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ABSTRACT
Entry and accumulation of Zn 2+ ions contribute to neuronal death following hypoxicischemia and traumatic brain injury. In this study, we examined patterns of cell death
2+
and activation following the intrahippocampal injections of Zn in adult rat brain. The
2+
dose-dependently produced degeneration of the
injections of 3∼20 nmole Zn
hippocampal neurons and glia over the next 24 h. Cell injury was detectable within 4
h, increased by 3 d, and disappeared within 7 d. Ultrastructural analysis demonstrated
2+
that treatment with Zn caused necrotic degeneration preferentially in neurons and
oligodendrocytes that was accompanied by swelling of cell body and mitochondria, early
fenestration of plasma membrane, and irregularly scattered condensation of nuclear
chromatin. Immunohistochemistry of glial marker proteins (glial fibrillary acidic protein for
astrocytes and OX42 for microglia) revealed that astrocytes were activated bilaterally in
the hippocampal formation and neocortex while microglia were activated ipsilaterally in
the vicinity of the injection site 24 h later. The present study provides evidence that
2+
ions released under pathological conditions can injure neurons and oligoZn
dendrocytes exclusively through necrosis and activate astrocytes and microglia.
K ey w ords: Zinc, necrosis, hippocampus, cortex, neuron, oligodendrocyte, astrocyte,
microglia
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IN T R O D U C T IO N
Zn 2+ , the most abundant transition ion in brain,
plays a dynamic role in both physiological and path2+
ological processes. Zn is stored primarily in the
synaptic vesicles of glutamatergic neurons (Frederickson, 1989), co-released with glutamate, and modulates activity of target neurons by directly acting
on glutamate and GABA receptors (Harrison and
Gibbons, 1994; Smart et al., 1994). Zn 2+ inhibits
excitatory currents by binding to NMDA receptors,
potentiates ( α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, AMPA)-mediated fast excitatory currents, and inhibits the inward current induced by
activation of metabotropic glutamate receptors (Xie
et al., 1993). Zn 2+ appears to modulate GABAmediated responses by directly binding to the beta
subunit of GABAA receptor or enhancing GABA
release (Turgeon and Albin, 1992; Wooltorton et al.,
1997; Xie and Smart, 1991; Zhou and Hablitz,
1993).
In addition to the regulatory actions of Zn 2+ on
2+
glutamate and GABA receptors, Zn that is released
following hypoxic-ischemia, trauma, or seizure can
mediate subsequent neuronal death (Frederickson
et al., 1989; Koh et al., 1996; Suh et al., 2000).
Released Zn2+ enters into adjacent neurons through
NMDA receptors (Koh and Choi, 1994), voltagegated calcium channels, calcium-permeable AMPA/
kainate receptors (Sensi et al., 1997; Weiss et al.,
1993), or Zn 2+ transporters (Colvin et al., 2000).
2+
The intracellular accumulation of Zn impairs mitochondrial function, depletes glutathione, and activates cyclooxygenases and NADPH oxidase, which
then results in production of reactive oxygen species that mediates neuronal death (Kim et al., 1999;
Kim et al., 1999; Noh and Koh, 2000; Kim and
Koh, 2002; Sensi et al., 2003, Chen and Liao,
2003). Effects of Zn 2+ have been extended to glial
cells in which Zn 2+ can induce expression of hsp72
and metallothioneins as well as death (Agullo et al.,
1998; Smart et al., 1994; Vaux et al., 1997).
Apoptosis, a genetically-programmed cell death,
is induced and propagated through activation and
expression of specific proteins that lead to mitochondrial dysfunction and proteolysis (Fulda et al.,
1999; Kuida et al., 1998; Li et al., 1998; Vaux et
al., 1997). Extensive evidence supports that apoptosis

as well as necrosis contributes to neuronal loss in
hypoxic-ischemia and neurodegenerative diseases
(Katoh et al., 1996; Linnik et al., 1993; MacManus
et al., 1993; Pravdenkova et al., 1996; Smale et al.,
1995). While necrosis comprises a major pattern of
Zn 2+ -induced neuronal cell death (Kim et al., 1999),
apoptosis may occur in cortical cell cultures
exposed to low doses of Zn 2+ (Lobner et al., 2000;
Manev et al., 1997). The present study was performed to determine the possibility that apoptosis
as well as necrosis would occur in the process of
Zn 2+ injury and to study responses of glial cells
2+
following the administration of Zn in adult rat.

M A T E R IA L S A N D M E T H O D S
A n im al S u rgeries and Injection P roced ures
Adult male Sprague-Dawley rats weighing 200 ∼
300 g were used in this study. Prior to surgery,
animals were anesthetized with a mixture of ketamine
(50 mg/kg, s.c.) and xylazine (10 mg/kg, s.c.),
placed into a Kopf stereotaxic apparatus, and
injected with ZnCl2 (3 ∼20 nmole in PBS) into the
right hippocampus at the following coordinates: 3.6
mm caudal to the bregma, 1.9 mm lateral to the
midline, and 3.6 mm ventral from the dural surface.
For each injection, a volume of 1 μl was delivered
for 2 min via a 10 μl-Hamilton syringe, allowing the
syringe to remain in the injections site for additional
3 min prior to withdrawal and wound closure. A
control group of rats was injected with 10 nmole
Zn 2+ containing 50 nmole Ca-EDTA, a selective
Zn 2+ chelate, into the hippocampal formation.
Animals were euthanized 24 h later. To investigate
the time course of Zn 2+ -induced brain damage, a
group of rats were injected with 10 nmole Zn 2+ and
euthanized 4 h, 1, 3 or 7 d later.
For TSQ (N-(6-methoxy-8-quinolyl)-p-toluene sulfonamide), acid-fuchsin, and terminal deoxynucleotidyl
transferase mediated dUTP-biotin nick end labeling
(TUNEL) staining, brains were removed and quickly
frozen on dry ice, stored at -70 oC, and sectioned
at a thickness of 16 μm on a cryostat (Leica, Germany). Sections were thaw-mounted onto gelatincoated slides and stored at -70 o C. For immunohistochemistry and transmission electron microscopy (see below), animals were anesthetized with
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halothane, flushed through the vasculature via the
aortic canula, and then perfused with 3% paraformaldehyde. Brains were rapidly removed, immersed
in 3% paraformaldehyde, embedded in paraffin, and
sectioned at a thickness of 8 μm using a microtome
(TPI, Inc., MO). Sections were mounted onto gelatincoated slides. Animal care and treatment were in
compliance with a protocol approved by the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and our institutional
animal care committee.
Z inc S tainin g
Brain sections were immersed in a solution
containing 140 mM sodium acetate buffer, pH10,
and 4.5 μM TSQ (Molecular Probes, Eugene, OR)
for 2 min. After washout with PBS, the fluorescence
signal of TSQ-Zn 2+ complex was observed under
fluorescence microscopy (excitation 365 nm, dichroic 400 nm, barrier 450 nm).
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laboratories, CA) and diaminobenzidine (Sigma,
MO) as a substrate.
Tran sm ission E lectron M icrosco py (T E M )
Brains were removed and the injection area
dissected out. The tissues were washed with cacodylate buffer, post-fixed in 1% osmium tetroxide
and 1.5% potassium ferrocyanide, and then dehydrated with graded series of ethanol, and then
embedded in resin (Polyscience, Inc.). Ultrathin
sections were cut using Reichert Jung Ultracut S
(Leica, Germany), mounted on grids, stained with
uranyl acetate and lead citrate, and examined
under a Zeiss EM 902 A electron microscope.

A cid-fu chsin S tain ing
Brain sections were stained with cresyl violet,
and then with 1% acid fuchsin fortified with glacial
acetic acid (Auer et al., 1984).
T U N E L S tain ing
Brain sections were fixed in 3% paraformaldehyde and post-fixed in ethanol/acetic acid (2 ：1).
Sections were reacted with Digoxigenin-dUTP and
terminal deoxynucleotidyl transferase in a humid
incubator, and then incubated with anti-digoxigeninperoxidase antibody. The degenerating cells were
visualized using 0.05% diaminobenzidine and methyl
green.
Im m un ohistoch em istry
The sections were fixed in 3% paraformealdehyde for 10 min, washed in PBS, and incubated
in 0.3% H 2 O 2 and 0.25% Triton X-100 at RT. The
sections were reacted with 10% goat serum for 1
hr and a mouse monoclonal antibody to GFAP (a
marker protein for astrocytes, 1 ：400) and OX-42
(a marker protein for oligodendrocytes, 1 ：40),
respectively. The sections were reacted with a goat
anti-mouse IgG conjugated with biotin (1 ：100,
Vector laboratories, CA). The biotin-labeled signals
were visualized using avidin-biotin complex (Vector

Fig. 1. Dose-dependent and temporal patterns of Zn 2+- induced hippocampal degeneration in adult rat. A, bright field
photomicrographs of hippocampal sections stained with hematoxylin-eosin at 1 d after the intrahippocampal injections of
PBS, 3, 10, or 20 nmole ZnCl2. in a volume of 1 μl. Abbreviations: dentate gyrus, DG; hilus, Hi. B, bright field photomicrographs of hippocampal sections stained with hematoxylineosin at indicated points of time after the intrahippocampal
injections of 10 nmole ZnCl2. Scale bar, 500 μm.
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RESULTS
T em po ral and d ose-depen dent patterns of the
hippocam pal degeneration following the adm in2+
istration of Zn
The injections of 3 nmole Zn 2+ into the hilus
produced cell death around the injection site 1 d
2+
later (Fig. 1A). The injections of 10 nmole Zn
resulted in widespread degeneration of the dentate
gyrus and hilus. Increasing doses of Zn 2+ up to 20
nmole resulted in near complete cell loss in the
dentate gyrus and hilus. In follow-up studies, the
temporal patterns of the hippocampal degeneration
were examined following injections of 10 nmole
Zn 2+ . Treatment with 10 nmole Zn 2+ showed a
minor injury near the injection site within 4 h and
appeared to cause near-maximal lesion within 1 d.
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The hippocampal lesion continued to expand over
the next 3 d and was occupied with non-neuronal
cells 7 d later (Fig. 1B).
TSQ staining was performed to study if entry and
accumulation of Zn 2+ were required for the degeneration of the hippocampal cells after the in2+
jections of Zn . As reported, the TSQ fluorescence
signal was observed normally in the mossy fiber
axons of the dentate gyrus (Fig. 2A). Following the
2+
injections of Zn into the hilar area, the TSQ
signal was also observed in cell bodies of the
dentate gyrus and hilus (Fig. 2B). All the TSQ-
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Fig. 2. Accumulation of Zn 2+ in the degenerating hippocampal
cells. A-D, fluorescence (top panel, TSQ stain) and bright field
(bottom panel, acid fuchsin stain) photomicrographs of hippocampal sections 1 d after the administration of PBS (A, C)
or 10 nmole ZnCl2 (B, D). Note that TSQ signal was normally
absent in cell bodies but intensively observed throughout cell
bodies and processes after treatment with Zn 2+. Arrows
indicate double-labeled cells with TSQ and acid fuchsin. Abbreviations: dentate gyrus, DG; hilus, Hi. Scale bar, 100 μm.
E-F, bright field photomicrographs of rat hippocampal sections
stained with hematoxylin-eosin at 1 d after the intrahippocampal injections of 10 nmole ZnCl2, alone (E) or with
50 nmole CaEDTA (F). Scale bar, 500 μm.

Fig. 3. Necrotic degeneration of hippocampal neurons and
2+
oligodendrocytes after the intra-hippocampal injection of Zn .
A-B, bright field photomicrographs of rat hippocampal sections
stained by the TUNEL method at 1 d after the injection of 10
nmole ZnCl2 (A). B, the magnification of insert in A. Scale
bar, 500 μm. C-F, transmission electron micrographs of the rat
hippocampal neurons (C, D) and oligodendrocytes (E, F) near
the injection sites at 1 d following the administration of 10
nmole ZnCl2. Compared to the unoperated control (left panel),
the Zn 2+ treatment caused mitochondrial swelling (arrows) and
plasma membrane fenestration (arrowheads) in neurons and
oligodendrocytes characteristic of necrosis. Abbreviations: N,
nucleus; PM, plasma membrane; Mi, mitochondria. Scale bar,
2.5 μm.
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positive dentate gyrus granule cells and hilar neurons underwent degeneration as exhibited by
acidophilic cytoplasm (Fig. 2C and 2D). Concurrent
2+
administration of Ca-EDTA, a Zn -specific chelator,
blocked the cytotoxic action of Zn 2+ (Fig. 2E, F).
N ecrotic d egeneration o f neu rons and o ligod endro cytes by Zn 2+
Additional experiments were performed to determine whether cells were undergoing necrosis or
apoptosis following the intrahippocampal injections
of Zn 2+ . Degenerating cells in the dentate gyrus
and hilus were labeled with TUNEL histochemistry.
In contrast to intense, round, and condensed
staining of nuclei for apoptotic cells (Rink et al.,
1995), the TUNEL positive cells showed diffuse and
irregular patterns of nuclear chromatin. This suggests that necrosis comprises the dominant pattern
of cell death in the hippocampal formation injected
with Zn 2+ . This was further confirmed by electron
microscope studies. In the lesion area, degenerating neurons were accompanied by marked
swelling of mitochondria, early collapse of plasma
membrane prior to nuclear membrane, and irregularly scattered condensation of nuclear heterochromatin (Fig. 3C, D). Degeneration of non-neuronal
cells was also observed in the molecular layer
around the injection site. In particular, oligodendrocytes were identified as small cells with a round
and oval nucleus and clumped nuclear chromatin
immediately beneath the nuclear envelope, appeared to be highly vulnerable to Zn 2+ , and
showed features of necrosis as shown in degenerating neurons (Fig. 3E, F). Apoptotic features
such as shrinkage of cell body and aggregated
condensation of nuclear chromatin were not observed in the hippocampal areas following the
administration of Zn 2+ .
A ctivation and d egeneration of astro cytes b y
Z n 2+
Additional experiments were performed to observe responses of astrocytes following the injections of Zn 2+ . Astrocytes immunoreactive to
GFAP disappeared in the ipsilateral hippocampal
formation at 1 d after the administration of 10
nmole Zn 2+ (Fig. 4). Astrocytes were not observed
in the lesion core within 3 d. At this point of time,

Fig. 4. Activation of astrocytes in the hippocampal formation
injected with Zn 2+. Bright field photomicrographs of the ipsilateral and contralateral hippocampus after immunohistochemistry with GFAP antibody at the indicated points of time
following the hippocampal injections of PBS (upper panel) or
10 nmole ZnCl2 (lower panel). Dashed lines represent the
margin of the lesion. Abbreviations: so, striatum oriens; pcl,
pyramidal cell layer; sr, striatum radiatum. Scale bar, 200 μm.

the intensity and the number of GFAP-immunoreactive astrocytes were markedly increased around
the lesion area. After 7 d, the hippocampal lesion
ipsilateral to the injection of Zn 2+ was filled with
reactive astrocytes. Interestingly, astrocytes were
also activated in the hippocampal areas contralateral to the injection of Zn 2+ . Activation of
astrocytes was not confined to the hippocampal
formation. GFAP-immunoreactive astrocytes were
observed bilaterally in the piriform cortex and all the
layers of neocortex at 7 d following the injections of
Zn 2+ (Fig. 5).
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Fig. 5. Activation of astrocytes in the cortical regions remote
2+
from the injection site of Zn . A, bright field photomicrographs of the ipsilateral (Ipsi) and contralateral (Contra) piriform (A) or parietal cortex (B) immunolabeled with GFAP
antibody 7 d following the hippocampal injections of PBS or
10 nmole ZnCl2. Scale bar, 200 μm.

2+

A ctivation o f m icro glia by Zn
Microglia were visualized by immunolabeling brain
sections with an OX-42 antibody. OX-42-immunoreactive signals were extremely weak in the hippocampal formation of sham-operated rat brain. The
injections of Zn 2+ increased the intensity of OX-42
signals in the hippocampal area close to the lesion
side within 1 d (Fig. 6). The number of OX-42positive microglia was dramatically increased in the
dentate gyrus granule cell layer following treatment
with Zn 2+ where OX-42-positive cells were normally
absent. In contrast to Zn 2+ -induced activation of
2+
astrocytes, responses of microglia to Zn were
confined to the ipsilateral hippocampal area near
the injection site.

Fig. 6. Activation of microglia in the hippocampal formation
2+
injected with Zn . Bright field photomicrographs of hippocampal sections showing activation of microglia immunolabeled
with OX-42 antibody 1 d following the hippocampal injection of
PBS (A) or 10 nmole ZnCl2 (B, ipsilateral; C, contralateral).
Abbreviations: dentate gyrus, DG; hilus, Hi. Scale bar, 100μm.

D IS C U S S IO N
We demonstrated that the administration of Zn 2+
into the hippocampal formation caused degeneration of neurons and oligodendrocytes exclusively
through necrosis within 1 d. While degeneration of
astrocytes was observed in the hippocampal areas
2+
injected with Zn , activated astrocytes were
observed bilaterally in the hippocampal formation
and neocortex from 3 d after Zn 2+ treatment.
Activation of microglia was observed in the hippocampal areas ipsilateral to the injection of Zn 2+ .
Several lines of evidence suggest that Zn 2+ can
induce neuronal apoptosis or necrosis in vitro. The
intrahippocampal injections of Zn 2+ produce degeneration of the dentate gyrus granule cells and CA3
pyramidal neurons in adult rat (Lees et al., 1990).
In the present study, we observed that the in-
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2+

trahippocampally-injected Zn entered into neurons
and triggered neuronal cell death. Furthermore,
histochemical and electron microscopic analysis
demonstrated that necrosis predominated in the
hippocampal formation following the central injections of Zn2+. The patterns of TUNEL staining showed
diffuse and scattered nuclear chromatin reminiscent
of necrosis in most of degenerating cells. The Zn 2+ induced neuronal cell necrosis in adult rat was
further demonstrated by swelling of cytoplasmic
organelles such as mitochondria and irreversible
breaks of plasma membrane with preserved nuclear
membrane, and irregularly scattered nuclear chromatin. Thus, while apoptotic changes may occur in
cultured neurons exposed to Zn 2+ (Lobner et al.,
2000; Manev et al., 1997), the present study clearly
suggests that Zn 2+ causes necrotic neuronal death
in adult brain.
Free radicals have been documented as a downstream mediator of Zn 2+ neurotoxicity. Exposure of
Zn 2+ activates pro-oxidant enzymes, cyclooxygenases and NADPH oxidase (Kim et al., 1999; Noh
and Koh, 2000). Reactive oxygen species were
then produced in neurons treated with Zn 2+ (Kim et
al.,1999). Inhibitors of cyclooxygenases or NADPH
oxidase as well as antioxidants prevented Zn 2+
-induced neuronal cell necrosis (Kim et al., 1999;
Noh and Koh, 2000). Thus, free radicals likely
mediate necrosis of neuronal cells subsequent to
Zn 2+ entry in vitro and in adult brain. This is supported by recent findings that free radical-inducing
agents such as buthionine sulfoximine or Fe 2+
produce neuronal cell necrosis in cortical cell cultures
and adult rat (Gwag et al., 1996; Ryu et al., 1998;
Won et al., 2000).
In addition to inducing neuronal cell necrosis in
2+
adult brain, the hippocampal injections of Zn
produced necrotic degeneration of oligodendrocytes.
Zn 2+ appeared to directly cause death of oligodendrocytes as our studies have determined that
Zn 2+ entered into and injured oligodendrocytes in
culture (Kim and Gwag, unpublished observations).
Oligodendrocytes were shown to express voltagegated Ca 2+ channels and Ca 2+ -permeable AMPA/
kainate receptors, the major routes of Zn 2+ entry
2+
(Borges et al., 1994; Kirischuk et al., 1995). Zn
entry through the Ca 2+ channels may play a causal
role in the degeneration of oligodendrocytes under
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several pathological conditions including hypoxicischemia and trauma.
Astrocytes also underwent severe degeneration in
the lesion core over 3 d after the hippocampal
injections of Zn 2+ . Furthermore, reactive astrocytes
appeared initially in the vicinity of the lesion area
and late in the lesion core and other cortical areas
within 7 d. While Zn 2+ enters into and causes
direct toxicity to astrocytes (Choi et al., 1988), the
activation of astrocytes appears to arise as secondary events after Zn 2+ -induced death of neurons
and glia. The secondary activation of astrocytes
has been observed in brain and spinal cord following hypoxic ischemia, seizure, trauma or excitotoxic insults (Dusart et al., 1991; Garriso et al.,
1991; Hawrylak et al., 1993; Moumdjian et al.,
1991; Petito et al., 1990). Zn 2+ -induced reactive
astrocytes were preceded with activation of microglia around the lesion site. Active microglia
release various cytokines such as interleukin-1beta
or tumor necrosis factor-alpha that contribute to
activation of astrocytes (Pita et al., 1999; Selmaj et
al., 1990).
The central injections of Zn 2+ in adult brain
resulted in necrotic degeneration of neurons, oligodendrocytes, and astrocytes and induced activation
of astrocytes and microglia. This implies that Zn 2+
acts as a dynamic mediator for degeneration and
activation of both neurons and glia occurring in
acute and neurodegenerative brain diseases.
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