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Mast  cell  deficient  mice  have  higher  levels  of  labile  brain  zinc  than  wild  type  animals.
Total  brain  zinc levels  remain  unchanged.
Granule  cell  layer  and  hilar  regions  of  the  dentate  gyrus  are  not  significantly  different.
Data  support  mast  cell-mediated  zinc  homeostasis  in  hippocampus.
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a  b  s  t  r  a  c  t

The  dentate  gyrus  of the  hippocampus  is a site  of  adult  neurogenesis,  and  is  also  known  to contain  one of
the  highest  concentrations  of labile  brain  zinc  (Zn),  thought  to aid  in learning  and  memory  by  supporting
neurogenesis.  At the  same  time,  it is known  that unbound  Zn, when  present  at excessive  levels,  decreases
the  formation  of new  neurons.  Since  mast  cells  contain  Zn  transporters  capable  of moving  this  essential
element  across  their  plasma  membrane,  as  well  as  Zn-rich  granules  that  are  dispelled  upon  secretion,
we  reasoned  that  mast  cells  contribute  to Zn  homeostasis  in this  area  of the  brain,  as  they  are  found  in
greatest  numbers  in  and  around  the  dentate  gyrus.  This  line  of evidence  was  tested  by  comparing  Timm-
stained  hippocampal  sections  of mast  cell-deficient  C57BL/6-KitW−sh/W−sh (Sash−/−) mice  to  those  of  mast
cell-containing  wild  type (Sash+/+)  animals.  Mast  cell  deficient  mice  were  found  to have  significantly
increased  Timm-positive  staining  as  compared  to controls,  reflecting  an  increase  in labile  or  bioactive
Zn  in  this  region.  As  we observed  no  change  in  total  brain  Zn  (protein-bound  plus  unbound  Zn),  these
increases  indicate  that  mast  cells  may  serve  to bind  what  would  otherwise  be excessive  or  deleterious
levels  of labile  Zn,  or that  they  are  able  to recruit  metallothionein  proteins.  Because  elevated  levels  of

labile  Zn  are  observed  in  the  brains  of patients  with  neurodegenerative  diseases  such  as  Alzheimer’s,
the  potential  contribution  of  mast  cells  to these  diseases  remains  a compelling  one.  Overall,  these  data
support  a  role  for mast  cells  in either  establishing  or maintaining  Zn  homeostasis  in  the  brain  in  the
service  of health,  while  Zn  dysregulation  has  the  potential  to reduce  learning,  memory,  and  ultimately
organismal  survival.

©  2017  The  Authors.  Published  by  Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the  CC  BY

Abbreviations: A�, amyloid � peptide; AD, Alzheimer’s disease; Astr, amygdalos-
rial transition area; BBB, blood-brain barrier; BL, basolateral amygdala; c48/80,
ompound 48/80; CPu, caudate putamen; Den, dorsal endopiriform nucleus; DG,
entate gyrus; GI, gastrointestinal; LaDL, later dorsolateral amygdala; LaVL, lateral
entrolateral amygdala; NSD, no significant difference; OD, optical density; Sash−/− ,
57BL/6-KitW−sh/W−sh; WT,  wild type; Zn, zinc.
∗ Corresponding author at: Department of Psychology, Columbia University, New
ork, NY, USA.
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1. Introduction

Zinc (Zn) is an essential nutrient crucial for the maintenance
of cell homeostasis, abundantly present in all cells and life [1].
Although Zn is not toxic per se [2], animals are known to be sensi-
tive to its depletion or excess, where the body responds in varied

deleterious ways, including through growth retardation, immun-
odeficiency, and neuronal degeneration [3,4]. While hundreds of
enzymes, transcription factors and signaling molecules depend on
Zn [5], the full range of function of this trace metal remains undis-
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overed for immune cells like mast cells, which reside in every
ascularized tissue studied [6–10], and are normally found on the
rain side of the blood-brain barrier (BBB) [11], or can cross the BBB
o the diencephalon, hippocampus, and leptomeninges [12–15].

In recent years, mast cells have been cast as more than main
ffector cells in allergies and asthma, and more than simple aids
n host defense against pathogens. Beyond these well established
oles, they are sensitive sensors and effectors of communication
cross the vascular, immune, and nervous systems. Indeed, they
re sensitive to hormonally active chemicals and toxicants [16,17],
re remarkable contributors to neuropsychiatric states such as anx-
ety [18], and are able to modulate neuroinflammation, which may
ontribute to diseases, such as Alzheimer’s [19–23].

Mast cell effects can be traced back to the composition of
heir cytoplasmic granules, which may  house a variety of media-
ors, including biogenic amines such as histamine and serotonin,
ytokines, enzymes, ATP, neuropeptides, growth factors, lipid
etabolites such as leukotrienes and prostaglandins, and heparin

23–26]. Their specific mediator content depends on their loca-
ion, as they mature in tissues and respond to local factors after
eaving the bone marrow. Overall, preformed granular material is
eleased in minutes, while de novo materials are secreted within
ours; together, these responses catalyze or amplify molecular and
ellular responses throughout the body [27].

Along with proinflammatory molecules, it has long been known
hat mast cells are rich in Zn. Early electron microscopy stud-
es putatively indicated a structural role for Zn inside cytosolic
ranules—stabilizing histamine-heparin complexes [28,29]. His-
amine is a potent arbiter of allergic reactions in the body, and also
lays a valuable role as a neurotransmitter in the central nervous
ystem [30]. However, recent mechanistic studies of human mast
ells indicate that Zn can also be released from signaling cascades
hat are distinct from those resulting in histamine release [31].

The brain contains one of the highest levels of Zn in the body.
he majority of Zn (90%) is tightly bound to protein [32], includ-
ng enzymes involved in numerous cellular signaling pathways
33]. Bound Zn is known to escape visualization by standard
istochemical techniques like Timm staining or N-(6-methyl-8-
uinolye)-para-tolurnesul-fonamide (TSQ) fluorescence [4,34,35].

nstead, these techniques are sensitive detectors of Zn that is
ot bound or is loosely bound to proteins; this Zn pool is inter-
hangeably referred to as labile, chelatable, or “bioactive” (and also
rroneously referred to as “free”).

Labile brain Zn is largely found in specific synaptic vesicles in
 subgroup of glutamatergic neurons and is released from synap-
ic vesicles during signaling [36–39]. Direct Zn signaling effects
ave been documented, particularly on NMDA and GABA receptors
37]. Labile Zn is important for spatial learning and memory, as it
s necessary for the induction of long-term potentiation [40,41].

oreover, in a basal state, mast cells are in their greatest numbers
n and around the hippocampal formation, an area with the highest
n concentrations detected in the mossy fiber-CA3 region [37].

The hippocampal formation is impressive on at least two major
ronts: one, neurogenesis (i.e., the formation of new granule cells)
ersists into adulthood, and, two, many of its inputs are known to be
nidirectional to affect spatial and declarative memory. These fea-
ures come together in the dentate gyrus (DG) of the hippocampus,
hich is considered the first step to processing information that

eads to episodic memory. The entorhinal cortex supplies a major
nput into the DG through fibers of the perforant pathway [42], yet
he DG does not return this projection, but instead relays to the
A3 field of the hippocampus. At present, it is unknown what these

pecific processing patterns mean for the production of declarative
emory.
Considering the fast-acting release of mast cell granule contents,

he presence of Zn transporters poised to command its uptake and
Letters 650 (2017) 139–145

efflux [43], and localization of mast cells to a neuroanatomically dis-
tinct, Zn-rich region of the brain, we reasoned that mast cells might
contribute to maintaining Zn homeostasis in the brain, demonstrat-
ing an additional vital function for these immune cells in vivo. To
explore this possibility, we  compared histochemically reactive Zn
and total brain Zn present in the brains of mast cell normal and
mast cell knockout mice, and measured the size of their respective
dentate gyri as a proxy for differential hippocampal function.

2. Material and methods

2.1. Animals

2.1.1. Animals
Mast cell deficient C57BL/6-KitW−sh/W−sh (Sash−/−) mice were

originally obtained from The Jackson Laboratory (a9B6.Cg-KitW
sh/HNihrJaeBsmJ, strain 5051; Bar Harbor, ME)  and bred to estab-
lish a colony at the Columbia University animal facility. These mice
were crossed with wild type C57BL/6 mice (The Jackson Labora-
tory) to generate heterozygous mice (C57BL/6-KitW−sh/+; Sash+/−).
Male homozygous Sash+/+ (WT) and Sash−/− littermates from het-
erozygote crosses were used in these experiments. Genotypes were
determined by observing coat color, as the KitW−sh mutation causes
abnormalities in pigmentation [44]. Litters were weaned at 28 days,
and animals were sacrificed at 4–8 weeks old. Except in the case of
amygdala staining (n = 4), all comparisons and statistics used an n
of 6 per genotype.

2.1.2. Housing
Mice were housed 2–5 per cage in transparent plastic bins

(36 cm × 20 cm × 20 cm)  in a room kept on a 12:12 light−dark cycle
at 22 ± 1 ◦C. Cages had corn cob bedding (Bed-o’cobs, Maumee, OH),
and food and water were provided ad libitum. All procedures were
approved by the Institutional Animal Care and Use Committee at
Columbia University.

2.1.3. Diet
Weaned animals were given free access by wire feeder to Lab-

Diet (St. Louis, MO), which contained 85 ppm Zn as described
in www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web
content/mdrf/mdi4/∼edisp/ducm04 028021.pdf.

2.2. Visualizing labile Zn in the brain

2.2.1. Perfusion
Animals were deeply anesthetized and perfused transcardially

with freshly made perfusate solution from a Rapid TimmStain Kit
(FD NeuroTechnologies, Columbia, MD). This kit tightly controls
overfixation, further standardizing the Timm method [45]. Per-
fusate contained sodium sulfide and formaldehyde, which was
immediately followed by an equal volume of freshly made 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Follow-
ing perfusion, brains were extracted and postfixed overnight in 4%
paraformaldehyde.

2.2.2. Harvesting brain sections
Post-fixed brains were blocked by removing the hindbrain and

the most anterior portion of the forebrain, and cryoprotected in a
series of sucrose gradients (10%, 20%, 30%), each for 48 h. Brains
were stored in 30% sucrose for up to one week at 4 ◦C, or stored for
up to a month at −80 ◦C before thawing and sectioning. Coronal sec-
tions (30 �m thick) were cut using a cryostat (Microm HM 500 M,

Walldorf, Germany) and every fourth section was collected by
thaw mounting onto gelatin-coated microscope slides (Probe-on-
plus slides; FisherBrand, Waltham, MA). Importantly, every slide
contained sections from both experimental groups (i.e., WT  and

http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
http://www.labdiet.com/cs/groups/lolweb/@labdiet/documents/web_content/mdrf/mdi4/~edisp/ducm04_028021.pdf
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ash−/−) at similar Bregma coordinates ensuring that sections from
omparison groups were processed identically for Timm staining
ntensity. Slides were left to dry overnight, and extra sections (i.e.,
very third and fourth section) stored at −20 ◦C until used in the
tudy.

.2.3. Zn staining
Reactive (labile) Zn was processed and visualized using a Rapid

immStain Kit following manufacturer’s instruction. Accordingly,
ll glassware, including staining jars, were thoroughly cleaned and
insed with freshly distilled water (Milli-Q; EMD  Millipore, Biller-
ca, MA); no metal tools were used, as they could have produced
taining artifacts. Four slides were processed simultaneously.

Once dried, slides were washed in 0.1 M PB (three times, for
hree min  each) using clean glassware, before transferring to plastic
lide tubes (Arrayit Corporation, Sunnyvale, CA). The development
f Timm stain is sensitive to both time and light. Following an
ncubation of 50 min  in a light blocking, temperature-controlled
nvironment, maintained by submersion in a 26 ◦C water bath,
lides were removed from tubes, and transferred to clean glass
ishes containing fresh Milli-Q water to stop the reaction. Every
econd section was counterstained with 0.1% cresyl violet for

 min  in the dark and destained by dipping in deionized water,
efore following the same sequence of ethanol dehydration steps
s Timm’s-only stained sections. Slides were cleared in CitriSolv
Decon labs, King of Prussia, PA) (3 × 5 min) and coverslipped in
esinous mounting medium (Krystalon EMD  Millipore, Billerica,
A).

.2.4. Quantitative analysis of timm staining in hippocampus and
mygdala by optical density

High resolution images were taken using a Nikon Eclipse E800
icroscope (Nikon CO., Tokyo, Japan) fitted with a Q-imaging

etiga EXi, fast 1394 camera (Quantitative Imaging, Surrect, BC,
anada) and QCapture software (Quantitative Imaging). Images
ere taken at uniform magnification, brightness, and contrast set-

ings. NIH Image J (1.45 v) software was used to measure the optical
ensity of Timm staining in the brain using Timm-only stained
ections. For the hippocampus (Bregma −1.91 mm to Bregma
3.51 mm),  area measurements were used to calculate the aver-
ge intensity of the Timm stain, which can vary from light brown
o black, reflecting increasing amounts of Zn in this region. A sim-
lar strategy was employed for quantification of staining in the
mygdala, but images were first converted to an 8-bit grayscale.
mygdala staining analysis contained an n of 4, as some sections
ere not suitable for ImageJ analysis. In both areas, measurement of

he areas was performed by observers blind to genotype. To deter-
ine statistical significance, a comparison of means between WT

nd Sash−/− was made using an unpaired two-tailed t-test in Prism
oftware (GraphPad Software, La Jolla, CA).

.3. Volumetric analysis

The volumes of the hilar region and the granule cell layer
f the dentate gyrus were estimated using the Cavalieri method
46] in Sash−/− and WT  mice. Using every fourth section, a two-
imensional area of the dentate gyrus was taken by measuring
he area of cresyl violet-only stained sections in Image J by two
eparate individuals (R2 = 0.96). The volume of each section was  cal-
ulated by multiplying the area obtained from ImageJ (in �m2) by
he thickness of the section (30 �m)  added to the distance between

ach measured section (90 �m).  Total volume was  then calculated
y summing this volume across all sections, and an unpaired two-
ailed t-test was performed in Prism (GraphPad) to compare mean
olumes of these hippocampal areas between the two genotypes.
Letters 650 (2017) 139–145 141

2.4. Measuring total Zn (labile and bound) in brain, heart, liver,
and GI tract

To avoid Zn contamination due to leaching from glassware,
surfaces and utensils were washed in dilute HCl and rinsed with
distilled water prior to use. Animals were sacrificed and brains har-
vested and dissected before taking the heart, liver, and GI tract.
Hippocampi and olfactory bulbs were viewed under stereotaxic
microscope and dissected on top of blotting paper moistened with
PBS to prevent tissue from slipping during dissection. The remain-
der of the brain was also taken, separate from these two areas. Next,
liver, heart, and GI tract were removed and gently rinsed in ice-cold
PBS to remove excess blood. After weighing samples, tissue was
combined with EDTA-free lysis buffer (RIPA Lysis and Extraction
Buffer, ThermoScientific, Grand Island, NY) in high-speed centrifu-
gal conical tubes (SuperClearTM Ultra-High Performance Centrifuge
Tubes, VWR, Radnor, PA) at a volume of 3 ml  for every 1 g tissue,
and sonicated (Omni international, Kennesaw, GA) in an ice bath.
After centrifuging samples at 17,000 × g for 20 min, supernatant
was transferred to clean tubes without disturbing the pellet.

Once collected, samples were processed for Zn using an
absorbance-based quantification kit (Abcam, Cambridge, MA)  with
minor modification to manufacturer instruction. Briefly, aliquots
of supernatant were combined with an equal volume of 7% TCA
solution for a total volume of 120 �l, and centrifuged at the highest
setting for 5 min  to deproteinize. Aliquots of samples (60 �l) were
run in duplicate in clear, flat-bottom polystyrene 96-well plates
(Corning Costar, Fisher Scientific, Pittsburgh, PA); for each exper-
iment, sample wells were selected non-systematically in order
to avoid plate and edge effects. Plates were read once the reac-
tion completed, which was  determined in several experiments
to be after an incubation of 10 min. Optical density at 570 nm
was measured in a microplate reader (BioRad, Hercules, CA) using
Microplate manager software 5.2.1 (BioRad). Zn levels in sample
plate wells were calculated on the basis of a standard curve pro-
cessed on the same plate, which included an expanded range of
concentrations below 2 nM in order to obtain greatest sensitivity.
Total Zn (�M)  is reported on the basis of the sample readings paired
to the organ mass of each animal.

3. Results

3.1. Mast cell deficient mice stain more intensely for labile Zn in
brain

Mast cell deficient Sash−/− mice stained most intensely for labile
Zn as compared to wild type littermate controls (Fig. 1). Visual
inspection (Fig. 1a) and quantitative measurement (Fig. 1b–c)
indicate that these differences are maintained throughout all
coronal sections of the DG, with greater than 3.5 times the
amount of Timm-positive staining appearing in mast cell defi-
cient animals (i.e., compare Sash−/− OD of 1.44 ± 0.28 to WT  OD
of 0.65 ± 0.20 [mean ± SE]; p = 0.0397). When considered rostrally
versus caudally, (Fig. 1c), significant labile Zn staining appears
in both the rostral and dorsal aspects of the DG (rostral com-
parison of 1.36 ± 0.30 OD [Sash−/−] versus 0.46 ± 0.15 OD [WT],
mean ± SE, p = 0.0246; caudal comparison of 1.49 ± 0.28 [Sash−/−]
versus 0.54 ± 0.13 [WT], mean ± SE, p = 0.0109).
Moreover, Timm-positive staining differences were significant
in brain regions relevant to learning and memory processes out-
side the hippocampus such as the amygdala (Fig. 2); Sash−/− OD of
2.47 ± 0.45, WT OD of 0.77 ± 0.25 (mean ± SE), p = 0.0165.



142 R.H. Kennedy et al. / Neuroscience Letters 650 (2017) 139–145

Fig. 1. Comparison of labile Zn staining along the rostral-caudal axis of hippocampus.
(A) Representative Timm staining (with cresyl violet counterstain) from Bregma −1.91, −2.91, and −3.51 mm in WT  (top panel) and Sash−/− (bottom panel). Increasing
intensity of Timm stain appears on a spectrum of light brown to black, which corresponds to relative increases in labile Zn. Coronal sections of perfused brains were mounted
to  a given slide containing with one animal per genotype and processed to control for variation in stain development as described in detail in the methods section.
(B)  Quantification of Timm-positive staining by Image J, performed as reported in Methods. Symbols represent average staining from all given slices (−1.91 to −3.51 mm)  of
individual mice (n = 6 per genotype), and lines represent animals processed on the same slide. Statistical difference was  determined by unpaired two-tailed t-test; *p = 0.0397.
(C)  Optical density by position in the DG. Average OD for rostral and caudal DG are compared (Bregma −1.91 versus −2.91 and −3.51 combined). Each symbol represents
an  individual mouse (n = 6 per genotype); horizontal bars represent averages per group, and error bars are SD. Statistically significant staining differences between WT  and
Sash−/− were found at both the rostral and caudal areas of the DG, as determined by unpaired two-tailed t-tests (p = 0.0246, p = 0.0109, respectively.)

Fig. 2. A. Representative Timm-positive stain in the amygdala in (i) WT  and (ii) Sash−/− mice and B. Quantification of Timm-positive staining. Perfused animals (n = 4) were
s solate
a cleus

3

s
c
s
m

tained  for metal deposition as described in materials and methods. LaDL, later dor
mygdalostrial transition area; CPu, caudate putamen; Den, dorsal endopiriform nu

.2. No significant difference in total Zn between WT  and Sash−/−

All mice in this study were fed the same diet and were the

ame approximate age and mass at sacrifice (data not shown)
ontrolling for artificial Zn differences between genotypes. As
hown in Fig. 3, NSD (p > 0.05) was detected between these ani-
als in the whole brain, hippocampus, or olfactory bulb, another
ral amygdala; LaVL, lateral ventrolateral amygdala; BL, basolateral amygdala; Astr,
. *p = 0.0165, unpaired two-tailed t-test.

brain region known to be relatively high in brain Zn. Total Zn
in liver, GI tract, and heart were also surveyed to understand
possible metabolic partitioning of total Zn in the event that dis-

crepancies were found in the brain; NSD were found in these
organs.
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Fig. 3. Total Zn (bound and unbound) in selected tissue of the brain and body. Total
Zn  quantified by an absorbance assay as detailed in Material and Methods. Each data
point represents an individual animal (n = 6); bars represent mean ± SEM. NSD as
determined by multiple unpaired two-tailed t-tests performed between genotypes
(p  > 0.05).
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known to be contained in synaptic boutons of both the amygdala
ig. 4. Volumetric analyses of hilar region and granule cell layer of the DG. Analyses
ere based on Image J measurements as described in Material and Methods section.
SD (p > 0.05) as determined by unpaired two-tailed t-test.

.3. No volumetric difference in dentate gyrus between mast cell
eficient and WT  mice

As depicted in Fig. 4, there was no detectable difference between
ast cell deficient Sash−/− mice and WT  controls, in the hilar

egion (p = 0.7792) or the granule cell layer (p = 0.5415) of the DG
y unpaired two-tailed t-test.

. Discussion

This study is the first to investigate Zn differences in the brains
f mice known to have different levels of brain-resident mast cells.
ere we report a significant increase in labile Zn in Sash−/− mouse
rain, which occurs without altering total Zn levels. We  reason that

 reduced Timm-positive stain in mast cell-normal (WT) animals
upports the idea that these immune cells modulate Zn availability
ither by recruiting metallothionein or by removing chelatable Zn
hrough cellular incorporation. On the basis of these data, we may
ow begin to appreciate that mast cell degranulation also allows for
he release of Zn back into the local milieu where it can be mobi-
ized or bound. Overall, increased Zn staining in mast cell deficient
Sash−/−) mice, uncovers for the first time a specific role of mast

ells in biometal availability.

The Sash−/− mouse is a genetic mast cell loss-of-function in an
nimal that has c-kit-related phenotypic abnormalities but oth-
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erwise has a normal immune cell profile [47,48]. This suggests
that mast cell degranulation, which can be triggered by environ-
mental stimuli on the order of minutes [49], can modulate Zn
homeostasis. Additionally, as mast cells are known to degranulate
in response to otherwise innocuous stimuli, this points to an over-
looked, but potentially important Zn-related pathological role for
hyperresponsive brain mast cells. Functional studies that record Zn
before and after manipulation of the degranulation state of mast
cells, such as before and after intracerebroventricular injection of
c48/80, are required to further reveal the sensitivity and reactiv-
ity of mast cells to regulating Zn in their local environment. These
future studies will also serve to confirm the finding within our mast
cell knockout model.

Zn, iron, and other first row transition metals are important
in neuronal function and aging; accordingly, increasing evidence
points to homeostatic dysfunction of biometals across several
different types of neurodegenerative disease [50–52]. In AD, for
example, there is growing evidence that endogenous metal ions
such as Zn, iron, and copper can contribute to the aggregation of
amyloid � peptide (A�)  by binding to histidine residues within
them [53]. Metal binding promotes aggregation of toxic self-
propagating proteins, either leading to neurodegeneration [54–56],
or may  be neuroprotective [57]. Additionally, alteration of Zn trans-
porters is consistently detected in mouse models and in AD human
brain. Altogether, this evidence points to the real possibility that
disruption of brain Zn homeostasis contributes to the pathological
progression of AD [41].

Since mast cells are present in the brain throughout develop-
ment and adulthood [14], mast cell Zn uptake, and release, may
have lifelong contributions to the normal brain. With a reduction
in mast cell numbers due to normal aging [58], we  would also
expect altered Zn homeostasis in the brain. Moreover, influx of
mast cells across the BBB due to disease or infection has the poten-
tial to alter Zn availability and hence transcriptional and cellular
signaling pathways that aid in repair, development, and growth of
hippocampal neurons.

At this time, we  understand the mast cell modulation of
available brain Zn to be orchestrated either through cellular incor-
poration (via Zn transporters), or through the recruitment of
metallothioneins (MTs). MTs  are small cysteine-rich metallopro-
teins that are currently classified in 15 families [59]. They are
known to play multiple roles, including in Zn and copper homeo-
stasis, serving to protect against heavy metal toxicity in the brain
[60,61].

Strain differences in Timm-stained mouse hippocampal sec-
tions have previously been reported [60], but not for our mast
cell genotypes. Disorganization of cell layers, particularly in ter-
minal projections of the mossy fiber region, have been reported for
BALB/c, C57 B and Reeler mutant mice [62]. One  of the hypotheses
for these aforementioned strain differences has been suggested to
be due to altered thyroid hormone levels, which can modify the for-
mation of granule cells and the size of projections in the mossy fiber
area [63,64]. Conversely, the genotype differences reported here
do not reflect differences in connectivity in the dentate gyrus, but
rather reflect levels of available Zn in these areas due to differences
in mast cell numbers.

In this study, we  report increased Timm-positive staining in
all areas of the brain where labile Zn is known to reside. The
most intense staining was found in learning-associated areas that
include the amygdala, entorhinal cortex, and hippocampal for-
mation, regardless of whether these brains belonged to mast cell
deficient or mast cell normal mice. As in the hippocampus, Zn is
and cortex [65,66]. The reason why  Zn is enriched in certain neu-
ronal vesicles is not completely understood, but is nevertheless
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niversally observed—all Zn-containing neurons are glutamatergic,
ut not all glutamatergic neurons are Zn-containing [66].

While brain Zn is known to be distributed across several com-
artments, and greatest pockets appear in areas appreciated for
heir roles in learning and memory, it was not necessarily antici-
ated that these areas would also be relatively intensely stained.
hese observations correspond nicely to behavioral differences our
ab has previously observed for these genotypes (i.e., Sash−/− mice
ave impairments in spatial learning and memory as compared
o mast cell normal heterozygotes in both radial arm and Morris
ater maze tests [58]). Since Fanselow and Dong report that the
orsal hippocampus performs mainly cognitive functions, while
he ventral hippocampus relates to stress and emotion [67], we
onsidered functional segregation of the hippocampus in our anal-
sis of Timm-positive staining. These functionality differences do
ot affect the increased Zn staining in Sash−/− as compared to
T.
When interpreting these staining differences in regions outside

he hippocampus, it is better to cast a wider net of appreciation:
imm stain in these areas is known to identify more than the
ingle deposition of Zn, but to pick up other metals as well; on
he other hand, it is universally understood that Timm-positive
taining in the hippocampus is specific for Zn by default, given
igh levels of Zn found empirically in this area by several dif-

erent methods [68]. Ongoing neurogenesis is essential to proper
ippocampal functioning and the DG is one of three brain areas
here new neurons are formed throughout life. The principal and
ost numerous cell of the DG is the granule cell of the mossy

ber pathway, which receives input from the entorhinal cortex
69]. In rats, the majority of granule cells are generated after birth
70].

We  detected no difference in the size of the granule cell layer or
ilus by cresyl violet staining. While a volumetric difference would
ave indicated impaired survival of neurons, and/or a decrease

n progenitor cell proliferation, the fact that we have previously
etected differences in granule cell layer with NeuN staining still
oints to this possibility, and underlines the importance of using

ittermates to reduce inherent variability [58].
It is well documented that brain mast cells add to neural his-

amine pools [71–73], and that lack of mast cell serotonin lends
tself to anxiety-like behavior [18]. Modulation of available brain Zn

ay  now be considered part of the mast cell repertoire for healthy
rain function, along with the secretion of serotonin [74], contribut-

ng to proper hippocampal function, and learning and memory by
ssociation.

It will be important in future work to determine if the effect
f mast cell degranulation and release of Zn has special status as
ompared to those in the periphery, especially with regard to neu-
ological disorders. Although a causal relationship between mast
ells and Zn has not been established here, these data support
areful consideration of mast cell-related Zn effects, which may
ccur in response to degranulating agents that release mast cell
ranulocytic compartments.
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