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The ability of Timm'’s sulphide silver method to stain zincergic terminal fields has made it a useful
neuromorphological marker. Beyond its roles in zinc-signalling and neuromodulation, zinc is involved
in the pathophysiology of ischemic stroke, epilepsy, degenerative diseases and neuropsychiatric
conditions. In addition to visualising zincergic terminal fields, the method also labels transition metals
in neuronal perikarya and glial cells. To provide a benchmark reference for planning and interpretation
of experimental investigations of zinc-related phenomena in rat brains, we have established a
comprehensive repository of serial microscopic images from a historical collection of coronally,
horizontally and sagittally oriented rat brain sections stained with Timm’s method. Adjacent Nissl-
stained sections showing cytoarchitecture, and customised atlas overlays from a three-dimensional
rat brain reference atlas registered to each section image are included for spatial reference and guiding
identification of anatomical boundaries. The Timm-Nissl atlas, available from EBRAINS, enables
experimental researchers to navigate normal rat brain material in three planes and investigate the
spatial distribution and density of zincergic terminal fields across the entire brain.

Background & Summary

The transition metal zinc is involved in several fundamental neurobiological processes ranging from brain
growth and cell differentiation' to synaptic functions*~ including plasticity'®. Most of the zinc is bound to
proteins where it has structural or catalytic functions. The remaining, loosely bound or “fre¢”, fraction may have
signalling functions'!. Excess concentrations of “free” zinc can cause cell death'>'* and contribute to degener-
ative diseases and aging'®. The concentrations of free zinc are therefore controlled by zinc transporters'*, met-
allothioneins'® and possibly other zinc proteins'”. Other homeostatic mechanisms control the concentration of
“free” copper, which is now also recognized as a signalling molecule'®, and iron'*=?'. Zinc has been implicated in
pathophysiological processes underlying brain diseases such as epilepsy®?, ischemic stroke-%, traumatic brain
injury?”-%, Alzheimer’s®”*! and Parkinson’s disease®?, neuropsychiatric conditions such as major depression*
and schizophrenia®!, and neurodevelopmental disorders including autism spectrum disorders®-¢. Due to their
key roles in neurobiological and neuropathological processes, there is considerable interest in understanding
the normal homeostasis and distribution of zinc and other transition metals in the central nervous system. For
such research efforts, knowledge about the spatial distribution of zinc and other heavy metals in the brain is
important. Several methods are now available to indicate the distribution of free transition metals in the brain,
especially fluorescence microscopy of live tissues and cells*”-*. Nevertheless, autometallographic detection of
metals using silver amplification remains a powerful and relevant approach to studies of transition metals in the
central nervous system, due to its sensitivity, contrast and spatial resolution.

Timm’s sulphide silver method, introduced by Dr. Friedrich Timm in 19584, is a histochemical staining
method broadly selective for several transition metals and heavy metals. Based on precipitation with sulphide,
and visualisation of the precipitate by physical development, the method is selective for free or loosely bound
metals, but not specific for any one metal. In the nervous system the sulphide (and selenium) silver methods
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label neuropil*'-*?, neuronal somata**>* and glia*>** to varying degrees. The staining of neuropil in general
corresponds to axonal terminal fields*>*345-% where it is confined to boutons*”**-%” of zinc-containing®®*, or
zincergic”**®!, neurons. Zincergic boutons are defined by activity-induced release of zinc from their synaptic
vesicles®2-%. Most zincergic boutons are glutamatergic®-"°, some are GABAergic, especially in the brain stem
and spinal cord”"’2. Many glutamatergic boutons are Timm-negative®”*%. The signalling functions of synaptic
zinc have been reviewed by several groups®®.

Timm-staining of neuropil is useful as a neuromorphological marker, in subdividing parts of the telenceph-
alon**10:4873-76 analysing interstrain”” and interspecies differences and homologies”® %, following ontogenetic
development in normal®”#*%” and mutant® strains and investigating experimentally induced synaptic plasticity
in developing®-?* and adult®*?%% brains, including experience-dependent plasticity®"*>.

Recognizing the broad interest and relevance of Timm’s method for investigating zinc-related phenomena
in the brain, we here present a multiplane histological atlas of normal rat brain zincergic terminal fields and
metal-containing glia, correlated to cytoarchitecture as revealed by Nissl-staining. The Timm-Nissl atlas may act
as a benchmark reference and support for planning and interpretation of experimental studies, particularly for
studying the extent and anatomical boundaries between brain (sub)regions in three planes, as well as for plan-
ning and interpreting experimental studies which depend on precise regional sampling. The image collection
comprises microscopic images of historical series of coronally, sagittally or horizontally cut rat brain sections
stained alternately with a modified* Timm’s sulphide silver method and a standard Nissl method. Custom ref-
erence atlas overlay images are provided to facilitate interpretation of anatomical locations. The high-resolution
images are shared via the EBRAINS research infrastructure (https://search.kg.ebrains.eu/), with options for
interactive inspection in a web microscopy viewer.

Methods

Overview of methodology and historical context. The Timm-Nissl atlas is based on a historical collec-
tion of rat brain sections stained with Haug’s version*® of Timm’s method®, in the following referred to as Timm-
Haug?73, developed for bulk-staining of serial sections, and used to comprehensively map the Timm-staining
pattern in the rat brain*® and specifically the hippocampal formation and parahippocampal region*®*, henceforth
referred to as the hippocampal region®®?’. The protocols used to stain the sections included in the present col-
lection are summarised below. For further details the original publication*® should be consulted. The Technical
Validation chapter below includes a comparative discussion of the staining achieved using the Timm-Haug73
version with the results obtained with other frequently used versions of the method. Figure 1 shows key steps of
the workflow from rat brain sectioning to digitised section images with atlas-registered overlays available in web
microscopy viewers, and provides overview of the material included in the collection.

Animal preparations. The histological sections were derived from five adult albino (Wistar) rat brains
(Table 1). All animal procedures were performed in accordance with Norwegian and Danish legislation and
institutional practice at the Universities of Oslo and Aarhus in the years 1967-1976. The animals were deeply
anaesthetised with ether and Nembutal and perfused through the left ventricle with a solution of 11.7 g Na,S
and 11.9 g NaH,PO4.H,O per 1000 ml H,O, pH =7.3-7.4 at room temperature using a 2.0 mm Wassermann
cannula elevated to a height of 100-110 centimetres. After 1 minute, flow was reduced to approximately 5-10 ml
per minute for 20 minutes. The sulphide treatment is not a fixative, so the brains remained soft. The fresh brains
were removed from the scull and frozen with CO, gas. The brains were coronally, horizontally or sagittally cry-
osectioned at 40 um with a Dittes Duspiva cryostat and mounted on microscope slides by thawing. The brain of
subject H108 (coronal series) was coronally bi-sectioned and placed with the cut surface down before freezing,
causing slightly different section angles in the anterior and posterior brain block, as well as loss of sections at the
level of the mesencephalon. After air-drying for 15 minutes to 2 hours, sections were post-fixed in 90% ethanol for
15 minutes, re-hydrated through a series of descending alcohol concentrations and stained within 5-10 minutes.

Timm-Haug73 staining and thionine staining. Every morphologically intact section was saved, and
sections from brains H108, H200, H201 and H441 were mounted as 2-3 parallel series (Table 1, see next para-
graph for brain H109), each of which were stained either with the Timm-Haug73 method or with thionine or hae-
matoxylin for cytoarchitecture. This was considered to be more instructive than counterstaining Timm-stained
sections for cytoarchitecture. Consecutive serial section numbers were assigned from anterior to posterior,
medial to lateral, or dorsal to ventral. For some brains, additional series with other staining are not included in
the present collection, although their sequence-numbers are reserved. For Timm-Haug?73 staining, sections were
batch-incubated in the physical developer (for contents and details, see Table 2) in darkness at 24 °C, using a water
bath to maintain constant temperature. The developer was prepared with lumps of raw gum arabic (Riedel de
Hahn, Oslo, & Bie and Berntsen, Aarhus), as these were found to yield better results than powdered gum arabic.
Cleaning glassware with special agents to remove silver and other metals was not part of the procedure published
in Haug 1973 but is now often recommended.

When visual comparison to a standard benchmark time series (see below) showed that the intended strength
of staining had been reached, the process was halted by thorough rinsing in tap water for at least 5 minutes
to remove the viscous developer solution. Sections were dehydrated in alcohol, cleared briefly in xylene and
enclosed under cover slips with dammar resin. Adjacent series of sections were stained using thionine or hae-
matoxylin following standard procedures. The staining and differentiation steps, and particularly the time of
differentiation, were adjusted by evaluating the contrast between nuclei and Nissl-substance and neuropil (or
myelin in white matter) macroscopically or under low magnification.

The complete collection of sections from the right hemisphere of brain H109 were mounted as 7 parallel
series (named a-g), which were stained with the Timm-Haug73 version with 10-minute incrementally increased
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Fig. 1 Overview of the rat brain Timm-Nissl atlas. (a) Serial coronal rat brain sections, H108, were
cryosectioned and stained with the TimmHaug73 modification of Timm’s sulphide silver method (Timm-light
or Timm-dark), or Nissl-staining (thionine). (b) Sections from the remaining rat brains were stained following
the same procedures as exemplified with H108 above in Fig. 1a, although with individual differences according
to sectioning plane and staining. H109 (one hemisphere) was horizontally sectioned and split into subseries

and stained with Timm-Haug73 modification of Timm’s sulphide silver method in sequences of different time
intervals (30-70 minutes). H200 and H441 were horizontally sectioned and split into subseries of Timm-dark
and Nissl, while H201 was sagittally sectioned and stained with Timm-light, Timm-dark and Nissl. (c) The TIFF
images of the different subseries of sections, here exemplified with subject H108 (Timm-light, Timm-dark,
Nissl), were pre-processed and spatially registered to the Waxholm Space atlas of Sprague Dawley rat brain v41%,
Serial section images are shared via the EBRAINS Research Infrastructure, available for interactive inspection in
an online viewer tool with atlas overlay.

incubation times (a =30 minutes; g=90 minutes) in the developer solution. The contrast reference sections were used
to 1) benchmark the staining of the whole brain series of sections and ensure similar staining intensity in the strong
Timm-staining (Timm-dark) and light Timm-staining (Timm-light) series, and 2) aid the interpretation of Timm
labelling by allowing comparison of features across neighbouring sections stained with increasing intensity.

Microscopicimaging. Brightfield microscopy images from Timm- and Nissl-stained rat brain section series
were acquired using a Zeiss Axioscan Z1 slide scanner (Carl Zeiss Microlmaging, Jena, Germany) through a
20 x objective, yielding images with a 0.22 pm/pixel resolution. The white balance was adjusted using the Zeiss
ZEN software (v2.3, RRID: SCR_013672) before images were exported in JPEG-compressed Tagged Information
File Format (TIFF). After image acquisition, each image series was inspected to ensure correct orientation and
serial order of section images, and if necessary corrected by rotating or mirroring the images, using the open
source software Nutil®® v0.33, RRID: SCR_017183). Sections with poor tissue quality (defined as less than one half
section being intact) were excluded but retained their name in the serial order. In the case of subject H108, section
numbers were renumbered from anterior to posterior, and the loss of tissue at the level of the mesencephalon was
estimated to correspond to 26 sections between section number 268 and 294.

Registration with a three-dimensional rat brain reference atlas. To provide a starting point for
analysis of anatomical location, all images were spatially registered to the three-dimensional Waxholm Space atlas
of the Sprague Dawley rat brain®®?7>1% (WHS rat brain atlas, RRID: SCR_017124, Fig. 1¢), using the QuickNII
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Name of dataset Animal # | Series # | Staining Orientation | # Images
H108a | Timm-light coronal 144
H108 H108b | Timm-dark coronal 139
H108c | Nissl (thionine) coronal 146
H200a | Nissl (thionine) horizontal 48
. . . P . . H200
Multiplane microscopic atlas of rat brain zincergic terminal H200b | Timm-dark horizontal 52
fields and metal-containing glia stained with Timm’s sulphid - -
silver method https://doi.org/10.25493/T686-7BX H20la | Timm-dark sagittal 47
H201 H201b | Nissl (thionine) sagittal 47
H20lc | Timm-light sagittal 48
H441la | Timm-dark horizontal 38
H441
H441b | Nissl (haematoxylin) | horizontal 38
H109a Timm, 30 min horizontal 10
H109b | Timm, 40 min horizontal 10
Contrast reference images for the Timm-Haug73 modification of N - -
Timnis sulphidesilver method https://doi.org/10.25493/4K9X-Fjw | F1109 H109¢ | Timm, 50 min horizontal | 10
H109d | Timm, 60 min horizontal 10
H109¢ | Timm, 70 min horizontal 10

Table 1. Overview of stained brain section images from five adult rats.

Stock Solutions Volume (mL) | grams ¢/100mL(%) | Mol
Gum arabic 8000 4000 50,00 NA
Citrate buffer 100

Citric acid.H20 25,50 25,50

Tri-Na citrate.2 H20O citrate.2H20citrate.2H20 23,50 23,50

Citric + citrate 2,01252
Hydroquinone 100 5,67 5,67

Silver nitrate 50 8,50 17,00

Final developer

Gum arabic 60 30,00 30,00 NA
Citrate buffer 10 4,90 4,90 0,201
Hydroquinone 30 1,701 1,701 0,154
Silver nitrate 0,5 0,085 0,085 5x1073
Total 100,50

Table 2. Constituents of the developer solution used for the Timm-Haug73 version.

software tool'®! (RRID: SCR_016854). This tool allows the user to create custom made atlas plates, in any plane of
orientation, based on the global match of multiple anatomical landmarks and affine transformation (scaling, pan-
ning and rotation). This was followed with further refinements by non-linear transformation, using the VisuAlign
software tool (RRID: SCR_017978), and validated independently by another investigator. The registration results,
specifying the spatial relationship between the images and the WHS rat brain atlas, were stored in JSON format.
In the usage notes and figure text, nomenclature from version 4 of the WHS rat brain atlas is used to ensure seam-
less communication between text and tools. For finer anatomical details, not delineated in the WHS rat brain atlas
v4, nomenclature is referenced and/or defined in figures.

Data Records
Images and associated metadata are shared as two datasets'**1% with DataCite DOIs via the EBRAINS platform
(https://ebrains.eu/). The datasets consist of a set of files: JPEG-compressed TIFF section images, and atlas registration
JSON records, all described in a data descriptor in PDF format, with relevant metadata registered to associate the data-
sets appropriately within the EBRAINS Knowledge Graph. Table 1 provides an overview of all rat subjects included.
The first data set'*? “Multiplane microscopic atlas of rat brain zincergic terminal fields and metal-containing
glia visualised with Timm’s sulphide silver method” consists of TIFF images of coronal, horizontal and sagittal
sections obtained from four adult albino (Wistar) rat brains (H108, H200, H201, H441), alternatingly stained
with Timm-Haug73 or with Nissl-staining (Fig. 2). The file names consist of a subject name (H followed by three
digits), a letter in serial order (_a, _b, or _c) sample name (_Timm-dark, _Timm-light, or _Nissl), orientation
(_coronal, _horizontal, or _sagittal) and serial section number (_s followed by three digits). Each subject image
series (H108, H109, H200, H201, and H441) contains between 50 and 429 images and covers all major brain
regions. All images were registered to the WHS rat brain atlas yielding one JSON file per subject image series,
with a naming convention of subject name followed by orientation. Links to the web-microscopy viewer tool
LocaliZoom were created by the EBRAINS Share data service, and are available from the EBRAINS dataset
landing pages (see, also ‘usage notes’ below).

SCIENTIFIC DATA | (2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 4


https://doi.org/10.1038/s41597-023-02012-6
https://ebrains.eu/
https://doi.org/10.25493/T686-7BX
https://doi.org/10.25493/4K9X-FJW

www.nature.com/scientificdata/

a H108 b H109 © H200 d H201 € H441

section #249 coronal horizontal horizontal sagittal horizontal

[ ] Cx

OB
section #001 s050 s100 s150 s200 s250 s300 s350 s400 s450I
M R R PR U TSNS AN WO NSNS AN SN SN S S ANT SO S A ST R
rostral | L R B B | S B Tt T+ | L e L A S Sy L L B B | caudal
J ! | | ! ! | | |
s006 s051 s102 s150 s201 5252 s301 s352 s402 s456

e P P A OO D> v @

Fig. 2 Navigating the rat brain Timm-Nissl atlas. The rat brain Timm-Nissl atlas comprises section images from
five rat brains presented in a web-microscopy viewer (via links available from the EBRAINS data card, or via
embedded links in the interactive PDF version of this Figure, see Supplementary Figure 1). The content of the
(a) coronal (H108), horizontal (b) (H109), (c) (H200), (e) (H441) and (d) sagittal (H201) series are exemplified
with an image of the more intense version of Timm-staining (Timm-dark) as seen in the web viewer. (f)
Overview of the rostral to caudal distribution of the coronal image series (H108), relative to surface rendered
brain regions in the Waxholm Space atlas of the Sprague Dawley rat brain (WHS rat brain atlas, with custom
made colour coding)**!®. Colour coded bars indicate the rostrocaudal range of section numbers distributed
along the horizontal axis, that include the different brain regions visualised above. Light blue numbers indicate
the section number and rostrocaudal position of the thumbnail section images shown below. The figure

can be used as an initial guide to identify the range of coronal sections that contain a region of interest, e.g.

the hippocampal region (HR), which is visible in section numbers 200-360. WHS rat brain atlas v4: BFR,

basal forebrain; Bs, brain stem; Cb, cerebellum; Cx, cerebral cortex; GPe, globus pallidus, external segment;
HR, hippocampal region; HY, hypothalamus; OB, olfactory bulb; Pn, pontine nuclei; Sep, septal region; SN,
substantia nigra; Str, striatum; Tc, tectum; Thal, thalamus.

The second dataset!® “Contrast reference images for the Timm-Haug73 modification of Timm’s sulphide sil-
ver method” consists of images of horizontal sections from one right rat brain hemisphere (H109) stained using
the Timm-Haug73 modification with development times varying from 30 to 70 minutes (a-e, see Fig. 3a). The
file names consists of a subject name (H109), a letter in serial order (_a, _b_,..., or _e) sample name (_Timm),
indication of development time (30-70) and orientation (horizontal).
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Fig. 3 Technical validation of staining intensity and stained features in the Timm-Nissl atlas. (a) Timm-Haug73
Contrast Reference Images: Magnified view of the hippocampal region (HR) from 5 rat brain sections (H109,
sections #049-053) stained with Timm-Haug731 modification of Timm’s sulphide silver method in sequences
of different time intervals (30-70 minutes). (b) Overview image with inset ¢ (H108a Timm-light coronal series,
section #230). (c) Magnified view of cerebral cortex (Cx) and HR with insets indicating positions of different
distinct features visualised with Timm-Haug73: (d) Neuronal perikarya (black arrows, note vasculature
indicated by asterisk); (e) Glial cells (black arrows); (f) Neuropil (note air bubbles indicated by asterisks).

Technical Validation

Timm’s method has been implemented in several versions that yield somewhat different results. To aid the
interpretation of the present collection of Timm-Haug73 stained images, we here review some technical top-
ics of importance for interpreting different modifications of Timm’s method. Next, we discuss the accuracy of
techniques used to assemble the sections into a brain-wide microscopic Timm- and Nissl-stain atlas, including
the anatomical image registration to the WHS rat brain atlas and the custom atlas overlays provided with each
brain section.

The chemical foundation of sulphide silver (and related selenium-) methods. Ina generic Timms
method, metals are precipitated in situ by treating biological material with sulphide, whereafter superfluous sul-
phide is washed out and the material subjected to physical development**1%, A physical developer contains silver
ions, a reducing agent for converting silver ions to elementary silver and substances to retard the redox-reaction
in the solution at large. The metal sulphides, e.g. ZnS, are converted to Ag,S, which catalyses further reduction of
dissolved Ag™ to Ag’. The process then continues until it is interrupted or the developer is exhausted, while the
staining changes from light yellow towards black (Fig. 3a). Whether the rate of change depends on the concentra-
tion of Timm-stainable metals*>!° has not been quantitatively investigated. Endogenous or exogenous transition
metals reacting with sulphide may be visualised, as long as they are not hidden within proteins or other endog-
enous ligands and occur in sufficient concentrations. In the central nervous system, Timm’s method reveals the
distribution of selected sulphide silver stainable metal species with high spatial resolution and contrast.

Free vs bound metal fractions. The fractions of zinc which are free, or available, to react with the sulphide
in Timm’s method, or with exogenous chelating agents, have been given many names: Free!%-1%, available!®, his-
tochemically reactive!'?, chelatable**!!!12, exchangeable!!?, mobile!*!!%, loosely bound''®!!” and - for iron - labile
iron pool (LIP)!!%, labile cell iron (LCI)!*® and non-heme iron'?’. Free metal ions are always coordinated by water
molecules or other ligands, as illustrated for zinc'?'. The distinction between free and bound metals is method-
ologically defined, i.e. by the particular chelators and conditions applied in each experiment!®. Although “free”
or “mobile” suggest small-molecular ligands, the fluorophore TSQ was recently found to fluoresce while bound
in ternary TSQ-Zinc-protein complexes. As such, the endogenous ligands need not always be low-molecular or
mobile, as long as they allow the metal to react with the exogeneous ligand used in the experiment!”!22-124,

Different Timm-staining patterns in the central nervous system. In Timm’s method, exogenous
sulphide competes for metals with a mixture of endogenous ligands!®!7122-126_ Different free metal fractions
may be selected by changing the concentration of sulphide ions'?”!?, or the duration of sulphide treatment®.
This may explain differences in staining pattern between the following three versions of Timm’s method. The
Timm-Haug73 version stains neuropil, neuronal perikarya and glia after perfusing with a 1.17% solution of sul-
phide at pH 7.3-7.4. The Timm-Danscher81 (neoTimm) version eliminates staining of neuronal perikarya and
most of the glial staining after a 12-times lower sulphide concentration and a very short perfusion-time of 7 min-
utes. The version from Brun and Brunk**!?’ enhances staining of neuronal perikarya and glia and downplays that
of neuropil, by increasing the concentration of sulphide ions.
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For the Timm-Haug73 version®, the procedures were tuned to bring out “morphologically plausible struc-
tures”, leaving the question of chemical selectivity or specificity for later work. Perfusion with sulphide was
chosen to achieve immediate in situ precipitation of the metal sulphides. Cryostat-sections were chosen over
paraffin sections, as the latter all but abolished Timm-stainability in perikarya and glia (apparent also from illus-
trations in references®*'??), an effect which has been attributed to oxidation of sulphide!'*. As aldehyde fixation
also reduced the staining in glia and neuronal perikarya, series from non-aldehyde-fixed brains were selected for
the original publication and for the present Timm-Nissl atlas. In the two-dimensional images from 40 pm thick
cryostat sections, cytological details are obscured where neighbouring stained structures are densely packed
and the sections heavily stained. This was partly overcome by routinely preparing a lightly stained (Timm-light)
and a more darkly stained (Timm-dark) series, which also accommodates large differences in staining density
between different parts of the telencephalon. The effect of different development times is illustrated in detail by
subject H109 (Fig. 3a). Timm-stained cell layers (Fig. 3a, 50 min, granule cell layer in the dentate gyrus), single
perikarya (Fig. 3d) and glial cells (Fig. 3e) are often best seen in moderately stained sections (Timm-light), while
some neuropil layers require longer development times (Timm-dark; Fig. 3a, 60 and 70 minutes). With subjects
H108 and H201, one may compensate for this by switching between adjacent Timm-light and Timm-dark sec-
tions (Fig. 2a,d).

Some examples of regional and cytological features are given here (Fig. 3a-f). As a supplement to the pres-
ent atlas, the original publications offer more detailed cytological** and regional**¢*® descriptions. Neuronal
perikarya are stained in all parts of the central nervous system (Fig. 3d). Regional distribution or inter-brain
variation of this staining were not systematically studied. The staining of glial cells (Fig. 3e) is regionally differ-
entiated; prominent in parts of the brainstem* and sparse in grey matter of the telencephalon. Timm-stained
glial cells were described and provisionally classified into six types®. Interestingly, numerous Timm-stained glial
cells appear in rat cortical areas undergoing anterograde axonal degeneration*>$%4,

At higher magnification, the staining of neuropil in the telencephalon (Fig. 3f), parts of the brainstem (dis-
cernible e.g. in the hypothalamic region in Fig. 4c, see also Figs. 22-23 in reference*’) and in grey matter of the
spinal cord (not shown in the Timm-Nissl atlas, see references*>'*!), is suggestive of boutons. At lower mag-
nification regional differences were qualitatively reproducible despite some quantitative variations as judged
by visual inspection. As an example, the outermost stained zone of the molecular layer of the dentate gyrus
appeared strongly stained in series from some brains and more weakly stained in series from other brains, when
compared to neighbouring areas in the section. The atlas is not designed for densitometric measurements of the
Timm-staining.

The Timm-Danscher81 (neoTimm) version® is a modification of Timm-Haug73, using reduced sulphide
and hydroquinone concentrations and a stock solution of silver lactate rather than silver nitrate. It replicates
the Timm-Haug73 neuropil pattern in the rat brain, except in the olfactory bulb and Islands of Calleja>!%2,
virtually eliminates staining of normal neuronal perikarya® and strongly reduces that of normal glia'**. As the
neoTimm method is designed to de-emphasize the staining of perikarya and glia, aldehyde fixation may be used
more freely®>>>133134 than when perikarya and glia are the objects of study. Note, however, that aldehyde fixation
combined with sulphide treatment may cause a strong colouring of vessels not seen after sulphide treatment
only. The neoTimm version is well suited for studying neuropil undisturbed by the staining of perikarya and
glia. A tendency for the original neoTimm version to label the outer third of the molecular layer of the dentate
gyrus particularly weakly>’, while an alternative sulphide administration caused a much stronger staining of
this layer™, suggests that the original neoTimm version (perfusion with 0.1% sulphide at pH 7.4 for 7 minutes)
comes close to under-staining at least this layer of neuropil.

Contrary to the neoTimm method, which was designed to eliminate staining of neuronal perikarya and
glia, a methodological study by Brun and Brunk was designed to enhance this staining by increasing the con-
centration of sulphide ions'?”. Tissue blocks were treated with H,S gas and subsequent cryostat-sections were
immersed in 1% ammonium-sulphide in 70% ethanol, pH 9.3. This gave a strong granular staining of neuronal
somata and glial cells, interpreted as in part representing lysosomes, while the neuropil stain appears to be weak.
The concentration of sulphide ions depends on the concentration of sulphide and the pH. A later study'* illus-
trates the importance of pH by showing strong lysosome-like staining with the ammonium sulphide method
and very weak such staining after 0.1% sodium sulphide at pH 7.2. Chelation with desferrioxamine supported
that the staining in question was caused by iron.

Replacing sulphide by selenium, also in group eight of the periodic table, largely replicates the neuropil
pattern seen with sulphide-based versions of Timm’s method, as discussed in great detail for the hippocampal
region®. As with the neoTimm method, the olfactory bulb is unstained (e.g. Fig. 6a in reference'*® and Fig. 14a
in reference'®), while neuronal perikarya and glia stain even more weakly than with the neoTimm method'*>!,
Absence of staining in perikarya and glia gives selenium-stained material a very clean look'*’-1* and metal
selenides appear to be more resistant to aldehydes than metal sulphides, allowing better preservation of struc-
ture in light- and electron microscopy”**". Retrograde transport of a zinc-selenium compound is used to map
perikarya of zincergic neurons®®140-141,

Chemical interpretation of the staining. Timm’s method has no inherent specificity for a single metal®.
Here, we shall consider the evidence that the silver grains formed with Timm-Haug73 represent the presence of
metals, beyond the case of zincergic boutons, and briefly which metals these may be. Tuning of parameters and
solubility tests adapted from inorganic analysis!*> may enhance selectivity'*®, but the final interpretation requires
confirmation by independent methods, as recounted here for the zinc in the Timm-stained, zincergic boutons.
The following observations led to the conclusion that Timm-staining in boutons represents zinc. Initially,
Maske identified dithizone staining of “certain parts of the hippocampus” as zinc'** by spectrophotometry.
Fleischhauer and Horstman confirmed and extended Maske’s morphological observations on dithizone staining
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Fig. 4 Regional characteristics of the rat brain Timm-Niss] atlas. (a) Olfactory bulb (H108b, Timm-dark coronal
series, section #042), (b) magnified view of Timm-dark (above) and b’) Nissl (thionine, below) series visualising
different layers of the main olfactory bulb'”* (MOB): olfactory nerve layer (MOBnl); glomerular layer (MOBgl);
outer plexiform layer (MOBopl); mitral layer (MOBmi); inner plexiform layer (MOBipl); granule cell layer
(MOBgy). (c) Coronal view of hippocampal region®*” (HR) with inset d (H108b, section #237), (d) Magnified
view, with inset e, of HR including: cornu Ammonis 1 and 3 (CA1, CA3), dentate gyrus (DG) and mossy fibres
(mf, white arrow), (e) Timm-dark (90° rotation, counter-clockwise), magnified view of different layers of CA1'7%:
stratum oriens (or); stratum pyramidale (pyr); stratum radiatum (rad); stratum lacunosum-moleculare (slm); and
DG: outer, middle and inner band of the molecular layer (mol); granular layer (gr); polymorph layer/hilus (hil). €)
Nissl (thionine), and €”) Timm-light. (f) Horizontal view of HR with inset g (H200b, Timm-dark sagittal series,
section #071), (g) Magnified view, with inset f, of HR including CA1-3, DG, mf (white arrow), subiculum (SUB),
presubiculum (PrS), parasubiculum (PaS) and entorhinal cortex (EC), (h) Magnification of border between CA3
and DG, (i) Sagittal view of HR with inset j (H201a Timm-dark sagittal series, section #046), (j) Magnified view,
with inset k and | (asterisks indicating a septotemporal gradient), of the HR including CA3, DG, SUB, Pr§, PaS and
EC, (j°) Adjacent view of Nissl-stained section and magnified view of (k) septal and 1) temporal part of CA1 (CAls,
CA1t). (m) Cerebellum and brainstem®® (H108a Timm-light coronal series, section #379) with insets n and p, (n)
Magnified view of cerebellar cortical layers including molecular layer (ML), granular layer (GL) and Purkinje cell
layer (PL, black arrows). (n’) Adjacent section (Timm-dark) with inset o, magnification of distinct Purkinje cells
(black arrows) in adjacent sections stained with (o) Timm-dark, (0’) Timm-light, and (0”) Nissl (thionine). (p)
Magnified view of brainstem with inset q and r, (q) magnified view of cells (black arrows) in the mesencephalic
trigeminal nucleus* and (r) a glial cell in the brainstem.
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to other parts of the telencephalon and other mammalian species, but could not determine the cytological local-
ization of the stain'*. Timm’s method for zinc and other metals*’ showed intense staining specifically of the
mossy fibre areas, and weaker staining of neuropil in some other parts of the telencephalon*'. High uptake of
zinc in the hippocampal mossy fibre areas!*®!'¥” supported the hypothesis that the dithizone and Timm-stain
is caused by zinc. Evidence accumulated that Timm-staining of the mossy fibre areas and neuropil in other
parts of the telencephalon*"* resides in boutons*>#6-5%5513L148 Timm-staining of neuropil in other parts of the
telencephalon was confirmed to mirror the dithizone pattern'®. The red dithizone stain was again extracted
and identified as zinc dithizonate, although now with a trace of copper'’. Timm-Haug73-stain of neuropil
throughout the telencephalon was blocked by dithizone and diethyldithiocarbamate'*'*2. The Timm-Haug73
and Timm-Danscher81 stain of neuropil in the telencephalon was roughly mirrored by fluorescence microscopy
with zinc-specific fluorophores, such as TSQ**!''*!32. Conversely, TSQ-fluorescence was blocked by sulphide!*.
The final evidence was that zinc-transporter ZnT?3 associates with the synaptic vesicles of Timm-stainable bou-
tons'??, ZnT3 knockout animals are devoid of neoTimm-staining'>*!>*, lack zinc-specific fluorescence in the
neuropil®® and do not accumulate more total zinc in the mossy fibre areas than in adjacent areas'>. Although
the absence of neoTimm staining in ZnT3 knockout animals points to zinc as the exclusive basis for Timm-stain
in boutons, synaptic roles for copper are claimed'®!>-18, including even depolarization-induced release from
boutons!>*!%,

Whether Timm-staining of neuronal perikarya and glial cells represents metals is discussed below. Whereas
pre-treatment with the chelating agents dithizone'>' and DEDTC'*? blocked the staining of neuropil (except in the
olfactory bulb and Islands of Calleja), it did not block the staining of perikarya and glia. The interpretation was that
the Timm-Haug?73 staining of perikarya and glia therefore could be artefacts rather than represent metals®~4105161,
However, other chelating agents (1-10-phenanthroline and 2:2-dipyridyl) had already been shown to block the
Timm-Haug?73 staining of neuronal perikarya and glia in the telencephalon'®*!'®* (see also Fig. 16 in reference™),
indicating that the Timm-Haug73 staining of neuronal perikarya and glial cells do reveal one or more “free” transition
metal species. Iron, zinc and copper are the most abundant endogenous transition metals in the normal brain and
relevant candidates for this staining. Mechanisms have been identified to handle iron'®* and copper!'® in astro-
cytes, and zinc in glial cells'®, and astrocytes have a pivotal role in the brain’s transition metal metabolism'®*. This
suggests that stores of Timm-stainable metals may exist in glial cells. For the version of Timm’s method by Brun
and Brunk'®’, unspecific binding of sulphide was not supported as a source of artefacts, and a coarse-grained stain-
ing in neurons and glia, increasing with age, was concluded to represent loosely bound iron in lysosomes. That a
similar staining with the Timm-Haug?73 version is reduced by storing the sulphide treated cryostat sections over-
night, rather than only for about 15 minutes (pp 51,53, reference®), is not inconsistent with the higher solubility
product of iron sulphides than of zinc and copper sulphides!®.

Under pathological conditions, zinc-specific fluorophores do reveal a granular staining in neuronal peri-
karya?”. This staining is considered to represent zinc which has in part been translocated from synaptic boutons,
and in part liberated from intracellular stores (i.e. metallothionein), and may take part in the pathophysiology
of ischemic cell death and traumatic brain damage®. Whether stronger sulphide treatment, as in Timm-Haug73,
may reveal the postulated zinc-stores in normal perikarya has not, to our knowledge, been investigated, nor
has the basis for the sulphide-silver labelling of glial cells. Although the concentration of free copper may be
“undetectable” in many experimental situations'®®, Timm’s method is claimed to reveal copper stores in normal
neurons and glia'414317,

Accuracy of image registration. Registration of all images to the WHS rat brain atlas facilitates compar-
ison of morphologies across animals, even when the plane of sectioning differs. The image registration involved
affine transformation of customised atlas overlays to match major anatomical landmarks in the histological
images!?!, followed by careful adjustment using non-linear transformation and, finally, validation by two inde-
pendent researchers!’!. In the case of the coronally divided subject H108, different section angles in the ante-
rior and posterior brain block were confirmed and registered with the image registration software, QuickNII.
Non-linear transformation of atlas overlay images, defined uing the VisuAlign software, compensated for brain
deformations.

The registered atlas overlays are suitable for gross anatomical guidance, while more detailed anatomical
investigations could rely on interpretation of the regional patterns in the Timm-stained section and of cytoar-
chitecture in the adjacent Nissl-stained sections.

Usage Notes

Here we present examples of how to use the Timm-Nissl atlas. First, we give a summary of the components of
this collection including how to interact with the online viewer tool. Next, we exemplify how researchers can
use the Timm-Niss] atlas as a useful three-dimensional guide to assist in recording or sampling from precisely
defined locations, or to investigate different brain regions. Finally, we conclude with perspectives on the practical
value of the atlas as an open resource for the neuroscientific community.

The Timm-Nissl atlas comprises serial microscopic section images from five adult albino (Wistar) rats cut
in three different orthogonal planes (coronal, sagittal and horizontal) and stained to reveal both brain metal
distribution and cytoarchitecture. The data are available from EBRAINS (https://search.kg.ebrains.eu/) as series
of TIFF images for download for each of the 2-3 stainings from five rat subjects (Table 1). Links are provided
to view data in an interactive web-microscopy viewer. Inside the LocaliZoom viewer, users can navigate images
by zooming and panning, and utilize the optional atlas overlays showing the name, shape and location of brain
regions found in the WHS rat brain atlas v4 (Fig. 1) as guidance for interpreting anatomical location. As an
additional aid to navigating the large image series H108, Fig. 2 provides an overview of the Timm-Niss] atlas
with easy access to all image series in the web-microscopy viewer via embedded links (section images and/or
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light blue links) in the interactive PDF version of this figure (see Supplementary Figure 1). Figure 2c presents the
anteroposterior location of the serial coronal images (H108) relative to major anatomical regions of the WHS
rat brain atlas.

Researchers approaching specific areas of the rat brain, may find the regionally differentiated Timm-staining
particularly interesting and use the Timm-Niss] atlas as a supplement to the comprehensive literature on their
cytoarchitecture, chemoarchitecture and connections. In the following paragraphs we give a few examples of
regions to which the present Timm-Nissl atlas may prove a useful three-dimensional guide, whether for allowing
a general overview or assisting in recording or sampling from precisely defined locations. More detailed descrip-
tions and illustrations are available in the original publications*#643,

The morphological divisions of the olfactory bulb'”?, visualised by the Nissl-stain, are supplemented by the
Timm pattern (Fig. 4a,b). The olfactory nerve layer'”> (MOBnl'", called fibrillary layer in reference*’) contain
densely stained glia extending into the glomerular layer (MOBgl'”*) among the periglomerular cells, as seen at
low magnification (Fig. 4b; see Nissl-stain for demarcation of individual glomeruli). The glomeruli themselves
contain finer grains. The outer plexiform layer (MOBopl'7) is paler than the glomeruli, here staining is associ-
ated with several small cells. Mitral and granule cells are covered or filled with large black granules (Fig. 4a,b,
and Fig. 12 in reference*).

Researchers interested in the hippocampal region'’* (HR) may find it useful to compare Timm- and
Nissl-staining between brains cut in different planes of orientation. The curved longitudinal (septotemporal)
axis of the dentate gyrus (DG) and adjacent hippocampal subfields does not align with any standard plane of
sectioning, but different viewpoints can aid in the comprehension of its three-dimensional structure. At dorsal
levels, coronal sections are often preferred for displaying the cornu Ammonis 1-3 (CA1-3) and DG (subject
H108, Fig. 4c-¢”). At more ventral levels, horizontal sections (subjects H200 and H441, Fig. 4f-h) enable a
simultaneous view of all subareas along the mediolateral axis, i.e. from DG, through subiculum (SUB), presubic-
ulum (PrS), parasubiculum (PaS) and the entorhinal cortex (EC; Fig. 4g). A horizontal view is also a good start-
ing point for studies of EC, including mediolateral subdivisions and gradients (Fig. 4), while sagittal sections
may be helpful for studies of the dorsoventral extent of this region (subject H201, Fig. 4i-1).

Interlaminar and interareal borders and gradients, reflecting the distribution of zincergic terminals (Fig. 4c-1),
may reinforce and supplement subdivisions made with other methods. The boundary between CA3 and the
adjacent DG (Fig. 4h) stands out particularly well in Timm-stained sections. Here, intensely stained mossy fibre
boutons (Fig. 4g,mf, white arrow) fill the polymorphic layer of the DG (also known as the hilus) and demarcate
it from the moderately stained radiatum and oriens layers of the CA3 region'”>. Supplementing classic cytoarchi-
tectural subdivisions in Nissl-stained sections with Timm-staining has also proven to be helpful in delineating
some of the borders between the SUB, PrS, PaS and EC (e.g. Figure 4g). Additionally, researchers interested
specifically in zincergic terminal fields may note the gradient of decreasing intensity from septal to temporal
levels in the stratum radiatum of CA1 (Fig. 4j, white asterisks; Fig. 4k,]), and from dorsal to ventral levels of EC
(Fig. 41,j), which may be related to other differences in chemoarchitecture, connectivity and functions. Several
subdivisions of the parahippocampal areas have been put forward, based on analyses of cytoarchitecture, che-
moarchitecture and connectivity. For rat, see Boccara et al. 2015'7¢, and references therein.

Timm-staining of the cerebellum differs from that of the telencephalon by not showing any conspicuous
regional subdivision. In Timm-stained sections, the cerebellar cortex appears regionally uniform, with a lightly
stained molecular layer (Fig. 4n,ML), and intermediately stained granular layer (Fig. 4n,GL). The Purkinje cell
perikarya (PL, Fig. 4n, and black arrows Fig. 4n-0”) present with an orange tint and superimposed black gran-
ules in moderately stained sections (Fig. 40’) and appear more distinct after stronger development (Fig. 4n), see
also adjacent Nissl-stained section (Fig. 40", black arrow). Some of the black grains may be located in Purkinje
cell perikarya and others in Bergman glia**1”? although this may not be discernible in Fig. 4n.

Researchers interested in the brainstem, may use the atlas to discover regional and cellular patterns of
Timm-staining while comparing with neighbouring Nissl-stained sections. While stained neuropil dominates
the rat telencephalon, stained glial cells and neuronal perikarya dominate the brainstem, with, to some extent,
differentiations between regions and nuclei. To present a few examples, a border between a more profusely
stained medial and more weakly stained lateral area, seen at low magnification (Fig. 4f), may coincide with the
border between the mesencephalon and thalamus. Particularly strong staining of glia and/or neuronal perikarya
characterise some nuclei in the hypothalamic region (e.g. section #261 of subject H108) and nuclei of the brain-
stem (unspecified in the WHS rat brain atlas; see tegmentum mesencephali in Haug 1973%, pp 35-43). In Fig. 2,
one may identify a range of section numbers containing the brainstem (~270-450) and find section number 301
within the interactive web-microscopy viewer by scrolling the filmstrip at the bottom towards the right end (or
via a direct link to section number 301 in the interactive PDF version of Fig. 2, see Supplementary Figure 1).
Moving through sections onwards to section number 379 as in Fig. 4g and zooming in (Fig. 4m,p-r) reveals
large round perikarya (Fig. 4q, black arrows) of the mesencephalic trigeminal nucleus, filled with cytoplasmic
granules. Just below (Fig. 40,r) we have an example of a clearly distinct glial cell, a structure more easily spotted
in lightly stained sections (Timm-light; Table 1, H108c and H201b). Glial cells are observed with perikarya and
processes of variable size and length, but as black structures.

Other characteristic structures in the Timm-Nissl atlas are the septal nuclei'’”'”® (found within the septal
region in the WHS rat brain atlas), basal forebrain region'”>'%, ventral striatum'®"!#! (constituted by the nucleus
accumbens, ventral pallidum, ventral striatal region in the WHS rat brain atlas), amygdala!*®177:182-184 (found
within the amygdaloid area in WHS rat brain atlas), and the olfactory tubercle. The latter, classified as part of
the ventral striatopallidum'® (found within the basal forebrain region in the WHS rat brain atlas) has a complex
cellular structure'®, connectivity and chemoarchitecture'®® and is regarded as a crossroad between olfaction and
motivated behaviour'®” %8, Here, neuropil and perikarya are strongly stained with the Timm-Haug73 version,
especially the short superficially directed curved stretches of smaller and more tightly packed cells within the
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cell layer (e.g. section #143 of subject H108). In the so-called Islands of Calleja'®>1%, neuropil and perikarya are
intensely labelled.

In conclusion, the ability of Timm’s sulphide silver method to stain zincergic terminal fields has made it
a useful neuromorphological marker for a class of terminals and thereby suitable for refined subdivision of
cortical and other telencephalic areas and studies of development and plasticity in the central nervous system.
Comparing Timm-stained features with cytoarchitecture of neighbouring Nissl-stained sections between brains
serially sectioned in different planes may help refine definitions of regions and subregions. Researchers planning
to investigate a particular region of the rat brain could use the Timm-Nissl atlas to choose optimal planes of sec-
tioning for a given purpose and manoeuver morphological differences between layers, subareas and gradients,
e.g. for the purpose of locating points to record or sample from. Researchers using Timm-Haug73 on their own
material may use series (of H109, H108 and H201) of different staining intensity to choose staining strengths for
their targeted regions and levels of cytological details. We hope the atlas will assist further studies of zincergic
fibre systems and inspire research into the nature and functions of “free” transition metals in general, including
in neuronal perikarya and glial cells, perhaps focusing on specific areas or nuclei that may be located by means
of the atlas. In the EBRAINS Knowledge Graph, the Timm-Niss] atlas images are connected to other relevant
datasets and tools via the assigned metadata. Expanding the present collection with more subjects will increase
the scientific value and help make this a useful benchmark for navigating and interpreting the normal rat brain.

Code availability

The associated files are made available in non-proprietary formats via EBRAIN https://ebrains.eu/).
Section images are shared in standard TIFF format, compatible for display and analyses through a range of
tools. The pre-processing and image registration software, Nutil®® (RRID: SCR_017183), QuickNII'*! (RRID:
SCR_016854) and VisuAlign (RRID: SCR_017978), as well as the Waxholm Space atlas of the Sprague Dawley rat
brain?®79>100 (WHS rat brain atlas, RRID: SCR_017124), are available for download via NITRC, NeuroImaging
Tools and Resources Collaboratory (https://nitrc.org/). Spatial relationships between images and the WHS rat
brain atlas, available in JSON files, can be inspected and manipulated with the QuickNII tool presuming that PNG
versions of the images is present in the same folder as the related JSON file.

SlOZ,lO3 (

Received: 23 September 2022; Accepted: 9 February 2023;
Published online: 21 March 2023

References
1. Corniola, R. S., Tassabehji, N. M., Hare, J., Sharma, G. & Levenson, C. W. Zinc deficiency impairs neuronal precursor cell
proliferation and induces apoptosis via p53-mediated mechanisms. Brain Res. 1237, 52-61 (2008).
2. Adamo, A. M. & Oteiza, P. 1. Zinc deficiency and neurodevelopment: the case of neurons. BioFactors. 36, 117-124 (2010).
3. Cope, E. C., Morris, D. R., Gower-Winter, S. D., Brownstein, N. C. & Levenson, C. W. Effect of zinc supplementation on neuronal
precursor proliferation in the rat hippocampus after traumatic brain injury. Exp. Neurol. 279, 96-103 (2016).
4. Frederickson, C.J., Suh, S. W,, Silva, D., Frederickson, C. J. & Thompson, R. B. Importance of zinc in the central nervous system:
the zinc-containing neuron. J. Nutr. 130, 1471S-1483S (2000).
5. Frederickson, C.J., Koh, J. Y. & Bush, A. I. The neurobiology of zinc in health and disease. Nat. Rev. Neurosci. 6, 449-462 (2005).
6. Sensi, S. L. et al. The neurophysiology and pathology of brain zinc. J. Neurosci. 31, 16076-16085 (2011).
7. McAllister, B. B. & Dyck, R. H. Zinc transporter 3 (ZnT3) and vesicular zinc in central nervous system function. Neurosci. Biobehav.
Rev. 80, 329-350 (2017).
8. Blakemore, L.]. & Trombley, P. Q. Zinc as a neuromodulator in the central nervous system with a focus on the olfactory bulb. Front.
Cell. Neurosci. 11,297 (2017).
9. Krall, R. E, Tzounopoulos, T. & Aizenman, E. The function and regulation of zinc in the brain. Neuroscience. 457, 235-258 (2021).
10. Nakashima, A. S. & Dyck, R. H. Zinc and cortical plasticity. Brain Res. Rev. 59, 347-373 (2009).
11. Maret, W. Zinc in cellular regulation: the nature and significance of “zinc signals”. Int. J. Mol. Sci. 18 (2017).
12. Canzoniero, L. M., Turetsky, D. M. & Choi, D. W. Measurement of intracellular free zinc concentrations accompanying zinc-
induced neuronal death. J. Neurosci. 19, RC31 (1999).
13. Bozym, R. A. et al. Free zinc ions outside a narrow concentration range are toxic to a variety of cells in vitro. Exp. Biol. Med. 235,
7412750 (2010).
14. Granzotto, A., Canzoniero, L. M. T. & Sensi, S. L. A neurotoxic menage-a-trois: glutamate, calcium, and zinc in the excitotoxic
cascade. Front. Mol. Neurosci. 13, 600089 (2020).
15. Kambe, T., Taylor, K. M. & Fu, D. Zinc transporters and their functional integration in mammalian cells. J. Biol. Chem. 296, 100320
(2021).
16. Krezel, A. & Maret, W. The bioinorganic chemistry of mammalian metallothioneins. Chem. Rev. 121, 14594-14648 (2021).
17. Mahim, A., Karim, M. & Petering, D. H. Zinc trafficking 1. Probing the roles of proteome, metallothionein, and glutathione.
Metallomics. 13 (2021).
18. Grubman, A. & White, A. R. Copper as a key regulator of cell signalling pathways. Expert Rev. Mol. Med. 16, e11 (2014).
19. Hider, R. C. & Kong, X. Iron speciation in the cytosol: an overview. Dalton Trans. 42, 3220-3229 (2013).
20. Porras, C. A. & Rouault, T. A. Iron homeostasis in the CNS: an overview of the pathological consequences of iron metabolism
disruption. Int. J. Mol. Sci. 23 (2022).
21. David, S., Jhelum, P, Ryan, E, Jeong, S. Y. & Kroner, A. Dysregulation of iron homeostasis in the central nervous system and the
role of ferroptosis in neurodegenerative disorders. Antioxid. Redox Signal. 37, 150-170 (2022).
22. Doboszewska, U. et al. Zinc signaling and epilepsy. Pharmacol. Ther. 193, 156-177 (2019).
23. Tonder, N., Johansen, E. F, Frederickson, C. J., Zimmer, J. & Diemer, N. H. Possible role of zinc in the selective degeneration of
dentate hilar neurons after cerebral ischemia in the adult rat. Neurosci. Lett. 109, 247-252 (1990).
24. Choi, D. W. & Koh, ]. Y. Zinc and brain injury. Ann. Rev. Neurosci. 21, 347-375 (1998).
25. Galasso, S. L. & Dyck, R. H. The role of zinc in cerebral ischemia. Mol. Med. 13, 380-387 (2007).
26. Shuttleworth, C. W. & Weiss, J. H. Zinc: new clues to diverse roles in brain ischemia. Trends Pharmacol. Sci. 32, 480-486 (2011).
27. Portbury, S. D. & Adlard, P. A. Traumatic brain injury, chronic traumatic encephalopathy, and Alzheimer’s disease: common
pathologies potentiated by altered zinc homeostasis. J. Alzheimers Dis. 46, 297-311 (2015).
28. Morris, D. R. & Levenson, C. W. Zinc in traumatic brain injury: from neuroprotection to neurotoxicity. Curr. Opin. Clin. Nutr.
Metab. Care. 16, 708-711 (2013).

SCIENTIFIC DATA | (2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 11


https://doi.org/10.1038/s41597-023-02012-6
https://ebrains.eu/
https://nitrc.org/

www.nature.com/scientificdata/

29.

30.

31.

32.
33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.
67.

68.

69.
70.

71.

72.

Isaev, N. K., Stelmashook, E. V. & Genrikhs, E. E. Role of zinc and copper ions in the pathogenetic mechanisms of traumatic brain
injury and Alzheimer’s disease. Rev. Neurosci. 31, 233-243 (2020).

Wong, B. X., Hung, Y. H., Bush, A. I. & Duce, J. A. Metals and cholesterol: two sides of the same coin in Alzheimer’s disease
pathology. Front. Aging Neurosci. 6,91 (2014).

Sensi, S. L., Granzotto, A., Siotto, M. & Squitti, R. Copper and zinc dysregulation in Alzheimer’s disease. Trends Pharmacol. Sci. 39,
1049-1063 (2018).

Sikora, J. & Ouagazzal, A. M. Synaptic zinc: an emerging player in Parkinson’s disease. Int. J. Mol. Sci. 22, 4724 (2021).
Doboszewska, U. et al. Zinc in the monoaminergic theory of depression: its relationship to neural plasticity. Neural. Plast. 2017,
3682752 (2017).

Joe, P, Petrilli, M., Malaspina, D. & Weissman, J. Zinc in schizophrenia: a meta-analysis. Gen. Hosp. Psychiatry. 53, 19-24 (2018).
Grabrucker, A. M. A role for synaptic zinc in ProSAP/Shank PSD scaffold malformation in autism spectrum disorders. Dev.
Neurobiol. 74, 136-146 (2014).

Sauer, A. K., Hagmeyer, S. & Grabrucker, A. M. Prenatal zinc deficient mice as a model for autism spectrum disorders. Int. J. Mol.
Sci. 23 (2022).

Frederickson, C.J. et al. Method for identifying neuronal cells suffering zinc toxicity by use of a novel fluorescent sensor. J. Neurosci.
Methods. 139, 79-89 (2004).

Lee, J. Y., Kim, J. S., Byun, H. R,, Palmiter, R. D. & Koh, J. Y. Dependence of the histofluorescently reactive zinc pool on zinc
transporter-3 in the normal brain. Brain Res. 1418, 12-22 (2011).

Li, W, Fang, B., Jin, M. & Tian, Y. Two-photon ratiometric fluorescence probe with enhanced absorption cross section for imaging
and biosensing of zinc ions in hippocampal tissue and zebrafish. Anal. Chem. 89, 2553-2560 (2017).

Timm, E [Histochemistry of heavy metals; the sulfide-silver procedure]. Dtsch. Z. Gesamte. Gerichtl. Med. 46, 706-711 (1958).
Timm, F. [Histochemistry of the region of Ammon’s horn]. Z. Zellforsch. Mikrosk. Anat. 48, 548-555 (1958).

McLardy, T. Second hippocampal zinc-rich synaptic system. Nature. 201, 92-93 (1964).

Haug, F. M. S. Heavy metals in the brain. A light microscope study of the rat with Timms sulphide silver method. Methodological
considerations and cytological and regional staining patterns. Adv. Anat. Embryol. Cell Biol. 47, 1-71 (1973).

Brun, A. & Brunk, U. Histochemical indications for lysosomal localization of heavy metals in normal rat brain and liver. J.
Histochem. Cytochem. 18, 820-827 (1970).

Brun, A. & Brunk, U. Histochemical study of heavy metals in the rat brain at various ages. Acta Pathol. Microbiol. Scand. A. 72,
451-452 (1968).

Haug, F. M. §. Light microscopical mapping of the hippocampal region, the pyriform cortex and the corticomedial amygdaloid
nuclei of the rat with Timm’s sulphide silver method. I. Area dentata, hippocampus and subiculum. Z. Anat. Entwicklungsgesch.
145, 1-27 (1974).

Haug, F. M. S. On the normal histochemistry of trace metals in the brain. J. Hirnforsch. 16, 151-162 (1975).

Haug, E. M. S. Sulphide silver pattern and cytoarchitectonics of parahippocampal areas in the rat. Special reference to the
subdivision of area entorhinalis (area 28) and its demarcation from the pyriform cortex. Adv. Anat. Embryol. Cell Biol. 52, 3-73
(1976).

Haug, E. M. S. in The Neurobiology of Zinc, Part A: Physiochemistry, Anatomy, and Techniques Vol. 11A (eds G. A. Howell, C. J.
Frederickson & E. J. Kasarskis) 213-228 (Alan R. Liss, Inc, 1984).

Haug, E. M. S. Electron microscopical localization of the zinc in hippocampal mossy fibre synapses by a modified sulfide silver
procedure. Histochemie. 8, 355-368 (1967).

Ibata, Y. & Otsuka, N. Electron microscopic demonstration of zinc in the hippocampal formation using Timm’s sulfide silver
technique. J. Histochem. Cytochem. 17, 171-175 (1969).

Schroder, H. D. Sulfide silver stainability of a type of bouton in spinal cord motoneuron neuropil: an electron microscopic study
with Timm’s method for demonstration of heavy metals. J. Comp. Neurol. 186, 439-450 (1979).

Danscher, G. Histochemical demonstration of heavy metals. A revised version of the sulphide silver method suitable for both light
and electronmicroscopy. Histochemistry. 71, 1-16 (1981).

Friedman, B. & Price, J. L. Fiber systems in the olfactory bulb and cortex: a study in adult and developing rats, using the timm
method with the light and electron microscope. J. Comp. Neurol. 223, 88-109 (1984).

Perez-Clausell, J. & Danscher, G. Intravesicular localization of zinc in rat telencephalic boutons. A histochemical study. Brain Res.
337,91-98 (1985).

Danscher, G. The autometallographic zinc-sulphide method. A new approach involving in vivo creation of nanometer-sized zinc
sulphide crystal lattices in zinc-enriched synaptic and secretory vesicles. Histochem. J. 28, 361-373 (1996).

Dyck, R., Beaulieu, C. & Cynader, M. Histochemical localization of synaptic zinc in the developing cat visual cortex. . Comp.
Neurol. 329, 53-67 (1993).

Frederickson, C. J., Howell, G. A., Haigh, M. D. & Danscher, G. Zinc-containing fiber systems in the cochlear nuclei of the rat and
mouse. Hear. Res. 36, 203-211 (1988).

Frederickson, C. J. & Moncrieff, D. W. Zinc-containing neurons. Biol. Signals. 3, 127-139 (1994).

Slomianka, L. Neurons of origin of zinc-containing pathways and the distribution of zinc-containing boutons in the hippocampal
region of the rat. Neuroscience. 48, 325-352 (1992).

Brown, C. E. & Dyck, R. H. Rapid, experience-dependent changes in levels of synaptic zinc in primary somatosensory cortex of the
adult mouse. J. Neurosci. 22, 2617-2625 (2002).

Sloviter, R. S. A selective loss of hippocampal mossy fiber Timm stain accompanies granule cell seizure activity induced by
perforant path stimulation. Brain Res. 330, 150-153 (1985).

Varea, E., Ponsoda, X., Molowny, A., Danscher, G. & Lopez-Garcia, C. Imaging synaptic zinc release in living nervous tissue. J.
Neurosci. Methods. 110, 57-63 (2001).

Qian, J. & Noebels, J. L. Visualization of transmitter release with zinc fluorescence detection at the mouse hippocampal mossy fibre
synapse. J. Physiol. 566, 747-758, https://doi.org/10.1113/jphysiol.2005.089276 (2005).

Frederickson, C. J. et al. Synaptic release of zinc from brain slices: factors governing release, imaging, and accurate calculation of
concentration. J. Neurosci. Methods. 154, 19-29 (2006).

Frederickson, C. J. Neurobiology of zinc and zinc-containing neurons. Int. Rev. Neurobiol. 31, 145-238 (1989).

Beaulieu, C., Dyck, R. & Cynader, M. Enrichment of glutamate in zinc-containing terminals of the cat visual cortex. Neuroreport.
3,861-864 (1992).

Sindreu, C. B., Varoqui, H., Erickson, J. D. & Perez-Clausell, ]. Boutons containing vesicular zinc define a subpopulation of synapses
with low AMPAR content in rat hippocampus. Cereb. Cortex. 13, 823-829 (2003).

Paoletti, P, Vergnano, A. M., Barbour, B. & Casado, M. Zinc at glutamatergic synapses. Neuroscience. 158, 126-136 (2009).

Li, Y. V. & Frederickson, C. J. in Encyclopedia of Metalloproteins (eds R. H., Kretsinger, V. N., Uversky & E. A., Permyakov) Ch. 210
(Springer New York, 2013).

Wang, Z., Li, J. Y., Dahlstrom, A. & Danscher, G. Zinc-enriched GABAergic terminals in mouse spinal cord. Brain Res. 921,
165-172 (2001).

Danscher, G. et al. Inhibitory zinc-enriched terminals in mouse spinal cord. Neuroscience. 105, 941-947 (2001).

SCIENTIFIC DATA|

(2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 12


https://doi.org/10.1038/s41597-023-02012-6
https://doi.org/10.1113/jphysiol.2005.089276

www.nature.com/scientificdata/

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.
114.

Geneser-Jensen, E. A., Haug, E M. $. & Danscher, G. Distribution of heavy metals in the hippocampal region of the guinea pig. A
light microscope study with Timm’s sulfide silver method. Z. Zellforsch. Mikrosk. Anat. 147, 441-478 (1974).

Holm, I. E. & Geneser, F. A. Histochemical demonstration of zinc in the hippocampal region of the domestic pig: I. Entorhinal area,
parasubiculum, and presubiculum. J. Comp. Neurol. 287, 145-163 (1989).

Holm, I. E. & Geneser, E. A. Histochemical demonstration of zinc in the hippocampal region of the domestic pig: II. Subiculum and
hippocampus. J. Comp. Neurol. 305, 71-82 (1991).

Holm, L. E. & Geneser, F. A. Histochemical demonstration of zinc in the hippocampal region of the domestic pig: III. The dentate
area. J. Comp. Neurol. 308, 409-417 (1991).

Stanfield, B. B. & Cowan, W. M. The morphology of the hippocampus and dentate gyrus in normal and reeler mice. J. Comp.
Neurol. 185, 393-422 (1979).

Laurberg, S. & Zimmer, J. Aberrant hippocampal mossy fibers in cats. Brain Res. 188, 555-559 (1980).

West, M. ], Gaarskjaer, E. B. & Danscher, G. The Timm-stained hippocampus of the European hedgehog: a basal mammalian form.
J. Comp. Neurol. 226, 477-488 (1984).

Molowny, A., Martinez-Calatayud, J., Juan, M. J., Martinez-Guijarro, F. J. & Lopez-Garcia, C. Zinc accumulation in the
telencephalon of lizards. Histochemistry. 86, 311-314 (1987).

Perez-Clausell, J. Organization of zinc-containing terminal fields in the brain of the lizard Podarcis hispanica: a histochemical
study. J. Comp. Neurol. 267, 153-171 (1988).

Smeets, W. J., Perez-Clausell, J. & Geneser, E. A. The distribution of zinc in the forebrain and midbrain of the lizard Gekko gecko.
A histochemical study. Anat. Embryol. 180, 45-56 (1989).

Faber, H., Braun, K., Zuschratter, W. & Scheich, H. System-specific distribution of zinc in the chick brain. A light- and electron-
microscopic study using the Timm method. Cell Tissue Res. 258 (1989).

Pinuela, C., Baatrup, E. & Geneser, F. A. Histochemical distribution of zinc in the brain of the rainbow trout, Oncorhynchos myciss.
11. The diencephalon. Anat. Embryol. 186, 275-284 (1992).

Montagnese, C. M., Geneser, F. A. & Krebs, J. R. Histochemical distribution of zinc in the brain of the zebra finch (Taenopygia
guttata). Anat. Embryol. 188, 173-187 (1993).

Zimmer, J. & Haug, E. M. S. Laminar differentiation of the hippocampus, fascia dentata and subiculum in developing rats, observed
with the Timm sulphide silver method. J. Comp. Neurol. 179, 581-617 (1978).

Miro-Bernie, N., Ichinohe, N., Perez-Clausell, J. & Rockland, K. S. Zinc-rich transient vertical modules in the rat retrosplenial
cortex during postnatal development. Neuroscience. 138, 523-535 (2006).

Stanfield, B. B. & Cowan, W. M. The development of the hippocampus and dentate gyrus in normal and reeler mice. J. Comp.
Neurol. 185, 423-459 (1979).

Zimmer, J. Changes in the Timm sulfide silver staining pattern of the rat hippocampus and fascia dentata following early postnatal
deafferentation. Brain Res. 64, 313-326 (1973).

Laurberg, S. & Zimmer, J. Lesion-induced rerouting of hippocompal mossy fibers in developing but not in adult rats. . Comp.
Neurol. 190, 627-650 (1980).

Laurberg, S. & Zimmer, J. Lesion-induced sprouting of hippocampal mossy fiber collaterals to the fascia dentata in developing and
adult rats. J. Comp. Neurol. 200, 433-459 (1981).

Sunde, N. & Zimmer, J. Transplantation of central nervous tissue. An introduction with results and implications. Acta Neurol.
Scand. 63, 323-335 (1981).

Brown, C. E,, Seif, L, De Maeyer, E. & Dyck, R. H. Altered zincergic innervation of the developing primary somatosensory cortex
in monoamine oxidase-A knockout mice. Brain Res. Dev. Brain Res. 142, 19-29 (2003).

Zimmer, J. Long term synaptic reorganization in rat fascia dentata deafferented at adolescent and adult stages: observations with
the Timm method. Brain Res. 76, 336-342 (1974).

Brown, C. E. & Dyck, R. H. Modulation of synaptic zinc in barrel cortex by whisker stimulation. Neuroscience. 134, 355-359
(2005).

Papp, E. A, Leergaard, T. B., Calabrese, E., Johnson, G. A. & Bjaalie, J. G. Waxholm Space atlas of the Sprague Dawley rat brain.
NeuroImage. 97, 374-386 (2014).

Kjonigsen, L. J., Lillehaug, S., Bjaalie, J. G., Witter, M. P. & Leergaard, T. B. Waxholm Space atlas of the rat brain hippocampal
region: three-dimensional delineations based on magnetic resonance and diffusion tensor imaging. Neurolmage. 108, 441-449
(2015).

Groeneboom, N. E., Yates, S. C., Puchades, M. A. & Bjaalie, J. G. Nutil: A Pre- and Post-processing Toolbox for Histological Rodent
Brain Section Images. Front. Neuroinf. 14, 37 (2020).

Osen, K. K., Imad, J., Wennberg, A. E., Papp, E. A. & Leergaard, T. B. Waxholm Space atlas of the rat brain auditory system: three-
dimensional delineations based on structural and diffusion tensor magnetic resonance imaging. NeuroImage. 199, 38-56 (2019).
Kleven, H. et al. Waxholm Space atlas of the rat brain: A 3D atlas supporting data analysis and integration. Preprint at https://www.
researchsquare.com/article/rs-2466303/v1 (2023).

Puchades, M. A,, Csucs, G., Ledergerber, D., Leergaard, T. B. & Bjaalie, J. G. Spatial registration of serial microscopic brain images
to three-dimensional reference atlases with the QuickNII tool. PLoS One. 14 (2019).

Blixhavn, C. H. et al. Multiplane microscopic atlas of rat brain zincergic terminal fields and metal-containing glia stained with
Timm’s sulphide silver method (v1). EBRAINS https://doi.org/10.25493/T686-7BX (2022).

Blixhavn, C. H. et al. Contrast reference images for the Timm-Haug73 modification of Timm’s sulphide silver method (v1).
EBRAINS https://doi.org/10.25493/4K9X-FJW (2022).

Liesegang, R. E. Die kolloidchemie der histologischen silberfarbungen. Kolloidchemische Beihefte. 3, 1-46 (1911).

Danscher, G. & Stoltenberg, M. Silver enhancement of quantum dots resulting from (1) metabolism of toxic metals in animals and
humans, (2) in vivo, in vitro and immersion created zinc-sulphur/zinc-selenium nanocrystals, (3) metal ions liberated from metal
implants and particles. Prog. Histochem. Cytochem. 41, 57-139 (2006).

Maret, W. Analyzing free zinc(II) ion concentrations in cell biology with fluorescent chelating molecules. Metallomics. 7, 202-211
(2015).

Krezel, A. & Maret, W. Zinc-buffering capacity of a eukaryotic cell at physiological pZn. J. Biol. Inorg. Chem. 11, 1049-1062 (2006).
Slepchenko, K. G. & Li, Y. V. Rising intracellular zinc by membrane depolarization and glucose in insulin-secreting clonal HIT-T15
beta cells. Exp. Diabetes. Res. 2012, 190309 (2012).

Haase, H. & Maret, W. Fluctuations of cellular, available zinc modulate insulin signaling via inhibition of protein tyrosine
phosphatases. J. Trace. Elem. Med. Biol. 19, 37-42 (2005).

Frederickson, C. J., Kasarskis, E. J., Ringo, D. & Frederickson, R. E. A quinoline fluorescence method for visualizing and assaying
the histochemically reactive zinc (bouton zinc) in the brain. . Neurosci. Methods. 20, 91-103 (1987).

Sekler, I et al. Distribution of the zinc transporter ZnT-1 in comparison with chelatable zinc in the mouse brain. J. Comp. Neurol.
447,201-209 (2002).

Rauen, U. et al. Assessment of chelatable mitochondrial iron by using mitochondrion-selective fluorescent iron indicators with
different iron-binding affinities. Chembiochem. 8, 341-352, https://doi.org/10.1002/cbic.200600311 (2007).

Kay, A. R. Imaging zinc in brain slices. CSH. Protocols. 2007, pdb prot4854 (2007).

Tomat, E. & Lippard, S. J. Imaging mobile zinc in biology. Curr. Opin. Chem. Biol. 14, 225-230 (2010).

SCIENTIFIC DATA|

(2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 13


https://doi.org/10.1038/s41597-023-02012-6
https://www.researchsquare.com/article/rs-2466303/v1
https://www.researchsquare.com/article/rs-2466303/v1
https://doi.org/10.25493/T686-7BX
https://doi.org/10.25493/4K9X-FJW
https://doi.org/10.1002/cbic.200600311

www.nature.com/scientificdata/

115.
116.

117.
118.

119.
120.

121.
122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.
140.

141.
142.
143.
144.
145.

146.
147.

148.

149.

150.

151.

152.

153.

154.
155.
156.
157.
158.
159.

160.

Goldberg, J. M. et al. Photoactivatable sensors for detecting mobile zinc. J. Am. Chem. Soc. 140, 2020-2023 (2018).

Dodani, S. C. et al. Copper is an endogenous modulator of neural circuit spontaneous activity. Proc. Natl. Acad. Sci. 111,
16280-16285 (2014).

Kiedrowski, L. in Metals in the Brain Vol. 124 (ed White, A. R.) 225-241 (Humana Press Inc., 2017).

Epsztejn, S., Kakhlon, O., Glickstein, H., Breuer, W. & Cabantchik, I. Fluorescence analysis of the labile iron pool of mammalian
cells. Anal. Biochem. 248, 31-40 (1997).

Cabantchik, Z. I. Labile iron in cells and body fluids: physiology, pathology, and pharmacology. Front. Pharmacol. 5, 45 (2014).
Meguro, R. et al. Nonheme-iron histochemistry for light and electron microscopy: a historical, theoretical and technical review.
Arch. Histol. Cytol. 70, 1-19 (2007).

Krezel, A. & Maret, W. The biological inorganic chemistry of zinc ions. Arch. Biochem. Biophys. 611, 3-19 (2016).

Coyle, P. et al. Measurement of zinc in hepatocytes by using a fluorescent probe, zinquin: relationship to metallothionein and
intracellular zinc. Biochem. J. 303(3), 781-786 (1994).

Meeusen, J. W., Tomasiewicz, H., Nowakowski, A. & Petering, D. H. TSQ (6-methoxy-8-p-toluenesulfonamido-quinoline),
a common fluorescent sensor for cellular zinc, images zinc proteins. Inorg. Chem. 50, 7563-7573 (2011).

Nowakowski, A. B., Meeusen, ]. W., Menden, H., Tomasiewicz, H. & Petering, D. H. Chemical-biological properties of zinc sensors
TSQ and zinquin: formation of sensor-Zn-protein adducts versus Zn(sensor)2 complexes. Inorg. Chem. 54, 11637-11647 (2015).
Foster, A. W,, Osman, D. & Robinson, N. J. Metal preferences and metallation. J. Biol. Chem. 289, 28095-28103 (2014).

Petering, D. H. & Mahim, A. Proteomic high affinity Zn(2+) trafficking: where does metallothionein fit in? Int. J. Mol. Sci. 18
(2017).

Brunk, U., Brun, A. & Skold, G. Histochemical demonstration of heavy metals with the sulfide-silver method. A methodological
study. Acta Histochemica. 31, 345-357 (1968).

Bellova, R., Melichercikova, D. & Tomcik, P. Calculation of conditional equilibrium in serial multiple precipitation of metal sulfides with
hydrogen sulfide stream generated from sodium sulfide: a didactic tool for chemistry teaching. Quimica Nova. 39, 765-769 (2016).
Sloviter, R. S. A simplified timm stain procedure compatible with formaldehyde fixation and routine paraffin embedding of rat
brain. Brain. Res. Bull. 8,771-774 (1982).

Brunk, U. & Skold, G. The oxidation problem in the sulphide-silver method for histochemical demonstration of metals. Acta
Histochemica. 27, 199-206 (1967).

Schroder, H. D. Sulfide silver architectonics of rat, cat, and guinea pig spinal cord. A light microscopic study with Timm’s method
for demonstration of heavy metals. Anat. Embryol. 150, 251-267 (1977).

Frederickson, C. ]., Rampy, B. A., Reamy-Rampy, S. & Howell, G. A. Distribution of histochemically reactive zinc in the forebrain
of the rat. J. Chem. Neuroanat. 5, 521-530 (1992).

Holm, I. E. Neo-Timm and selenium stainable glial cells of the rat telencephalon. Histochemistry. 91, 133-141 (1989).

Holm, 1. E. Electron microscopic analysis of glial cells in the rat telencephalon stained with the Neo-Timm and selenium methods.
Histochemistry. 92, 301-306 (1989).

Zdolsek, J. M., Roberg, K. & Brunk, U. T. Visualization of iron in cultured macrophages: a cytochemical light and electron
microscopic study using autometallography. Free Radic. Biol. Med. 15, 1-11 (1993).

Frederickson, C. ]. & Danscher, G. Zinc-containing neurons in hippocampus and related CNS structures. Prog. Brain Res. 83,
71-84 (1990).

Danscher, G. & Stoltenberg, M. Zinc-specific autometallographic in vivo selenium methods: tracing of zinc-enriched (ZEN)
terminals, ZEN pathways, and pools of zinc ions in a multitude of other ZEN cells. J. Histochem. Cytochem. 53, 141-153 (2005).
Christensen, M. K. & Geneser, F. A. Distribution of neurons of origin of zinc-containing projections in the amygdala of the rat.
Anat. Embryol. 191, 227-237 (1995).

McAllister, B. B. & Dyck, R. H. A new role for zinc in the brain. eLife. 6, €31816 (2017).

Slomianka, L., Danscher, G. & Frederickson, C. J. Labeling of the neurons of origin of zinc-containing pathways by intraperitoneal
injections of sodium selenite. Neuroscience. 38, 843-854 (1990).

Brown, C. E. & Dyck, R. H. Distribution of zincergic neurons in the mouse forebrain. J. Comp. Neurol. 479, 156-167 (2004).
Szerdahelyi, P. & Kasa, P. Histochemistry of zinc and copper. Int. Rev. Cytol. 89, 1-33 (1984).

Szerdahelyi, P. & Késa, P. Histochemical demonstration of copper in normal rat brain and spinal cord. Histochemistry. 85, 341-347 (1986).
Maske, H. Uber den topochemischen nachweis von zink im Ammonshorn verschiedener saugetiere. Naturwissenschaften. 42,
424-424 (1955).

Fleischhauer, K. & Horstmann, E. Intravitale Dithizonfarbung Homologer Felder Der Ammonsformation Von Saugern. Zeitschrift
Fur Zellforschung Und Mikroskopische Anatomie 46, 598-609, https://doi.org/10.1007/Bf00339810 (1957).

von Euler, C. in Physiologie de I'hippocampe (ed Passouant, P.) 135-145 (Colloque Int. CNRS, 1962).

Hassler, O. & Soremark, R. Accumulation of zinc in mouse brain. An autoradiographic study with 65Zn. Arch. Neurol. 19, 117-120
(1968).

Danscher, G. & Zimmer, J. An improved Timm sulphide silver method for light and electron microscopic localization of heavy
metals in biological tissues. Histochemistry. 55, 27-40 (1978).

Hall, E., Haug, E M. S. & Ursin, H. Dithizone and sulphide silver staining of the amygdala in the cat. Z. Zellforsch. Mikrosk. Anat.
102, 40-48 (1969).

Danscher, G., Howell, G., Perez-Clausell, J. & Hertel, N. The dithizone, Timm’s sulphide silver and the selenium methods
demonstrate a chelatable pool of zinc in CNS. A proton activation (PIXE) analysis of carbon tetrachloride extracts from rat brains
and spinal cords intravitally treated with dithizone. Histochemistry. 83, 419-422 (1985).

Haug, E. M. §. & Danscher, G. Effect of intravital dithizone treatment on the Timm sulfide silver pattern of rat brain. Histochemie.
27, 290-299 (1971).

Danscher, G., Haug, F. M. S. & Fredens, K. Effect of diethyldithiocarbamate (DEDTC) on sulphide silver stained boutons.
Reversible blocking of Timm’s sulphide silver stain for “heavy” metals in DEDTC treated rats (light microscopy). Exp. Brain Res.
16, 521-532 (1973).

Wenzel, H.J., Cole, T. B, Born, D. E., Schwartzkroin, P. A. & Palmiter, R. D. Ultrastructural localization of zinc transporter-3 (ZnT-
3) to synaptic vesicle membranes within mossy fiber boutons in the hippocampus of mouse and monkey. P. Natl. Acad. Sci. 94,
12676-12681 (1997).

Cole, T. B., Wenzel, H. J., Kafer, K. E., Schwartzkroin, P. A. & Palmiter, R. D. Elimination of zinc from synaptic vesicles in the intact
mouse brain by disruption of the ZnT3 gene. Proc. Natl. Acad. Sci. 96,1716-1721 (1999).

Linkous, D. H. et al. Evidence that the ZNT3 protein controls the total amount of elemental zinc in synaptic vesicles. J. Histochem.
Cytochem. 56, 3-6 (2008).

Gaier, E. D, Eipper, B. A. & Mains, R. E. Copper signaling in the mammalian nervous system: synaptic effects. J. Neurosci. Res. 91,
2-19 (2013).

Kardos, J. et al. Copper signalling: causes and consequences. Cell Commun. Signal. 16,71 (2018).

Ackerman, C. M. & Chang, C. J. Copper signaling in the brain and beyond. J. Biol. Chem. 293, 4628-4635 (2018).

Hartter, D. E. & Barnea, A. Evidence for release of copper in the brain: depolarization-induced release of newly taken-up 67copper.
Synapse. 2, 412-415 (1988).

Hopt, A. et al. Methods for studying synaptosomal copper release. J. Neurosci. Methods. 128, 159-172 (2003).

SCIENTIFIC DATA|

(2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 14


https://doi.org/10.1038/s41597-023-02012-6
https://doi.org/10.1007/Bf00339810

www.nature.com/scientificdata/

161. Danscher, G. in Modern Methods in Analytical Morphology (eds Jiang, G. & Hacker, G. W.) 327-339 (Springer, 1994).

162. Fredens, K. & Danscher, G. The effect of intravital chelation with dimercaprol, calcium disodium edetate, 1-10-phenantroline and
2,2'-dipyridyl on the sulfide silver stainability of the rat brain. Histochemie. 37, 321-331 (1973).

163. Schroder, H. D., Fjerdingstad, E., Danscher, G. & Fjerdingstad, E. J. Heavy metals in the spinal cord of normal rats and of animals
treated with chelating agents: a quantitative (zinc, copper, and lead) and histochemical study. Histochemistry. 56, 1-12 (1978).

164. Dringen, R., Bishop, G. M., Koeppe, M., Dang, T. N. & Robinson, S. R. The pivotal role of astrocytes in the metabolism of iron in
the brain. Neurochem. Res. 32, 1884-1890 (2007).

165. Dringen, R., Scheiber, I. F. & Mercer, J. F. Copper metabolism of astrocytes. Front. Aging Neurosci. 5,9 (2013).

166. Sekler, I. & Silverman, W. F. Zinc homeostasis and signaling in glia. Glia. 60, 843-850 (2012).

167. Brun, A. & Brunk, U. Heavy metal localization and age related accumulation in the rat nervous system. A histochemical and atomic
absorption spectrophotometric study. Histochemie. 34, 333-342 (1973).

168. Chang, R. & Goldsby, K. General Chemistry. The Essential Concepts 7th edn (McGraw-Hill, 2014).

169. Rae, T. D., Schmidt, P. ], Pufahl, R. A., Culotta, V. C. & O’Halloran, T. V. Undetectable intracellular free copper: the requirement of
a copper chaperone for superoxide dismutase. Science. 284, 805-808 (1999).

170. Timm, F. [Histochemical demonstration of copper in the brain]. Z. Zellforch. Microsk. Anat. Histochem. 2, 332-341 (1961).

171. Bjerke, I. E. et al. Navigating the murine brain: toward best practices for determining and documenting neuroanatomical locations
in experimental studies. Front. Neuroanat. 12, 82 (2018).

172. Ennis, M., Puche, A. C,, Holy, T. & Shipley, M. T. in The Rat Nervous System (ed Paxinos, G.) 761-803 (Academic Press, 2015).

173. Au, W. W,, Treloar, H. B. & Greer, C. A. Sublaminar organization of the mouse olfactory bulb nerve layer. J. Comp. Neurol. 446,
68-80 (2002).

174. Swanson, L. W. Brain maps 4.0 - structure of the rat brain: an open access atlas with global nervous system nomenclature ontology
and flatmaps. J. Comp. Neurol. 526, 935-943 (2018).

175. Blackstad, J. S. et al. Observations on hippocampal mossy cells in mink (Neovison vison) with special reference to dendrites
ascending to the granular and molecular layers. Hippocampus. 26, 229-245 (2016).

176. Boccara, C. N. et al. A three-plane architectonic atlas of the rat hippocampal region. Hippocampus. 25, 838-857 (2015).

177. Perez-Clausell, J., Frederickson, C. J. & Danscher, G. Amygdaloid efferents through the stria terminalis in the rat give origin to
zinc-containing boutons. J. Comp. Neurol. 290, 201-212 (1989).

178. Mandava, P,, Howell, G. A. & Frederickson, C. J. Zinc-containing neuronal innervation of the septal nuclei. Brain Res. 608, 115-122
(1993).

179. Heimer, L., Harlan, R. E., Alheid, G. F, Garcia, M. M. & de Olmos, J. Substantia innominata: a notion which impedes clinical-
anatomical correlations in neuropsychiatric disorders. Neuroscience. 76, 957-1006 (1997).

180. de Olmos, J. S. & Heimer, L. The concepts of the ventral striatopallidal system and extended amygdala. Ann. N. Y. Acad. Sci. 877,
1-32(1999).

181. Heimer, L. A new anatomical framework for neuropsychiatric disorders and drug abuse. Am. J. Psychiatry. 160, 1726-1739 (2003).

182. Turner, B. H. & Zimmer, J. The architecture and some of the interconnections of the rat’s amygdala and lateral periallocortex. J.
Comp. Neurol. 227, 540-557 (1984).

183. Olucha-Bordonau, F. E., Fortes-Marco, L., Otero-Garcia, M., Lanuza, E. & Martinez-Garcia, F. in The Rat Nervous System
(ed Paxinos, G.) 441-490 (Academic Press, 2015).

184. McDonald, A.J. & Mott, D. D. Functional neuroanatomy of amygdalohippocampal interconnections and their role in learning and
memory. J. Neurosci. Res. 95, 797-820 (2017).

185. Millhouse, O. E. & Heimer, L. Cell configurations in the olfactory tubercle of the rat. J. Comp. Neurol. 228, 571-597 (1984).

186. Cansler, H. L., Wright, K. N, Stetzik, L. A. & Wesson, D. W. Neurochemical organization of the ventral striatum’s olfactory tubercle.
J. Neurochem. 152, 425-448 (2020).

187. Wesson, D. W. & Wilson, D. A. Sniffing out the contributions of the olfactory tubercle to the sense of smell: hedonics, sensory
integration, and more? Neurosci. Biobehav. Rev. 35, 655-668 (2011).

188. Xiong, A. & Wesson, D. W. Illustrated review of the ventral striatum’s olfactory tubercle. Chem. Senses. 41, 549-555 (2016).

189. Millhouse, O. E. Granule cells of the olfactory tubercle and the question of the islands of Calleja. J. Comp. Neurol. 265, 1-24 (1987).

190. Meyer, G., Gonzalez-Hernandez, T., Carrillo-Padilla, F. & Ferres-Torres, R. Aggregations of granule cells in the basal forebrain
(islands of Calleja): golgi and cytoarchitectonic study in different mammals, including man. J. Comp. Neurol. 284, 405-428 (1989).

Acknowledgements

We thank Ingvild E. Bjerke, Martin @vsthus, Ingrid Reiten, Ulrike Schlegel and Kasper Kjelsberg for contributions
to the affine image registration. Maaike van Swieten and the EBRAINS data curation team for expert data
management, curation and data sharing. Dmitri Darine, Gergely Csucs, Sharon Yates and Nicolaas Groeneboom
for expert technical assistance with the online web-microscopy viewer and related neuroinformatics tools, and
Hong Qu for overseeing acquisition of histological section images at the NORBRAIN Slidescanning Facility at
the Institute of Basic Medical Sciences, University of Oslo. Part of the histological material was generated by
FMSH during his stay at the Institute of Anatomy, Aarhus University, Denmark, between 1969 and 1975. This
work was supported with funding from the European Union’s Horizon 2020 Framework Program for Research
and Innovation under the Specific Grant Agreement No. 785907 (Human Brain Project SGA2), Specific Grant
Agreement No. 945539 (Human Brain Project SGA3), and The Research Council of Norway under Grant
Agreement No. 269774 (INCF Norwegian Node).

Author contributions

C.H.B. coordinated the collaborative efforts, organised and curated all data, metadata, and tables for public
sharing, performed affine and non-linear image registration, created figures, and contributed to writing the paper.
EM.S.H. prepared all rat brain sections, carried out the technical validation and literature survey, and contributed
to writing the paper. H.K. validated non-linear image registration to WHS rat brain atlas, and contributed to use
case specification and writing the paper. M.A.P. supervised pre-processing, validated image registration to WHS
rat brain atlas, supervised ingestion of images into web-microscopy viewer, and contributed to writing the paper.
J.G.B. provided funding, supervised neuroinformatics tools developments, and contributed to writing the paper.
T.B.L. designed and supervised the study, provided funding, and contributed to writing the paper.

Competing interests
JGB is a member of the Management Board of the EBRAINS AISBL, Brussels, Belgium. The authors declare no
competing financial interests.

SCIENTIFIC DATA | (2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 15


https://doi.org/10.1038/s41597-023-02012-6

www.nature.com/scientificdata/

Additional information
Supplementary information The online version contains supplementary material available at https://doi.org/
10.1038/s41597-023-02012-6.

Correspondence and requests for materials should be addressed to T.B.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SCIENTIFIC DATA|

(2023) 10:150 | https://doi.org/10.1038/s41597-023-02012-6 16


https://doi.org/10.1038/s41597-023-02012-6
https://doi.org/10.1038/s41597-023-02012-6
https://doi.org/10.1038/s41597-023-02012-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A Timm-Nissl multiplane microscopic atlas of rat brain zincergic terminal fields and metal-containing glia

	Background & Summary

	Methods

	Overview of methodology and historical context. 
	Animal preparations. 
	Timm-Haug73 staining and thionine staining. 
	Microscopic imaging. 
	Registration with a three-dimensional rat brain reference atlas. 

	Data Records

	Technical Validation

	The chemical foundation of sulphide silver (and related selenium-) methods. 
	Free vs bound metal fractions. 
	Different Timm-staining patterns in the central nervous system. 
	Chemical interpretation of the staining. 
	Accuracy of image registration. 

	Usage Notes

	Acknowledgements

	﻿Fig. 1 Overview of the rat brain Timm-Nissl atlas.
	﻿Fig. 2 Navigating the rat brain Timm-Nissl atlas.
	Fig. 3 Technical validation of staining intensity and stained features in the Timm-Nissl atlas.
	﻿Fig. 4 Regional characteristics of the rat brain Timm-Nissl atlas.
	Table 1 Overview of stained brain section images from five adult rats.
	Table 2 Constituents of the developer solution used for the Timm-Haug73 version.




