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Tench (Tinca tinca L., 1758)
CARLOS CRESPO, ANGEL PORTEROS, ROSARIO ARÉVALO, JESÚS G. BRIÑÓN,
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ABSTRACT
The distribution of parvalbumin (PV) immunoreactivity in the tench brain was examined
by using the avidin-biotin-peroxidase immunocytochemical method. This protein was detected in neuronal populations throughout all main divisions of the tench brain. In the
telencephalic hemispheres, PV-immunopositive neurons were distributed in both the dorsal
and ventral areas, being more abundant in the area ventralis telencephali, nucleus ventralis.
In the diencephalon, the scarce distribution of PV-containing cells followed a rostrocaudal
gradient, and the most evident staining was observed in the nucleus periventricularis
tuberculi posterioris and in a few nuclei of the area praetectalis. In the mesencephalon,
abundant PV-immunoreactive elements were found in the tectum opticum, torus semicircularis, and tegmentum. In the tectum opticum, PV-immunoreactivity presented a laminar
distribution. Three PV-containing neuronal populations were described in the torus semicircularis, whereas in the tegmentum, the PV staining was mainly located in the nucleus
tegmentalis rostralis and in the nucleus nervi oculomotorii. In the metencephalon, Purkinje
cells were PV-immunopositive in the valvula cerebelli, lobus caudalis cerebelli, and in the
corpus cerebelli. In the myelencephalon, PV immunoreactivity was abundant in the nucleus
lateralis valvulae, in the nucleus nervi trochlearis, nucleus nervi trigemini, nucleus nervi
abducentis, nucleus nervi glossopharyngei, and in the formatio reticularis. Mauthner cells
were also PV immunostained. By contrast to other vertebrate groups, only a restricted
population of PV-containing neurons was GABA-immunoreactive in the tench, demonstrating
that this calcium-binding protein cannot be considered a marker for GABAergic elements in
the teleost brain. This study demonstrates a low phylogenetic conservation of the distribution
of PV comparing teleosts and tetrapods. J. Comp. Neurol. 413:549–571, 1999. r 1999 Wiley-Liss, Inc.
Indexing terms: brain mapping; calcium-binding protein; fish; immunocytochemistry; teleost

Calcium is a ubiquitous and important second messenger for intracellular metabolism, including many cellular
events in the central nervous system (Bootman and Berridge, 1995; Dedman and Kaetzel, 1995). In the brain, this
ion is involved in the transduction of nerve signals, in
neuronal migration and in the synthesis and release of
different neurotransmitters and in cell degeneration and
death (Rubin et al., 1985; Evered and Whelan, 1986;
Iacopino and Christakos, 1990). Most calcium-related
events are modulated by the intracytoplasmic concentration of this cation, directly regulated by calcium-binding
proteins (Dedman and Kaetzel, 1995). Some of these
calcium-binding proteins belong to the ‘‘EF-hand’’ family.
They share a highly conserved structural motif, the EFhand domain, which forms a single calcium-binding site
(Ikura, 1996). The EF-hand domain was first described for
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parvalbumin (PV), the first EF-hand protein to be isolated
and crystalized (Kretsinger and Kockolds, 1973). PV expression occurs in specific neuronal subpopulations of the
central nervous system of amniotes and anamniotes, suggesting particular calcium-buffering mechanisms in these
neurons. Though the precise functions of PV in neurons
are unknown, it has been associated with ␥ aminobutiric
acid (GABA)-ergic neurons in the rat, cat, and primate
cortex, suggesting that PV constitutes a highly sensitive
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calcium buffer system involved in the fast-firing events
taking place in these neurons (Celio, 1986; Van Brederode
et al., 1990; Demeulemeester et al., 1991). The immunocytochemical detection of PV provides a suitable morphological characterization of immunopositive elements similar to
that obtained by using Golgi techniques and, therefore,
constitutes a helpful neuroanatomical tool (Celio, 1990;
Pitkänen and Amaral, 1993; Briñón et al., 1997).
Most immunocytochemical studies dealing with the
expression of PV in the central nervous system have been

performed in amniotes, mainly mammals (Celio, 1990;
Pitkänen and Amaral, 1993; Alcántara and Ferrer, 1994;
De Venecia et al., 1995; Härtig et al., 1996; Yu et al., 1996)
but also birds (Braun et al., 1986; Sanna et al., 1992; Fujii
and Lucaj, 1993) and reptiles (Martı́nez-Guijarro and
Freund, 1992; Dávila et al., 1995). For anamniotes, fragmentary data are available for the distribution of PV
(Alonso et al., 1992; Briñón et al., 1994) and thus to
compare distributions between amniotes and anamniotes
is difficult.
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nucleus centralis lobi inferioris hypothalami
corpus mamillare
columna motoria spinalis
chiasma opticum
commissura posterior
commissura supraoptica ⫽ Commissura postoptica
nucleus centralis posterior thalami
commissura tecti
commissura ventralis rhombencephali
area dorsalis telencephali, nucleus centralis
area dorsalis telencephali, nucleus dorsalis
area dorsalis telencephali, nucleus lateralis
nucleus diffusus lobi inferioris hypothalami
area dorsalis telencephali, nucleus medialis
area dorsalis telencephali, nucleus posterior
nucleus dorsalis posterior thalami
radix descendens nervi trigemini
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lobus facialis
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nucleus tuberis anterior
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nucleus nervi vagi
nervus oculomotorius
nervus trochlearis
nervus facialis
nervus octavus
nervus vagalis
stratum opticum
nucleus octavus anterior
nucleus opticus accessorius dorsalis
nucleus octavus descendens
oliva inferior
nucleus octavolateralis medialis
nucleus octavus magnocellularis
populatio octavia secundaria
nucleus praetectalis accessorius
0.1 M phosphate buffer, pH 7.4
area praeglomerulosa
nucleus praeglomerulosus anterior
nucleus praeglomerulosus lateralis
nucleus praeglomerulosus medialis
nucleus periventricularis hypothalami, zona caudalis
nucleus periventricularis hypothalami, zona dorsalis
nucleus periventricularis hypothalami, zona ventralis
nucleus perilemniscularis
nucleus praeopticus magnocellularis
nucleus praeopticus parvocellularis, pars anterior
nucleus praetectalis posterior
nucleus praeopticus parvocellularis, pars posterior
nucleus praetectalis superficialis, pars margnocellularis
nucleus praetectalis superficialis, pars parvocellularis
nucleus periventricularis tuberculi posterioris
stratum periventriculare
parvalbumin
nucleus suprachiasmaticus
sulcus ypsiloniformis
nucleus tangentialis
tractus bulbospinalis
tractus cerebellaris posterior
nucleus tegmentalis dorsalis
tractus gustatorius secundarius
torus longitudinalis
torus lateralis
tractus mesencephalo-cerebellaris anterior
tectum opticum
tractus pretectomamillaris
nucleus tegmentalis rostralis
tractus opticus
tractus opticus dorsomedialis
tractus opticus ventrolateralis
torus semicircularis
tractus tectobulbaris
tractus tectobulbaris cruciatus
tractus vestibulospinalis
ventriculus
area ventralis telencephali, nucleus centralis
valvula cerebelli, pars lateralis, stratum granulare
valvula cerebelli, pars lateralis, stratum moleculare
valvula cerebelli, pars medialis, stratum granulare
valvula cerebelli, pars medialis, stratum moleculare
area ventralis telencephali, nucleus dorsalis
area ventralis telencephali, nucleus lateralis
area ventralis telencephali, nucleus postcommissuralis
area ventralis telencephali, nucleus supracommissuralis
nucleus ventralis thalami
area ventralis telencephali, nucleus ventralis

PV-IMMUNOREACTIVITY IN THE TENCH BRAIN
Teleosts represent the group with the highest number of
species within the vertebrates, and they present important
differences in their anatomy and the functional organization of their brains (Cohen, 1970; Davis and Northcutt,
1983). Previous reports by our group describe the distribution of PV immunoreactivity in the teleost telencephalic
hemispheres and in the cerebellum, showing important
differences from the homologous regions in mammals
(Alonso et al., 1992; Briñón et al., 1994). No information is
available on the distribution of this protein in the remaining areas of the central nervous system of teleosts. The
main goals of our report are: 1) to provide a comprehensive
distribution pattern of PV immunoreactivity in the tench
brain and 2) to analyze, in a phylogenetic perspective, how
this general pattern is modified or conserved by comparing
amniotes and anamniotes.

MATERIALS AND METHODS
Animals and tissue preparation
Twenty male and 20 female adult specimens of Tinca
tinca (L., 1758), obtained from commercial sources (Fisheries ‘‘Ipescon,’’ Salamanca, Spain), were used in this study.
Fifteen males and 15 females were used for PV immunostaining to map the distribution pattern of this calciumbinding protein in the tench brain. In addition, five males
and five females were destined to PV-GABA doubleimmunolabeling to test the GABAergic nature of the
PV-containing elements. All procedures were in accordance with the guidelines of the European Communities
Council Directive (86/609/EEC), the current Spanish legislation for the use and care of animals, and they conform to
National Institutes of Health guidelines. The study was
also approved by the Animal and Human Experimentation
Committee of the Institute of Neuroscience of Castilla y
León. The animals were deeply anesthetized by using an
aqueous solution of 0.03% tricaine methanesulfonate
(MS-222, Sandoz) and perfused through the conus arteriosus with 50 ml of isotonic saline solution containing 5
IU/ml of heparine, followed by a fixative solution. In
animals used for PV immunocytochemistry, fixative was
composed of 4 % (w/v) paraformaldehyde and 2% (w/v)
picric acid in 0.1 M phosphate buffer (PB), pH 7.4. In
animals destined to the PV-GABA double-immunocytochemistry 0.3% glutaraldehyde was added to the fixative
mixture. After perfusion, the brains were removed and
postfixed by immersion in 4% (w/v) paraformaldehyde and
2% (w/v) picric acid in PB for 4 additional hours at 4°C.

PV immunocytochemistry
After the tissue was rinsed in PB, it was cryoprotected
with 30% (w/v) sucrose in PB. Coronal and sagittal 20-µmthick sections were cut serially on a Leica cryostat and
thaw-mounted on chromealum-gelatinized slides. A one-intwo series was Nissl stained with 0.25% thionin for the
demonstration of the cytoarchitecture of the tench brain.
Adjacent sections were processed for the immunocytochemical detection of PV by using the avidin-biotin-peroxidase
method. In addition, some PV-immunolabeled sections
were counterstained with the same Nissl solution to
ascribe PV-immunostained elements to the different brain
areas and nuclei.
Immunocytochemical technique was conducted by incubating the sections sequentially in the following: 1) primary mouse monoclonal antibody against PV (Swant,
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Bellinzona, Switzerland; 1:1,000 in PB; 48 hours at 4°C) or
rabbit polyclonal antibody against PV (Swant; 1:5,000 in
PB; 48 hours at 4°C); 2) biotinylated horse anti-mouse or
goat anti-rabbit immunogammaglobulin (Vector Labs.,
Burlingame, CA; 1:250 in PB; 2 hours at room temperature); and 3) Vectastain Elite ABC reagent (Vector Labs.;
1:250 in PB; 2 hours at room temperature). After each step,
sections were carefully rinsed in PB (3 times for 10
minutes each). The reaction product was visualized by
incubating sections in 0.05% 3,38diaminobenzidine (Sigma,
St. Louis, MO) and 0.003% hydrogen peroxide in 0.2 M
Tris-HCl buffer, pH 7.6. The course of the reaction was
monitored under the microscope, and the reaction was
stopped by rinsing the slides with cold (4°C) 0.1 M
Tris-HCl buffer, pH 7.6. Sections were then air-dried,
dehydrated through a graded alcohol series, cleared with
xylene, and coverslipped with Entellan (Merck, Darmstadt, Germany).

PV-GABA double-immunocytochemistry
To study the colocalization of PV and GABA in the same
neurons, fluorescent double-immunocytochemical procedures were performed. Tissue was rinsed in PB and
embedded in 4% agar (402303 Panreac, Spain) in distilled
water. Coronal and sagittal 50-µm-thick sections were cut
serially on a Leica vibratome. After the agar of the sections
was removed, they were treated with 1% NaBH4 in PB for
30 minutes and thoroughly washed in PB.
PV-GABA double-immunocytochemical technique was
conducted by incubating the sections in the following: 1) a
mixture of primary antisera: 1:1,000 rabbit anti-PV (Swant)
and 1:50 mouse anti-GABA (Szabat et al., 1992) in PB
containing 1% normal goat serum, 2% bovine serum
albumin, and 0.2% Triton X-100, for 48 hours at 4°C; 2) a
mixture of 1:400 fluorescein-conjugated donkey antimouse (Jackson Immunoresearch, West Grove, PA) and
1:400 Cy3-conjugated donkey anti-rabbit (Jackson Immunoresearch) in PB for 2 hours at room temperature. After
each step, sections were carefully rinsed in PB (3 times for
10 minutes each). The reaction was monitored under a
microscope equipped with epifluorescence and appropriate
filter sets. When the specific staining was observed, the
reaction was stopped by rinsing the sections with PB.
Sections were then coverslipped with an antifadingcontaining medium: 0.42 g glycine, 0.021 g sodium hydroxide, 0.51 g sodium chloride, 0.03 g sodium azide, and 5 g
N-propyl gallate in 100 ml of 70% glycerin.

Controls
The monoclonal and polyclonal primary anti-PV antibodies used in this report have been exhaustively characterized (Celio et al., 1988) and widely used in neuroanatomical studies in the central nervous system of different
groups of vertebrates (Celio, 1990; Briñón et al., 1997,
1999; Crespo et al., 1997; Martı́nez-Guijarro et al., 1998)
including teleosts (Alonso et al., 1992; Briñón et al., 1994).
In addition, the monoclonal primary anti-GABA antibody
used in the study was used in previous neuroanatomical
reports (Szabat et al., 1992). Controls for the PV-immunohistochemical procedure were conducted to determine the
specificity of the immunolabeling: 1) omission of the first or
second antibodies in each step and 2) incubation of some
sections exclusively in 0.05% 3,38diaminobenzidine and
0.003% hydrogen peroxide in 0.2 M Tris-HCl buffer, pH
7.6, to exclude the presence of endogenous peroxidases. No
residual reactivity was observed. In addition, the specific-
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ity of the PV-GABA double immunostaining was tested by
conducting parallel PV and GABA single immunostaining
in adjacent series to the PV-GABA double-labeled sections.
The PV and the GABA distribution patterns were identical
in the single- and double-immunostained series. Omission
of the anti-PV and/or anti-GABA antibodies and incubations of some sections exclusively in fluorescein-conjugated donkey anti-mouse and/or Cy3-conjugated donkey
anti-rabbit were used as specificity controls as well. No
residual labeling was found in these controls.
In each nucleus or area, 100 PV-immunoreactive neurons belonging to each morphological type and located in
the middle of the thickness of the sections were selected
randomly, and their maximum diameters were measured
by using a digitizer tablet connected to a semiautomatic
image analysis system (MOP-Videoplan, Kontron, Munich). When the labeled cells were scarce, all stained
neurons were measured. Schematic drawings at different
representative coronal section levels were performed by
using a camera lucida and CANVAS 3.0.6. software
(Deneba, Miami, FL).

RESULTS
The nomenclature and boundaries for the nuclear divisions of the teleost brain remain controversial. Our neuroanatomical description is based on recent topological atlases for the tench (Arévalo et al., 1995a) and the zebrafish
(Wullimann et al., 1996). PV immunocytochemistry provided suitable neuroanatomical information about the
cytoarchitecture of the tench brain, and by combination of
these immunocytochemical data with the results obtained
with Nissl staining, we identified nuclei, tracts, and fascicles not previously reported in this teleost.
The PV immunocytochemical technique provided a good
visualization of the PV-immunopositive elements, easily
identifiable by the dark brown precipitate of diaminobenzidine filling the somata, dendritic trees, and axonal portions. This Golgi-like staining allowed the morphological
characterization of PV-immunostained cells and the identification of some PV-stained tracts and fascicles in the
tench brain. All PV-containing cells were identified as
neurons, and no PV-immunostaining was observed in glial
cells. No significant differences were found in the PV
distribution patterns for different specimens. PV-immunopositive neurons were distributed in all divisions of the
tench brain, being more abundant in the telencephalon,
mesencephalon, metencephalon, and myelencephalon than
in the diencephalic areas (Figs. 1–6).

Telencephalon
In the telencephalon, there are two main divisions: the
olfactory bulbs and the telencephalic hemispheres. In the
tench, the olfactory bulbs are spatially separated from the
telencephalic hemispheres by long olfactory tracts containing the axons of the bulbar relay neurons and the centrifugal afferents from higher centers to the olfactory bulbs. No
PV immunoreactivity was observed in the cells or fibers of
the tench olfactory bulb.
The telencephalic hemispheres include two different
areas: the area dorsalis and the area ventralis. The area
dorsalis is divided into six different nuclei: dorsalis (Dd),
medialis (Dm), centralis (Dc), lateralis (Dl), posterior (Dp),
and taenia (NT). In the area ventralis, eight nuclei are
distinguished: dorsalis (Vd), ventralis (Vv), lateralis (Vl),

centralis (Vc), supracommissuralis (Vs), postcommissuralis (Vp), and entopeduncularis, pars dorsalis (Ed), and pars
ventralis (Ev). In the telencephalic hemispheres, a wide
distribution of PV-containing neurons was found in both
the area dorsalis and the area ventralis (Fig. 1). At rostral
levels of the area dorsalis, PV immunoreactivity was
abundant in the Dc, where a population of small (7- to
11-µm maximum diameter) round neurons were stained
for this protein. PV-immunopositive neurons displayed one
to four thin dendrites running in different directions and
giving them a piriform or stellate aspect (Fig. 7A). A few
cells with similar shapes and sizes were also found in the
Dm, Dd, and in the dorsal portion of the Dl. At commissural and postcommissural levels, in addition to small
round neurons similar to those described at rostral levels,
a population of larger (10–14 µm) fusiform cells was
located in the Dc and Dp. Close to the commissura
anterior, fusiform neurons were oriented parallel to the
fibers coursing within the commissure.
In the area ventralis, the number of PV-immunostained
neurons was higher than in the area dorsalis. These cells
were mainly concentrated in the Vv and more scarcely in
the Vs, showing similar morphology to the cells found in
the area dorsalis. As in the area dorsalis, the small round
cells were more abundant at rostral levels and the larger
fusiform ones at the commissural and postcommissural
levels. We did not observe any PV staining in the telencephalic tracts and commissures. The few processes containing this protein in the telencephalon were found in the Vv,
Dp, and close to the commissura anterior, and they probably belong to the PV-containing neurons described in
these areas.

Diencephalon
In the diencephalon, we include the area praeoptica,
located at the boundary with the telencephalic hemispheres, the area praetectalis, the epithalamus, the thalamus, the tuberculum posterioris, the hypothalamus, and
the synencephalon, located in the caudalmost diencephalic
portion. The diencephalon was the encephalic division that
had the lowest PV immunoreactivity in the tench (Figs.
1b–d; 2; 3; 4a,b). PV-containing elements were not found in
the area praeoptica nor in the epithalamus. The nuclei
included in the tench area praetectalis were the nucleus
praetectalis superficialis, pars magnocellularis (PSm),
nucleus praetectalis superficialis, pars parvocellularis
(PSp), nucleus opticus accessorius dorsalis (OAD), nucleus
praetectalis accessorius (PA), and nucleus praetectalis
posterior (PPo). In the area praetectalis, a few round
neurons were weakly PV immunostained within the PSm
and PSp. In the PSp, these neurons were small (7–9 µm)
and homogeneously distributed within the nucleus. In the
PSm, in contrast, they were medium-sized (12–19 µm) and
located on the periphery of the nucleus. The weak staining
did not allow the visualization of processes in these
neurons. A weakly PV-immunostained neuropil was found
in the OAD, but no PV-immunopositive cells were observed
in this nucleus. In the caudalmost part of the area
praetectalis, abundant medium-sized (12–18 µm) neurons
were located in the PA (Fig. 7B). These neurons showed
piriform somata with a thick dendritic tree branching
within the nucleus. Similar elements were rarely found in
the PPo.

Fig. 1. a–d: Schematic drawings of coronal sections at different
rostrocaudal levels of the tench telencephalon and the rostral portion
of the diencephalon. The complete drawing shows, on the left side, the
cytoarchitecture of the tench brain and, on the right, the distribution

of PV-containing neurons (solid circles) at this level. In the half
drawing, the PV-stained fibers are represented. The section level is
shown in the small drawing of the tench brain in the upper portion.
For abbreviations, see list.
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Fig. 2. a–c: Schematic drawings of coronal sections at different
rostrocaudal levels of the tench diencephalon and rostral portion of the
mesencephalon. The complete drawing shows, on the left side, the
cytoarchitecture of the tench brain and, on the right, the distribution
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of PV-containing neurons (solid circles) at this level. In the half
drawing, the PV-stained fibers are represented. The section level is
shown in the small drawing of the tench brain in the upper portion.
For abbreviations, see list.
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Fig. 3. a–c: Schematic drawings of coronal sections at different
rostrocaudal levels of the tench diencephalon, mesencephalon, and
rostral portion of the metencephalon. The complete drawing shows, on
the left side, the cytoarchitecture of the tench brain and, on the right,
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the distribution of PV-containing neurons (solid circles) at this level.
In the half drawing, the PV-stained fibers are represented. The section
level is shown in the small drawing of the tench brain in the upper
portion. For abbreviations, see list.

Fig. 4. a–c: Schematic drawings of coronal sections at different
rostrocaudal levels of the caudal diencephalon, mesencephalon, metencephalon, and rostral portions of the myelencephalon. The complete
drawing shows, on the left side, the cytoarchitecture of the tench brain

and, on the right, the distribution of PV-containing neurons (solid
circles) at this level. In the half drawing, the PV-stained fibers are
represented. The section level is shown in the small drawing of the
tench brain in the upper portion. For abbreviations, see list.

Fig. 5. a–c: Schematic drawings of coronal sections at different
rostrocaudal levels of the caudal mesencephalon, metencephalon, and
myelencephalon. The complete drawing shows, on the left side, the
cytoarchitecture of the tench brain and, on the right, the distribution

of PV-containing neurons (solid circles) at this level. In the half
drawing, the PV-stained fibers are represented. The section level is
shown in the small drawing of the tench brain in the upper portion.
For abbreviations, see list.
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Fig. 6. a–d: Schematic drawings of coronal sections at different
rostrocaudal levels of the myelencephalon. The complete drawing
shows, on the left side, the cytoarchitecture of the tench brain and, on
the right, the distribution of PV-containing neurons (solid circles) at
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this level. In the half drawing, the PV-stained fibers are represented.
The section level is shown in the small drawing of the tench brain in
the upper portion. For abbreviations, see list.
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Fig. 7. A: Piriform (arrow) and stellate (open arrow) PV-containing
neurons in the area dorsalis telencephali, nucleus centralis (Dc). B: PV
immunostaining in the nucleus praetectalis accessorius (PA). C: Large
PV-immunopositive neuron in the nucleus fasciculi longitudinalis

medialis (Nflm). D: PV-containing axon collateral with a thick clublike
terminal (open arrow) in the same nucleus. Scale bars ⫽ 50 µm in A
and C; 100 µm in B; 20 µm in D.

In the thalamic nuclei, we did not find any PVimmunoreactive elements in the nucleus anterior thalami
(AT) nor in the nucleus centralis posterior thalami (CPT).
In the nucleus ventralis thalami (VT), a few small (7–8
µm) round neurons resembling granule cells without
stained processes displayed PV immunostaining. The number of PV-containing neurons was high in the nucleus
dorsalis posterior thalami (DPT), where three different
neuronal populations could be distinguished. The first was
composed of medium-sized (12–16 µm) piriform cells with
a proximal dendrite ventromedially directed. The second
was composed of large (27–33 µm) fusiform cells with two
dendrites, arising from different sides of the soma, which
followed dorsomedial and ventrolateral orientations. The
third population included pyramidal neurons with sizes
between both previous groups (16–28 µm). Pyramidal cells
showed their dendritic trees oriented in different directions inside the nucleus.
PV immunoreactivity was scarce in the tuberculum
posterior. In this region, the nucleus periventricularis

tuberculi posterioris (PTp) presented numerous immunostained elements, whereas the complex nuclearis praeglomerularis, the corpus mamillare (CM), the torus lateralis
(TLa), and the nucleus tuberis posterior (NTP) were
PV-immunonegative. In the PTp, PV-immunostained cells
were oval-shaped and variable in size (11–27 µm). They
showed a proximal dendrite with a lateral orientation
opposite to the ventricle that branched inside the PTp.
The hypothalamic region constitutes the most extense
diencephalic area in the tench brain. In this area, the only
elements containing PV were a few neurons found in the
nucleus periventricularis hypothalami, zona dorsalis (PHd),
and zona ventralis (PHv), and in the nucleus tuberis
anterior (NTA). In the PHd and NTA, the PV-immunopositive neurons were small (6–12 µm), round, and strongly
stained with morphology similar to granule cells. In some
of these neurons, the proximal portion of a thin dendrite
was observed. PV-containing neurons in the PHv were
larger (12–16 µm) than those found in the PHd and
NTA. They showed ovoid-shaped somata with a thick

560

C. CRESPO ET AL.

dendrite directed opposite to the ventricle. No PVimmunostained cells were observed in the nucleus lateralis hypothalami (LH), diffusus lobi inferioris hypothalami
(DLI), periventricularis hypothalami, zona caudalis (PHc),
and centralis lobi inferioris hypothalami (CLI).
In the nucleus fasciculi longitudinalis medialis (Nflm),
only a few neurons contained PV. They were large cells
(34–43 µm) with polygonal cell bodies and the initial
portion of two to three thick dendritic trunks arising from
the soma (Fig. 7C). In addition to these cells, numerous
axons with sinuous trajectories were PV immunostained
in this nucleus. These axons were variable in diameter
(⬍1–5 µm), and some of them showed collaterals ending in
thick clublike terminals (Fig. 7D). Sometimes, these clublike endings surrounded the cell bodies of PV-immunonegative neurons in this nucleus, forming pericellular arrangements.
The PV immunoreactivity was scarce not only in the
diencephalic nuclei but also in the diencephalic tracts and
fascicles. We only found PV-immunostained axons in the
commissura posterior (CP) and in the fasciculus longitudinalis medialis (flm). The PV-containing axons in the flm
were identified as centrifugal axons ascending from caudal
regions and innervating the Nflm.

Mesencephalon
The mesencephalon is divided into three different regions: the tectum opticum (TO), the torus semicircularis
(TS), and the tegmentum. We found PV immunoreactivity
in these three mesencephalic regions (Figs. 2a,b; 3; 4). In
the TO, six different strata can be distinguished from the
tectal ventricle to the pial surface: the stratum periventriculare (Pv), album centrale (AC), griseum centrale (G),
fibrosum et griseum superficiale (FGS), opticum (O), and
marginale (M). PV immunoreactivity displayed a laminar
distribution pattern in the TO, with the highest density of
positive neurons in the Pv (Fig. 8A). In this stratum, an
abundant population of periventricular cells was strongly
PV immunostained. These cells showed piriform somata
(7–9 µm) with a large dendrite arising from the dorsal side
of the cell body and directed toward the superficial strata
perpendicular to the TO surface (Fig. 8A,B). These dendrites were smooth in their initial portion and branched at
two different levels of the G, forming two immunoreactive
bands, one in the middle of the stratum and a second one
on its superficial portion. These branches frequently showed
varicosities and pedunculated spines. The main dendrite
reached both retinorecipient strata: the FGS and the O,
respectively, where it gave rise to different varicose
branches with pedunculated spines. In addition to periventricular cells, fusiform PV-immunopositive cells were observed in the superior strata. The fusiform cells were
located at different levels of the G (Fig. 8A), and showed
medium-sized (14–20 µm) somata with two dendrites
arising from opposite poles of soma and oriented perpendicular or, rarely, parallel to the TO lamination. In the
superficial portion of the G, in the boundary with the FGS,
we found a small population of pyramidal cells with two
dendrites directed superficially toward the FGS and another directed toward the deep portion of the G (Fig. 8B).
The PV-immunostained processes found in the TO belonged to the intratectal PV-positive neurons, and no
retinal projections nor centrifugal afferents were stained.
The TS showed three morphologically different populations of PV-containing neurons. One is composed of small

(8–12 µm) piriform cells with a proximal dendrite branching close to the cell body (Fig. 8D). The second was formed
by larger (11–16 µm) fusiform neurons with two short
dendritic trunks with different orientations. Both piriform
and fusiform cells were homogeneously distributed inside
the TS, but we frequently found piriform cells aligned in
the surface of this region, close to the tectal ventricle and
directing their dendrites opposite to this ventricle. The
third neuronal population was formed by pyramidal neurons with somata ranging from 15 to 22 µm in maximum
diameter (Fig. 8D). In these cells, only the initial portions
of the dendritic trunks were stained. Pyramidal cells were
clustered in the central portion of the TS. In addition to the
labeled cell bodies, a dense network of PV-containing
axons was found innervating the dorsal area of the TS at
rostral levels (Fig. 8E). Analyzing serial sections, these
axons were followed running through the fasciculus longitudinalis lateralis (fll) from as far away as the area
octavolateralis, where their parent cell bodies were located
(Fig. 8F).
The tegmental region showed PV immunoreactivity in
the Edinger-Westphal (EW), tegmentalis rostralis (TR),
and nervus oculomotorii (NIII) nuclei. PV immunoreactivity was not detected in the nucleus tegmentalis dorsalis
(TD) nor in the nucleus perilemniscularis (PL). In the EW,
large (19–24 µm) round neurons were strongly PV immunostained. Stained prolongations were not found arising
from these cells. The TR showed two morphologically
different neuronal populations. In the dorsal part of the
nucleus, a population of large (24–39 µm) polygonal neurons was PV-immunopositive (Fig. 8C). Only the initial
portions of two to four dendrites were labeled in these
cells. Ventrally, another population of smaller (21–26 µm)
PV-containing fusiform cells was found. The fusiform
neurons had two dendrites oriented in dorsomedial and
ventrolateral directions. In the NIII, a subpopulation of
large (18–26 µm) round or ovoid neurons without visible
prolongations was weakly PV immunostained (Fig. 9A,B).
Surrounding these neurons, we found strongly PV-stained
axons with clublike terminals (Fig. 9B). These axonal
terminals occasionally surrounded PV-immunonegative
cell bodies.
In addition to the staining described in the neurons,
some fascicles in the mesencephalon showed PV-containing axons. No staining was observed in the fibers coursing
throughout the tractus mesencephalo-cerebellaris anterior (tmca), but many axons were positive in the flm, fll,
and tractus tectobulbaris (ttb). PV-immunopositive axons
were thick and homogeneously distributed in the mesencephalic portions of the flm. In contrast, in the fll we found a
neurochemical segregation of fibers. Most PV-immuno-

Fig. 8. A: PV immunoreactivity in the tectum opticum (TO). In the
stratum periventriculare (Pv), a subpopulation of periventricular cells
(open arrows) is PV-immunopositive. Fusiform cells (arrows) are
located at different levels of the stratum griseum centrale (G).
B: PV-containing pyramidal cell in the upper portion of G (arrow) and
periventricular cell in Pv (open arrow) directing its dendrite toward
the stratum fibrosum et griseum superficiale (FGS). C: Polygonal
neurons in the dorsal part of the nucleus tegmentalis rostralis (TR).
D: Small PV-immunopositive piriform cell (arrow) and larger pyramidal cell (open arrow) in the torus semicircularis (TS). E: The dorsal
part of the TS is densely innervated by PV-containing axons. F: Axons
ascending through the dorsal half of the fasciculus longitudinalis
lateralis (fll). For other abbreviations see list. Scale bars ⫽ 50 µm in A,
C, and E; 25 µm in B; 50 µm in D; 50 µm in F.
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Fig. 9. A: PV-containing neurons and fibers in the nucleus nervi
oculomotorii (NIII). B: Neurons in the NIII surrounded by strongly
PV-stained terminals. C: PV-containing neurons in the nucleus nervi
trochlearis (NIV). A few cells in this nucleus are innervated by
PV-containing terminals (open arrows). D: PV-immunostaining in the

neurons of the nucleus nervi trigemini (NV). E: PV-immunopositive
cells in the nucleus nervi abducentis (NVI). F: Polygonal cells displaying PV-immunoreactivity in the magnocellular division of the formatio
reticularis, pars superior (FRs). For other abbreviations see list. Scale
bars ⫽ 50 µm in A and C–F; 50 µm in B.
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stained axons formed a bundle in the dorsal half of the
fasciculus (Fig. 8F). These axons were the ascending
centrifugal fibers from the area octavolateralis innervating the dorsal portion of the rostralmost TS. In the ventral
half of the fll, we observed only a few PV-immunostained
axons. A subpopulation of axons in the nervus oculomotorius (nIII) was also PV immunostained.

Metencephalon
The metencephalon of teleosts includes three structures:
valvula cerebelli, which has a pars medialis (VCm) and a
pars lateralis (VCl), corpus cerebelli (CC), and lobus
vestibulolateralis, which is composed of the lobus caudalis
cerebelli (LCa) and the eminentia granularis (EG). The PV
immunostaining was abundant in the metencephalon,
mainly in the valvula cerebelli and lobus vestibulolateralis
(Figs. 3b,c, 4, 5). In the valvula cerebelli, numerous
PV-immunoreactive elements were observed in the three
layers: the molecular layer, Purkinje cell layer, and granule cell layer. The Purkinje cells were strongly PV immunostained (Fig. 10A,B). These neurons were large (16–22 µm)
with piriform somata and a thick dendritic trunk extending into the molecular layer. The dendrites of the Purkinje
cells ramified profusely in the molecular layer, and their
branches formed a dense PV-stained palisade filling this
stratum (Fig. 10A,B). The initial portions of the Purkinje
cell axons arising from the opposite pole of the somata and
directed toward the granule cell layer were also stained. In
the granule cell layer, the PV-containing elements were
varicose axons with clublike terminals that coursed among
the PV-immunonegative granule cells. Although polyclonal anti-PV antibody demonstrated PV immunolabeling
in the Purkinje cells of both VCm and VCl, the use of the
monoclonal one failed to show PV immunoreaction in the
Purkinje cells of the VCl.
The CC showed a few scattered PV-containing axons in
the granule cell layer. Purkinje cells were also PVimmunoreactive by using the polyclonal anti-PV antibody,
whereas they were not immunostained by using the monoclonal one. In the CC, Purkinje cells showed similar
morphology to those observed in the valvula cerebelli but
had a slightly larger size (22–34 µm). As described in the
valvula cerebelli, the branches of the dendrites of the
Purkinje cells formed a dense palisade in the molecular
layer of the CC.
A high number of PV-containing cells and fibers were
found in the lobus vestibulolateralis, located in both the
EG and the LCa. In the EG, a population of round cells,
larger (10- to 12-µm) than the PV-immunonegative granule cells, were strongly stained. Abundant PV-positive
axons coursed in this region in addition to the cells. In the
LCa, the staining was abundant in the molecular layer,
granule cell layer, and Purkinje cell layer. Purkinje cells in
the LCa (Fig. 10C), showed similar PV immunoreactivity
and morphological characteristics than those labeled in

Fig. 10. A: Overview of the PV immunostaining in the valvula
cerebelli pars medialis (VCm). The outlined area is shown at higher
magnification in panel B. B: Purkinje cells of the valvula cerebelli,
pars medialis display a strong PV immunolabeling. C: PV-immunopositive Purkinje cells (open arrows) of the lobus caudalis cerebelli (LCa)
direct their axons (small arrows) to the PV-immunonegative eurydendroid cells (arrowheads). D: Eurydendroid cell surrounded by PVcontaining axon teminals in the LCa. For other abbreviations see list.
Scale bars ⫽ 500 µm in A; 50 µm in B; 50 µm in C; 20 µm in D.
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superficial portion of the granule cell layer densely covering with terminals the cell bodies of PV-immunonegative
neurons located close to the somata of the Purkinje cells
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(Fig. 10C,D). These PV-immunonegative neurons were
identified as eurydendroid cells (Fig. 10C,D).

Myelencephalon
In the myelencephalon, there were abundant PVimmunoreactive neurons, mainly located in the nucleus
lateralis valvulae (NLV), in the nucleus isthmi (I), in most
nuclei of the cranial nerves: nucleus nervi trochlearis
(NIV), nucleus nervi trigemini (NV), nucleus nervi abducentis (NVI), nucleus nervi glossopharyngei (NIX), in some
nuclei of the area octavolateralis and related structures:
the octavus magnocellularis (OMa), octavus descendens
(OD), octavolateralis medialis (OM), and populatio octavia
secundaria (OS), in the formatio reticularis, in Mauthner
cells, in the lobi facialis (LVII) and vagi (LX), in the nucleus
fasciculi solitari (nufsol), and in the columna motoria
spinalis (cmsp). Nevertheless, no PV immunoreactivity
was observed in the nucleus interpeduncularis (In), nucleus
gustatorius secundarius (GS), nucleus octavus anterior
(OA), nucleus tangentialis (T), nucleus nervi facialis (NVII),
nucleus nervi vagi (NX), nor in the oliva inferior (OI) (Figs.
3–5).
The NLV appears in the rostralmost portion of the
myelencephalon, at the ventral border of the cerebellum.
In the NLV, a numerous population of granule cells was
PV-immunopositive. These small (7–14 µm) round neurons
presented the proximal portion of the axons stained. A
similar PV-staining pattern was found in the I, located
caudally to the NLV.
In NIV, NV, NVI, and NIX, PV-containing neurons
showed similar morphological features (Fig. 9C,D,E), although the number of PV-containing cells was higher in
the NIV and NVI than in the NV and NIX. They were large
(25–45 µm) round or oval cells with one or, rarely, two
stained dendritic trunks. Some neurons located in the NIV
were innervated by PV-containing axons with clublike
terminals (Fig. 9C). A similar innervation was not observed in the neurons of NV, NVI, and NIX. In the area
octavolateralis, the staining for PV was scarce in the cells
but abundant in the fibers (Fig. 11A). A population of very
large (38–54 µm) polygonal cells was weakly labeled in the
OMa (Fig. 11B). Moreover, this nucleus received a strong
innervation by PV-containing axons, which sometimes
impinged on PV-immunopositive and PV-immunonegative cell bodies (Fig. 11C). In the OD, OM, and OS,
scarce oval neurons displayed PV immunoreactivity. These
neurons were intermediate or large (13–26 µm) in the OD
(Fig. 11D) and smaller (9–14 µm) in the OM (Fig. 11E) and
the OS. The proximal portion of the dendritic trunk was
frequently stained. In addition to the labeled neurons,
these three nuclei received a strong innervation by PVimmunopositive axons.
The Mauthner cells were located dorsal to the formatio
reticularis, at the midrostrocaudal level between the NV
and NVI. These neurons were easily identified because of
their morphology and gigantic size (⬎130 µm in maximum
diameter). The somata and initial portions of both the
lateral and the ventral dendrites of the Mauthner cells
were weakly stained for PV. Moreover, a dark PV labeling
was observed in the axon of these neurons, coursing
caudally through the dorsal part of the flm to the medulla
spinalis. The axon cap region of Mauthner cells received a
strong innervation by thick PV-containing axons. A similar
strong innervation by PV-immunoreactive axons was ob-

served surrounding the proximal portion of the lateral
dendrite.
In the formatio reticularis, the PV-staining pattern did
not show any rostrocaudal variations and was similar in
the pars superior (FRs), pars intermedia (FRi), and pars
inferior (FRin). After PV immunocytochemistry, a population of very large (45–72 µm) polygonal neurons was
strongly stained (Fig. 9F). They showed one to four thick
dendritic trees coursing in different directions, and some of
them could be followed for long distances along the rostrocaudal axis. These dendrites branched frequently within
the reticular area. In addition, a second PV-containing
neuronal population was found in the formatio reticularis.
It was composed of oval or fusiform neurons (15–35 µm in
maximum diameter) with one to three dendrites stained in
their initial portions. Finally, in the same region a third
subpopulation of small (10–14 µm piriform neurons with a
single dendrite, branching close to the soma, was PVimmunopositive. These three neuronal populations of PVcontaining cells were homogeneously distributed throughout the formatio reticularis, and no particular locations
were found in the FRs, Fri, or in the FRin.
The LVII is located in the dorsomedial part of the
myelencephalon and shows an important development in
the tench (Fig. 6a). Two morphological cell types were
PV-immunopositive in LVII. There were small (5–7 µm)
round neurons, similar to granule cells, without positive
processes, and other larger (9–16 µm) neurons with one to
four thin dendrites giving them piriform or stellate aspects. The LX appears caudally to the LVII. In the LX, two
different neuronal populations were PV-immunopositive.
The first was composed of small (4–7 µm) round cells,
similar to those described in LVII, without visible prolongations. The second was formed by larger (12–17 µm) fusiform cells with two short, scarcely ramified dendrites.
At the caudalmost levels of the myelencephalon, abundant PV immunoreactivity was found in the nufsol and the
cmsp (Fig. 6b,c,d). In the nufsol, there was a population of
PV-immunopositive neurons (15–22 µm in maximum diameter), with similar morphological features to those located
in the NIX. In the cmsp, the PV-containing neurons
resembled the large PV-positive cells observed in the
formatio reticularis.
PV immunostaining was also found in myelencephalic
tracts and fascicles. Some PV-immunopositive axons
coursed throughout the myelencephalic portions of both
the flm and fll as observed in the mesencephalic portions of
both fascicles. In addition, PV-positive axons were also
found crossing the commissura ventralis rhombencephali
(Cven) that divides the flm into dorsal and ventral parts
(Figs. 4b,c; 5). Almost all, if not all, the axons of the nervus
lineae lateralis posterioris (nllp) were strongly stained.
Most of these axons reached the octavolateralis area
forming the dense PV-positive network described innervating most nuclei in it.

PV-GABA colocalization
The use of fluorescein and Cy3 in the PV-GABA double
immunocytochemical technique allowed an optimal identification of the PV-, GABA-, and PV-GABA-containing
elements. GABAergic cells and fibers were abundant in
the telencephalon, mesencephalon, and metencephalon,
being scarce in the diencephalon and myelencephalon.
Different rates of PV-GABA colocalization in the same

Fig. 11. A: Overview of the PV distribution pattern in the area
octavolateralis at the level of the nucleus octavus descendens (OD) and
nucleus octavolateralis medialis (OM). B: Large PV-immunopositive
cells (arrows) in the nucleus octavus magnocellularis (OMa). C: The
soma and the initial portion of a dendritic trunk of a PV-immunoposi-

tive neuron in the OMa are surrounded by PV-containing terminals
(arrows). D: Round neurons in the OD displaying PV-immunoreactivity (open arrows). E: PV-containing elements in the OM. For other
abbreviations see list. Scale bars ⫽ 100 µm in A; 100 µm in B; 50 µm in
C (also applies to D); 50 µm in E.
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neurons were found along the rostrocaudal axis of the
tench brain, especially in some telencephalic and metencephalic regions.
GABA-containing neurons were found in most of the
telencephalic nuclei, being most abundant in the Vv.
Almost all, if not all, the PV-containing neurons in the Vv
were GABAergic. On the contrary, just a subpopulation of
PV-immunostained cells were GABA-immunoreactive in
other telencephalic nuclei, such as Dc, Dm, Dd, or Vs (Fig.
12A,B), demonstrating that PV could not be considered a
marker for GABAergic cells in the tench telencephalon.
Only a few GABA-immunostained elements were found in
the diencephalon, mainly in the habenula, where no PV
immunostaining was found, and in the Nflm, where the
few PV-containing neurons did not show GABA immunoreactivity, but were surrounded by GABAergic terminals. In
the mesencephalon, most periventricular cells of the TO
were GABAergic. Although scattered periventricular cells
were PV-immunoreactive, no colocalization of PV and
GABA was detected in these neurons (Fig. 12C,D). A
similar no-colocalization pattern was found in the PV- and
GABA-containing cells and fibers located in other mesencephalic areas, such as the TS.
The metencephalon was the brain area with highest
degree of PV-GABA colocalization in the same neurons,
because Pukinje cells in the valvula cerebelli, CC, and in
the LCa showed a strong immunoreactivity for both markers (Fig. 12E,F). In the myelencephalon, the PV-containing
cells found in some nuclei of the cranial nerve were not
GABAergic. In most fascicles, such as the flm and fll, PVand GABA-containing axons coursed together, but just a
few PV-immunostained axons showed GABA immunoreactivity.

DISCUSSION
The present report details, for the first time, the localization and morphological characteristics of PV-containing
cells and fibers in the brain of a teleost. As it has been
described in other vertebrate groups (Celio, 1990; Martı́nezGuijarro et al., 1993), PV appears in neuronal subpopulations, and no glial cells nor ependymal cells were PVimmunoreactive in the tench brain. Thus, we can conclude
that PV is an exclusive neuronal marker in the tench as in
other vertebrate groups. Our immunohistochemical mapping in the tench brain demonstrates PV-containing cells
and fibers in all the main divisions from the telencephalon
to the myelencephalon. The heterogeneous morphological
features of PV-immunostained elements in each division
indicate that the distribution of PV is associated to different biochemical and physiological neuronal systems. We
compare our results of the PV staining in the tench brain
with previous studies in other vertebrates, mainly mammals. The discussion is planned in the same sequence as
the results, beginning with the telencephalon and ending
with the myelencephalon.

Telencephalon
In the tench olfactory bulb, we did not find PVimmunoreactive elements, in contrast to the data reported
for the olfactory bulb of mammals (Kosaka et al., 1994;
Crespo et al., 1997). In the rat olfactory bulb, abundant
GABAergic interneurons contain PV in the external plexiform layer (Kosaka et al., 1994). Although the olfactory
bulb is a remarkably constant structure in the vertebrate

phylum (Allison, 1953), the teleost olfactory bulb shows
important differences in the cytoarchitecture, neuronal
types, and connectivity compared with tetrapods. These
particularities could explain the differences found between
the olfactory bulb of the teleosts and mammals because
PV-immunoreactive neuronal types described in rodents
(Kosaka et al., 1994) do not exist in the teleost olfactory
bulb. Porteros (1997) reports a scarce number of PVimmunopositive cells in the olfactory bulb of a salmonid:
the rainbow trout. The scarce distribution of PV reported
in the trout and the lack of PV immunostaining found in
the tench olfactory bulb suggest a low implication of this
protein in the olfactory circuitries of teleosts, contrary
to the important role suggested for this protein in the
GABAergic interneurons of the olfactory bulb of macrosmatic mammals (Kosaka et al., 1994; Briñón et al., 1997).
A previous study by our group details the distribution of
PV in the telencephalic hemispheres of the tench (Briñón
et al., 1994). The PV distribution pattern found in this
study basically coincides with the previous description. We
have, in addition, described PV immunostaining in new
telencephalic nuclei, not previously identified in this species. In the tench telencephalon, PV abounds in both area
dorsalis and area ventralis, similar to the abundant PV
expression found in the telencephalon of mammals (Celio,
1990; Ohshima et al., 1991; Ferrer et al., 1992; Pitkänen
and Amaral, 1993; Bennett and Bolam, 1994; Alcántara
and Ferrer, 1994), birds (Braun et al., 1985a,b), and
reptiles (Martı́nez-Guijarro et al., 1993; Dávila et al.,
1995). Although it is difficult to establish valid comparisons in the telencephalic hemispheres between teleosts
and land vertebrates, some homologies have been proposed on the basis of similar chemoarchitecture, connectivity, and ontogeny (Butler and Hodos, 1996). In the tench
telencephalon, the most abundant PV immunoreactivity
was found in the Vv. In contrast, only scattered neurons
are PV-immunopositive in the medial septal nucleus (homologous to the Vv) of the rat (Celio, 1990) and monkey
(Linke and Frotscher, 1992). The Vs is the other nucleus of
the area ventralis telencephali that displayed a high PV
immunoreactivity in the tench, which coincides with the
abundant populations of PV-containing neurons found in
the amygdaloid complex of the rat (Celio, 1990) and
monkey (Pitkänen and Amaral, 1993). Abundant PVimmunoreactive neurons have been observed in the nucleus
entopeduncularis of the rat (Celio, 1990), whereas this
nucleus did not show PV immunoreactivity in the tench.
PV immunoreactivity has been described in the caudateputamen, globus pallidus, and in the dorsal pallium of
the rat (Celio, 1990; Hontanilla et al., 1994), monkey
(Bennett and Bolam, 1994), and cat (Alcántara and Ferrer,
1994). This staining may correspond to the PV-immunoreactive elements found in their homologous regions of the
tench: the Dm (homologous to the caudatoputamen), Dc
(homologous in part to the globus pallidus), and Dd
(homologous to the dorsal pallium), respectively (Davis
and Northcutt, 1983). In addition, the Dm and Dc are
considered homologues to the nucleus magnocellularis of
the anterior neostriatum and to the paleostriatum primitivum of birds, which display PV-immunopositive elements (Braun et al., 1985a) with similar morphological
features to those found in the Dm and Dc of the tench.
Together, these data demonstrate some similarities, but
also important differences in the telencephalic distribution
pattern of PV between teleosts and tetrapods, indicating
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Fig. 12. A,B: PV- (A) and GABA-containing (B) cells in the area
dorsalis telencephali, nucleus centralis (Dc). Although some PVimmunopositive cells (arrows) were GABAergic (open arows), other
PV-positive neurons do not show GABA-immunoreactivity (arrowhead). C,D: The few PV-immunopositive periventricular cells (arrows)
in the tectum opticum (TO) are GABA-immunonegative (open arrows).
E,F:Purkinje cells of the valvula cerebelli colocalize PV (B) and GABA
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(A). Blood vessels used as landmarks are labeled with asterisks.
Original images of the figure were captured with an Olympus digital
camera system, transferred to a PC Pentium II computer, adjusted
with Micrografx 6.0 software, and printed with a Fuji Pictography
3000 printer. Only size and general luminosity were modified, and the
lettering was added. Scale bars ⫽ 25 µm in A, B; 25 µm in C–F.

568

C. CRESPO ET AL.

that the distribution pattern for this protein is not conserved throughout phylogeny. Thus, although it has been
indicated that telencephalic areas show striking similarities in the distribution of PV between different species
(Andressen et al., 1993), this indication was based on
previous reports restricted to mammals and birds, and this
conclusion is not substantiated by our results in teleosts.
This protein does not seem to be an adequate marker to
clarify homologies between the telencephalon of teleosts
and land vertebrates.

Diencephalon
It is difficult to draw conclusions about the homologies of
this brain region, because of its great variability and the
different nomenclatures and interpretations of the boundaries of the diencephalic nuclei reported even among
different species of teleosts. The diencephalon is the encephalic division with least PV-immunoreactive elements in
the tench. The area praeoptica and the hypothalamus are
well developed in teleosts, and the structure and organization of these areas have been fairly conserved throughout
their evolution (Butler and Hodos, 1996). In the rat, PV is
absent in the medial division of the area praeoptica, with
only a few neurons in its lateral division (Celio, 1990). This
paucity of PV-immunopositive elements is coincident with
the lack of PV immunoreactivity found in the area praeoptica of the tench. The scarcity or absence of PV immunoreactivity found in the hypothalamic nuclei of the tench is
also in accordance with previous reports in rat, which
show a few PV-immunoreactive neurons scattered in the
area between the paraventricular and the supraoptic
nuclei (Sánchez et al., 1991). These authors suggest a low
implication of PV in the physiology of the hypothalamus,
and our results in the tench are in agreement with this
hypothesis.
No PV immunostaining was found in the habenula of the
tench. These results are not coincident with those previously reported in mammals (Celio, 1990) and birds (Braun
et al., 1985b) because a few PV-labeled elements are
observed in these latter groups. In the rat, residual PV
immunostaining was observed in a few neurons of the
lateral habenular nucleus, which also displays some PVimmunopositive terminals, but no PV immunostaining
was reported for its medial part (Celio, 1990). In the
habenula of the zebra finch, only dotlike terminals were
found in the nucleus habenularis medialis, whereas the
lateral habenula was PV-immunonegative (Braun et al.,
1985b).
The organization of the dorsal and ventral thalamus is
more complex in amniotes than in teleosts (Butler and
Hodos, 1996). In the tench dorsal thalamus, only the DPT
showed abundant PV immunoreactivity. In birds, abundant PV-immunopositive neurons were described in several thalamic nuclei, including the nucleus rotundus (Braun
et al., 1985b; Braun et al., 1988). In mammals, PVimmunopositive neuronal populations have been described in the lateral geniculate nucleus, medial geniculate complex, thalamic reticular nucleus, and pulvinar
complex of the cat (Stichel et al., 1988; Batini et al., 1991),
rat (Celio, 1990), gerbil (Seto-Ohshima et al., 1994), rabbit
(De Venecia et al., 1995), and monkey (Jones and Hendry,
1989; Hashikawa et al., 1991; Tigges and Tigges, 1991;
Johnson and Casagrande, 1995). Although it is difficult to
establish homologies with the thalamic organization of
teleosts (Butler and Hodos, 1996), PV expression seems to

be more abundant in the thalamus of mammals than in the
tench. Moreover, the distribution of this protein in the
thalamus displays striking interspecies differences even
among mammals, as is demonstrated by the presence of
PV immunoreactivity in most thalamic relay neurons of
monkey (Jones and Hendry, 1989) but not in rat (Celio,
1990; Frassoni et al., 1991).
The area praetectalis is one of the most variable brain
regions in teleosts (Northcutt and Wullimann, 1988). The
organization of the area praetectalis was recently described in a cyprinid, the zebrafish, by Wullimann et al.
(1996), and this nomenclature and boundaries were appropriate in the tench. Most nuclei in the area praetectalis of
the tench displayed scarce PV-immunopositive neurons. In
the rat, PV immunoreactivity has been described in the
nucleus praetectalis olivari and in the area praetectalis
anterior (Celio, 1990), whereas it has been reported in the
praetectalis and subpraetectalis nuclei in the zebra finch
(Braun et al., 1985b).

Mesencephalon
The TO is a conserved region in the brain of all vertebrates, homologous to the superior colliculus of mammals
(Jungherr, 1945). In the tench TO, the laminar distribution of PV immunoreactivity resembles the pattern found
for another EF-hand calcium-binding protein, calretinin,
in this species (Arévalo et al., 1995b). Both calciumbinding proteins appear in a population of periventricular
neurons and in some fusiform and pyramidal cells located
in the Pv, AC, and G. This expression by similar cell types
suggests a common implication of both calcium-binding
proteins in the neuronal circuitries of this region, although
important differences are also found between both proteins; although the retinorecipient layers, O and FGS, are
calretinin-immunopositive (Arávalo et al., 1995b) these
layers were PV-immunonegative in our study. We did not
observe PV immunoreactivity in the axons of the tractus
opticus (Tr. op) of the tench. Our results contrast with
those reported in carnivores (Stichel et al., 1988), primates
(Jones and Hendry, 1989; Hamano et al., 1990; Tigges and
Tigges, 1991), and rodents (Celio, 1990; Solbach and Celio,
1991), which show PV immunoreactivity in the optic axons
of the Tr. op. In the TO of the zebra finch, PV-immunopositive elements are abundant in the FGS and G, but no PV
immunoreactivity appears in the two strata periventriculare (Braun et al., 1985b), showing interspecies differences
with the tench, which presents an abundant population of
PV-immunopositive periventricular cells. A laminated distribution of PV-immunoreactive cells and fibers has been
reported in the rat and gerbil superior colliculus (Celio,
1990; Seto-Ohshima et al., 1994). In both species, PV
immunoreactivity abounds in the superficial, intermediate
and deep gray layers. These data indicate that there is no
clear relationship between PV expression and visual information processing in vertebrates.
The inferior colliculus of mammals is the homologous
region to the TS of teleosts (Butler and Hodos, 1996). In
the inferior colliculus of rat and human, a laminar distribution of PV-immunopositive interneurons and projection
neurons has been reported (Celio, 1990; Ohshima et al.,
1991). Although this is in accordance with the populations
of PV-immunoreactive cells found in the TS of the tench,
the cytoarchitecture of this region in teleosts is different,
and the distribution of PV did not follow a laminar pattern.

PV-IMMUNOREACTIVITY IN THE TENCH BRAIN
In the tegmentum of the tench, one of the nuclei
demonstrating greater PV immunoreactivity is the TR.
This nucleus is also called nucleus lateralis thalami by
Braford and Northcutt (1983), and it corresponds to one of
the migrated nuclei of the posterior tuberculum that has
no counterpart in amniotic vertebrates (Butler and Hodos,
1996). The NIII is the other tegmental nucleus with
abundant PV immunoreactivity. Similar data have been
reported in the NIII of the rat (Celio, 1990), gerbil (SetoOhshima et al., 1994), and primates, including monkeys
and humans (Ohshima et al., 1991; Alexianu et al., 1994;
Reiner et al., 1995). The abundant PV immunostaining
found in the NIII of the tench is in agreement with these
previous reports. The neurons of EW are the parasympathetic components of the nervus oculomotorius, and they
display PV immunoreactivity in the tench. This is coincident with the labeling reported in the EW of the chick that
has a population of PV-immunopositive fast-firing neurons
(Fujii and Lucaj, 1993).

Metencephalon
The organization of the cerebellum is different in teleosts from other vertebrates. First, the valvula cerebelli is
not present in other groups of vertebrates (Meek and
Nieuwenhuys, 1991) and second, Purkinje cells are not the
efferent elements of the teleost cerebellum, but they
project to eurydendroid cells, which are the efferent elements (Finger, 1983). Despite these differences, comparison of the distribution of PV in the metencephalon of the
tench with other vertebrates displays some similarities.
Previous reports demonstrate that the presence of PV in
Purkinje cells in the whole cerebellum is a constant
feature throughout the phylogeny of vertebrates (Braun et
al., 1986; Celio, 1990; Alonso et al., 1992; Scotti and Nitsch,
1992; Andressen et al., 1993; Yu et al., 1996; Porteros,
1997; Porteros et al., 1998 among others). The presence of
PV immunoreactivity in the tench Purkinje cells is in close
agreement with these previous data, confirming this proposed conservation. Although the used polyclonal antibody
immunostains all Purkinje cells in the tench, the used
monoclonal anti-PV antibody showed a heterogeneous
distribution of PV immunoreactivity in these neurons:
those found in the VCm and LCa were PV-immunopositive,
and those found in the VCl and CC were PV-immunonegative. Two explanations could account for this fact. First, a
higher sensitivity of the polyclonal antibody than the
monoclonal one. Second, changes in antiserum recognition
due to calcium-induced changes in protein conformation,
as it has been reported for PV, calretinin, and calbindin
D-28k (Winsky and Kuznicki, 1996).
Eurydendroid cells are PV-immunonegative in the tench,
in accordance with the data reported in the Mediterranean
barbel and the rainbow trout (Alonso et al., 1992; Porteros,
1997). Regarding their significance in the cerebellar integration, these cells have been compared with deep cerebellar nuclei neurons of other vertebrates (Nieuwenhuys and
Nicholson, 1969; Alonso et al., 1992) that are also PVimmunonegative. Granule cells were not PV immunostained in the tench nor in the other previously reported
species (Braun et al., 1986; Celio, 1990; Alonso et al., 1992;
Scotti and Nitsch, 1992; Yu et al., 1996; Porteros, 1997).

Myelencephalon
The presence of PV-immunoreactive neurons in most
myelencephalic motor nuclei of the cranial nerves seems to
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be a general feature in vertebrates. The presence of
PV-containing neurons in the NIV, NV, NIX, and some
nuclei of the area octavolateralis coincides with the abundant PV immunoreactivity observed in most motor nuclei
of cranial nerves in rodents (Celio, 1990) and primates
(Reiner et al., 1995). The lack of PV-containing cells in the
NVII of the tench also coincides with the lack of PV
immunoreactivity found in the rat (Celio, 1990), although
it contrasts with the NVII of monkeys, which shows
PV-immunostaining (Reiner et al., 1995). Celio (1990)
reported in the rat that PV abounds in the nuclei of cranial
nerves involved in the control and execution of eye movements. Our results are in agreement because high levels of
PV immunoreactivity were found in the NIV and NVI of
the tench, suggesting that this is a conservative feature in
vertebrates. The PV expression in motoneurons of the
cranial nerves has been the subject of several studies,
because it has been demonstrated that PV-containing
neurons have a high calcium buffer capacity that may
partially contribute to neuroprotection in degenerative
diseases (Alexianu et al., 1994; Reiner et al., 1995). The
motoneurons of the NIV and NVI in primates are more
resistant to neurodegeneration than motoneurons of the
NV, NVII, and NX. This has been correlated with the great
abundance of PV-containing cells in the NIV and NVI,
suggesting a protective function for this protein (Alexianu
et al., 1994; Reiner et al., 1995). Nuclei that demonstrated
higher PV immunoreactivity in primates and rodents such
as NIV and NVI (Celio, 1990; Alexianu et al., 1994; Reiner
et al., 1995) also show a more abundant PV immunostaining in the tench.
In the formatio reticularis of the tench, the strong and
abundant PV immunolabeling found is in accordance with
the abundant PV immunoreactivity reported in the rat
(Celio, 1990). Despite the described similarities, there are
also interspecies differences in the PV immunoreactivity
found in some myelencephalic nuclei between teleosts and
mammals. Although the In and the OI were PV-immunonegative in the tench, both nuclei display PV-containing
neurons in mammals (Celio, 1990). Nevertheless, this
author reported that PV immunostaining in the OI was
high after using colchicine but was undetectable without
this substance, and thus, such treatment would be necessary to visualize these cells. Finally, abundant PVimmunopositive neurons were found in the nufsol of the
tench, all these neurons being PV-immunonegative in the
rat (Celio, 1990).
We can conclude that there are abundant interspecies
differences but also similarities in the distribution of PV of
teleosts and land vertebrates. Although the distribution in
the myelencephalon seems to be relatively conserved, the
differences are substantial in the telencephalon, diencephalon, and metencephalon.

PV-GABA colocalization
It has been demonstrated that PV is a marker for
populations of GABAergic neurons in the lizard, rat, cat,
monkey, and human cortex (Celio, 1986; Stichel et al.,
1988; Hendry and Jones, 1991; Martı́nez-Guijarro et al.,
1993). The distribution of GABAergic elements in the
telencephalon of the goldfish (Martinoli et al., 1990) coincides with our observations in the tench telencephalon.
Moreover, the distribution of the GABA-immunopositive
elements in some telencephalic nuclei of both species is
coincident with the described localization of PV in the
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same telencephalic nuclei of the tench, suggesting the
possibility of colocalization of both markers. Nevertheless,
our data demonstrate that just a restricted subpopulation
of PV-containing neurons are GABAergic, and there is an
additional population of PV-immunostained cells that did
not contain GABA immunostaining. These results contrast
with previous descriptions in other vertebrate groups
(Celio, 1986; Stichel et al., 1988; Hendry and Jones, 1991;
Martı́nez-Guijarro et al., 1993) and led us to conclude that
PV is not a marker for GABAergic neurons in the tench
telencephalon. Moreover, the low degree of PV-GABA
colocalization found in the other brain regions of the tench,
diencephalon, mesencephalon, and myelencephalon suggests a low direct functional implication of PV in the
GABAergic circuitries of the tench, in contrast to what it
has been proposed in other groups (Celio, 1986). On the
contrary, the presence of PV and GABA in the Purkinje
cells of the metencephalon seems to be a constant feature
throughout the phylogenetic radiation from teleosts to
mammals (Braun et al., 1986; Celio, 1990; Alonso et al.,
1992; Scotti and Nitsch, 1992; Andressen et al., 1993; Yu et
al., 1996; present data).
Although the specific functional roles of PV remain to be
elucidated, it has been proposed that, at least in mammals,
it constitutes a precise calcium-buffering system allowing
repeated trains of action potentials in fast-firing neurons
(Celio, 1986; Andressen et al., 1993). The high colocalization found between PV and cytochrome oxidase and 2-deoxyglucose also confirms that this protein is associated
with neuronal systems that can reach high oxidative
metabolism and/or high electrical activity (Braun et al.,
1985a,b). The heterogeneity of the PV-containing neuronal
subpopulations thoughout all divisions of the tench brain
suggests that this protein is presumably associated to
different neurochemical and electrophysiological systems.
Nevertheless, the distribution of this protein is especially
abundant and conserved in caudal regions of the brain
with large populations of motoneurons, such as the nuclei
of the cranial nerves, or the area octavolateralis. PV is also
abundant in large reticulospinal motoneurons, the fastfiring Mauthner cells and neurons of the pars gigantocellularis and magnocellularis of the formatio reticularis. All
these neuronal types are involved in fast escape responses
(Korn et al., 1990) where PV may shorten the refractory
phase of action potentials and may, therefore, have a
distinct evolutionary advantage.
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Martı́nez-Guijarro FJ, Soriano E, Del Rio JA, Blasco-Ibañez JM, LópezGarcı́a C. 1993. Parvalbumin-containing neurons in the cerebral cortex
of the lizard Podarcis hispanica: morphology, ultrastructure, and
coexistence with GABA, somatostatin, and neuropeptide Y. J Comp
Neurol 336:447–467.
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