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Abstract

Reactive zinc (Zn) is crucial for neuronal signaling and is largely distributed within presynaptic vesicles of some
axon terminals of distinct vertebrates. However, the distribution of reactive Zn throughout the central nervous
system (CNS) is not fully explored. We performed a topographical study of CNS structures containing reactive
Zn in the adult zebrafish (Danio rerio). Slices of CNS from zebrafish were stained by Neo-Timm and/or
cresyl violet. The Zn specificity of Neo-Timm was evaluated with Zn chelants, N,N,N¢,N¢-Tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN), sodium diethyldithiocarbamate (DEDTC), Zn sulfide washing solution,
and hydrochloric acid (HCl). Unfixed slices were also immersed in the fluorescent Zn probe (zinpyr-1). Yellow-
to-brown-to-black granules were revealed by Neo-Timm in the zebrafish CNS. Telencephalon exhibited slightly
stained regions, while rhombencephalic structures showed high levels of staining. Although stained granules
were found on the cell bodies, rhombencephalic structures showed a neuropil staining profile. The TPEN
produced a mild reduction in Neo-Timm staining, while HCl and mainly DEDTC abolished the staining,
indicating a large Zn content. This result was also confirmed by the application of a Zn probe. The present
topographical study revealed reactive Zn throughout the CNS in adult zebrafish that should be considered in
future investigation of Zn in the brain on a larger scale.

Introduction

Zinc (Zn) is the second most abundant trace metal in
organisms and is essential for many metalloproteins.1,2

As a micronutrient, Zn is crucial for several cellular processes,
such as defense against free radicals, immune function, cell
proliferation and reproduction. Zn is an important neuro-
modulator at synapses of specific brain regions, for example,
the hippocampus and cortex,3,4 and it is implicated in the
memory formation process.5 Alterations in Zn levels con-
tribute to the imbalance in neurotransmission6 and brain
hypoxia7 that is associated with brain disorders such as sei-
zures and neuronal injury, respectively. Thus, the cellular
control of Zn levels in the central nervous system (CNS) is
critical for its homeostasis.

The reactive or chelatable Zn, a pool of Zn loosely bound to
biomolecules, is implicated in neuronal signaling, and it is
largely distributed within presynaptic vesicles in some axon
terminals.8 Zn-containing axon terminals are distributed
throughout the telencephalon and are markedly colocalized
with a subset of glutamatergic neurons.9–11 There is robust

evidence that links the glutamate receptor function and ex-
citatory amino-acid transporter 1 to the neuromodulatory
activity of Zn.6 In contrast, the role of reactive Zn in the CNS,
which is present in the synaptic reorganization of Zn-
containing neurons in brain disorders12–14 and following
physical training,15 is not clear. As a consequence, chelat-
able Zn has been detected in the brain of distinct vertebrate
classes, such as mammals,13,14 reptiles,16–18 birds,19 and fish,20

using histochemical techniques (e.g., Neo-Timm staining).
However, given its ubiquitous presence, phylogenetic con-
servation, and plasticity, a broader screening of reactive Zn
could be a useful strategy to better understand its function in
the CNS. While a topographical analysis of reactive Zn
throughout the CNS in mammals can be quite complex, the
use of small and simple animal models could be an interesting
approach to easily perform this investigation.

Zebrafish (Danio rerio) is an attractive animal model for
neuroscience studies.21–24 In addition to its intrinsic advan-
tages, such as low-cost, easy maintenance, abundant offspring
production,22,25 and highly conserved genes,26 the adult
zebrafish has a CNS with fewer neurons compared to other
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vertebrates. This feature makes it an appropriate animal
model to investigate the pool of chelatable Zn throughout the
CNS. A recent study performed by Ho and colleagues27 re-
ported the expression of Zn transporters in the brain during
development, suggesting that Zn may play an important role
in this species. Moreover, the zebrafish has also been used as
an emergent organism for evaluating seizures28,29 and hyp-
oxia/ischemia-related phenotypes,30 two brain disorders as-
sociated with Zn dyshomeostasis. Thus, for all these features,
the distribution of the chelatable form of Zn in the CNS of
adult zebrafish should be evaluated.

Therefore, the goal of the present study was to investigate
the distribution of reactive Zn throughout the CNS of adult
zebrafish. To address this issue, we used Zn-sensitive Neo-
Timm staining and optical density quantification to perform a
topographical study of Neo-Timm-positive regions/areas and
a cytoarchitectonic location of stained granules in whole CNS
structures. Zn specificity of the Neo-Timm was also examined
using Zn chelants N,N,N¢,N¢-Tetrakis(2-pyridylmethyl)ethy
lenediamine (TPEN) and sodium diethyldithiocarbamate
(DEDTC), Zn sulfide washing solutions, and a membrane-
permeable fluorescent Zn probe, zinpyr-1 (ZP1).

Materials and Methods

Zebrafish

Twenty-five wild-type male and female adult zebrafish
(Danio rerio) were obtained from a specialized supplier (Del-
phis) and maintained under standard conditions. To neu-
tralize ions that could be harmful to fish, we used tap water
with Tetra’s AquaSafe� (Tetra). The water was kept under
continuous mechanical and chemical filtration at 26�C – 2�C,
and fish were housed for 2 weeks before the experiments
under a 12-h light/12-h dark cycle photoperiod (lights on at
7:00 am). The animals were healthy and fed twice a day with a
commercial flake fish food (Alcon Basic�). As a positive
control, three Wistar rats were obtained from our animal
facility.

The fish were cryoanesthetized and immediately eutha-
nized by decapitation to remove the brain and spinal cord.
The Wistar rats were euthanized by decapitation, and the
brain was dissected. All animals were maintained according
to the National Institute of Health Guide for the Care and Use
of Laboratory Animals. The experiments were approved by
the Ethics Committee of Universidade Federal do Rio Grande
do Sul (number 19780–CEUA).

Neo-Timm staining

The protocol used for histochemical staining of reactive Zn
was based on the traditional Neo-Timm method previously
described for immersion autometallography.31 Briefly, each
zebrafish CNS was immersed in 2 mL of 3% glutaraldehyde
solution in a 0.1 M phosphate buffer (pH 7.4) for 24 h, and then
moved to 2 mL of a sodium sulfide solution (1% Na2S) in a
0.12 M Millonig’s buffer (97 mM NaOH, 138 mM NaH2PO4,
and 0.18 mM CaCl2) for 24 h. Later, each sample was em-
bedded in 4% agarose (Invitrogen) and glued with cya-
noacrylic adhesive to the stage of a vibroslicer (VTS-1000;
Leica). Coronal (30-lm-thick) slices were cut in phosphate-
buffered saline, mounted on gelatinized slides, and left to dry.
For Neo-Timm staining, the CNS slices were incubated in a

solution of 120 mL of 50% gum Arabic with 1.85 g of hydro-
quinone in 30 mL of H2O, 5.12 g of citric acid, 4.72 g of sodium
citrate in 20 mL of H2O, and 0.17 g of silver nitrate in 1 mL of
H2O for 120 min. For topographical analysis of Neo-Timm
staining in zebrafish, four adjacent series of slices were sam-
pled from each CNS. Three series were processed using the
Neo-Timm method, and the fourth was stained with cresyl
violet (Nissl staining present in the cell bodies) (Supplemen-
tary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/zeb). For the cytoarchitectonic analysis
of Neo-Timm staining, samples were cut and counterstained
with both Neo-Timm and cresyl violet.32 In addition, care was
taken to verify the specificity of the Neo-Timm staining in
zebrafish: (1) the CNSs were also immersed in 0.1% and 1%
Na2S, producing identical staining; (2) negative control slices
(Na2S-free) were also performed; (3) silver exposure time was
also examined at 60 and 180 min, but 120 min exhibited spe-
cific staining without overexposure; (4) the rat brains were
immersed in a 1% sulfide solution, similar to the method used
for zebrafish, which resulted in an identical staining to that
observed in perfused rodents (see Supplementary Fig. S2);
(5) only ultrapure and metal-free reagents were used in the
experiments.

Neo-Timm staining quantification

To define the Neo-Timm-positive regions/areas in the
zebrafish CNS, we used the topographical description of
zebrafish brain published by Rink and Wullimann33 and
Ullmann and colleagues.34 The quantification of Neo-Timm
staining was performed by analyzing the optical density of
the total area for each CNS region in the slice under
10 · magnification. The levels of optical densities were con-
sidered to determine each region according to all Neo-Timm-
positive regions in the zebrafish CNS. Thus, regions with
low (<17 arbitrary units), intermediate (‡17 and <34 a.u.), or
high (‡34 a.u.) levels of staining were defined by the size,
intensity, and number of Neo-Timm-positive granules. Re-
gions that extended to more than one slice, received the
correspondent slice number following the abbreviation (e.g.,
PGz1, PGz2). To minimize quantification error, the images
were digitalized using the same parameters with a light
microscope (Nikon Eclipse E-600) coupled with a camera
(Nikon DXM 1200C CCD). The pictures were captured by
NIS Elements AR 2.30 software (Nikon), and the images
were equalized with the same contrast and brightness, and
then converted to an 8-bit gray scale. The optical density was
quantified using ImageJ 1.37v software. Specifically, the
mean of three small squares with unspecific stain were de-
termined for each slice as a background. This mean value
was subtracted from the optical density of the total CNS
areas for each slice.

Categorization of the whole Neo-Timm-positive structures

The whole CNS structures of adult zebrafish were catego-
rized according to the level of Neo-Timm staining. The score
for each structure (e.g., PGz) was determined by the mean of
optical density of the correspondent CNS regions (e.g., PGz1,
PGz2.PGz5) in the same stained brain, considering three to
six independent experiments. Fifty-nine anatomical struc-
tures were compared and categorized based upon high-, inter-
mediate-, and low-level staining.
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Determination of chelatable Zn specificity

To evaluate the Zn specificity in Neo-Timm staining, we
used two membrane-permeable Zn chelants; TPEN (Sigma)
was added in the glutaraldehyde fixative solution to a final
concentration of 5 mM in 10% dimethyl sulfoxide (DMSO);
and DEDTC (700 mg/kg) (Sigma) dissolved in the phosphate
buffer 0.1 M (pH 7.4) was intraperitoneally injected 30 min
before the Neo-Timm procedure as a previous study.35 In
parallel, we performed a pretreatment of some CNS slices
with hydrochloric acid (HCl) 0.1 M for 30 min or 15% TCA for
5 min because both can dissolve Zn sulfide.36–38 As controls,
we performed three independent experiments using distinct
vehicle solutions that did not alter the Neo-Timm staining
pattern.

Zinpyr-1 staining procedure

The membrane-permeable fluorescent Zn probe, ZP1 (Sig-
ma), was used as an additional technique to investigate the
specificity and location of reactive Zn revealed by Neo-Timm,
as previously described.39 Briefly, adult zebrafish head were
immediately frozen by burying them in dry ice for 3 min.
Next, frozen samples were mounted on the chuck of a closed
cabinet cryostat (Leica CM1850) and cut at - 9�C to - 11�C.
The slices (60 lm thick) were allowed to dry on clean glass
slides at room temperature for 1–2 h. The staining was
achieved by applying ZP1 in DMSO dissolved in 0.9% NaCl to
a final concentration of 20 lM at room temperature. After
3 min, the excess solution was removed, and the slides were
viewed and photographed using a Nikon Eclipse E-600 cou-
pled with a Nikon DXM 1200C CCD. Confocal imaging was
performed using a LSM 710 Zeiss microscope, with illumi-
nation with a 488 gm multiline argon laser and viewing
through a 500 gm long-pass filter.

Although ZP1 is considered a fluorescent probe highly
specific for reactive Zn, we confirm this feature by adding
TPEN on zebrafish CNS slice before ZP1 application. This
approach did completely abolish ZP1 staining (see Supple-
mentary Fig. S3).The effect of DEDTC application on the slices
was similar to TPEN (data not shown). Therefore, as ZP1 is
highly specific for reactive Zn, these data reinforce the strong
affinity of these chelators to reactive Zn.

Results

Neo-Timm staining characterization

The Neo-Timm staining showed the presence of granules
with a color variation from yellow-to-brown-to-black (bright
gray-to-black in gray-scale images) and with diameters
ranging from 0.5 to 4 lm thick. Overall, the granules exhibited
a high staining intensity (black color) with sizes of approxi-
mately 2 lm thick, as observed in the periventricular gray
zone (PGz) of the optic tectum (Fig. 1A,B).

Topographical CNS Neo-Timm staining

To evaluate the Neo-Timm staining, we divided the zeb-
rafish CNS into three topographical sections.

Telencephalon. The most rostral section of the zebrafish
brain exhibited a low level of staining, with the weakest staining
and smallest number of Neo-Timm-positive granules (Fig. 2).

Specifically, the olfactory bulb (Fig. 2A) showed small
granules concentrated in the internal cellular layer (ICL) with
an intermediate level of staining. Meanwhile, the glomerular
layer (GL) and external cellular layer (ECL1 and ECL2) were
weakly stained.

In the subsequent slice, we observed few widespread
granules in the telencephalic hemispheres (Fig. 2B). Inter-
mediate staining was observed in the posterior and dorsal
nucleus (Dp1 and Dd) of the dorsal area, in the anterior part of
the parvocellular preoptic nucleus (PPa), and in the ventral
part of the entopeduncular nucleus (NEv). Low-level staining
was observed in the lateral nucleus of the dorsal telencephalic
area (Dl), the dorsal part of the entopeduncular nucleus
(NEd), the supracommissural nucleus of the ventral area (Vs),
and the medial nucleus of the dorsal area (Dm). Additionally,
the central nucleus of the dorsal area (Dc) was weakly stained,
with an optical density close to the background.

In the preoptic slice (Fig. 2C), the magnocellular preoptic
nucleus (PM) showed a high level of staining. The en-
topeduncular nucleus—ventral part (ENv), posterior part of

FIG. 1. Neo-Timm staining of adult zebrafish brain slice
(30 lm thick). Low (A) and high (B) magnification of peri-
ventricular gray zone (PGz) of the optic tectum (OT) of adult
zebrafish. The black arrow indicates a stained granule at higher
magnification of the area denoted by the square in (A).
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the parvocellular preoptic nucleus (PPp1), suprachiasmatic
nucleus (SC), and nucleus taeniae (NT) exhibited an inter-
mediate staining profile. Finally, the posterior (Dp2),
medial, and lateral (Dm + Dl) nucleus of the dorsal
telencephalic area exhibited a lower level of Neo-Timm
staining.

Midbrain and diencephalon. At the initial portion of the
diencephalon/mesencephalon (Fig. 3A), the PPp2, anterior
thalamic nucleus (A), ventromedial thalamic nucleus (VM),
and ventral zone of the hypothalamic periventricular nucleus
(Hv) displayed abundant Neo-Timm-positive cells. The ha-
benula (H) and the ventrolateral optic tract (vot) exhibited an
intermediate level of staining. The ventrolateral thalamus
(VL) and optic tectum (OT1) exhibited a low level of staining
with few Neo-Timm granules.

In the subsequent slice (Fig. 3B), PGz1 had markedly more
Neo-Timm-positive granules (high optical density) than sur-
rounding regions. The periventricular nucleus of the posterior
tuberculum (PTp), torus longitudinalis (TL1), and sub-
commissural nucleus (SCN) also had many Neo-Timm-
positive granules, but exhibited an intermediate level of stain-
ing. The mesencephalic nucleus of the trigeminal nerve (MNV),
ventral part of the periventricular pretectal nucleus (PPv), torus
lateralis (TLa1), and OT2 had a lower level staining.

In the third slice (Fig. 3C), the granular layer in the lateral
part of the valvula cerebelli (Val), the dorsal tegmental nu-
cleus (DTN1), PGz2, and the central preglomerular nucleus
(PGc) exhibited high levels of staining. An intermediate level
of Neo-Timm staining was detected in the TL2, dorsal zone of
the hypothalamic periventricular nucleus (Hd1), and OT3. In
contrast, a low level of staining was observed in the central
and diffuse nucleus of the hypothalamic inferior lobe (CIL +
DIL), corpus mamillare (CM1), TLa2, ventrolateral (TSvl1),
and central (TSc1) nucleus of the torus semicircularis.

In the last representative slice of this segment (Fig. 3D), we
observed a high optical density in the TL3, PGz3, Hd2, gran-
ular layer of the lateral and medial part (Val + Vam) of the
valvula cerebelli, CM2, and perilemniscal nucleus (PL). The
oculomotor nucleus (NIII), DTN2, and OT4 had intermediate
levels of staining. Finally, few granules were found in the
nucleus lateralis valvulae (NLV), nucleus of the lateral lem-
niscus (NLL), TSc2, and TSvl2, resulting in regions with a low
level of staining.

Hindbrain: rostral part. This segment delimits the rhom-
bencephalic region, which exhibited significant Neo-Timm
staining.

In the first slice, the PGz4, central gray (CG), and corpus
cerebelli (CCe1) (Fig. 4A) were highly stained regions. An

FIG. 2. Neo-Timm-positive
regions: anterior central ner-
vous system (CNS) section.
Sequential representative sli-
ces (30 lm thick) showing the
olfactory bulb (A), telen-
cephalon (B), and preoptic
(C) regions. The whole areas
were delimited and mea-
sured in optic density. Values
are presented as the mean –
SEM in arbitrary units (n = 3–
6). For abbreviations, see
Table 1. Schematic drawings
adapted from a previous
work.40
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FIG. 3. Neo-Timm-positive regions: middle CNS section. Sequential representative slices (30 lm thick) showing the
diencephalon/mesencephalon (A–D) regions. The whole areas were delimited and measured in optic density. Values are
presented as the mean – SEM in arbitrary units (n = 3–6). For abbreviations, see Table 1. Schematic drawings adapted from a
previous work.40
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FIG. 4. Neo-Timm-positive regions: posterior CNS section—rostral rhombencephalon. Sequential representative slices
(30 lm thick) showing rostral rhombencephalon (A–D) regions. The whole areas were delimited and measured by optic
density. Values are presented as the mean – SEM in arbitrary units (n = 3–6). For abbreviations, see Table 1. Schematic
drawings adapted from a previous work.40
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intermediate level of staining was observed in the TSc3, TSvl3,
Vam, and secondary gustatory nucleus (SGN), while the OT5

had a low level of staining.
In the subsequent topographical slice (Fig. 4B), we detected

the highest level of Neo-Timm staining in the final portion of
PGz5 when compared with the other CNS regions. Likewise,
the CCe2 also exhibited a high level of staining. In parallel,
intermediate and low levels of staining were observed in the
lobus caudalis cerebelli (LCa1) and the OT6, respectively.

Positive staining was found in four specific regions on the
next representative slice (Fig. 4C). A high level of staining was
found in the CCe3 and eminentia granularis (EG), while LCa2

and the secondary octaval population (SO) had an interme-
diate level of staining.

In the next slice (Fig. 4D), a considerable number of Neo-
Timm-positive granules were concentrated in the CCe4 and
LCa3, representing highly stained regions. On the other hand,
the medial octavolateral nucleus (MON) and the crista cere-
bellaris (CC1) had intermediate and low levels of staining,
respectively.

Hindbrain: caudal part. In the representative caudal slice
of rhombencephalon (Fig. 5A), the glossopharyngeal lobe
(LIX) exhibited a high level of staining. An intermediate level
of staining was observed in the facial lobe (LVII), and low
levels were observed in the CC2.

In the spinal cord (Fig. 5B), few positive granules were
observed. The ventral part of the lateral funiculus (Flv) and
the ventral funiculus (Fv) exhibited only an intermediate op-
tical density value. Additionally, low levels of staining were
found in the ventral horn (VH) and the dorsal part of the
lateral funiculus (Fld).

From this entire topographical analysis, we observed
higher levels of Neo-Timm staining in the hindbrain (pre-
dominantly in the rhombencephalon) followed by midbrain/
diencephalon and telencephalon sections of the zebrafish
CNS.

The whole Neo-Timm-positive structures of adult
zebrafish CNS

The rhombencephalic (Val, CG, EG, Vam, LIX, LCa, and
CCe) and the diencephalic/mesencephalic structures (PGz, A,
TL, Hv, PGc, VM, Hd, DTN, and PL) exhibited a high level of
Neo-Timm staining. The preoptic zone displayed few struc-
tures with a high level of staining, and only PPp and PM had a
substantial optical density (Table 1).

Throughout the zebrafish CNS, we observed structures
with intermediate levels of staining such as in the dienceph-
alon/mesencephalon (H, PTp, CM, vot, NIII, VL, and SCN)
and in the rhombencephalon (SO, SGN, MON, LVII, and
NLL). Similarly, the telencephalon exhibited a considerable
number of structures with an intermediate optical density
(ICL, Dp, NEv, Dd, PPa, and ECL). The preoptic zone re-
presented by ENv, SC, and NT also had intermediate levels of
Neo-Timm staining. In addition, the spinal cord exhibited
structures with intermediate levels of staining, such as the Flv
and Fv (Table 1).

The group with a low level of staining comprised mostly of
telencephalic (Dl, GL, Dm, NEd, Vs, and Dc) and dience-
phalic/mesencephalic structures (TSvl, DIL, CIL, NLV, OT,
MNV, PPv, TSc, and TLa). Moreover, lower levels of Neo-

FIG. 5. Neo-Timm-positive regions: posterior CNS section—
caudal rhombencephalon and spinal cord. Sequential repre-
sentative slices (30 lm thick) showing caudal rhomben-
cephalon (A) and spinal cord (B) regions. The whole areas
were delimited and measured in optic density. Values are
presented as the mean – SEM in arbitrary units (n = 3–6). For
abbreviations, see Table 1. Schematic drawings adapted from
a previous work.40
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Table 1. Neo-Timm Staining in Zebrafish Central Nervous System Structures

Staining level Structures Abbreviations Optic densitya

High Valvula cerebelli, lateral part (granular layer) Val 58.60 – 6.14
Central gray CG 53.25 – 9.26
Periventricular gray zone of the optic tectum PGz 50.80 – 4.31
Eminentia granularis EG 48.79 – 3.81
Anterior thalamic nucleus A 48.23 – 7.54
Torus longitudinalis TL 45.57 – 6.75
Ventral zone of the hypothalamic periventricular nucleus Hv 44.49 – 2.91
Central preglomerular nucleus PGc 42.66 – 6.08
Ventromedial thalamic nucleus VM 42.41 – 7.13
Dorsal zone of the hypothalamic periventricular nucleus Hd 41.45 – 4.87
Valvula cerebelli, medial part (granular layer) Vam 41.07 – 2.60
Glossopharyngeal lobe LIX 40.62 – 8.81
Posterior part of the parvocellular preoptic nucleus PPp 39.75 – 3.38
Dorsal tegmental nucleus DTN 39.59 – 3.20
Perilemniscal nucleus PL 38.38 – 1.94
Magnocellular preoptic nucleus PM 37.20 – 6.89
Lobus caudalis cerebelli Lca 37.11 – 3.86
Corpus cerebelli Cce 35.62 – 2.50

Intermediate Entopeduncular nucleus, ventral part Env 33.99 – 4.68
Habenula H 33.22 – 8.10
Periventricular nucleus of the posterior tuberculum PTp 30.19 – 1.86
Secondary octaval population SO 29.56 – 3.81
Corpus mamillare CM 28.23 – 4.65
Secondary gustatory nucleus SGN 27.65 – 3.93
Medial octavolateral nucleus MON 26.76 – 1.75
Ventrolateral optic tract Vot 25.75 – 1.07
Internal cellular layer ICL 25.53 – 4.81
Oculomotor nucleus NIII 24.37 – 2.85
Suprachiasmatic nucleus SC 23.38 – 5.64
Ventral part of the lateral funiculus Flv 22.56 – 6.02
Nucleus taeniae NT 22.09 – 6.57
Posterior nucleus of the dorsal Telencephalic area Dp 21.89 – 2.67
Ventrolateral thalamic nucleus VL 20.90 – 2.33
Ventral part of the entopeduncular nucleus Nev 20.61 – 2.48
Dorsal nucleus of the dorsal telencephalic area Dd 20.24 – 2.43
Anterior part of the parvocellular preoptic nucleus Ppa 20.18 – 2.38
Subcommissural nucleus SCN 19.09 – 3.87
Facial lobe LVII 18.85 – 1.45
Nucleus of the lateral lemniscus NLL 18.08 – 2.54
Ventral funiculus Fv 17.56 – 2.46
External cellular layer ECL 17.55 – 2.18

Low Ventrolateral nucleus of the torus semicircularis TSvl 16.74 – 2.72
Diffuse nucleus of the hypothalamic inferior lobe DIL 15.78 – 2.02
Central nucleus of the hypothalamic inferior lobe CIL 15.78 – 2.02
Nucleus lateralis valvulae NLV 15.33 – 2.73
Lateral nucleus of the dorsal telencephalic area Dl 15.16 – 2.11
Glomerular layer GL 14.90 – 5.32
Optic tectum OT 14.94 – 1.56
Mesencephalic nucleus of the trigeminal nerve MNV 14.22 – 3.75
Ventral horn VH 14.21 – 1.13
Ventral part of the periventricular pretectal nucleus PPv 14.02 – 5.42
Central nucleus of the torus semicircularis TSc 12.36 – 2.21
Dorsal part of the lateral funiculus Fld 11.38 – 4.06
Crista cerebellaris CC 11.36 – 1.83
Medial nucleus of the dorsal telencephalic area Dm 11.06 – 2.14
Dorsal part of the entopeduncular nucleus Ned 10.50 – 1.79
Supracommissural nucleus of the telencephalic ventral area Vs 10.18 – 1.48
Torus lateralis Tla 7.05 – 1.11
Central nucleus of the dorsal telencephalic area Dc 2.75 – 0.51

Values are presented as mean – SEM in arbitrary units (n = 3–6).
aMean optical density of the correspondent CNS regions (e.g., PGz1, PGz2.PGz5) in the same stained brain, considering three to six

independent experiments.
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Timm staining were found in structures of the rhomben-
cephalon (CC) and spinal cord (VH and Fld) (Table 1).

Cytoarchitectonic distribution of Neo-Timm staining

To evaluate the cytoarchitectonic distribution of Neo-Timm
granules, slices from zebrafish CNS were counterstained with
Neo-Timm and cresyl violet. As a result, we observed two
distinct Neo-Timm-positive areas, which were found on the
cell bodies and in the neuropil of the zebrafish CNS.

Neo-Timm-stained granules were found on the cell bodies,
mainly in the telencephalon. Structures with this pattern of
staining were observed in the Dc (Fig. 6A), CG, PGz, A, Hv,
PGc, VM, Hd, PPp, H, PL, PM, ENv, PTp, SO, SGN, MON,
vot, ICL, NIII, SC, Flv, NT, Dp, VL, NEv, Dd, PPa, SCN, Fv,

ECL, DIL, CIL, Dl, GL, VH, PPv, Fld, CC, Dm, NEd, Vs, TLa,
Dc, LIX, DTN, LVII, TSvl, NLV, OT, MNV, and TSc.

Other structures exhibited Neo-Timm staining in the neuro-
pil. In fact, this staining profile was mainly observed in rhom-
bencephalic structures in the hindbrain, such as Val, EG, Vam,
LIX, LCa, CCe, and LVII. Similar staining was also found in the
TL (Fig. 6B), DTN, CM, NLL, TSvl, NLV, MNV, and TSc.

Neo-Timm staining attributed to chelatable Zn

To identify the contribution of chelatable Zn in Neo-Timm
staining, we used, TPEN and DEDTC, two strong Zn chelants;
HCl or TCA, which dissolve Zn sulfide (Fig. 7).

The pretreatment with TPEN produced a mild reduction in
Neo-Timm staining in zebrafish CNS when compared with

FIG. 6. Cytoarchitectonic dis-
tribution of Neo-Timm stain-
ing. Note that Neo-Timm
staining is indicated by arrows.
Counterstaining with cresyl
violet and Neo-Timm revealed
positive granules on the cell
body (A) and in neuropil (B) as
stained in central nucleus of the
dorsal telencephalic area (Dc)
and in torus longitudinalis
(TL), respectively. Color ima-
ges available online at www
.liebertpub.com/zeb

FIG. 7. Chelatable Zn present in Neo-Timm staining. The Neo-Timm staining is indicated by arrows. Neo-Timm and cresyl
violet counterstaining of the central nucleus of the dorsal telencephalic area (Dc) (A) and valvula cerebelli, lateral part (Val)
(B) of controls. Note that pretreatment with 5 mM TPEN decreased the Neo-Timm staining on the cell bodies in the Dc (C)
and slightly reduced positive granules in neuropil regions, for example, in the Val (D). Administration i.p. of DEDTC
700 mg/kg did completely abolish the silver staining on the cell bodies (E) and in neuropil regions (F). The use of 0.1 M HCl in
the preparation of the slices did significantly reduce Neo-Timm staining on the cell bodies and in neuropil regions, as
observed in the Dc (G) and Val (H), respectively. Color images available online at www.liebertpub.com/zeb
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the control (Fig. 7A, B). As observed in the central nucleus of
the dorsal telencephalic area (Dc) in the telencephalon (Fig.
7C), TPEN decreased Neo-Timm granules located on the cell
bodies. In addition, few modifications were detected in neu-
ropil regions after TPEN administration, as seen in rhom-
bencephalic structures, such as Val (Fig. 7D). In contrast, i.p.
administration of DEDTC did completely abolish the staining
on the cell bodies and in the neuropil, as showed in Dc (Fig.
7E) and Val (Fig. 7F), respectively.

The administration of TCA abolished Neo-Timm staining
on the cell bodies in the telencephalon, and few alterations
were observed in the staining pattern of the neuropil region in
rhombencephalic structures (data not shown). Finally, HCl
strikingly decreased Neo-Timm staining on the cell bodies
and in neuropil regions, as indicated for the telencephalic (Fig.
7G) and rhombencephalic structures (Fig. 7H), respectively.

Zinpyr-1 staining

The ZP1 staining in the adult zebrafish CNS showed reac-
tive Zn in all regions/areas (Fig. 8A–E) that were positive for
Neo-Timm. The olfactory bulb (Fig. 8A) and spinal cord (Fig.
8E) exhibited few and widespread fluorescent staining. Si-
milarly, the whole telencephalon was barely stained by ZP1,
as in the central nucleus of the dorsal telencephalic area (Dc)
(Fig. 8B). However, in the lateral nucleus of the dorsal telen-
cephalic area (Dl), in the posterior nucleus of the dorsal tel-
encephalic area (Dp1), and in the supracommissural nucleus
of the telencephalic ventral area (Vs), we observed some re-
active Zn content. In contrast, representative slices from the
optic tectum in the midbrain (Fig. 8C) and cerebellum in the
hindbrain (Fig. 8D) showed regions with abundant reactive
Zn content, coinciding with those obtained by Neo-Timm
staining. Indeed, the periventricular gray zone of the optic

tectum (PGz3), the valvula cerebelli, lateral and medial part
(Val + Vam), in the optic tectum, and corpus cerebelli (CCe2)
and lobus caudalis cerebelli (LCa1), in the cerebellum, pre-
sented intensely fluorescent ZP1 staining.

The location of reactive Zn stained with ZP1 was deter-
mined by confocal analysis. Throughout the adult zebrafish
CNS, ZP1 staining always appeared as bright puncta out of
the perikarya in areas with Neo-Timm granules on the cell
bodies (e.g., PGz3 in Fig. 8F) and in regions with a neuropil
staining pattern. Thus, we confirmed the result for the sub-
stantial reactive Zn content stained by Neo-Timm.

Discussion

The main finding of this study was the heterogeneous
pattern of Neo-Timm staining detected for chelatable Zn in
different regions and structures throughout the CNS of adult
zebrafish. In distinct animal models, such as rodents, this
method has been used to stain neuropil in hippocampal areas
containing high levels of reactive Zn.41 In the present study,
we used Zn chelant treatments, Zn sulfide washing solutions,
and a fluorescent Zn probe as approaches to support the
highly specific avidity of Neo-Timm staining for reactive Zn.
The use of these strategies allowed us to observe the presence
of reactive Zn more predominantly in the rhombencephalon
than in telencephalic structures.

As in zebrafish, the Neo-Timm method stained distinct
CNS areas. We showed its specificity to reveal regions con-
taining Zn by different approaches. In fact, the administration
of TPEN, a specific Zn chelant,42,43 produced a mild decrease
of Neo-Timm-positive granules on the cell bodies and in the
neuropil, suggesting the presence of reactive Zn in Neo-
Timm-stained zebrafish CNS. Importantly, we cannot rule out
that the residual Neo-Timm-positive granules left by TPEN

FIG. 8. Unfixed coronal slices (60 lm thick) of CNS stained by ZP1. ZP1 staining yielded widespread bright puncta in the
same regions/areas of the zebrafish CNS stained by Neo-Timm. Fluorescence images of the olfactory bulb (A), telencephalon
(B), optic tectum (C), the cerebellum (D), and spinal cord (E) showing the fluorescent staining in the representative slices.
Confocal image of the periventricular gray zone (PGz) (F) depicted in the box in (C). Note the distinct bright puncta (arrows)
and the negative staining for somata, similar to those of rodents.39 Unspecific staining is observed at the edge of the slices.
Color images available online at www.liebertpub.com/zeb
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could be attributed to the nonsaturable chelant concentration
or even to other metals. Indeed TPEN (5 mM) may have been
insufficient to fully wash chelatable Zn from the tissue, similar
to the results observed in rodents treated with the other Zn
chelant.35 Since copper and iron may be revealed by Neo-
Timm,44 these metals could also explain the residual staining
observed in the zebrafish CNS. However, the marked absence
of positive granules after the i.p. injection of DEDTC and the
administration of Zn sulfide washing solutions,36–38 suggests
that other metals have a negligible contribution to Neo-Timm
staining in the adult zebrafish CNS. Additionally, the pres-
ence of reactive Zn detected by Neo-Timm staining was re-
inforced by ZP1 application, which demonstrated that
chelatable Zn was found at similar CNS regions and struc-
tures stained by Neo-Timm. Thus, as for other animal mod-
els,39,45,46 the use of a fluorescent Zn probe in the zebrafish
CNS confirmed the high specificity of Neo-Timm for the de-
tection of reactive Zn.

The cytoarchitectonic distribution of reactive Zn in the
zebrafish CNS detected by counterstaining of cresyl violet/
Neo-Timm is consistent with the findings in other animal
models.13,14,20,47 Although we observed a pattern of staining
in the neuropil that is usually seen in rodent hippocampi, the
zebrafish CNS also exhibited Neo-Timm-positive granules
located within the limits of the cell bodies, which could be
either inside or surrounding the soma. Interestingly, Pinuela
and colleagues20 also found Neo-Timm staining on the cell
bodies in the rainbow trout brain, possibly representing ax-
osomatic terminals. However, it is also known that the pres-
ence of Neo-Timm granules in the healthy perikarya of
mammals represents unspecific staining because chelating
agents are unable to clean positive granules.48 Surprisingly,
when we pretreated the brains with Zn chelants before Neo-
Timm staining, the granules on the cell bodies were also
suppressed. It is difficult to know whether these granules
correspond to those stained in the neuropil of mammals,
which are correlated with the pool of reactive Zn located in-
side the vesicles of excitatory synapses. Future ultrastructural
studies of Neo-Timm staining using zebrafish could be an
interesting strategy to clarify the exact subcellular location of
reactive Zn in regions with granules in the neuropil and areas
on the cell bodies. Nevertheless, taking into account the con-
focal analysis of ZP1 staining, the reactive Zn was detected
outside cell bodies throughout the zebrafish CNS, similar to
rodents.39

Because our data support the presence of an abundant re-
active Zn content in the adult zebrafish CNS, the whole
structures were categorized according to the level of staining.
As described, structures with a high level of Neo-Timm
staining were predominantly found in the rhombencephalon
in the hindbrain, similar to Zn-containing neurons in the
hippocampal region of distinct vertebrate classes.13,14,16–19 As
in other teleosts, zebrafish also present the lateral nucleus of
the dorsal telencephalic area (Dl), located in the pallium re-
gion of CNS, which structurally corresponds to the hippo-
campus.49 Similar to a previous study using rainbow trout
perfused with 1% sulfide,20 our data showed less reactive Zn
in the telencephalon when compared with other parts of the
CNS of adult zebrafish. These results confirm the phyloge-
netic trend of the translocation of a high level of Neo-Timm
from the rhombencephalon in zebrafish to telencephalic
structures in mammals, reptiles, and birds. Although, further

studies are required to elucidate this hypothesis, a small
amount of reactive Zn in the zebrafish telencephalon could
be sufficient to perform an allosteric modulation, like in
mammals.50,51

It is well known that the abundant reactive Zn stained by
Neo-Timm in the rodent hippocampus is associated with
learning and memory formation5 because Zn acts as a neu-
romodulator colocalized in vesicles with glutamate in Zn-
containing neurons.3 In fact, the corelease of reactive Zn and
glutamate has been observed at the synaptic terminals of rod
photoreceptors in zebrafish, modulating the synaptic activi-
ty.52 Interestingly, we have observed a high level of Zn
stained by Neo-Timm in the rhombencephalic structures (Val,
CG, EG, Vam, LCa, and CCe), which are known to exhibit an
abundant distribution of glutamatergic neurons.53 These re-
sults lead us to hypothesize an important role of reactive Zn in
the rhombencephalon of zebrafish as a neuromodulator
in structures responsible for movement control.54 As observed
in rodents,48 the substantial reactive Zn detected by Neo-
Timm staining in the thalamic structures (A and VM) could
also act in the control of the multifunctional thalamic and
hypothalamic nucleus in the zebrafish CNS. Currently, we
can only speculate on the neuromodulatory action of reactive
Zn detected by Neo-Timm, and further studies must be per-
formed to clarify the neurochemical function of reactive Zn in
the CNS of zebrafish.

In summary, our data suggest that the zebrafish CNS
contains a considerable amount of reactive Zn with a het-
erogenic distribution, as detected by Neo-Timm staining and
a fluorescent Zn probe. Although, the rhombencephalic
structures of zebrafish had higher levels of Neo-Timm stain-
ing than the telencephalon, the cytoarchitectonic location of
the granules seemed to be similar to other vertebrates. Be-
cause this topographical investigation showed reactive Zn
throughout the adult zebrafish CNS, additional studies could
help to understand the exact function of the Zn content,
mainly in those structures with high staining levels. More-
over, we described, for the first time, a protocol for assessing
the chelatable Zn pool in the zebrafish CNS using ZP1 stain-
ing in unfixed brain slices. This protocol, together with Neo-
Timm staining, could be a valuable tool for additional studies
that aim to evaluate the functional roles of Zn. Therefore,
considering the widespread distribution of reactive Zn and
the possibility for testing the whole zebrafish CNS in topo-
graphical analyses, these techniques could be considered in
future research to clarify the mechanisms underlying Zn ho-
meostasis in the CNS of vertebrates on a larger scale.
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