. Gr., stratum granulosum; St. 
Lac. Mol., stratum lacunosum moleculare; St. Mol. Dt. Gy., stratum molec
ulare of the dentate gyrus; St. Or., stratum oriens; St. Pyr., stratum pyram
idale; St. Rad., stratum radiatum. Scale = 100 J.tm. 

St.Or. 

St. Pyr. 

St. Rad. 

c 
Fig. 2. Camera lucida drawing of CCK-positive cells selected from the 

section illustrated in Figure 1. They represent the major types of CCK
positive neurons observed in the hippocampus. A Tufted cell in the stratum 
pyramidale of subfield CA1. B. Bipolar cell in the stratum radiatum of 
subfield CA2. C. Multipolar cell in the stratum pyramidale of subfield CA3. 
Arrows point to the axon initial segments identified in the light microscope. 
Scale = 30 /-Lm. 
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target sites of identified CCK-immunoreactive neurons and 
nerve terminals. The following characteristics were exam
ined: (1) CCK-immunoreactive axons originating from local 
neurons and forming contacts with pyramidal neurons or 
with CCK-positive nonpyramidal neurons; (2) CCK-immu
noreactive boutons of unknown origin forming contacts on 
perikarya and dendrites. 

We examined material from hippocampi not injected with 
colchicine. Although in these hippocampi the CCK-immu
noreactive cells were less intensely stained, the immuno
peroxidase reaction end-product was homogeneously 
distributed and revealed fine morphological details-in par
ticular, extensive axonal processes. A total of 19 cells and a 
large number of axonal profiles were studied, all of which 
were in area CA1 in the cat and in areas CA1 and CA2 in 
the rat. 

Synaptic contacts onto pyramidal neurons 
Several CCK-immunoreactive cells in the stratum radia

tum and oriens were found with an axon deep in the stra
tum pyramidale, where the beaded collaterals of the main 
axon ramified among the pyramidal neurons. Two CCK
positive cells, which from light microscopic examination 
could be seen to send their axon collaterals onto the peri-

Fig. 3. Light micrographs of 80-lLm-thick coronal sections of normal cat 
hippocampus, incubated to reveal CCK immunoreactivity. A. The micro
graph shows the association of CCK-immunoreactive varicosities with dif
ferent regio.ns of p~amidal neurons. The varicosities (arrowheads) appear 
to be aSSOCiated WIth the perikarya (P) and an apical dendrite (D). The 
varicosities are connected by a thin axon (arrow) climbing the shaft of the 

karya of pyramidal neurons, were selected for further study 
in the electron microscope. 

The CCK-Iabeled cell illustrated in Figure 4 was situated 
in the upper stratum radiatum of the cat hippocampus. It 
can be classified as a neuron of the bitufted variety with an 
ovoid-shaped perikaryon and with long and short axis of 18 
and 14 /Lm, respectively. The axon initial segment origi
nates from the lower pole of the cell body and, after taking 
a descending course, it branches into several beaded colI at
erals coursing in a tangential and vertical fashion through 
the stratum radiatum (Fig. 4B). Some colIaterals reach the 
stratum pyramidale, then further colIateralize into rows 
studded with varicosities, associated mostly with perikarya 
and proximal dendritic profiles of presumed pyramidal neu
rons (Fig. 4A,B). 

A row of varicosities belonging to a terminal plexus of 
one of the axon collaterals and outlining the perikaryon of 
a pyramidal neuron (Fig. 4A-D) was examined in the elec
tron microscope. Serial sections confirmed that the varicos
ities, four of which are shown in Figure SA, were synaptic 
boutons establishing symmetrical (Gray's type II) contacts 
with a pyramidal neuron (Fig. SB-D). The boutons were 
crowded with clear pleomorphic synaptic vesicles and had 
junctional contacts characterized by postsynaptic densities 

apical dendrite. The immunoreactive varicosities were found to make sym
metrical synapses at the electron microscopic level (not illustrated). B. 
Micrograph showing a CCK-immunoreactive neuron of the stratum lacu
nosum-moleculare of cat hippocampus. The immunoreactive varicosities 
(arrowheads) are connected by axons (arrows) and surround the soma and 
dendrite of the immunoreactive neuron. Scales = 10 /-tm . 
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of almost thickness. The Immllll()pe,ro:K:ld 
action within the axon 

concentrated upon the surfaces of QUn~nTl'{, v,eslclE~S 
and mitochondria. 

In a similar case in the rat, 
reactive nets of boutons in the stratum pyralffil1aaJle 
hlT}pOlca:ml=IUS could traced back to the 

of neuron situated in the 
7A). The immunoreactive neu-

12 in size, and dendrites 
sel?;ITler.lt arises from a 

small on 
with a strau;rht course toward the 

the axon bends into an 
collaterals which remain 

of them 

CL;t\.··lmlmlL1n4[)n~actlv'e boutons of an identified cell 
".,.,.tau.Ut.,.,< cell dendrite 

pr(JCE~SSes, encrusted 
observed times 

the width of the 
Two of them 

case, to a CCK-immunoreactive 
neuron stratum lacunosum-moleculare 

the other case, to an immunoreactive neuron located 
at the bottom the stratum radiatum. The latter neuron 
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dUtm1eters, it is 
'HT'"''' ..... '''''''' with diften:mt deIldrltes, 

the same dendrite. 
not found to be nn,,,,'tcuncn'tu' to any structure 

its entire and its contained syn-
ve1jicJles. it was concluded that it the prox-

imal axon of the neuron . 

.... 'rn~ni'~ ... connections between 
immunoreactive cells 

A between CCK-immunoreactive 
observed in stratum laconosum-moleculare 

stratum radiatum of both cat rat 

ULL'~~'~~' vl;K-D()Sltlve neuron, 16 x 
of a basal a 

alr'eCl~lOl:l, and then descends toward the soma of 
Cl;K"DO:Sltllve cell a rounded cell 

The axon /Lm in caliber) 
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pnl!=lrl:J"PQ into small boutons "en level in order to 
the surface of the L.;Ld:\.-·Dosltlve 

de~;Celtlding course toward the lower 
the stratum lacunosum-moleculare. The immlJ.m)staUllI1lg 
of the axon ceased in the middle of the section, 
nj:>lr'n!:'lnc: due to 

Correlated ultrastructural carried out thl'Ough 
the cell of the CCK-immunoreactive cell shows 
that all the boutons identified 

are vesicle-filled 
Tf"l:r'"fYl,nIT ~Vl'Y1n,pt.r1{'~-tv'np "'111'"'O<OI1 .... "''''·Q with the soma 

neuron was examined 
sections taken thl'oug-h 
boutons rare and nonnnnlUlrlOl~ea,ct]ve 
either or 

at sites 
neuron received 

boutons on the of 

a rI()nn'VY'~lrnHi~ 

mitochondria 
very often associated with dendrites and 

axon, after 
the target ImmllnClre:actlve 
tons"en pa:ssa.nt. 

both clear 

t;t;:K-ilmlnulnOl~ealcti';Te cells "" .... ,,,"1:""',,,,., .. , .... "1:" ..... to 
immunoreactive bOlut{mS 

As r-.------ out in the first section of the "'''C;'''UJL''''', 
Gl;1\-D()Srtlve cells were found to be U1:>1:>UL.J,UI,I;:;U 

CCK-immunoreactive boutons ImpUlglng 
and dendritic shafts. Three micrclsc(mi,cally 

of den
L.;GK-lm]nUnOl·ealctl~le cells of 

the stratum 14). In addi-
tion to m~H{1ng CU'nClnQ£>/J with immunoreactive .no·n.n,,,,T,:\C 

one fiber '-""J"',-"'uc'u,-,u C'<T1'Y1,n-\,OT>"H'a 

one bouton 
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Fig. 6. Camera lucida drawing of a CCK-immunoreactive neuron located 
in the middle portion of the stratum oriens (St. Or.) of area CAl of the rat 
hippocampus. The axon initial segment originates from a small hillock of 
the multipolar cell body (arrowhead) and the axon ascends through the 
stratum oriens. Upon entering the pyramidal layer, the axon takes an 
horizontal course giving off collaterals which then give rise, at almost right 

symmetrical synaptic contact (Fig. 14C). These findings 
further demonstrate the convergence of multiple synaptic 
interaction among CCK-immunostained neurons. Finally, 
a constant finding was a close association of one or two glial 
cells with perikarya and proximal dendrites of CCK-posi
tive neurons (Fig. 14A). 

DISCUSSION 
We have provided direct evidence that CCK-immunoreac

tive cells are involved in intrahippocampal connections with 
different types of neurons and that they have various pat
terns of axonal and synaptic morphology. Our main find-

M.G. NUNZI ET AL. 

angles, to terminal branches. The arborization pattern of the axon through 
the stratum pyramidale (St. Pyr.) is indicated in the schematic drawing. 
The terminal branches form pericellular nets of boutons, around the peri
karya of pyramidal neurons (dotted profiles). The arrow indicates the im
munoreactive process shown in Figure 7B. 

ings can be summarized as follows: (1) CCK-immunoreactive 
neurons are morphologically heterogeneous, with a pre
dominance of three major kinds of neurons: tufted, bipolar, 
and multipolar. (2) All CCK-immunoreactive boutons form 
symmetrical synaptic contacts, very similar to those formed 
by GAD-immunoreactive boutons. (3) Some CCK-immuno
reactive boutons of the above type were shown to originate 
from local neurons. 

Previous accounts on CCK immunoreactivity in cortical 
areas have pointed out that all CCK-positive cells are non 
pyramidal, raising the possibility that differential distri
bution and varying morphology among CCK-containing 
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Fig. 7. A. Light micrograph of a 80-/-tm-thick section of rat hippocampus 
showing the CCK-immunoreactive cell body, axon initial segment (arrow), 
and proximal portion of the axon of the neuron illustrated in figure 6. The 
dark punctate structures around the cell bodies of pyramidal neurons (P) 
represent CCK-immunoreactive varicosities. The framed area encloses the 
pyramidal neurons contacted by the terminal branches of the identified 
axon. B. High-magnification of the area framed in A, showing, at a different 
focal depth, the profiles of two pyramidal neurons (P) associated with the 
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axonal plexus of the CCK-immunoreactive neuron (arrow). C. Low-power 
electron micrograph of one of the two latter pyramidal neurons showing the 
perikaryon (P) and basal dendrite (D) contacted by two CCK-immunoreac
tive boutons CbI> b2). D. High-power electron micrograph of the bouton bI> 
shown in C, in a serial section. The bouton forms symmetrical synaptic 
contacts (arrows) with the perikaryon (P). Note the prominent presynaptic 
dense projections (open arrows). Scales: A = 20 /-tm; B = 10 /-tm; C = 1.5 /-tm; 
D = 0.5/-tm. 



496 

St. Rad . 

st. Py r. 

Fig. S. A. Photomontage of a CCK-immunoreactive neuron situated in 
the lower portion of the stratum radiatum of the cat hippocampus in area 
CA2. A thick dendrite (arrow) arises from the upper surface of the ovoidal 
shaped cell body. A thinner process (open arrow) endowed with strongly 
immunoreactive protrusions and shown in Figure 9 to be an axon is also 

M.G. NVNZI ET AL. 
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evident. The framed area is correlated at the electron microscope level in 
Figure 9A. B. Camera lucida drawing of the neuron in Figure SA. The axon 
initial segment is indicated (open arrow); arrowheads mark axonal varicos
ities in stratum radiatum (St. RadJ Another thin branching process (arrow) 
penetrates the stratum pyramidale (St. PyrJ Scales = 10 ~m. 
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Fig. 9. Electron micrographs illustrating the synaptic connections estab

lished by the process indicated by the open arrow in Figure SA, B. A. 
Micrograph illustrating the framed area in Figure SA. A portion of the 
main shaft of the CCK-positive process enlarges in two swellings (SI and S2) 
containing a large number of small pleomorphic clear vesicles. One swelling 
(SI) is in symmetrical synaptic contact (open arrow) with an unreactive 
irregular profile. The main shaft of the process contains clear vesicles (small 
arrows) and large granulated vesicles (large arrows). Arrowheads indicate 
immunoperoxidase reaction end·product associated with fascicles of neuro-
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tubules. B. Swelling (asterisk) belonging to the same axon is seen making a 
synaptic contact of symmetric type (open arrow) with a small profile. The 
vesicle containing immunostained structme, indicated by the arrow and 
apposed to the apical dendrite (d) of a pyramidal cell, was found to be 
presynaptic to the dendrite (d) in serial sections (D). C. High-power electron 
micrograph showing an immunoreactive enlargement which forms a sym
metric synaptic contact (open arrow). The varicosity contains clear synaptic 
vesicles and a group of large granulated vesicles (arrow). Arrowheads indi
cate the presynaptic dense projections. Scales = 0.5 JLm. 



498 

• 

I 

Fig. 10. Light micrograph of a 80-,um-thick section showing CCK-immu
noreactive neurons (SI and S2) connected by the axon (arrows) of a multipolar 
CCK-immunoreactive cell (SI) in area CA2 of the rat hippocampus. The 
origin of the axon is indicated by the large arrowhead. Four boutons "en 
passant" of the multipolar cell axon are apposed to the soma of the target 

cells may reflect differences in postsynaptic targets as well 
as in functions (Kbhler and Chan-Palay, 'S3; Peters et al., 
'S3). In particular, it has been suggested that in the neocor
tex the multipolar and bitufted CCK-immunoreactive cells 
have an inhibitory function (Peters et al., 'S3), by analogy 
with the same type of neurons studied in Golgi-electron 
microscopic studies in the rat visual cortex (Peters and 
Fairen, '7S; Peters and Proskauer, 'SO). Some cortical mul
tipolar and bitufted neurons have been shown to give rise 
to axon terminals with symmetrical membrane specializa
tions, some of which, as shown by Ribak ('7S) in the visual 
cortex, are similar to axon terminals immunoreactive for 
glutamate decarboxylase (GAD). 

Our findings confirm previous reports on the structure of 
CCK neurons (Greenwood et al., 'SI; Peters et al., 'S3). 
Thus, ultrastructural analysis has shown that axon termi
nals either arising from multipolar and tufted CCK-posi
ti ve cells or from unknown origin contain pleomorphic 
vesicles and make symmetrical synaptic contacts irrespec
tive of the postsynaptic target. The synaptic contacts are 
associated with perikarya and dendrites of pyramidal and 
nonpyramidal neurons, as already reported for monkey and 
rat neocortex (Hendry et al., 'S3a). Unfortunately, we could 
not trace axons from bipolar CCK-immunoreactive neurons 
in spite of their abundance in all hippocampal layers. Some 
of the bipolar neurons found in the visual cortex were 
shown to form asymmetrical, possibly excitatory, synapses 
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cell (bl, b2, b3 , b4). CCK-immunoreactive varicosities appear also in contact 
with the soma and dendritic shaft of the afferent neuron (small arrowheads). 
The diagram indicates the positions of the two CCK-positive neurons (dots) 
in the upper stratum lacunosum-moleculare of the rat hippocampus. Scale 
= lO,um. 

with somata and dendrites of nonpyramidal cells (Peters 
and Kimerer, 'SI). The most likely explanation, as already 
suggested by Hendry et al. ('S3a), is that two or more 
populations of neurons with bipolar morphology may exist, 
since our findings indicate that the axonal boutons contain-

Fig. 11. A-D. Micrographs illustrating the synaptic connections of the 
target CCK-positive neuron shown in Figure 10. A. High-power light micro
graph showing the CCK-immunoreactive perikaryon (S2), the descending 
portion of the axon (arrow), and the associated boutons (small arrows). The 
framed area encloses a portion of the main axon, which gives rise to a short 
side branch (arrowhead). The axon , perikaryon , and boutons b1 and b4 are 
seen at the ultrastructural level in B-C and D. F. The low-power electron 
micrograph illustrates the perikaryon (S2) of the CCK-immunoreactive cell, 
almost filled by the ovoidal nucleus. The boundary of the perikaryon is 
underlined by dots. The cell is approached by the immunoreactive axon 
(arrow) of the multipolar neuron. Upon reaching the cell body it swells into 
a bouton (bl). C,D. High-power electron micrographs of boutons bl and b4 . 

The boutons contain clear pleomorphic synaptic vesicles and make sym
metrical-type synapses with the membrane of the CCK-immunoreactive cell 
body. E. Nonimmunoreactive axon terminals (arrows) containing pleo
morphic vesicles are in synaptic contact with the same cell. One of the axon 
terminals has an asymmetrical thickening at the junctional site (arrow
head). F. The framed area shown in A is shown at the electron microscopic 
level. The side branch of the main axon (large arrowhead) makes a sym
metrical synapse with a small nonimmunoreactive profile (small arrow
head) containing a large mitochondria and a multivesicular body. The 
axoplasm contains clear nonreactive vesicles of different size and shape 
(open arrows) and occasional granulated immunoreactive vesicles (arrow). 
Scales: A = 5 ,um; B = 2 ,um; C-F = 0.5 ,um. 
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Figure 12 
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