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Immunohistochemical study of the cholinergic innervation of the parvalbuminand calbindin-containing cells in the hippocampus was conducted on 30 rat
brains of various postnatal ages: P0, P4, P7, P14, P21, P30, P60 and P180.
Sections with double immunostaining for vesicular acetylcholine transporter
(VAChT; the marker of cholinergic cells, fibres and terminals) and parvalbumin
(PV) or calbindin (CB) were analysed using confocal laser-scanning microscope.
Obtained data demonstrate that the pattern of cholinergic innervation of calbindin- and parvalbumin-immunoreactive hippocampal neurones shows some differences. During development as well as in the adult species cholinergic terminals preferentially innervate CB-containing neurones, while cholinergic terminals on PV-containing cells were observed rarely. Cholinergic endings on the
CB-ir neurones are localised both on their somata and dendrites, whereas on
PV-ir cells they form synaptic contact predominantly with processes. In spite of
the unquestionable cholinergic influence particularly on CB-ir cells, the number
of cholinergic endings suggests that this input seems not to be crucial for the
activity of the studied cell populations.
key words: hippocampus, development, calbindin, parvalbumin,
cholinergic system

INTRODUCTION

as parvalbumin (PV), calbindin D28k (CB) or calretinin
(CR), are specifically observed in well-defined subpopulations of neurones belonging to multiple functional systems [19].
In the hippocampus, a critical area for learning
and memory, parvalbumin and calbindin — markers
of different subpopulations of GABAergic interneurons [8, 30, 42] — act differently by GABAA and
GABAB receptor-mediated neuronal response, respectively [31, 34]. Their expression in the developing

Calcium-binding proteins are intracellular calcium acceptors belonging to two different families:
EF-hand proteins and annexins. The annexins family
is characterised by proteins that bind calcium in the
presence of phospholipid-containing membranes.
EF-hand proteins may function mainly as a calcium
“buffer”, decreasing the free cytoplasmic concentration of this ion [19] and contributing to calcium
homeostasis [40]. EF-hand “buffer” proteins, such
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Coronal 40-mm-thick, serial sections of the brain
were cut on JUNG 1800 cryostat (Leica, Germany).
The free-floating sections were blocked for 1 hour
with 3% NGS containing 0.4% Triton X-100 and then
incubated for 48 hours in 4oC with the mixture of
the anti-VAChT and anti-parvalbumin or anticalbindin antibodies diluted in 3% NGS (Table 1).
After multiple rinses in PBS, the sections were incubated (2–3 hours, at room temperature) with the
mixture of the appropriate secondary antibodies
conjugated with the FITC or Cy3 (Table 1).
The specificity of staining was checked according to the procedure described by Wouterlood et
al. [41].
The histological sections were studied under the
MicroRadiance AR-2 (Bio-Rad, UK) confocal laser-scanning microscope equipped with an Argon two-line (488 and 514 nm) laser. The former line was
applied to excite the fluorescein isothiocyanate
(FITC), whereas the latter to excite Cy3. For 3D reconstruction the image analysis program LaserSharp
2000 v. 2.0 (Bio-Rad, UK) was used. Digital images
were obtained using Laser Pic v. 4.0 (Bio-Rad, UK)
software.
For subdivision of the hippocampal formation we
applied the criteria used by Sloviter [36] and Jiang
and Swann [21] (Fig. 1).

hippocampus is characterised by a distinct temporal
pattern [3–5, 27, 39]. It seems probable that these
proteins play a different functional role during development: PV is thought to be involved in the maturation of inhibitory circuitry, CB in the production,
stabilisation, maintenance of cytoskeletal elements
and neuronal migration [19].
The hippocampus is under the influence of various neurotransmitter systems. Its neurones receive
the most intense cholinergic innervation from the
medial septum/diagonal band complex [1, 25]. The
endings of cholinergic septohippocampal fibres are
localised in all the hippocampal cell layers [13, 14]
and the cholinergic system has been implicated as
crucial in learning and memory processes [26]. Furthermore, during development, the cholinergic system plays an important role in the proliferative processes and axon guidance [23, 24].
Understanding the targeting specificity of septal cholinergic afferents with subpopulations of
GABAergic interneurones could have important implications for hippocampal function. Some evidence indicates that functionally and morphologically distinct subtypes of interneurones might
modulate selective types of hippocampal-dependent memory processes [18, 22, 35]. Thus in the
present study we aimed to investigate the developmental relationship between the cholinergic innervation and the neurones containing parvalbumin and
calbindin in the hippocampus, using immunohistochemical methods. For the detection of cholinergic fibres and terminals, we used a specific antibody against vesicular acetylcholine transporter
(VAChT) [33].

RESULTS
PV-immunoreactivity
In rats of P0, P4 and P7 groups, no PV-immunoreactivity (PV-ir) was detected in the hippocampus. On P14 PV-ir elements were observed in both
dentate gyrus and hippocampus proper. At this stage

MATERIAL AND METHODS
The material consisted of 30 Wistar rat brains of
various postnatal ages: P0, P4, P7, P14, P21, P30,
P60 and P180. Care and treatment of the animals
were in accordance with the guidelines for laboratory animals established by the National Institutes
of Health as well as by the Local Ethical Committee
of the Medical University of Gdańsk. All animals were
deeply anaesthetised with lethal doses of Thiopental (80 mg/kg of body weight), then transcardially
perfused with 0.9% solution of NaCl with heparin,
followed by 4% solution of paraformaldehyde in
0.1 M phosphate buffer (pH 7.4; 50–250 ml). The
brains were postfixed in 4% paraformaldehyde fixative for 3–4 hours, and then kept in 0.1 M phosphate buffer containing 10% sucrose (overnight at
4oC) and 30% sucrose (until sunk).

Table 1. Specifications and dilutions of the primary and
secondary antibodies
Antibodies

Manufacturers

Dilution

Chemicon

1:1000

Mouse anti-Parvalbumin
(monoclonal)*

Sigma

1:500

Mouse anti-Calbindin-D
(28 kD; monoclonal)*

Sigma

1:100

CyTM 3-conjugated Donkey
anti-Goat**

Jackson
ImmunoResearch

1:1000

FITC-conjugated Donkey
anti-Mouse**

Jackson
ImmunoResearch

1:100

Goat anti-VAChT (polyclonal)*

* primary antibodies, ** secondary antibodies
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During the next stage the number of PV-immunoreactive somata and fibres increased and at P21
they assumed a level and distribution characteristic
for adult brain. From P21 the pattern of PV-immunoreactivity was similar to that previously described
[10, 30, 32]. In the hippocampus proper, PV-immunoreactivity was observed in CA1 and CA3 sectors.
PV-ir neurones were of various sizes and shapes; multipolar or bipolar cells prevailed (Fig. 2B). In the dentate gyrus, PV-positive elements were mainly observed
in the granular layer and in neighbouring regions (Fig.
2B). Most of them were of fusiform or pyramidal
shape; some horizontal basket cells were also observed
(Fig. 2B). The densest plexus of PV-ir terminals occurred
in the principal cell layers (pyramidal and granular;
Fig. 2B). It frequently formed “baskets” surrounding
cells immunonegative for parvalbumin (Fig. 2).

Figure 1. Rat hippocampus. Schema. Dotted lines separate sector CA1 from CA3 and CA3 from dentate gyrus (DG); SO — stratum oriens, SP — stratum pyramidale, SR — stratum radiatum,
SLM — stratum lacunosum-moleculare, ML — molecular layer
of dentate gyrus, GL — granule cell layer, H — hilus of dentate
gyrus, SL — stratum lucidum (based on Jiang and Swann [21])

both PV-ir somata and fibres in the hippocampus
proper were mainly located in the stratum pyramidale and oriens (Fig. 2A). In the dentate gyrus the
majority of PV-ir somata were observed in the
infragranular region of hilus whereas PV-ir fibres and
puncta were dense in the granule cell layer (Fig. 2A).

Cholinergic innervation of parvalbumin
positive cells
A study of double immunolabelled sections with
anti-VAChT and anti-parvalbumin antibodies indi-

Figure 2. PV-positive cells (green) and VAChT-positive fibres and terminals (red) in sectors CA1 and CA3 of the hippocampus proper and
in the dentate gyrus (DG) at stages: P14 (A) and P21 (B). White arrowheads indicate VAChT-positive puncta forming synaptic contact
with PV-ir neurones; P — postnatal day.
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cholinergic network, the number of cholinergic endings on CB-ir elements increased, so in adult species
CB-ir neurones possessed quite a few cholinergic endings located on their soma and along dendrites (including their initial parts). Cholinergic fibres innervated
both principal (pyramidal and granular) and non-principal CB-ir cells (Fig. 3). In the principal cell layers
VAChT-ir and CB-ir elements formed “baskets” often
surrounding the same cells immunonegative for
calbindin (Fig. 3).

cated that VAChT positive puncta constituted terminals on PV-ir cells (Fig. 2); their amount increased to
P21 and then this pattern of immunoreactivity did
not change considerably. 3D-reconstruction of double
labelled sections showed that cholinergic innervation
of PV-ir cells in the hippocampus is rather scanty; only
a small population of hippocampal PV-ir neurones
(predominantly in the dentate gyrus) possessed cholinergic endings located mainly on their processes
(Fig. 2), while sporadically on their somata. In the
principal cell layers VAChT-ir and PV-ir elements
formed “baskets” often surrounding the same cells
immunonegative for parvalbumin (Fig. 2).

DISCUSSION
The results of the present study suggest that the
pattern of cholinergic innervation of calbindin- and
parvalbumin-immunoreactive hippocampal neurones
shows some differences. During development and
in adult brain, cholinergic terminals preferentially
innervate CB-containing neurones compared to PV-ir
cells. Moreover, distribution of VAChT-ir terminals
on the cells is dissimilar. Cholinergic endings on CB-ir
neurones are localised on both their somata and
dendrites, whereas on PV-ir cells they form synaptic
contact predominantly with processes.
Parvalbumin-containing neurones in the hippocampus appeared relatively later. Then the density
of PV-immunoreactive somata and fibres increased
and at P21 they assumed a level and distribution
characteristic for adult brain. This observation confirms the prior studies with both immunohistochemical [5, 37] and in situ hybridisation methods [9]. In the rat hippocampus low hybridisation
was observed at P10–P12. Between P12 and P16
the number of PV mRNA-positive cells increased
markedly within all hippocampal subfields, reaching an adult-like distribution of labelled cells by P18.
At this time the functional maturation of the hippocampal system, correlated with the developmental expression of parvalbumin, seems to be reached
[5, 27, 37]. The influence of cholinergic innervations on PV-ir hippocampal neurones during development and in adult is rather limited. This is confirmed by both the low number of VAChT-ir endings observed on PV-ir cells and their location
(mainly on processes). According to Dougherty and
Milner [11] septal cholinergic afferent makes predominantly axodendritic synapses upon hippocampal PV-ir neurones. Such a dendritic contact may
exert a less rapid and potent effect on the cell than
perikarial contact [11, 38]. Also dendritic synapses
influence the efficacy of specific types of afferent
innervation [29], whereas somatic synapses regulate action potential firing.

CB-immunoreactivity
During the first four days of postnatal life, CB-immunoreactivity was observed throughout the whole
hippocampus, but predominantly in the pyramidal
layer of CA1 sector and in the granule cell layer of
dentate gyrus (Fig. 3A). CB-ir neurones were also
found in other strata (mainly in the stratum radiatum
of the hippocampus proper and in the hilus of dentate gyrus); most of them showed non-pyramidal
morphology.
During the next stage the general pattern of distribution of CB-immunoreactivity was sustained but
the number of immunoreactive cells (especially in
the granule cell layer) increased. The cells were
stained more intensely (Fig. 3B, C). At the same time
the development of CB-immunoreactive processes
was also observed (strong CB-immunoreactivity
characterised especially the mossy fibres of CA3 sectors; Fig. 3C) so at P21 they showed mature
arborisation (Fig. 3D).
From P21 morphology, the distribution and level
of CB-ir elements in hippocampus did not change
significantly and were similar to that previously described in adult species [16, 36]. In the hippocampus proper both pyramidal cells (mostly in CA1 sector) as well as interneurones (in all subfields) were
CB-imunoreactive (Fig. 3D). In the dentate gyrus
strong CB-immunoreactivity was observed mainly in
neurones of the granule cells layer, although some
CB-ir cells were observed also in the molecular layer
and hilus (Fig. 3D).
Cholinergic innervation of calbindin positive cells
3D-reconstruction of double immunostained sections has shown that as early as on P0 VAChT-ir puncta
formed synaptic contact with CB-ir neurones, both in
hippocampus proper and in dentate gyrus (Fig. 3A).
Then, along with the development of CB-ir cells and
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Figure 3. CB-positive cells (green) and VAChT-positive fibres and terminals (red) in sectors CA1 and CA3 of hippocampus proper and in
the dentate gyrus (DG) at stages: P0 (A), P7 (B) P14 (C), P21 (D). White arrowheads indicate VAChT-positive puncta forming synaptic
contact with CB-ir neurones; arrows indicate CB-positive mossy fibres; P — postnatal day.
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/modulation of septal cholinergic projection and/or
serotoninergic projection from the median raphe
nucleus, selectively innervating only CB-ir interneurones
in the hippocampus [17, 20].
In the principal cell layers VAChT-ir terminals, along
with PV-ir and CB-ir elements, formed “baskets” often surrounding the same cells immunonegative for
PV and CB, respectively — this observation suggests
that septal cholinergic afferents and PV-ir and/or
CB-ir cells could modulate the same principal cells.
Moreover, the proximity of cholinergic terminals and
PV-ir and CB-ir endings raises the possibility that PV-ir
and CB-ir cells may modulate septal cholinergic hippocampal afferents or vice versa [11].
To sum up, our results suggest that: 1) populations of interneurones containing distinct calcium
binding proteins, parvalbumin and calbindin, also
differ in regard to their cholinergic innervations,
2) cholinergic input (in spite of its unquestionable
influence particularly on CB-ir cells) seems not to
be crucial for the activity of interneurones. It seems
probable that the cholinergic system affects hippocampal activity rather by direct contact with principal cells or by other intrinsic subpopulation such
as GABAergic neurones containing NPY which are
preferentially innervated by cholinergic septal afferents [11].

It seems that the subpopulation of PV-ir
interneurones is under the control of systems other
than the cholinergic one. PV-immunoreactive population appears to be a major target for GABAergic
septohippocampal fibres [12]. According to Fukuda et
al. [15] PV-ir GABAergic neurones receive a significantly
larger GABAergic input than PV-negative GABAergic
neurones. Among hippocampal interneurones PV-ir
cells are also unique in their tendency to receive a higher
density of GABAergic input on their somata. Activation of this projection would increase hippocampal excitability through the disinhibition of principal cells [6].
The other source of GABAergic innervation of PV-ir
cells is the terminals of remaining hippocampal intrinsic neurones (including PV-ir) [15]. Physiological
studies have raised the possibility that non-pyramidal neurones are crucially involved in the induction
and maintenance of membrane potential oscillations
in pyramidal neurones [7]. It seems most probable
that the activity of hippocampal GABAergic neurones
is influenced by GABAergic connections with both
intrinsic and septal neurones, leading to synchronous
oscillations in the principal neurones.
PV-ir neurones in the hilus are targets of mossy
fibre collaterals [28, 32] — they may participate in
feed-back inhibition of the granule cells. PV-ir
neurones in CA3 sector have also synaptic contact
with mossy fibres and may participate in feed-back
circuit inhibiting CA3 pyramidal cells [10].
From the beginning of the observation period
VAChT-ir puncta formed synaptic contacts with CB-ir
neurones in the hippocampus. During the development, in spite of the increase in the number of synaptic contacts between them, the distribution of
immunoreactivity has not changed — it was still
present on somata and along dendrites of CB-ir cells.
It seems that CB-ir neurones receive more intensive cholinergic input than PV-ir cells.
During development, CB is presumed to play a role
in cellular development and neuronal plasticity by interfering with the intracellular calcium buffering and
transport [2].
The presence of VAChT-ir endings on CB-containing cells already at early postnatal period may suggest the influence of the cholinergic system on the
development.
Primary targets of CB-ir interneurones are probably distal dendrites of pyramidal cells [16]. Correlation of the anatomical, neurochemical and electrophysiological data suggests that CB-containing
neurones would be involved in feed-forward, GABAB
receptor mediated inhibition in the distal dendritic
tree [16]. This inhibition may be under the control/

ACKNOWLEDGEMENTS
The authors wish to thank Mrs Aleksandra
Arceusz MA and Jerzy Dziewiątkowski MD PhD for
copy-editing the manuscript and Ms Sylwia
Scisłowska for the preparation of illustrations. This
paper is supported by funds from the Committee
for Scientific Research, CSR Grant ST-11.

REFERENCES
1.

2.

3.

4.

5.

94

Amaral DG, Kurz J (1985) An analysis of the origins of
the cholinergic and noncholinergic septal projections
to the hippocampal formation of the rat. J Comp Neurol, 240: 37–59.
Andressen C, Blümcke I, Celio MR (1993) Calcium-binding protein: selective markers of nerve cells. Cell Tiss
Res, 271: 181–208.
Berger B, Alvarez C (1996) Neurochemical development
of the hippocampal region in the fetal rhesus monkey. 3. Calbindin-D28K, calretinin and parvalbumin
with special mention of Cajal-Retzius cells and the retrosplenial cortex. J Comp Neurol, 366: 674–699.
Berger B, De Grissac N, Alvarez C (1999) Precocious
development of parvalbumin-like immunoreactive interneurons in the hippocampal formation and entorhinal cortex of the fetal cynomolgus monkey. J Comp
Neurol, 403: 309–331.
Bergmann I, Nitsch R, Frotscher M (1991) Area-specific
morphological and neurochemical maturation of non-

Beata Ludkiewicz et al., Cholinergic innervation of the hippocampus

6.

7.

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

pyramidal neurons in the rat hippocampus as revealed
by parvalbumin immunocytochemistry. Anat Embryol
(Berl), 184: 403–409.
Bilkey DK, Goddard GV (1985) Medial septal facilitation
of hippocampal granule cell activity is mediated by inhibition of inhibitory interneurones. Brain Res, 361: 99–106.
Bragin A, Jando G, Nadasdy Z, Hetke J, Wise K, Buzsaki
G (1995) Gamma (40-100 Hz) oscillation in the hippocampus of the behaving rat. J Neurosci, 15: 47–60.
Celio MR (1990) Calbindin D-28k and parvalbumin in
the rat nervous system. Neuroscience, 35: 375–475.
De Lecea L, Del Río JA, Soriano E (1995) Developmental
expression of parvalbumin mRNA in the cerebral cortex
and hippocampus of the rat. Mol Brain Res, 32: 1–13.
Deller T, Nitsch R, Frotscher M (1994) Associational
and commissural afferents of parvalbumin-immunoreactive neurons in the rat hippocampus: A combined
immunocytochemical and PHA-L study. J Comp Neurol, 350: 612–622.
Dougherty KD, Milner TA (1999) Cholinergic septal
afferent terminals preferentially contact neuropeptide
Y-containing interneurons compared to parvalbumin-containing interneurons in the rat dentate gyrus. J
Neurosci, 19: 10140–10152.
Freund TF, Antal M (1988) GABA-containing neurons
in the septum control inhibitory interneurons in the
hippocampus. Nature, 336: 170–173.
Frotscher M (1988) Neuronal elements in the hippocampus and their synaptic connections, In: Neurotransmision
in the hippocampus, pp. 2–19.
Frotscher M, Leranth C (1986) The cholinergic innervation of the rat fascia dentata: Identification of target structures on granule cells by combining choline
acetyltransferase immunocytochemistry and Glogi
impregnation. J Comp Neurol, 243: 58–70.
Fukuda T, Aika Y, Heizmann CW, Kosaka T (1996) Dense
GABAergic input on somata of parvalbumin-immunoreactive GABAergic neurons in the hippocampus of
the mouse. Neurosci Res, 26: 181–194.
Gulyás AI, Toth K, Danos P, Freund TF (1991) Subpopulations of GABAergic neurons containing parvalbumin, calbindin D28k, and cholecystokinin in the rat
hippocampus. J Comp Neurol, 312: 371–378.
Halasy K, Miettinen R, Szabat E, Freund TF (1992)
GABAergic interneurons are the major postsynaptic
targets of median raphe afferents in the rat dentate
gyrus. Eur J Neurosci, 4: 144–153.
Han ZS, Buhl EH, Lorinczi Z, Somogyi P (1993) A high
degree of spatial selectivity in the axonal and dendritic
domains of physiologically identified local-circuit
neurons in the dentate gyrus of the rat hippocampus.
Eur J Neurosci, 5: 395–410.
Hof PR, Glezer II, Condé F, Flagg RA, Rubin MB,
Nimchinsky EA, Weisenhorn DMV (1999) Cellular distribution of the calcium binding proteins parvalbumin,
calbindin and calretinin in the neocortex of mammals:
phylogenetic and developmental patterns. J Chem
Neuroanat, 16: 77–116.
Hornung J-P, Celio MR (1992) The selective innervation by serotoninergic axons of calbindin-containing
interneurons in the neocortex and hippocampus of the
marmoset. J Comp Neurol, 320: 457–467.

21. Jiang M, Swann JW (1997) Expression of claretinin in
diverse neuronal populations during development of
rat hippocampus. Neuroscience, 81: 1137–1154.
22. Klapstein GJ, Colmers WF (1997) Neuropeptide Y suppresses epileptiform activity in rat hippocampus in vitro. J Neurophysiol, 78: 1651–1661.
23. Layer PG (1990) Cholinesterases preceding major tracts
in vertebrate neurogenesis. Bioessays, 12: 415–420.
24. Layer PG, Weikert T, Alber R (1993) Cholinesterases
regulate neurite growth of chick nerve cells in vitro by
means of a non-enzymatic mechanism. Cell Tissue Res,
273: 219–226.
25. Lewis PR, Shute CC (1967) The cholinergic limbic system: projections to hippocampal formation, medial
cortex, nuclei of the ascending cholinergic reticular
system and the subfornical organ and supra-optic crest.
Brain, 90: 521–540.
26. Miettinen R, Sirvio J, Riekkinen P, Laakso MP, Riekkinen M (1993) Neocortical, hippocampal and septal parvalbumin-containing and somatostatin-containing
neurons in young and aged rats — Correlation with
passive avoidance and water maze performance. Neuroscience, 53: 367–378.
27. Nitsch R, Bergmann I, Kuppers K, Mueller G, Frotscher
M (1990) Late appearance of parvalbumin-immunoreactivity in the development of GABAergic neurons in
the rat hippocampus. Neurosci Lett, 118: 147–150.
28. Nitsch R, Soriano E, Frotscher M (1990) The parvalbumin-containing nonpyramidal neurons in the rat hippocampus. Anat Embryol (Berl), 181: 413–425.
29. Paulsen O, Moser EI (1998) A model of hippocampal
memory encoding and retrieval: GABAergic control
of synaptic plasticity. Trends Neurosci, 21: 273–278.
30. Pitkänen A, Amaral DG (1993) Distribution of parvalbumin-immunoreactive cells and fibers in the monkey temporal lobe: The hippocampal formation. J Comp Neurol, 331: 37–74.
31. Potier B, Krzywkowski P, Lamour Y, Dutar P (1994) Loss
of calbindin-immunoreactivity in CA1 hippocampal
stratum radiatum and stratum lacunosum-moleculare
interneurons in the aged rat. Brain Res, 661: 181–188.
32. Ribak CE, Nitsch R, Seress L (1990) Proportion of parvalbumin-positive basket cells in the GABAergic innervation of pyramidal and granule cells of the rat hippocampal formation. J Comp Neurol, 300: 449–461.
33. Roghani A, Shirzadi A, Butcher LL, Edwards RH (1998)
Distribution of the vesicular transporter for acetylcholine in the rat central nervous system. Neuroscience,
82: 1195–1212.
34. Shetty AK, Turner DA (1998) Hippocampal interneurons expressing glutamic acid decarboxylase and calcium-binding proteins decrease with aging in Fischer
344 rats. J Comp Neurol, 394: 252–269.
35. Sik A, Penttonen M, Buzsáki G (1997) Interneurons in
the hippocampal dentate gyrus: An in vivo intracellular study. Eur J Neurosci, 9: 573–588.
36. Sloviter RS (1989) Calcium-binding protein (calbindin-D28k) and parvalbumin immunocytochemistry:
localization in the rat hippocampus with specific
reference to the selective vulnerability of hippocampal neurons to seizure activity. J Comp Neurol,
280: 183–196.

95

Folia Morphol., 2002, Vol. 61, No. 2

37. Solbach S, Celio MR (1991) Ontogeny of the calcium
binding protein parvalbumin in the rat nervous system. Anat Embryol (Berl), 184: 103–124.
38. Spruston N, Jaffe DB, Johnston D (1994) Dendritic attenuation of synaptic potentials and currents: the role
of passive membrane properties. Trends Neurosci, 17:
161–166.
39. Tortosa A, Ferrer I (1993) Parvalbumin immunoreactivity in the hippocampus of the gerbil after transient
forebrain ischaemia: A qualitative and quantitative
sequential study. Neuroscience, 55: 33–43.
40. Villa A, Podini P, Panzeri MC, Racchetti G, Meldolesi J
(1994) Cytosolic Ca2+ binding proteins during rat

brain ageing: loss of calbindin and calretinin in the
hippocampus, with no change in the cerebellum. Eur
J Neurosci, 6: 1491–1499.
41. Wouterlood FG, Van Denderen JCM, Blijleven N, Van
Minnen J, Hartig W (1998) Two-laser dual-immunofluorescence confocal laser scanning microscopy using
Cy2- and Cy5-conjugated secondary antibodies: unequivocal detection of co-localization of neuronal
markers. Brain Res Protocol, 2: 149–159.
42. Yoon SP, Chung YY, Chang IY, Kim JJ, Moon JS, Kim
HS (2000) Postnatal development of parvalbumin and
calbindin D-28k immunoreactivities in the canine hippocampus. J Chem Neuroanat, 19: 143–154.

96

