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ABSTRACT
Neurocalcin (NC) is a recently described calcium-binding
protein isolated and characterized from bovine brain. NC belongs to the
neural calcium-sensor proteins defined by the photoreceptor cell-specific
protein recoverin that have been proposed to be involved in the regulation
of calcium-dependent phosphorylation in signal transduction pathways.
We analyzed the distribution and morphology of the NC-immunoreactive
(IR) neurons in the rat dorsal hippocampus and the coexistence of NC with
GABA and different neurochemical markers which label perisomatic
inhibitory cells [parvalbumin (PV) and cholecystokinin (CCK)], midproximal dendritic inhibitory cells [calbindin D28k (CB)], distal dendritic
inhibitory cells [somatostatin (SOM) and neuropeptide Y (NPY)], and
interneurons specialized to innervate other interneurons [calretinin (CR)
and vasoactive intestinal polypeptide (VIP)]. NC-IR cells were present in
all layers of the dentate gyrus and hippocampal fields. In the dentate gyrus,
NC-IR cells were concentrated in the granule cell layer, especially in the
hilar border, whereas in the CA fields they were most frequently found in
the stratum radiatum. NC-IR cells were morphologically heterogeneous
and exhibited distinctive features of non-principal cells. In the dentate
gyrus, pyramidal-like, multipolar and fusiform (horizontal and vertical)
cells were found. In the CA3 region most NC-IR cells were multipolar, but
vertical and horizontal fusiform cells also appeared. In the CA1 region,
where NC-IR cells showed most frequently vertically arranged dendrites,
multipolar, bitufted and fusiform (vertical and horizontal) cells could be
distinguished. All the NC-IR cells were found to be GABA-IR in all
hippocampal layers and regions, and they represented about 19% of the
GABA-positive cells. NC/CB, NC/CR and NC/VIP double-labeled cells
were found in all hippocampal regions, and represented 29%, 24% and
18% of the NC-IR cells, respectively. NC and CCK did not coexist in the
dentate gyrus; however, 9% of the NC-IR cells in the CA fields also
contained CCK. No coexistence of NC with PV, SOM or NPY was found in
any hippocampal region.
We conclude that NC is exclusively expressed by interneurons in the rat
hippocampus. NC-IR cells are a morphologically and neurochemically
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heterogeneous subset of GABAergic non-principal cells,
which, on the basis of the known termination pattern of
the colocalizing markers, are also functionally heterogeneous and are mainly involved in feed-forward dendritic inhibition in the commissural-associational and
Schaffer collateral termination zones (CB containing
cells), in innervation of other interneurons (CR- and
VIP-containing cells), and in perisomatic inhibition
(CCK-containing cells). NC is never present in perisomatic inhibitory PV-containing cells, or in feed-back
distal dendritic inhibitory SOM/NPY-containing cells.
Hippocampus 1998;8:2–23. r 1998 Wiley-Liss, Inc.
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INTRODUCTION
The hippocampus is composed of two major classes of
neurons: excitatory principal cells and GABAergic inhibitory non-principal cells (interneurons). Principal cells in
each hippocampal region, i.e., granule cells in the
dentate gyrus and pyramidal cells in the Ammon’s horn,
are morphologically and functionally homogeneous neuronal populations. In contrast, inhibitory interneurons
include a wide variety of cells with distinct somatodendritic and axonal termination patterns (Freund and
Buzsáki, 1996).
Combined morphological and electrophysiological
studies have shown that interneurons with different
termination patterns are responsible for diverse inhibitory processes in the hippocampus (Lacaille et al., 1987;
Lacaille and Schwartzkroin, 1988a,b; Buzsáki et al.,
1992; Gulyás et al., 1993a,b; Soltész and Deschenes,
1993; Buhl et al., 1994; McBain et al., 1994; Bragin et
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al., 1995; Buckmaster and Schwartzkroin, 1995; Cobb et al.,
1995; Sik et al., 1995; Miles et al., 1996). Some calcium binding
proteins, as well as some neuropeptides, have been shown to be
neurochemical markers differentially expressed by subsets of
GABAergic hippocampal interneurons with distinct termination
patterns. Thus, the immunocytochemical detection of certain
calcium-binding proteins and neuropeptides is a powerful tool for
classification of hippocampal interneurons (Freund and Buzsáki,
1996). Hippocampal interneurons fall into three basic categories
with regard to their termination pattern. The first type includes
interneurons which contact principal cells in the perisomatic
region (basket and axo-axonic cells)(Somogyi et al., 1983, 1985;
Soriano and Frotscher, 1989; Soriano et al., 1990; Gulyás et al.,
1993a; Buhl et al., 1994), and have effect on the timing and
repetitive firing of sodium-dependent action potentials of pyramidal cells (Cobb et al., 1995; Miles et al., 1996). The calcium
binding protein parvalbumin (PV) and the neuropeptide cholecystokinin (CCK) are present in two non-overlapping subsets of
perisomatic inhibitory cells, the former including both basket and
axo-axonic cells (Kosaka et al., 1987; Katsumaru et al., 1988;
Nitsch et al., 1990; Soriano et al., 1990), and the latter consisting
exclusively of basket cells (Gulyás et al., 1991; Acsády et al.,
1996a). Interneurons included in the second type contact the
dendritic domain of principal cells in conjunction with different
excitatory afferents (Gulyás et al., 1993a,b; Han et al., 1993; Buhl
et al., 1994; Sı́k et al., 1995; Gulyás and Freund, 1996) and may
be involved in regulation of calcium-dependent dendritic electrogenesis (Miles et al., 1996). Within the interneurons belonging to
the second type, the calcium binding protein calbindin D28k
(CB) is present in a subset of interneurons innervating the
mid-proximal dendrites of pyramidal cells, whereas the neuropeptides Y (NPY) and somatostatin (SOM) have been found in cells
innervating the distal dendritic portion of granule and pyramidal
cells (Köhler et al., 1986; Deller and Léránth, 1990; Léránth et al.,
1990; Buckmaster et al., 1994; Sı́k et al., 1995, 1997; Gulyás and
Freund, 1996; Katona et al., 1996). The third group is specialized
to innervate other interneurons, and the majority of vasoactive
intestinal polypeptide (VIP)- and calretinin (CR)-containing cells
belong to this group (Acsády et al., 1996b; Gulyás et al., 1996;
Hájos et al., 1996). They may be involved in the high-frequency
population oscillations and/or disinhibition of principal cells
(Müller and Misgeld, 1990; Michelson and Wong, 1991; Buzsáki
and Chrobak, 1995; Whittington et al., 1995).
Neurocalcin (NC)(molecular weight 23-24 kDa, pI 5.3-55) is a
recently described calcium-binding protein with three EF-hand
domains (Terasawa et al., 1992; Nakano et al., 1992), which
belongs to the neural calcium-sensor proteins defined by the
photoreceptor cell-specific protein, recoverin. NC has been
isolated and characterized from bovine brain, where four isoforms
of NC have been identified (Terasawa et al., 1992). However, its
precise function is poorly understood and its localization has not
been studied extensively. Immunoblot analysis demonstrated that
NC is present in olfactory bulb, cerebrum, cerebellum, brainstem,
spinal cord, retina, pituitary and adrenal glands (Bastianelli et al.,
1993; Nakano et al., 1992,1993; Hidaka and Okazaki, 1993).
Immunohistochemical studies have shown NC-immunoreactivity
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in amacrine and ganglion cells of the bovine retina (Nakano et al.,
1992), in tufted, periglomerular, Van Gehuchten’s and Cajal’s cells
of the rat olfactory bulb (Bastianelli et al., 1993; Porteros et al.,
1996), in neurons of the posterior horn of the spinal cord and
dorsal root ganglia (Okazaki et al., 1994), in receptor cells of the
olfactory epithelium and vomeronasal organ (Bastianelli et al.,
1995; Iino et al., 1995a), in neurons of the spiral and vestibular
ganglia, and in sensory epithelial cells of the vestibular end organs
(Iino et al., 1995b).
Some recoverin-like neural calcium-sensor proteins have been
found in hippocampal principal cells; e.g., hippocalcin and
NCS-1 have been found in hippocampal pyramidal cells (Kobayashi et al., 1992; Schaad et al., 1996), and visinin-like protein
(VILIP) and neural visinin-like Ca (21)-binding protein 2
(NVP2) have been found in dentate granule cells and hippocampal pyramidal cells (Saitoh et al., 1994; Lenz et al., 1996).
The aim of the present study is to analyze the distribution and
morphology of NC-containing neurons in the rat dorsal hippocampus. In addition, in order to characterize the chemical nature of
NC-IR cells, the coexistences of NC with GABA and different
neurochemical markers for perisomatic inhibitory cells (PV and
CCK), dendritic inhibitory cells (CB, SOM, and NPY), and
interneurons specialized to innervate other interneurons (CR and
VIP) were also analyzed. A preliminary account of these results has
been published elsewhere (Martı́nez-Guijarro et al., 1996).

MATERIALS AND METHODS
Twelve male Wistar rats (275-300 g; Harlan Interfauna Iberica,
Barcelona, Spain) were deeply anaesthetized with ketamine (Ketolar, 50 mg/kg body weight) and perfused through the heart first
with saline and then with a phosphate-buffered (PB; 0.1 M, pH
7.4) fixative containing either 4% paraformaldehyde and 0.2%
picric acid for morphological study and colocalization analysis of
NC with CCK, SOM and VIP, or 3% paraformaldehyde, 0.2%
picric acid, and 0.3% glutaraldehyde for morphological analysis
and colocalization analysis of NC with GABA, PV, CB, CR and
NPY.
Brains were removed from the skull and coronal sections (50
mm thick) were cut from the dorsal hippocampus on a vibratome
(VT 1000E, Leica, Spain) and kept in sequence.
Alternatively, 400 mm thick coronal slabs were obtained,
dehydrated in an ascending ethanol series, and flat embedded in
Durcupan (ACM, Fluka AG, Switzerland) between acetate sheets.
After polymerization, slabs were reembedded and serial semithin 1
mm sections were mounted alternately on gelatin-coated slides.

Immunostaining and Coexistence Analysis
Free-floating vibratome sections
Following extensive washes in PB, sections were treated with
1% NaBH4 in PB for 30 minutes, and washed again thoroughly in
PB. Adjacent 50 mm thick free-floating vibratome sections were
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first immersed in 10% normal goat serum (NGS) for 1 h, and
then incubated to reveal different antigens in one of the following
antisera: rabbit anti-NC (1:10,000; Nakano et al., 1992), rabbit
anti-CB (1:15,000; SWant, Bellinzona), rabbit anti-CR (1:8,000,
SWant, Bellinzona; Schwaller et al., 1993), rabbit anti-CCK
(1:1,000; Incstar), rabbit anti-SOM (1:20,000; Lantos et al.,
1995), or rabbit anti-VIP (1:10,000; Gulyás et al., 1990).
Incubation in primary antisera was carried out for 2.5 days at 47C.
Then the sections were incubated in biotinylated goat anti-rabbit
IgG (1:200, Vector) for 3 h at room temperature followed by
avidin-biotinylated horseradish peroxidase complex (1:100, ABC
standard kit, Vector, Burlingame, CA) for 2 h at room temperature. PB containing 1% NGS and 0.1% Triton X-100 was used
for washing and antisera dilutions. For some series of sections,
devoted exclusively to morphology analysis, 0.5% Triton X-100
was used to enhance NC antiserum penetration. The immunoperoxidase reaction was developed using 0.05% 3,38-diaminobencidine-4HCl (DAB) as a chromogen. After immunostaining the
sections were treated with 0.5% osmium tetroxide for 30 min,
dehydrated in ethanol, and flat-embedded in Durcupan.
The coexistence of NC and any of the other antigens in the
same cell was analyzed using the mirror technique described by
Kosaka et al. (1985). Immunoreactive perikarya cut in half at the
surface of the sections, as well as nearby capillaries, were drawn
with the aid of a camera lucida using a 3100 oil immersion
objective. The other half of the immunoreactive somata were
located on the matching surface of the adjacent section (incubated
for the other antigen) using the capillaries as landmarks. Some
double-labeled cells were partially reconstructed from section
pairs and used for morphological characterization of the double
labeled cells.

Semithin plastic sections
Post-embedding immunostaining of consecutive 1 mm semithin plastic sections was used for colocalization studies of NC with
GABA, PV, CB, CR, and NPY. The resin was removed by
treatment with sodium ethoxide, and the sections were hydrated,
treated with 1% NaBH4 in PB for 15 min, and incubated at room
temperature to reveal different antigens, first in 10% normal goat
serum (NGS) for 1 h, and then in one of the following antisera:
rabbit anti-NC (1:1,000; Nakano et al., 1992), rabbit anti-GABA
(1:2,000; Sigma), rabbit anti-CB (1:1,000; SWant, Bellinzona),
rabbit anti-CR (1:1,000, SWant, Bellinzona; Schwaller et al.,
1993), or rabbit anti-NPY (1:1,000; Csiffáry et al., 1990).
Incubation in primary antisera was performed overnight. Then
the sections were incubated in biotinylated goat anti-rabbit IgG
(1:200, Vector) for 1 h followed by avidin-biotinylated horseradish peroxidase complex (1:100, ABC standard kit,Vector) for 1 h.
PB containing 1% NGS and 0.1% Triton X-100 was used for
washing and antisera dilutions. The immunoperoxidase reaction
was developed using 0.05% 3,38-diaminobencidine-4HCl (DAB)
as a chromogen. After immunostaining the sections were treated
with 0.01% osmium tetroxide for 1 min to enhance DAB
staining, dehydrated in ethanol, cleared in xylene, and coverslipped with Eukitt.

Using camera lucida drawings of the sections, all the NC-IR
cell bodies were plotted and their immunoreactivity for any of the
different neurochemical markers was analyzed in the adjacent
section.
The specificity of the primary antisera used in this study was
tested by the companies and laboratories of origin (see references
above). Immunocytochemical controls included the substitution
of the primary antisera by normal rabbit serum, which resulted in
a complete loss of immunostaining of neuronal structures in all
cases. In addition, for NC immunoreactivity control, incubations
with NC antiserum preadsorbed with native bovine neurocalcin
in excess were also performed, and no immunostaining was
observed under this condition.
Data shown in Tables 1-6 derive from direct counting of
immunoreactive somata in semithin sections or at the cut surfaces
of vibratome sections. Thus, these data have to be considered as
semi-quantitative since no stereological correction was performed.

RESULTS
Laminar Distribution and Morphology
of NC-IR Cells
NC-immunoreactivity was found exclusively in neurons. Cell
bodies and dendrites were immunostained and, in 1 mm semithin
sections, a substantial accumulation of NC immunoreactivity was
seen associated to cell membranes (see Figs. 6,7,10). However,
neither axonal arborizations nor terminal fields of immunoreactive boutons were stained strong enough to be clearly visualized.
Moreover, the whole extent of the dendritic tree was not revealed,
due to poor penetration of the antiserum (in spite of detergent
treatment and prolonged incubation time). This situation was
specially remarkable for small cells located in the molecular layer
of the dentate gyrus and in the stratum lacunosum-moleculare of
the CA1 region, where NC-IR cell bodies frequently appeared
devoid of stained dendrites or only very short portions of
emerging dendrites were observed. Therefore, the cells were
grouped considering their major dendritic orientation and cell
body shape. NC-IR cells were diverse in size and morphology, but
all of them exhibited the location and general morphological
features characteristic of non-principal cells. NC-IR perikarya
were present in all layers of the dentate gyrus and hippocampal
subfields (Fig. 1).
In the dentate gyrus (Figs. 2,3) NC-IR cells were concentrated
in the granule cell layer (70.7%), especially in the hilar border,
being less abundant in the hilus (18.4%) and in the molecular
layer (10.9%)(Table 1). In the granule cell layer of the dentate
gyrus, typical pyramidal-like neurons were found. Their mediumlarge pyramidal shaped cell body was located in the hilar border of
the granule cell layer or just beneath it. They bore a single apical
dendrite which crossed the granule cell layer, but only in a few
cases could it be followed further in the molecular layer. In
addition, they showed two to four basal dendrites which run
parallel to the granule cell layer or extended into the hilus.
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FIGURE 1.
Camera lucida drawing from a coronal section of the
rat dorsal hippocampus, showing the distribution of NC-IR cells.
Dots represent cell bodies cut in half at both surfaces of a single
vibratome section. Dashed lines mark the borders of the different

layers on each hippocampal subfield. DG, dentate gyrus; CA1, CA1
region; CA3, CA3 region; g, granule cell layer; h, hilus; l, stratum
lucidum; lm, stratum lacunosum-moleculare; o, stratum oriens; p,
stratum pyramidale; r, stratum radiatum. Scale bar: 200 mm.

Horizontal fusiform cells were found in the hilar border of the
granule cell layer. They extended horizontally running dendrites
which usually remained in the subgranular zone, but occasionally
were seen to curve and, after crossing the granule cell layer, run
into the molecular layer. Horizontal fusiform cells were also
observed deeper in the hilus and also in the molecular layer near
the hippocampal fissure. Vertical fusiform and multipolar cells
were found in the molecular layer, hilar region, and occasionally in
the granule cell layer.
In the CA3 region, NC-IR cells were scarce in the CA3c
increasing their number towards the CA3a-b. The largest numbers
of NC-IR cells were found in the stratum radiatum (52%)
followed by the strata pyramidale (17.7%) and lucidum (16.5%).
A small proportion of NC-IR cells was found in the stratum
oriens (10.1%) and they were rare in the stratum lacunosummoleculare (3.6%)(Table 1). In the CA3 region (Figs. 2,4), most
NC-IR cells were multipolar with their cell bodies located at any
layer and their dendrites sometimes extending through different
layers. In addition, fusiform cells with vertically oriented dendrites
crossing different layers or with horizontally arranged dendrites
nearly restricted to a single layer were observed in the strata
lucidum, radiatum and lacunosum-moleculare.
In the CA1 region no evident clustering or differences in the
distribution of NC-IR cells were found along the transverse axis.
In this area NC-IR cells were most frequently found in the
stratum radiatum (41.6%) followed by the stratum pyramidale
(33%), and were present at lower rates in the strata lacunosummoleculare (18.5%) and oriens (6.9%)(Table 1).
In the CA1 area (Figs. 2,5), NC-IR cells showed most
frequently vertically arranged dendrites. Nevertheless, neurons
with horizontally running dendrites could be observed in all

layers. The most frequent NC-IR cells in the CA1 were multipolar
neurons. They occurred in all layers, but were most abundant in
the stratum radiatum with the cell body located at any level inside
the layer. In the strata radiatum, pyramidale and oriens, multipolar NC-IR cells showed a predominant radial dendritic orientation, independently of the initial disposition of the proximal
dendrites. Multipolar cells located in the stratum lacunosummoleculare were scarce, and usually showed their dendrites mostly
restricted to this layer. Bitufted cells were found in the strata
pyramidale and radiatum, with radially running dendrites, sometimes crossing several layers and entering the stratum lacunosummoleculare. Fusiform cells with horizontal or vertical polarization
were observed. Vertical fusiform cells had their cell bodies located
in the strata radiatum, pyramidale, or occasionally oriens, and
extended radially oriented dendrites which were sometimes seen
to enter the stratum lacunosum-moleculare. Horizontal fusiform
cells were most frequently found in the stratum radiatum/
lacunosum-moleculare border and in the stratum lacunosummoleculare proper, but they were also occasionally detected in the
stratum oriens.

Colocalization Studies
Due to the lack of consistent axonal staining with NC
antiserum, in order to establish the possible termination pattern of
NC-containing cells, colocalization studies were performed with
neurochemical markers that label functionally and morphologically distinct subsets of GABAergic interneurons and with GABA
itself. Immunostaining of consecutive 1 mm semithin plastic
sections and/or the mirror technique were used to determine the
degree of coexistence and the morphology (when possible) of the
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FIGURE 2.
Composite camera lucida drawing of NC-IR cells in
the different regions of the hippocampus. Multipolar (1), horizontal
fusiform (2), and vertical fusiform (3) cells were found in all
hippocampal regions. In addition, pyramidal-like (4) and bitufted
(5) cells were found in the dentate gyrus (DG) and CA1 region
respectively. The cells are drawn in the same location where they
appeared in the immunostained sections. The composition represents

morphology and position, but not the density or frequency of
appearance of the NC-IR cell types. Stippled lines represent the
borders of the different layers on each hippocampal subfield. Dashed
line marks the border between CA1 and CA3 regions. g, granule cell
layer; h, hilus; l, stratum lucidum; lm, stratum lacunosummoleculare; o, stratum oriens; p, stratum pyramidale; r, stratum
radiatum. Scale bar: 200 mm.

double-labeled cells. The distribution of cell bodies immunoreactive for GABA and the different neurochemical markers used in
this study were similar to those previously described in the rat
hippocampus and dentate gyrus (Freund and Buzsáki, 1996).

of the NC-IR cells in the CA3-1 regions colocalize CCK (Table
3). In the DG, in spite of the highly similar morphology of the
NC- and CCK-IR cells, many of which showed characteristic
shape of pyramidal-like cells, no colocalization was observed.
However, about 13% and 5% of the NC-IR cells were CCK-IR in
the CA3 and CA1 regions respectively, and they were multipolar
in all cases. In the CA3 area, double-labeled cells were found in the
strata radiatum (70%) and oriens (30%), whereas in the CA1 area,
double-labeled cells were found exclusively in the stratum radiatum.

Coexistence of NC with GABA
The distribution and morphology of the NC-IR cells strongly
suggested that they were GABAergic neurons. To address this
possibility, consecutive 1 mm semithin plastic sections were
immunostained for NC and GABA (Fig. 6). The analysis
demonstrated that all the NC-IR cells analyzed (n 5 454) were
also GABA-IR in all hippocampal layers and regions, and they
showed medium-strong GABA-immunoreactivity. They represented about 19% of GABA-positive cells in the same areas (n 5
2,382), with little regional variation (Table 2).

Colocalization of NC with markers of perisomatic
inhibitory cells (PV, CCK)
PV and CCK are markers for distinct subsets of perisomatic
inhibitory cells. To analyze the degree of coexistence of NC with
PV (Fig. 7) and CCK (Fig. 8), immunostaining of consecutive 1
mm semithin plastic sections and the mirror technique were used
respectively. The coexistence analysis showed that NC-IR cells
never contain PV (100 NC-IR cells analyzed per region), and 9%

Colocalization of NC with markers of dendritic
inhibitory cells (SOM, NPY, CB)
SOM, NPY, and CB label inhibitory interneurons which
innervate the dendritic domain of principal cells. However,
whereas SOM and NPY cells innervate the distalmost dendritic
segments, CB cells project to the mid-proximal dendrites of
principal cells (Gulyás and Freund, 1996). Colocalization analysis
(75 NC-IR cells per region) showed no coexistence at all of NC
with SOM or NPY at any hippocampal region (Fig. 9). In
contrast, about 29% of all the NC-IR cells in the hippocampus
were shown to be positive for CB, with a higher proportion in the
CA3 area (40.6%) compared to the DG (30.1%) or the CA1
(22.1%) regions (Table 4) (Fig. 10). In the DG, most double-
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FIGURE 3.
NC-IR cells in the dentate gyrus (DG). g, granule
cell layer; h, hilus; m, molecular layer. A: Microphotograph showing
NC-IR cells in the granule cell layer hilar border and hilus. Note the
presence of a typical pyramidal-like cell (arrow). Scale bar: 25 mm. B:
Survey of the dentate gyrus showing several NC-IR cells (arrows)

scattered throughout the molecular layer. Several cells can also be
seen in the granule cell layer hilar border (arrowheads). Scale bar: 25
mm. C,D: Microphotograph of a multipolar (C) and a vertical
fusiform (D) NC-IR cell of the molecular layer. Scale bar: 25 mm.

labeled cells were located in the granule cell layer (89.2%),
preferentially on its hilar border, and only a few of them were
found in the hilus (10.8%), whereas no double-labeled cells were
detected in the stratum moleculare. The CB immunoreactivity
exhibited by the granule cells and the mossy fibers made difficult
the morphological characterization of the double-labeled cells
using the mirror technique in thick sections. However, in those
cases in which the analysis was possible, horizontal bipolar NC-IR
cells located in the hilus and hilar border of the granule cell layer,
and, most frequently, pyramidal-like cells were also CB-IR.
Double-labeled NC/CB pyramidal-like cells represented about 45%
(nine of 20) of the NC-IR pyramidal-like cells in the dentate gyrus.
In the CA3 region, NC/CB double-labeled cells usually
corresponded to multipolar cells. They were most frequently

found in the stratum radiatum (77.8%), and at a lower proportion
in the stratum lucidum (16.7%), being rare in the strata
pyramidale (3.7%) and lacunosum-moleculare (1.8%). No doublelabeled cells were found in the stratum oriens.
In the CA1 region, most of the double-labeled cells were
detected in the stratum radiatum (64.7%). They usually corresponded to multipolar cells, and were preferentially located in the
upper half of the layer, with dendrites extending in the stratum
radiatum. In addition, some bitufted and vertical fusiform cells
also showed immunoreactivity for both NC and CB. All these
cells usually had dendrites coursing in the stratum radiatum or
even reaching the stratum oriens, but they usually did not extend
into the stratum lacunosum-moleculare. About 23.5% of the
NC/CB double-labeled cells were found in the stratum lacunosum-
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TABLE 1.
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Laminar Distribution of NC-IR Cells

Dentate gyrus
Molecular layer
Granule cell layer
Hilus
Total
CA3 Region
Str. lac.-mol.
Str. radiatum
Str. lucidum
Str. pyramidale
Str. oriens
Total
CA1 Region
Str. lac.-mol.
Str. radiatum
Str. pyramidale
Str. oriens
Total

N of NC1 cells

% of NC cells

28
181
47
256

10.9
70.7
18.4
<100

9
129
41
44
25
248

3.6
52.1
16.5
17.7
10.1
<100

81
182
144
30
437

18.5
41.6
33.0
6.9
<100

Data taken from 24 semithin sections belonging to four animals.

moleculare. Many of them had their cell body located close to the
border with the stratum radiatum. Using the mirror technique,
these cells were shown to have horizontal fusiform cell bodies and
extend their dendrites in the strata lacunosum-moleculare and
radiatum. Double-labeled cells were found at a lower proportion
in the stratum pyramidale (9.8%), corresponding to multipolar or
bitufted cells, and were rare in the stratum oriens (2%) where they
showed multipolar morphology.

Colocalization of NC with markers of interneurons
specialized to innervate other interneurons
(CR, VIP)
Most CR- and VIP-IR cells have been recently shown to
selectively innervate other GABAergic interneurons in the dentate
gyrus and hippocampus (Acsády et al., 1996b; Gulyás et al., 1996;
Hájos et al., 1996).
The population of NC-IR cells which also contained CR (Fig.
10) represented 24.2% of all the NC-positive cells, with a slightly
higher proportion in the DG (25.6%) and CA1 (26.2%) areas
than in the CA3 region (19.1%)(Table 5). In the DG, doublelabeled cells were most frequently found in the hilar region
(44.1%), followed by the granule cell layer (35.3%) and the
molecular layer (20.6%). In the hilus, NC/CR double-labeled
cells corresponded to fusiform (both horizontal and vertical) or
multipolar cells, with dendrites that sometimes were seen to cross
the granule cell layer and enter the stratum moleculare. In the
granule cell layer, double-labeled cells could be found within the
layer, corresponding to small fusiform cells, or most frequently in

the hilar border where they usually corresponded to horizontal
bipolar cells, but occasionally they showed morphology of
pyramidal-like cells. Nevertheless, the latter represented a low
proportion of the NC-containing pyramidal-like cells (two of 21).
In the molecular layer, multipolar and vertical fusiform doublelabeled cells were found.
In the CA3 area, double-labeled cells usually were multipolar.
They were most frequently found in the stratum pyramidale
(59.1%), but they also appeared in the strata lucidum (22.7%)
and radiatum (13.6%), being rare in the stratum lacunosummoleculare (4.5%). No double-labeled cells were detected in the
stratum oriens.
In the CA1 area, NC/CR double-labeled cells were most
abundant in the strata pyramidale (51.9%) and radiatum (37%),
where they showed vertical fusiform, bitufted or multipolar
morphologies, with dendrites running radially and sometimes
reaching the stratum lacunosum-moleculare and the stratum
oriens. Double-labeled cells were occasionally found in the
stratum lacunosum- moleculare (5.5%) or in the stratum oriens
(5.5%). Using the mirror technique, some CR-IR cells also
containing NC were sometimes found to stablish dendrodendritic contacts, a typical characteristic of the CR-IR cells
(Gulyás et al., 1992, 1996).
About 18% of the NC-IR cells contained VIP (Fig. 11), with a
higher proportion in the DG (20%) and CA1 (21%) than in the
CA3 region (11.5%)(Table 6). In the DG, the number of
NC/VIP double-labeled cells was slightly higher in the granule
cell layer (35.3%) and hilus (35.3%) than in the molecular layer
(29.4%). Double-labeled cells in the molecular layer showed
vertical fusiform morphology. In the hilus, double-labeled cells
were multipolar or vertical fusiform with dendrites sometimes
crossing the granule cell layer. Double-labeled cells in the granule
cell layer corresponded to pyramidal-like cells or horizontal
fusiform cells with dendrites running in the subgranular zone,
sometimes turning and crossing the granule cell layer, and
reaching the molecular layer.
In the CA3 region, NC/VIP double-labeled cells were scarce
and most of them were found in the strata radiatum (44.4%) and
lucidum (44.4%) and only a reduced proportion was located in
the stratum pyramidale (11.1%). No double-labeled cells were
found in the strata oriens or lacunosum-moleculare. In those cases
in which the morphology of the double-labeled cells could be
analysed, they were identified as multipolar or vertical fusiform
cells.
In the CA1 region, NC/VIP double-labeled cells were found in
all layers, although they were less frequently found in the stratum
oriens (9%) than in the strata lacunosum-moleculare (27.3%),
radiatum (31.8%), or pyramidale (31.8%). Double-labeled cells
located in the stratum lacunosum-moleculare usually had their
dendrites restricted to that layer, whereas cells in the strata
radiatum or pyramidale, typified as vertical fusiform or bitufted
cells, had occasionally very long dendrites extending throughout
all layers.

____________________________________________________

FIGURE 4.
NC-IR cells in the CA3 region. l, stratum lucidum; o,
stratum oriens; p, stratum pyramidale; r, stratum radiatum. Scale bar:
25 mm. A,B,C: Microphotographs showing NC-IR cells in different
layers of the CA3 region. IR cells are multipolar or fusiform. In C,

DISCUSSION
The major finding of this study is that in the dorsal hippocampus of the rat, NC is expressed by a morphologically heterogenous
population of interneurons, which are located in all hippocampal
fields and layers and are all of them GABAergic. The NC-IR cells
are also neurochemically heterogeneous, and they partially colocalize CB, CR, VIP, and CCK, but never PV, SOM, or NPY.
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two NC-IR cells located in stratum lucidum can be seen. One of them
(large arrow) shows horizontal dendrites in stratum lucidum (small
arrows). The other cell (arrowhead) shows vertically arranged dendrites (small arrows).

NC Is Present in GABAergic Interneurons
The distribution of the NC-IR cells, their morphological
features, and the direct evidence of their GABAergic nature,
provided by the colocalization analysis of the present study, clearly
demonstrate that they are GABAergic non-principal cells. Moreover, the consistent GABA immunoreactivity exhibited by the
NC-positive cells suggests that they are most likely short-axon
neurons, since GABAergic cells with distant projections have
somatic GABA-levels usually below the immunocytochemical
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FIGURE 5.
NC-IR cells in the CA1 region. l, stratum lucidum;
lm, stratum lacunosum-moleculare; o, stratum oriens; p, stratum
pyramidale; r, stratum radiatum. Scale bar: 25 mm. A: Microphotograph showing NC-IR cells (arrows) in different layers of the CA1
region. B: Microphotograph of two horizontal fusiform NC-IR cells
(arrows) located in stratum lacunosum-moleculare. C,D: Microphotographs of large multipolar NC-IR cells (arrow) located in stratum

radiatum of the CA1 region. E: Large fusiform cell with vertically
running dendrites located in stratum radiatum. A descending dendrite can be seen to penetrate stratum pyramidale (small arrows). Two
smaller vertical fusiform NC-IR cells can be seen in stratum
pyramidale (arrowheads). F: Bitufted NC-IR cell (arrow) located in
the pyramidal cell layer, with dendrites in stratum radiatum and
oriens.

detection threshold and show weak GABA immunoreactivity
(Miettinen et al., 1992; Tóth et al., 1993).
The GABA-containing cell population in the hippocampus has
been shown to include different subsets of cells characterized by
their content of calcium binding proteins or neuropeptides

(Freund and Buzsáki, 1996). In this study we have analyzed the
coexistence of NC and different neurochemical markers which
label perisomatic inhibitory cells (PV, CCK), dendritic inhibitory
cells (SOM, NPY, CB), and interneurons specialised to contact
other interneurons (CR, VIP). These markers (with the exception
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FIGURE 6.
Colocalization of NC with GABA. Microphotographic pairs of consecutive semithin (1 mm) sections immunostained for neurocalcin (NC)(A,C,E) and GABA (B,D,F), corresponding to the dentate gyrus (DG)(A-B), CA3 region (C-D), and CA1
region (E-F). Arrows point to cells positive for both NC and GABA.

Note that, in all areas, all the NC-IR cells are always GABA positive,
whereas there are GABA-IR cells which do not contain neurocalcin
(arrowheads). Note also the accumulation of reaction product
associated with cell membranes in NC-positive cells. Scale bar:
25 mm.

of VIP), as previously established, have been found in nonoverlapping GABAergic cell subpopulations (Kosaka et al., 1985;
Köhler et al., 1986; Sloviter and Nilaver, 1987; Gulyás et al.,
1991; Miettinen et al., 1992; Freund and Buzsáki, 1996). Thus,
on the basis of the known termination pattern of the colocalizing
markers, NC-IR cells may be further characterized.

Buzsáki, 1996). NC-IR cells colocalizing CCK should be thus
considered as basket cells. PV and CCK have been shown to be
markers for two distinct subpopulations of perisomatic inhibitory
cells in the hippocampus (Acsády et al., 1996a), which, apart from
differential content of these markers, show additional differences
on their subcortical raphe input (Freund et al., 1990), local
control by other interneuron types (Acsády et al., 1996b), and
substance P receptor content (Acsády et al., 1997). NC immunoreactivity shown by some CCK-IR cells in the CA fields adds
further differential characteristics between both subsets of basket
cells, which argues for functional differences between them.

NC Is Present in Perisomatic Inhibitory
CCK-Containing Cells but Never
in PV-Containing Cells
PV and CCK are markers for perisomatic inhibitory cells
(Harris et al., 1985; Nunzi et al., 1985; Kosaka et al., 1987;
Katsumaru et al., 1988; Soriano et al., 1990; Acsády et al.,
1996a,b; Freund and Buzsáki, 1996). NC-IR cells never colocalize
PV at any hippocampal region. No coexistence of NC with CCK
has been found in the DG; however, 9% of the NC-IR cells in the
CA3 fields were CCK-IR. On the basis of the distribution of
CCK-IR boutons, which are mostly restricted to the principal cell
layers, all CCK-containing neurons have been considered to be
basket cells regardless of their location in the different hippocampal laminae (Harris et al., 1985; Nunzi et al., 1985; Freund and

NC Is Present in Mid-Proximal Dendritic
Inhibitory CB-Containing Cells but Absent
From Distal Dendritic Inhibitory Cells
Containing SOM or NPY
SOM, NPY and CB are neurochemical markers for dendritic
inhibitory interneurons. Both SOM and NPY label inhibitory
neurons which innervate the distal dendritic segments of principal
cells (Deller and Léránth, 1990) in conjunction with entorhinal
afferents, whereas CB has been found in GABAergic interneurons
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Coexistence of NC and GABA

Dentate gyrus
Molecular layer
Granule cell layer
Hilus
Total
CA3 Region
Str. lac.-mol.
Str. radiatum
Str. lucidum
Str. pyramidale
Str. oriens
Total
CA1 Region
Str. lac.-mol.
Str. radiatum
Str. pyramidale
Str. oriens
Total

N of
NC cells

N of
GABA cells

N of NC and
GABA cells

% of NC cells
also GABA

% of GABA
cells also NC

15
90
22
127

100
453
157
710

15
90
22
127

100
100
100
100

15.0
19.9
14.0
17.9

5
39
20
20
12
106

34
230
75
142
114
595

5
39
20
20
12
106

100
100
100
100
100
100

14.7
17.0
26.7
14.1
10.5
17.8

52
89
69
11
221

207
291
363
216
1077

52
89
69
11
221

100
100
100
100
100

25.1
30.6
19.0
5.1
20.5

Data taken from 12 pairs of semithin sections belonging to four animals.

innervating preferentially the mid-proximal dendritic segments of
pyramidal cells (Gulyás and Freund, 1996), in combination with
commisural-associational afferents and Schaffer collaterals. NC-IR
cells did not colocalize SOM or NPY while, on the contrary, a
significant coexistence was found with CB in all hippocampal
regions. In general, the distribution and morphology of NC/CB

double-labeled neurons in the CA3 and CA1 areas was similar to
that found for CB alone, with the difference that NC/CB cells
were almost absent from the stratum oriens. Nevertheless, most
CB cells in the stratum oriens have been found to contain
somatostatin (Katona et al., 1996), which, as we have found,
never colocalizes with NC. Double-labeled NC/CB cells were

FIGURE 7.
Colocalization of NC with parvalbumin (PV). Microphotographic pairs of consecutive semithin (1 mm) sections immunostained for neurocalcin (NC)(A,C) and PV (B,D), corresponding to

the dentate gyrus (DG)(A-B) and CA1 region (C-D). NC-positive
cells (arrows) are always negative for PV, and PV-containing cells
(arrowheads) never show NC-immunoreactivity. Scale bars: 25 mm.
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most frequently found in the stratum radiatum and corresponded
to multipolar, bitufted and vertical fusiform cells with radially
running dendrites. A similar morphology was shown by doublelabeled cells located in the stratum pyramidale. In addition, some
horizontal fusiform cells were found in the stratum lacunosummoleculare of the CA1 region. Thus, the somatodendritic pattern
of double-labeled NC/CB cells suggests that they may include
bistratified cells, which innervate pyramidal cell dendrites in the
strata radiatum and oriens (Buhl et al., 1994a; Sik et al., 1995;
Miles et al., 1996), neurons with axon and dendrites in the
stratum radiatum, which innervate mid-proximal apical pyramidal cell dendrites (Kawaguchi and Hama, 1988; Gulyás et al.,
1993a; Miles et al., 1996), and interneurons in the stratum
lacunosum-moleculare, which have an axon arborizing predominantly in the stratum lacunosum-moleculare or distal stratum
radiatum (Kunkel et al., 1988). All these three types of cells are
dendritic inhibitory cells which are mostly driven in a feedforward manner by their excitatory afferent inputs; bistratified
cells and CA3 neurons with dendrites and axon in the stratum
radiatum may be also activated by local pyramidal cell recurrent
collaterals in a feed-back manner (Freund and Buzsáki, 1996).
In the DG, most NC/CB double-labeled interneurons corresponded to pyramidal-like cells located in the deep granule cell
layer and hilar border. In addition, some horizontal fusiform
NC/CB cells located in the hilar border of the granule cell layer
were also found. In the DG, neurons with pyramidal-like
morphology have been found among the cells labeled by most of
the analyzed neurochemical markers. Pyramidal-like cells have
been shown to include at least two neurochemically different
groups innervating the perisomatic membrane domains of granule
cells, one immunoreactive for PV (Kosaka et al., 1987), and the
other positive for CCK (Kosaka et al., 1985; Acsády et al., 1996a).
CCK-IR cells also innervate hilar mossy cells (Léránth and
Frotscher, 1986). In addition, CR- and NPY-IR cells with
morphological features of pyramidal-like cells have also been
described and their target field is most likely the hilar region
(Gulyás et al., 1992; Freund and Buzsáki, 1996). Many NC-IR
cells in the DG show morphology of pyramidal-like cells.
However, they are always negative for PV, CCK, or NPY, and only
10% of them are CR-IR. In contrast, we have found that about
45% of the pyramidal-like NC-IR cells in the DG also contain
CB. These findings suggest that there are pyramidal-like CBcontaining cells, and that about 45% of the NC-IR pyramidal-like
cells do not contain any of the other analyzed markers. Thus,
pyramidal-like cells appear as a highly neurochemically heterogeneous neuronal population, which can express CB and/or NC in
addition to other previously described markers. The dendritic

FIGURE 8.
Colocalization of NC with cholecystokinin (CCK).
Photomicrographs of paired surfaces of consecutive vibratome sections immunostained for NC (A,C,E) and CCK (B,D,F), corresponding to the dentate gyrus (DG)(A-B), CA3 region (C-D), and CA1
region (E-F). Large arrows point to NC-positive cells found to be
negative (A-B) or positive (C-D,E-F) for CCK. Arrowheads point to
CCK-positive cells shown to be negative for NC. Small arrows mark
capillaries used as landmarks. Scale bars: 25 mm.

14
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Coexistence of NC and CCK

CA3 Region
Str. lac.-mol.
Str. radiatum
Str. lucidum
Str. pyramidale
Str. oriens
Total
CA1 Region
Str. lac.-mol.
Str. radiatum
Str. pyramidale
Str. oriens
Total

N of
NC cells

N of
CCK cells

N of NC
and CCK cells

% of NC
cells also CCK

Laminar distribution
of NC/CCK cells

3
47
9
11
5
75

2
28
16
12
9
67

0
7
0
0
3
10

0
14.9
0
0
60.00
13.3

0
70.0
0
0
30.0
<100

9
48
26
8
91

1
34
18
5
86

0
5
0
0
5

0
10.4
0
0
5.5

0
100
0
0
<100

Data taken from nine pairs of consecutive vibratone sections belonging to three animals. In the DG no
double-labeled cells were found (from 65 NC-IR analyzed cells).

morphology of the pyramidal-like cells suggests that they may be
activated in both a feed-forward manner by entorhinal cortex and
the commissural-associational pathway or even CA3 pyramidal
cells and in a feed-back manner by mossy fiber collaterals (Ribak
and Peterson, 1991; Kneisler and Dingledine, 1995a,b). The
target domain of the NC/CB pyramidal-like cells is unknown
since axons of CB-IR interneurons in the dentate gyrus have not
been reconstructed yet. Nevertheless, interneurons with pyramidalshaped cell bodies have been shown to innervate, apart from the
perisomatic region, dendritic domains of the granule cells (Amaral, 1978; Scharfman, 1995). CB-containing interneurons have
been shown to be specialized in dendritic innervation of principal
cells both in the cerebral cortex and hippocampus (DeFelipe et al.,
1989; del Rio and DeFelipe, 1995; Gulyás and Freund,
1996).Thus, NC/CB-containing pyramidal-like cells in the DG
are likely to be involved in dendritic inhibition, which seems to be
a common characteristic shared by CB-containing cells in diverse
cortical areas.

NC Is Present in Different Types of Interneurons
Specialized to Innervate Other Interneurons
(Interneuron Selective Cells)
CR-containing cells have been demonstrated to include spiny
and aspiny cells. Spiny cells were found in the hilus and in the
CA3 stratum lucidum, in association with mossy fibers (Gulyás et
al., 1992). We have found NC/CR double-labeled cells in the
same location as spiny CR-IR cells; however, different evidence
indicates that the NC/CR double-labeled cells correspond to
aspiny CR-IR neurons probably located between spiny neurons.
Thus, the strong GABA immunoreactivity shown by the NCcontaining cells argues for their aspiny nature, since CR-IR spiny

cells lack GABA immunoreactivity (Miettinen et al., 1992). In
addition, CR-IR spiny cells have been recently demonstrated to
contain SOM (Katona et al., 1996), which never colocalizes with
NC. Thus, NC/CR double-labeled cells most likely correspond to
CR-IR aspiny cells.
Most CR- and VIP-IR cells have been recently shown to
selectively innervate other GABAergic interneurons in the dentate
gyrus and hippocampus and they have been named interneuronselective (IS) cells. This class of interneurons has been demonstrated to include at least three types of cells (IS-1, IS-2, and IS-3)
according to their connectivity and neurochemical characteristics
(Freund and Buzsáki, 1996). IS-1 cells are characterized by their
CR immunoreactivity and extensive dendritic and axonic interconnection (Gulyás et al., 1992, 1996). In the DG, they are located in
the hilus and granule cell layer and extend dendrites in all layers.
In the hippocampus they correspond to bitufted, vertical fusiform
and multipolar cells located in the stratum radiatum, pyramidale
and oriens. Their axons innervate dendrites and cell bodies of
other interneurons, mainly CB-IR cells, located in the hilus and in
the stratum radiatum. They may be mainly activated by commissural-associational fibers and Schaffer collaterals, but they may be
also innervated by afferents from the entorhinal cortex. IS-2 cells
have been characterized in the hippocampus alone, and they
extend the axon in the stratum radiatum. They comprise two
subsets of cells, of which one corresponds to VIP-IR CR-negative
cells with dendrites restricted to the stratum lacunosummoleculare, whereas the other includes bitufted or vertical
fusiform VIP-IR cells located in the stratum radiatum that may
also contain CR. Their major input is considered to be of
entorhinal origin, and their major targets are CB-IR interneurons
involved in mid-proximal dendritic inhibition in the Schaffer
collateral and commissural-associational termination zone (Acsády et al., 1996a,b). IS-3 cells are VIP-IR, CR-positive neurons,
located in the molecular layer or granule cell layer of the dentate
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FIGURE 9.
Colocalization of NC with somatostatin (SOM) and
neuropeptide Y (NPY). A-D: Photomicrographs of paired surfaces of
consecutive vibratome sections immunostained for NC (A,C) and
SOM (B,D), corresponding to the dentate gyrus (DG)(A-B) and CA3
region (C-D). Large arrows point to NC-positive cells which were
found to be negative for SOM. Arrowheads point to SOM-positive

cells always negative for NC. Small arrows mark capillaries used as
landmarks. Scale bars: 25 mm. E,F: Microphotographic pair of
consecutive semithin (1 mm) sections immunostained for NC (K) and
NPY (L), corresponding to the dentate gyrus (DG). An NC-positive
cell (arrow) is shown to be negative for NPY, and all the NPY-positive
cells (arrowheads) are negative for NC. Scale bar: 25 mm.

gyrus, and in the strata radiatum or pyramidale of the hippocampus. They are bipolar or bitufted cells with radially running
dendrites that, in the hippocampus, reach the stratum lacunosummoleculare. They appear to be driven mainly by entorhinal

afferents. Their axons form a plexus in the oriens-alveus border
and in the hilus, and innervate interneurons involved in distal
dendritic inhibition in the entorhinal termination zone (Acsády et
al., 1996a,b).
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FIGURE 10.
Colocalization of NC with calbindin (CB) and
calretinin (CR). Microphotographic pairs of two consecutive semithin (1 mm) sections immunostained for neurocalcin (NC)(A,C,E)
and calbindin (CB)(B,D,F) or neurocalcin (NC)(G,I,K) and calreti-

nin (CR)(H,J,L), corresponding to the dentate gyrus (DG)(A-B,GH), CA3 region (C-D, I-J) and CA1 region (E-F,K-L) Arrows mark
NC-IR cells also containing CB or CR. Arrowheads point to NC-IR
cells which are negative for CB or CR. Scale bars: 25 mm.

___________________________________________________

FIGURE 11.
Colocalization of NC with vasoactive intestinal
polypeptide (VIP). Photomicrographs of paired surfaces of consecutive vibratome sections immunostained for NC (A,C,E,G,I,K) and
VIP (B,D,F,H,J,L), corresponding to the dentate gyrus (DG)(A-B,CD), CA3 region (E-F), and CA1 region (G-H,I-J,K-L). Large arrows
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point to NC-positive cells, found to be positive for VIP. Arrowheads
in K-L mark cut dendrites immunoreactive for both markers, seen to
continue in the matching section. Small arrows mark capillaries used
as landmarks. Scale bar: 25 mm.
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Coexistence of NC and CB

Dentate gyrus
Molecular layer
Granule cell layer
Hilus
Total
CA3 Region
Str. lac.-mol.
Str. radiatum
Str. lucidum
Str. pyramidale
Str. oriens
Total
CA1 Region
Str. lac.-mol.
Str. radiatum
Str. pyramidale
Str. oriens
Total

N of
NC cells

N of
CB cells

N of NC
and CB cells

% of NC
cells also CB

Laminar distribution
of NC/CB cells

15
86
22
123

9
—1
29

0
33
4
37

0
38.4
18.2
30.1

0
89.2
10.8
<100

5
72
20
23
13
133

4
61
12
25
36
140

1
42
9
2
0
54

20.0
58.3
45.0
8.7
0
40.60

1.8
77.8
16.7
3.7
0
<100

38
100
79
14
231

24
78
—1
127

12
33
5
1
51

31.6
33.0
6.3
7.1
22.1

23.5
64.7
9.8
2.0
<100

Data taken from 12 pairs of semithin sections belonging to four animals.
1The total number of CB-IR cells in the granule cell layer of the dentate gyrus and in the stratum pyramidale of the
CA1 was not obtained due to the CB immunoreactivity shown by the principal cells in these layers.

According to their location, somatodendritic pattern, and
marker content, some NC-IR cells can be presumably ascribed to
the different IS cell types. In the DG, fusiform, multipolar, and
pyramidal-like NC/CR or NC/VIP double-labeled cells located in
the hilus and granule cell layer probably belong to the IS-1 type of
interneurons, whereas multipolar and vertical fusiform NC/CR or
NC/VIP double-labeled cells located in the stratum moleculare
possibly correspond to IS-3 type cells. In the hippocampus,
NC/CR double-labeled multipolar cells are likely to pertain to the
IS-1 type, whereas bitufted and vertical fusiform cells presumably
belong to any of the three IS types of interneurons. Bitufted and
vertical fusiform NC/VIP double-labeled cells located in the strata
radiatum and pyramidale may correspond to IS-2 and/or IS-3
type cells, whereas NC/VIP cells located in the stratum lacunosummoleculare of the CA1 definitely belong to the IS-2 type of cells.
IS cells, and consequently NC-IR cells which fall into this
group of interneurons, are likely to be activated by excitatory
inputs in a feed-forward manner, and they have been proposed to
play a role in synchronizing the activity of inhibitory cells that
converge onto a particular group of pyramidal cells, or, alternatively, they may disinhibit principal cell dendrites innervated by
particular excitatory inputs (Freund and Buzsáki, 1996).

Part of the NC-IR Cells Lacks Other Markers
We have found that NC-IR cells include CB-, CR-, CCK-, and
VIP-containing neurons. However, NC-IR cells colocalizing these

markers represent only part of the NC-IR neuronal population. In
the DG, 30.1% and 25.6% of the NC-IR cells have been
demonstrated to contain CB or CR respectively, but no NC-IR
cells were found to be positive for PV, CCK, SOM, or NPY. In
addition, 20% of the NC-IR cells were found to be positive for
VIP. However, since most VIP cells in the DG have been shown to
contain either CCK or CR, and no NC-IR cells were CCK
positive, NC/VIP double-labeled cells are likely to correspond to
CR-IR cells. Considering that the degree of coexistence of CR and
CB is very low (Miettinen et al., 1992), we can assume that about
44.3% of the NC-IR cells in the DG lack other analyzed markers.
No colocalization with PV, SOM, or NPY was found in the
CA3 and CA1 regions. In the CA3 region, 40.6%, 19.1%, and
13.3% of the NC-IR cells were found to be CB-, CR-, and
CCK-IR respectively. In the CA1 the proportions for the same
markers were 22.1%, 26.2% and 5.5% respectively. In addition,
in the CA1 at least those double-labeled NC/VIP cells located in
the stratum lacunosum-moleculare, where VIP-containing cells
do not colocalize CR or CCK (Acsády et al., 1996a), have to be
added to the NC-IR cells also containing other markers. Consequently, NC-IR cells lacking other markers account for about
27% and 40.5% of the NC-IR cells in the CA3 and CA1 regions
respectively.
Thus, a substantial proportion of NC-IR cells does not
colocalize with any of the analyzed markers. This finding opens
the possibility that NC colocalizes with other markers different
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Coexistence of NC and CR

Dentate gyrus
Molecular layer
Granule cell layer
Hilus
Total
CA3 Region
Str. lac.-mol.
Str. radiatum
Str. lucidum
Str. pyramidale
Str. oriens
Total
CA1 Region
Str. lac.-mol.
Str. radiatum
Str. pyramidale
Str. oriens
Total

N of
NC cells

N of
CR cells

N of NC
and CR cells

% of NC
cells also CR

Laminar distribution
of NC/CR cells

13
95
25
133

12
18
90
120

7
12
15
34

53.8
12.6
60.0
25.6

20.6
35.3
44.1
<100

4
57
21
21
12
115

3
42
33
45
15
138

1
3
5
13
0
22

25.0
5.3
23.8
61.9
0
19.1

4.5
13.6
22.7
59.1
0
<100

43
82
65
16
206

36
66
114
51
267

3
20
28
3
54

6.8
24.4
43.1
18.7
26.2

5.5
37.0
51.9
5.6
<100

Data taken from 12 pairs of semithin sections belonging to four animals.

from those analyzed in the present study. From the morphology
and laminar distribution of the NC-IR cells and that of cells
containing some other non-analyzed markers (e.g., NOS/NADPHdiaphorase or enkephalins) some indirect speculations can be
drawn. In the DG coexistence of NC and NOS/NADPHdiaphorase (Hope et al., 1991; Vincent and Kimura, 1992;
Valtschanoff et al., 1993; Dun et al., 1994) is possible in
multipolar and vertical fusiform cells of the molecular layer and in
pyramidal-like cells of the granule cell layer that lack PV (Freund
and Búzsaki, 1996). In the CA1, coexistence may occur in vertical
fusiform, bitufted, and multipolar cells distributed in strata
radiatum and pyramidale of the CA1 (Freund and Búzsaki, 1996).
In the CA1, NC and enkephalins are likely to coexist in vertical
fusiform and multipolar cells located in strata radiatum and
pyramidale (Gall et al., 1981; J.M. Blasco-Ibáñez, F.J. Martı́nezGuijarro, and T.F. Freund, unpublished observations). Moreover,
all enkephalin-IR cells in the CA1 have been found to be CR- and
VIP-IR (J.M. Blasco-Ibáñez, F.J. Martı́nez-Guijarro, and T.F.
Freund, unpublished observations); both markers colocalize with
NC, thus arguing for a possible coexistence of enkephalins
and NC.

NC Is a Neural Calcium-Sensor Protein Present
in Hippocampal Interneurons
In general, EF-hand calcium-binding proteins have been
classified into two major groups, ‘‘calcium-buffer proteins,’’
involved in calcium buffering and transport, and ‘‘calcium-sensor
proteins,’’ which have regulatory roles (da Silva and Reinach,

1991; Ikura, 1996). Neurocalcin belongs to a family of neuronalspecific EF-hand calcium-binding proteins defined by recoverin,
found primarily in vertebrate brain and retina (Terasawa et al.,
1992; Nakano et al., 1992; Hidaka and Okazaki, 1993), which act
as calcium-sensors and have been proposed to be involved in the
regulation of calcium-dependent phosphorylation in signal transduction pathways (De Castro et al., 1995). Moreover, NC has
been shown to inhibit bovine rhodopsin phosphorylation in vitro,
in a calcium-dependent manner (Faurobert et al., 1996). Consequently, NC may play an important role in phosphorylationdependent regulation of a variety of receptors and channels,
including G-protein-coupled receptors, as well as many classes of
ion channels (Jonas and Kaczmarek, 1996; Moss and Smart,
1996), and thus influence firing pattern and responses to synaptic
inputs in NC-containing interneurons.
NC, as recoverin, has a myristoyl consensus sequence, which
may constitute a calcium-myristoyl switch, that allows NC to
bind cell membranes in a calcium-dependent manner (Zozulya
and Stryer, 1992), and may explain the substantial accumulation
of NC immunostaining associated to cell membranes found in
semithin immunostained sections in this study. The presence of a
calcium-myristoyl switch in recoverin-like calcium-sensor proteins suggests that anchoring to cell membranes may be functionally relevant, and that these proteins develop their role locally,
associated to cell membrane domains, as has been shown for
recoverin in rod photoreceptor cells (Sanada et al., 1996).
NC has been found in some interneurons that also contain
other calcium-binding proteins of the so-called ‘‘buffer type,’’ i.e.,
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TABLE 6.
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Coexistence of NC and VIP

Dentate gyrus
Molecular layer
Granule cell layer
Hilus
Total
CA3 Region
Str. lac.-mol.
Str. radiatum
Str. lucidum
Str. pyramidale
Str. oriens
Total
CA1 Region
Str. lac.-mol.
Str. radiatum
Str. pyramidale
Str. oriens
Total

N of
NC cells

N of
VIP cells

N of NC
and VIP cells

% of NC
cells also VIP

Laminar distribution
of NC/VIP cells

12
53
20
85

9
15
8
32

5
6
6
17

41.7
11.3
30.0
20.0

29.4
35.3
35.3
<100

2
42
17
13
4
78

2
16
13
21
2
54

0
4
4
1
0
9

0
9.5
23.2
7.7
0
11.5

0
44.4
44.4
11.1
0
<100

20
41
32
12
105

29
33
49
4
115

6
7
7
2
22

30.0
17.1
21.9
16.7
21

27.3
31.8
31.8
9.1
<100

Data taken from nine pairs of consecutive vibratome sections belonging to three animals.

CB and CR. The functional meaning for this coexistence in the
same cell is presently unknown, but from the variability in
calcium-binding affinities as well as structural and functional
differences, NC and the colocalized buffer-type calcium-binding
proteins are most likely involved in different calcium-mediated
events (Ikura, 1996).
Other neural calcium-sensor recoverin-like proteins different
from NC have been found in the hippocampus, including
visinin-like protein (VILIP)(Lenz et al., 1996), neural visinin-like
calcium-binding protein 2 (NVP2)(Saitoh et al., 1994) and
hippocalcin (Kobayashi et al., 1992). However, although NVP2
has been shown to be transiently expressed by hippocampal
interneurons from days P7 to P28 (Saitoh et al., 1995), in adult
animals these proteins are expressed exclusively by principal cells,
in contrast to NC which is found only in GABAergic interneurons. Thus, separate neural calcium sensor proteins seem to be
present in principal cells and interneurons, and, although they are
likely to subserve similar general functions, the particular calciumbinding requirements of different types of cells may need the
intervening of distinct proteins. Regardless of what the precise
function of NC is, its differential expression suggests that
GABAergic interneurons containing this calcium-sensor protein
are likely to share some specific functional properties. Electrophysiological characterization and correlative morphological and immunocytochemical studies would be useful to clarify whether NCpositive cells exhibit particular functional properties which may
be related to their NC content.

In general, for a given marker, NC is present only in part of the
cells expressing it, which are morphologically indistinguishable
from other cells labeled by that marker but lacking NC (e.g., IS-2
VIP cells in the stratum lacunosum-moleculare of the CA1 may
contain or lack NC). This finding suggests that for each
subpopulation of interneurons labeled by markers which coexist
with NC, neurochemical differences exist among its cells with
regard to NC content, which may imply distinct responses in
front of calcium influx and /or finer tuning of calcium levels, and
therefore the existence of functionally different groups within
apparent morphologically or neurochemically homogeneous populations of cells. Whether these differences are correlated with
singular functional and/or connectivity features is an open
question.

Conclusion
NC, a calcium-sensor EF-hand protein, is present exclusively in
GABAergic interneurons distributed in all layers of the dentate
gyrus and hippocampus. NC-containing cells are morphologically
and neurochemically heterogeneous and, on the basis of colocalizing markers, they include mid-proximal dendritic inhibitory cells
characterized by CB immunoreactivity, interneurons specialized
to innervate other interneurons, which contain CR and/or VIP,
and basket cells characterized by their CCK content. On the
contrary, NC is never present in perisomatic inhibitory PV-

___________________________________________________
containing cells, or in feed-back distal dendritic inhibitory
SOM/NPY-containing cells.
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frequency (40-100 Hz) patterns in the hippocampus of the behaving
rat. J Neurosci 1995;15:47–60.
Buckmaster PS, Schwartzkroin PA. Interneurons and inhibition in the
dentate gyrus of the rat in vivo. J Neurosci 1995;15:774–789.
Buckmaster PS, Kunkel DD, Robbins RJ, Schwartzkroin PA. Somatostatin immunoreactivity in the hippocampus of mouse, rat, guinea pig
and rabbit. Hippocampus 1994;4:167–180.
Buhl EH, Halasy K, Somogyi P. Diverse sources of hippocampal unitary
inhibitory postsynaptic potentials and the number of synaptic release
sites. Nature 1994;368:823–828.
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Buzsáki G, Horvath Z, Urioste R, Hetke J, Wise K. High-frequency
network oscillation in the hippocampus. Science 1992;256:1025–
1027.
Celio MR. Calbindin D-28k and parvalbumin in the rat nervous system.
Neuroscience 1990;35:375–475.
Cobb SR, Buhl EH, Halasy K, Paulsen O, Somogyi P. Synchronization of
neuronal activity in hippocampus by individual GABAergic interneurons. Nature 1995;378:75–98.
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Sik A, Penttonen M, Ylinen A, Buzsáki G. Hippocampal CA1 interneurons: An in vivo intracellular labeling study. J Neurosci 1995;15:6651–
6665.
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