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Metallothionein Ill Is Expressed in Neurons That Sequester Zinc in 
Synaptic Vesicles 
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MT-III, a brain-specific member of the metallothionein gene 
family, binds zinc and may facilitate the storage of zinc in 
neurons. The distribution of MT-III mRNA within the adult 
brain was determined by solution and in situ hybridization 
and compared to that of MT-I mRNA. MT-III mRNA is partic- 
ularly abundant within the cerebral cortex, hippocampus, 
amygdala, and nuclei at base of the cerebellum. Transgenic 
mice generated using 11.5 kb of the mouse MT-III 5’ flanking 
region fused to the E. colilacZgene express&galactosidase 
in many of the same regions identified by in situ hybridiza- 
tion. MT-III mRNA was present in readily identifiable neurons 
within the olfactory bulb, hippocampus, and cerebellum, and 
8-galactosidase activity was localized to neurons throughout 
the brain, but not to glia, as determined by costaining with 
X-Gal and neural- and glia-specific antibodies. There is 
marked correspondence between the neurons that are rich 
in MT-III mRNA and those neurons that store zinc in their 
terminal vesicles. MT-III is found complexed with zinc in wiwo 
and its expression in cultured cells leads to the intracellular 
accumulation of zinc and enhanced histochemical detection 
of zinc. These results are discussed in light of the possibility 
that MT-III may participate in the utilization of zinc as a neu- 
romodulator. 

[Key words: metallothionein, zinc-containing neurons, 
brain, transgenic mice, Timm’s stain, in situ’ hybridization] 

Metallothioneins (MT) are small, cysteine-rich, metal-binding 
proteins that are expressed in all eukaryotes that have been 
examined (Kagi and Kojima, 1987). In mammals, two isoforms, 
MT-I and MT-II, are expressed in most organs and they are 
regulated coordinately by a variety of metals, hormones, and 
xenobiotics (Hamer, 1986; Palmiter, 1987). Recent studies have 
revealed additional isoforms: a brain-specific isoform, MT-III 
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(Uchida et al., 1991; Palmiter et al., 1992), and MT-IV, an 
isoform that is restricted to keratinizing epithelia (Quaife et al., 
1994). MTs have been postulated to protect against metal tox- 
icity (Webb, 1979; Beach and Palmiter, 198 1; Durnam and 
Palmiter, 1987; Masters et al., 1994) and oxygen radicals (Thor- 
nalley and Vasak, 1985; Basu and Lazo, 1990; Hart et al., 1990; 
Tamai et al., 1993) regulate metal homeostasis, and participate 
in the biosynthesis of metalloproteins (Bremner, 199 1; Suzuki 
et al., 1993). 

The presence and distribution of MT-I and MT-II in the brain 
have been examined by in situ hybridization, radioimmuno- 
assay, and immunocytochemistry. In addition, the regulation 
of MTs by metals and hormones has been examined in the brain 
and in neuronal or glial cell cultures. These studies indicate that 
MT-I and MT-II are expressed widely in the brain, primarily 
in ependymal and glial cells (Itano et al., 1991; Young et al., 
1991; Nishimura et al., 1992). MT expression in the brain is 
relatively unperturbed by systemic administration of zinc or 
cadmium at dosages that strongly induce expression in the pe- 
riphery (Itano et al., 199 1; Nishimura et. al., 1992; Choudhuri 
et al., 1993). However, induction of MT-I and MT-II by metals 
can be readily demonstrated in cultured brain cells (Ebadi, 199 1; 
Hidalgo et al., 1994), suggesting that metal accessibility limits 
MT gene responsiveness in vivo. 

MT-III was discovered by virtue of its ability to inhibit the 
survival of neonatal rat cortical neurons in vitro (Uchida et al., 
1991). The human and mouse forms of MT-III are similar to 
MT-I and MT-II except for the insertion of a threonine residue 
after the fifth amino acid and the insertion of a six amino acid 
block near the C-terminus (Uchida et al., 199 1; Palmiter et al., 
1992). Although the biophysical nature of MT-III has not been 
examined in detail, it appears to coordinate zinc, copper, and 
cadmium with the same stoichiometry and affinity as the other 
MTs (D. Winge, personal communication). Thus, there is no 
evidence that these extra amino acids influence its metal-binding 
properties. However, it is possible that these unique structural 
features allow MT-III to interact specifically with other mole- 
cules. Indeed, the inhibition of cortical neuron survival is spe- 
cific to the MT-III isoform of MT (Uchida et al., 199 1; Erickson 
et al., 1994) although the mechanism of this inhibition and its 
physiological significance are unclear. Using polyclonal antisera 
generated against a unique peptide derived from human MT- 
III, Uchida et al. (199 1) reported that MT-III protein is present 
exclusively in glial cells and that it is greatly depleted in cortical 
regions of individuals manifesting Alzheimer’s disease (AD). 
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The existence of a brain-specific isoform of MT-III suggests 
that it might have important neurophysiological functions. This 
idea is reinforced by its potential involvement in AD. As a first 
step in elucidating its functions in the brain, we cloned the 
murine MT-III gene (Palmiter et al., 1992), which provides a 
means for the localization and quantitation of its mRNA and 
will facilitate analyses of its function. There is considerable ev- 
idence that zinc is a neuromodulator with effects on subtypes 
of glutamate and GABA receptors (see Discussion). We show 
here that murine MT-III is localized predominantly in neurons 
that sequester zinc in synaptic vesicles (Slomianka, 1992), which 
leads to us to propose that it may play a special role in the 
utilization of zinc as a neuromodulator. 

Materials and Methods 
Determination of MT mRNA levels in mouse. Various tissues from B6/ 
SJL Fl hybrid mice were isolated from animals sacrificed by lethal CO, 
asphyxiation, and quick frozen in liquid N,. Frozen tissues were digested 
in 1 x SET [ 10 M Tris, 5 mM EDTA, 1% SDS (SET buffer) containing 
100 r&ml proteinase K (Boehringer-Mannheim, Indianapolis, IN)] at 
42°C for 1.5 hr, and then extracted with phenol-chloroform. Total nu- 
cleic acids were precipitated with ethanol and then dissolved in 0.2 x 
SET, and aliquots (up to 50 pg) were hybridized overnight at 45°C with 
about 10,000 cpm of probe in 40 ~1 containing 0.6 M NaCl and 10% 
formamide. Oligonucleotide probes complementary to the 3’-untrans- 
lated region of MT-I mRNA (#57 5’ GGGACAAATGATTTGGGGG- 
CAAAAG 3’) and a unique region of MT-III coding region (#350 5’ 
CACACAGTCCTTGGCACACTTCTC 3’) were end labeled with Y-~~P- 
ATP using T4 polynucleotide kinase, and gel purified. The hybridization 
mixture was diluted to 1 ml with S, buffer containing 15 U of S, nuclease 
and 100 ~a of carrier DNA and incubated for 1 hr at 45°C. The S,- 
resistant probe was precipitated by adding trichloroacetic acid to 0.6 M; 
the precipitate was collected on Whatman GF/C filters and counted in 
a Packard scintillation counter. Standards with known amounts ofMT-I 
or MT-III mRNA were used to calculate the amount of mRNA in each 
sample. DNA content, as measured by fluorescence of bisbenzidine 
H33258, was used to determine the number of cells in each sample, 
assuming 6.4 erg of DNA per diploid cell. 

In situ-hybri&zation. In-situ hybridization and autoradiography were 
nerformed essentiallv as described bv Mark et al. (1992). C57BL/6 mice 
were sacrificed by ether/CO, asphyxcation. The brains were immediately 
removed, placed in OCT compound (Miles Scientific, Stamford, CT), 
frozen on dry ice, and stored at -70°C until sectioning. Sections (10 
pm) were cut, placed on RNase-free glass microscope slides that had 
been dipped in 2% 3-aminopropyltriethoxysilane (Sigma, St. Louis, MO) 
in acetone followed by three rinses in H,O, and air dried for 15-30 min. 
The sections were stored at -70°C until used for analysis. 

Slides prepared as above were equilibrated at room temperature, placed 
in 4% paraformaldehyde in 4°C phosphate-buffered saline (PBS; 140 
mM NaCl, 2 mM KCl, 1.5 mM Na,PO,, 1.5 mM KI-I,PO,) for 5 min, 
and rinsed three times in PBS (5 min each). To lessen background signal 
the sections were treated with 0.25% acetic anhydride in 0.1 M trietha- 
nolamine buffer (pH 9.5) followed by incubation in 0.2 M Tris (pH 7.5), 
0.1 M glycine for 10 min. After a PBS rinse, the sections were dehydrated 
by passing them through a graded ethanol series followed by soaking in 
chloroform for 5 min to delipidate the sections. The sections were then 
rehydrated through the graded ethanol series. After a rinse in PBS and 
removal of excess fluid (but not to dryness) the slides were incubated 
in a prehybridization mix [50% formamide, 1 x Denhardt’s solution, 
10% polyethylene glycol 6000, 200 mM dithiothreitol (DTT), 1 .O mg/ 
ml yeast RNA, 200 r&ml denatured herring sperm DNA, 0.6 M NaCl, 
10 mM NaOAc, 1% SDS, 5 mg/ml heparin] for 30-60 min at 60°C. 

For the production of riboprobes, 12 bl of Y3-UTP (150 r.rCi; Amer- 
sham, Arlington Heights, IL) was dried down and resuspended in 3.5 
~1 of reaction mix 17.5 ul of H,O. 1.25 ul of 0.2 M DTT. 3.75 mM each 
ATP, CTP, GTP; i .5 il (30 U) of RNAguard (Pharmacia, Piscataway, 
NJ), and 5 ~1 of 5 x transcription buffer (Promega, Madison, WI)]. 
Template was then added (1 ~1, 500 ng/pl) along with the appropriate 
RNA polymerase (10 U of T3 of T7 in a volume of 0.5 ~1) and the 
mixture was incubated for 1 hr at 37°C. The transcription reaction was 
diluted to 40 ~1 with dH,O and DNA was removed by incubating at 

37°C for 50 min after the addition of 5 ~1 of 10 x DNase I buffer [0.5 
M Tris (pH 7.5), 0.1 M MgCl,, 500 &ml BSA], 2.5 ~1 of 0.2 M DTT, 
5 pl(5 U) of RNase-free DNase I (Boehringer-Mannheim, Indianapolis, 
IN), and 2 pl (40 U) of RNAguard. Following the DNase I treatment, 
the reaction mixtures were extracted with phenol/CHCl,, followed by 
a CHCl, extraction, and ethanol (95%) precipitation. The probe was 
dissolved in 10 ~1 of 10 mM Tris (pH 8.0), 1.0 mM EDTA. Sixteen 
microliters of hybridization mix (prehybridization mixture with probe), 
with a probe concentration of0.2-0.3 r&ml/kb probe length, were added 
to each slide, coverslips applied, and sealed with a 1:l mixture of pe- 
troleum ether and rubber cement. The sections were hybridized for 
approximately 16 hr at 60°C. The coverslips were removed and sections 
were rinsed in 4x SSC buffer (20x SSC: 3 M NaCl, 0.3 M trisodium 
citrate) containing 10 mM DTT: Unhybridized ribroprobe was digested 
by incubating slides in a buffer containing 0.5 M NaCl, 10 mM Tris (pH 
8.0). 10 mM DTT and RNase A (20 me/ml) for 30 min at 37°C. This 
was’followed by a series of high &tinge&y washes: 2 x SSC, 50% for- 
mamide, 10 mM DTT at 60°C for 30 min; 1 x SSC, 50% formamide, 
10 mM DTT at 60°C for 30 min; 0.1 x SSC at 37°C for 30 min. The 
sections were air dried and coated with emulsion (NTB-2, Eastman 
Kodak Co., Rochester, NY) for autoradiography. Coated slides were 
incubated at 4°C. in the dark. for varving times (2-6 weeks). A Nikon 
Microphot FX research microscope was ised for analysis and photog- 
raphy. 

To determine that the in situ hybridization conditions would not allow 
cross-hybridization to nonspecific MTs, each of the probes was hybrid- 
ized to-duplicate Northern blots loaded with recombinant MT-I or 
MT-III mRNA made in transfected BHK cells. When these blots were 
hvbridized and washed under the conditions used for the in situ hy- 
bridization, namely, hybridization in 50% formamide at 45°C and a 
wash in 1 x SSC at 60°C in 50% formamide. the probes hybridized only 
to their respective mRNAs. 

_ 

Construction of mMT-ZZZ-nlacZ plasmid and transgenic mice. The 
mMT-III-nlacZ construct was prepared by fusing approximately 11.5 
kb of DNA upstream of the initiation codon of the mMT-III gene to 
the nlacZ construct prepared by Jacques Peschon and described by 
Mercer et al. (1991). The nlacZ construct contains the nuclear local- 
ization signal derived from SV-40 T-antigen at the N-terminus of the 
E. coli la;Z gene. The mMT-III 5’-sequence was added in two steps. 
First. the DNA between +7 and +383 of mMT-III (Palmiter et al., 
1992) was amplified by PCR and inserted into the polylinker of da@ 
this sequence includes-a unique KasI restriction site and the upstream 
oolvlinker has a Not1 site. Then an 11.4 kb NotI-KasI fragment from 
a genomic mMT-III clone was inserted into this vector. A 75 kb NotI- 
NruI fragment that includes the entire MT-III-nlacZ construct was 
isolated from the plasmid vector by agarose gel electrophoresis, elec- 
troeluted into a dialysis bag, phenol/chloroform extracted, and precip- 
itated with ethanol. The resulting DNA was dissolved in 10 mM Tris- 
HCl, 0.25 mM EDTA, pH 7.5; the DNA concentration was determined 
by fluorescence of bisbenzimide H33258, and then diluted to 2 ng/r.d 
for microinjection into pronuclei of B6/SJL fertilized mouse eggs (Brins- 
ter et al.. 1985). Transnenic mice were identified by dot hybridization 
of tail DNA (Palmiter-& al., 1982; Brinster et al., -1985). -Injection of 
the mMT-III-nlacZ construct into fertilized one-cell embryos and sub- 
sequent screening resulted in the identification of seven founder animals. 
Brains from offspring of each founder were examined using X-Gal his- 
tochemistry to determine expression of the transgene. ILAR designa- 
tions for transaenic lines that were established for this study are 4708-2 
[TgN(MT3nlaiZ)221 Bri], 4708-5 [TgN(MT3nlacZ)207Bri], and4708-8 
[TgN(MT3nlacZ)222Bri]. 

X-Gal staining technique. Tissues for X-Gal histochemical staining 
were isolated into 4°C phosphate-buffered saline (PBS), and fixed in 4% 
paraformaldehyde/O.l M NaH,PO, (pH 7.4) for 1 hr at 4°C. Tissue 
fragments were then rinsed in three changes 0.1 M NaH,PO, (pH 7.4), 
2 mM MgCl,, 0.01% sodium deoxycholate, and 0.02% NP-40 with 30 
min for each rinse. Development of X-Gal product was initiated by 
incubating the tissue fragments for 12-24 hr at 37°C in a staining buffer 
composed of the rinse buffer and 1 mg/ml X-Gal (Gold Scientific, St. 
Louis, MO), 5 mM K,Fe(CN),, and 5 mM KFe(CN), (pH 7.3-7.6). 
Fraements were oostfixed 24-48 hr in 10% formalin for complete fix- 
ation of large tissue pieces. Fixed tissues were equilibrated in PBS prior 
to embedding in OCT for cryostat sections, or dehydrated in an ethanol 
series and embedded paraffin for microtome sections. 

Histochemistry and immunohistochemistry of brain sections. Animals 
were anesthetized with Avertin @-tribromoethanol, 1 &kg body weight; 
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Aldrich Chemical Co., Milwaukee, WI), and perfused at 4°C with 5 ml 
of 0.2% paraformaldehyde, 0.1 M NaH,PO, at 25°C followed by 10 ml 
of 0.2% paraformaldehyde, 0.1 M NaH,PO,. Brains were isolated in PBS 
at 4°C and fixed for an additional 50 min in 0.2% paraformaldehyde, 
0.1 M NaH,PO, at 4°C. Tissues were rinsed and stained as described 
above for @-galactosidase histochemistry. Brains used for histochemical 
staining were fixed for an additional 48 hr in 10% formalin. Brains used 
for immunocytochemical colocalization of p-gal with neural antigens 
were quick frozen in OCT compound and 12 pm cryostat sections were 
mounted on 0.5% gelatin-coated slides. Sections were air dried and 
incubated in Tris-buffered saline (TBS; 150 mM NaCl, 20 mM Tris-HCl, 
pH 7.2) 2% normal fetal calf serum (FCS) for 5 min. All procedures 
below were performed at room temperature unless indicated. Slides were 
transferred to 84% methanol. 6% H,O, and incubated for 30 min to 
inhibit endogenous peroxidase activity.* To inhibit nonspecific immu- 
noreactivity slides were first incubated with avidin and biotin blocking 
solutions (Vector Research. Burlinaame. CA) SuDDlemented to 2% FCS 
for 15 min each, separated’by a single 5 mid wash with TBS, 2% FCS. 
This was followed by a blocking solution containing TBS, 2% FCS, 30% 
normal goat serum for 30 min. Slides were rinsed in three washes of 
TBS, 2% FCS and then incubated with rabbit anti-GFAP (diluted 1:70; 
Sigma), S- 100 IgG (diluted 1:65; Sigma), or mouse anti-MAP-5 ascites 
(diluted 1:50: Sinma) in TBS. 2% FCS for 1 hr or 12 hr at 4°C. Followina 

-  I  

incubation with primary antibodies, slides were rinsed three times in 
0.1 M TBS. For rabbit-generated primary antibodies, slides were then 
incubated in a solution containing swine anti-rabbit IgG secondary an- 
tibody (diluted 1: 10; Universal Rabbit Kit, DAK0 Corp., Carpinteria, 
CA), washed as above, and incubated in peroxidase-antiperoxidase im- 
mune complex (undiluted from kit). Slides incubated with the mouse 
anti-MAP-5 antibody were incubated in biotinylated goat anti-mouse 
IgG (diluted 1: 15; Biogenics Inc.), for 30 min. Slides were rinsed three 
times in TBS and then incubated with horseradish peroxidas+linked 
streptavidin. Slides were rinsed three times in 0.1 M TBS for 5 min each 
rinse, and then exposed to 0.5 mg/ml diaminobenzidine, 0.02% H,O, 
for 5 min at 37°C to develop peroxidase activity. 

Cell culture. Neonatal (< 24 hr old) mice were decapitated and brains 
isolated into buffered-saline under aseptic conditions. Neocortex was 
dissected from surrounding tissue in Dulbecco’s Modified Eagle’s Me- 
dium (DMEM; Life Technologies, Gaithersburg, MD) supplemented 
with 20% FCS. For glial cultures, the tissue was minced and vortexed 
in a 15 ml centrifuge tube in DMEM, 20% FCS at maximum speed for 
1 min. The resulting cell suspension was filtered through 60 pm Nitex 
nylon mesh (Tetko Inc., Elmsford, NY) and approximately lo6 cells 
were plated onto 10 cm dishes. These cells were cultured for 7-l 0 d in 
DMEM, 20% FCS in a 5% CO,, 95% air, 98% humidity atmosphere at 
37°C. For neuron cultures, brains were minced and treated with 0.1% 
trvnsin at 37°C for 15 min. diluted 1: 1 with DMEM. 10% FCS. and ,. 
centrifuged at 1000 rpm for 5 min. The pellet was resuspended in 
DMEM, 10% FCS and was filtered through 60 pm nylon mesh, and the 
cells were plated onto astrocyte feeder layers at approximately 1.5 x 
1 OS cells/cm*. These cultures were maintained 1 week under the same 
conditions as glia cultures. Human astrocytoma lines UW 18, WW457, 
CRL1690, SNB19, and HTB16 were grown and screened for MT-III 
mRNA as above. 

Expression of MT-III in a mammalian cell line. A 1.3 kb SnaBI- 
NaeI fragment that includes all the coding exons of the mMT-III gene 
was cloned into the pNUT vector (Palmiter et al., 1987) such that MT- 
III expression would be under the control of the mMT-I promoter. This 
vector also carries a dihydrofolate reductase selectable gene. The re- 
sulting plasmid was transfected into baby hamster kidney (BHK) cells 
by the calcium phosphate method and cells resistant to 200 PM meth- 
otrexate were selected. This population expressed approximately 1200 
molecules of MT-III mRNA per cell and was lo-fold more resistant to 
cadmium exposure than the parental cell line. A subpopulation that 
survived selection in 25 KM CdSO, was used for these studies. BHK 
cells were grown in DMEM with 10% fetal calf serum; this medium 
contains about 4 PM zinc and 0.3 PM copper as measured by ICP. 

Detection of zinc by Timm’s stain. C57BU6 female mice were sac- 
rificed by a lethal injection of Avertin and histochemical demonstration 
of heavy metals was performed as described by Danscher (198 1). Briefly, 
the brachial artery was severed, and animals were cardiac perfused with 
0.1% sodium sulfide in 86 mM phosphate buffer (pH 7.2) for 5 min 
followed by neutral buffered formalin (NBF, 10% formalin, 32 mM 
NaH,PO,, 50 mM Na,HPO,) for 5 min. Brains were removed and placed 
in NBF for 5 hr. Brains were embedded in OCT compound and 30 pm 
sections were cut. Visualization of sulfide-precipitated metals within 

brain sections was accomplished by development with 0.1 O/a silver lac- 
tate and 0.85% hydroquinone dissolved in 30% citrate-buffered arabic 
gum for 60 min at room temperature. Timm’s stain was also performed 
on BHK cells cultured on glass microscope slides. The slides were placed 
in racks, rinsed three times for 30 set each in cold PBS, and then dipped 
in 0.3% sulfide in 86 mM Tris-HCl (pH 7.2) for 3 min. Slides were then 
rinsed three more times in PBS and placed in NBF prior to visualization 
of histochemically reactive metal as described above. 

Metal analysis. BHK cultures were rinsed three times with PBS, scraped 
into 0.2 x SET, sonicated briefly, and DNA concentration determined 
by fluorimetry. The disrupted cell suspension was digested in nitric acid 
(Ultrex, J. T. Baker, Inc., Phillipsburg, NJ), evaporated to dryness, and 
resuspended in 2.5% nitric acid; metal content was determined by in- 
ductively coupled plasma emission spectroscopy (ICP) using a Jarrel- 
Ash 955 spectrophotometry (Fassel, 1978). The nitric acid was analyzed 
to determine the background metal concentrations, and was subtracted 
from experimental values. Data were standardized for cell number. 

Results 
Expression of MT mRNAs in brain 
To measure the accumulation of MT-III and MT-I mRNA dur- 
ing development, oligonucleotide probes specific for either MT- 
III or MT-I were hybridized with total nucleic acids isolated 
from the brains of fetal mice starting at day 16.5 postcoitus and 
extending through postnatal day 24 and the adult. Standards 
with known amounts of these mRNAs were prepared that al- 
lowed the determination of the absolute amount of each of these 
mRNAs (see Materials and Methods). Figure 1A shows that 
MT-III mRNA is present in the brain at embryonic day 16.5 
and increases about eightfold to reach adult levels at day 13 
after birth. MT-III mRNA is detectable in embryonic heads at 
day 13.5, the earliest time point examined, but not in embryonic 
bodies. At day 16.5, MT-III mRNA is enriched in the brain 
relative to the entire head, consistent with it exhibiting brain- 
specific expression, although there is a small amount in the body 
that included the spinal cord. For comparison, the accumulation 
of MT-I mRNA was also measured in the same samples. Al- 
though the mRNA accumulation curves for these MTs are dif- 
ferent, the amounts of MT-I transcripts in the embryonic heads 
and adult brains are only slightly less than those of MT-III at 
these ages (Fig. 1B). At embryonic day 16.5, MT-I mRNA is 
more abundant in heads than in isolated brains of similar age 
but it is most abundant in the body, in contrast to MT-III 
mRNA. 

We showed previously that mouse MT-III mRNA is ex- 
pressed predominantly in the brain of adult mice (Palmiter et 
al., 1992). To examine its distribution, various regions of the 
brain were dissected and MT-III and MT-I mRNA concentra- 
tions were determined. Transcripts for both MT-III and MT-I 
were detected in all areas of the brain examined as well as in 
the spinal cord. Both mRNAs were expressed at approximately 
equal levels in all regions with the exception ofthe hippocampus, 
which was enriched with MT-III mRNA (Fig. 2). 

Localization of MT-III mRNA in neurons 

To obtain a more precise localization of MT expression in the 
adult brain, in situ hybridization was performed using either 
sense or antisense riboprobes derived from mouse cDNAs cor- 
responding to MT-III and MT-I mRNAs. Hybridization and 
washing conditions were established that would prevent cross- 
hybridization of these probes, which are 7 1% identical (see Ma- 
terials and Methods). Sagittal and coronal sections were hy- 
bridized, washed, and exposed for several weeks prior to de- 
velopment. With the antisense MT-III probe, there was intense 
hybridization to neurons of the hippocampus in the CA l-CA3 
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Figure 1. Abundance of MT-III and MT-I mRNA in brain during 
development. A, MT-III mRNA and B, MT-I mRNA were measured 
in total nucleic acids at various pre- and postnatal ages by solution 
hybridization. Specific hybridization is plotted as molecules per cell (see 
Materials and Methods) for brain (open circles), heads (open triangles), 
and bodies (solid triangles). Embryonic age, birth (B), postnatal age, 
and adult (A) are indicated on the abscissa. 

regions as well as the dentate gyrus (Fig. 3A). Most of the grains 
were located over pyramidal neurons and granule cells with 
weak hybridization within the fiber-rich areas: the stratum or- 
iens and stratum radiatum of the hippocampus, and the mo- 
lecular layer of the dentate gyrus (Fig. 3E). There were also 
robust hybridization signals associated with large, easily iden- 
tifiable neurons throughout the neocortex (Fig. 3A), particularly 
in the deeper layers of the cortex (Fig. 3G). Similar levels of 
hybridization were noted in lateral (Fig. 3A), interpositus and 
medial deep cerebellar nuclei, brainstem (Fig. 3A), the amygdala 
(Fig. 3G), and associated with the Purkinje cell layer in the 
cerebellar cortex (Fig. 3H). A lower level of hybridization was 
observed in many other areas (Fig. 3A), including several tha- 
lamic, hypothalamic, and mesencephalic nuclei. Hybridization 
to the cells lining the ventricles and epithelial cells of the choroid 
plexus was also prominent (Fig. 3A, and see below). The basal 
ganglia were relatively devoid of cells with which the MT-III 
probe hybridized (Fig. 3A). In addition, areas associated with 
white matter, such as the cingulum and fimbria, appeared to 
contain only infrequent sites of hybridization. 

The MT-I antisense probe hybridized to many of the same 
regions as the MT-III probe (Fig. 3B); grains were most con- 
centrated in the cerebellum, brainstem nuclei, and the choroid 
plexus. In the hippocampus, MT-I transcripts were primarily 
in the CA3 region and throughout fiber-rich regions (Fig. 3F). 
Sections hybridized with the MT-I antisense riboprobe exhib- 
ited a significant signal in areas of white matter, unlike that 
observed with the MT-III probe. There was an extremely weak 
signal produced with either the MT-III or MT-I sense probes 
(Fig. 3C,D). 

Expression of MT- III-nlacZ transgene 

To facilitate a more detailed analysis of the expression pattern 
of MT-III, we fused 11.5 kb of 5’ flanking region from the mMT- 
III gene to an E. coli 1acZ gene that encodes /3-galactosidase (p- 
gal) with a nuclear localization signal (Mercer et al., 199 1). Seven 
lines of transgenic mice were produced and three lines that 
exhibited the strongest expression were studied in detail. Trans- 
gene expression was limited to the brain and spinal cord in adults 
and the expression pattern of p-gal (Fig. 4A) overlapped areas 
of endogenous MT-III gene expression. There was extensive 

400 

Cx Bg T/H Hp Cb Bs SC Ob Eye 

Figure 2. Regional expression of MT-III and MT-I mRNA in mouse 
brain. Various regions of the brain were dissected from adult mouse 
brain, total nucleic acids were prepared and hybridized with labeled 
oligonucleotides specific for MT-I (hatchedbars), and MT-III (solidbars) 
as in Figure 1; Cx, cerebral cortex ; Bg, basal ganglia and amygdala; T/ 
H, thalamus and hypothalamus; Hp, hippocampus; Cb, cerebellum; Bs, 
brainstem; SC, spinal cord; Ob, olfactory bulb. Values are plotted as 
molecules per cell k SD (n = 4). 

@-gal activity in many regions of the brain, with intense activity 
occurring in the deep layers of the cerebral cortex, in cells as- 
sociated with the mitral cell layer and glomerular layer of the 
olfactory bulb, cells of the islands of Calleja of the olfactory 
tubercle, throughout the colliculi, deep cerebellar nuclei, and 
the interpeduncular nucleus (Fig. 4A). @-Gal activity was very 
pronounced in the pyramidal layers of the hippocampus and 
granule cells of the dentate gyrus, the amygdala, and, to a lesser 
extent, multiple nuclei throughout the thalamus, hypothalamus, 
and mesencephalon, as was observed for the expression of MT- 
III mRNA by in situ hybridization. Activity was also detected 
in the dorsal cochlear nuclei, in a small number of Purkinje cells 
of cerebellar cortex and the ganglion cell layer of the retina (data 
not shown). Expression of the transgene throughout cortical 
regions was most intense in layers V-VI; however, a large num- 
ber of X-Gal-stained cells were apparent in layer II and III, 
whereas layer IV of cortical areas was relatively devoid of p-gal 
activity and few X-Gal-stained cells were identified in layer I 
of the cerebral cortex throughout the brains of transgenic mice. 
In the pyriform cortex, P-gal-positive cells were present pri- 
marily in layer II, but some positively stained cells were ap- 
parent in layer III as well. Many cells throughout the pre- and 
parasubiculum were stained, while only cells in the dorsal por- 
tion of the subiculum demonstrated P-gal activity. 
@-Galactosidase activity within the hippocampus was primarily 
restricted to the CA 1, CA2, and CA3 portion of the hippocam- 
pus and within the granule cell layer of the dentate gyrus (Fig. 
4B). In Figure 4, A and B, staining appears to be concentrated 
in the CA1 and dentate gyrus; however, in more lateral sections, 
substantial staining was also observed in CA2 and CA3 neurons. 
We observed gradients in the number of cells expressing P-gal 
activity and staining intensity in pyramidal cell fields in the 
hippocampus and granule cell fields of the dentate gyrus. Large 
P-gal-positive cells were distributed throughout the hilus and 
smaller cells expressing P-gal were sparsely distributed within 
the fiber-rich portions of the hippocampus. In the amygdala, 
&gal-positive cells were apparent in the lateral, basolateral, and 
amygdalocortical nuclei (data not shown). 





Most transgenic mouse lines showed a similar staining pat- 
tern. However, in poorly expressing lines, some brain regions 
did not exhibit a signal. A few discrepancies were noted between 
lines. Line 4708-2 exhibited greater expression in the thalamus 
and superior colliculus than did other lines. Line 4708-8 dem- 
onstrated robust expression in Purkinje cells within the cere- 
bellum and the deep layers of the cerebral cortex, but had weak 
expression of P-gal in the hippocampus and dentate gyrus. The 
third established line, 4708-5, exhibited expression in the is- 
lands of Calleja (olfactory tubercle) and inferior colliculus (Fig. 
4A), which were devoid of expression in the other transgenic 
lines. 

Cresyl violet-stained sections from mMT-III-t&c2 trans- 
genie mice of these same brain regions contained numerous 
P-gal-positive cells with neuron-like morphology (Fig. 4C). Im- 
munohistochemical detection of neuronal and glial markers was 
used in conjunction with P-gal staining in several regions of the 
brain to confirm that neurons are the primary source of MT- 
III in the central nervous system. In the cortex, there was abun- 
dant costaining of cells with X-Gal and the neuronal marker 
MAP-5 although not all MAP-5+-positive cells expressed P-gal 
(Fig. 40). Costaining was also observed in areas of the olfactory 
bulb, basal forebrain, hippocampus, cerebellum, and brainstem. 
Fewer than 2% of the cells that expressed the transgene marker 
in a representative cortical section failed to colocalize with 
MAP-5 immunoreactivity with the exception ofependymal cells 
and epithelial cells associated with the choroid plexus that were 
P-gal+ but MAP-5-. In contrast, there was a total lack of col- 
ocalization of X-Gal-stained cells with the glial markers GFAP 
and SlOO in the cortex (Fig. 4E,F, respectively) and elsewhere. 

Expression of MT- III in cultured brain cells 

Cells were isolated from neonatal MT III-nlacZ transgenic mouse 
brains and cultured under conditions that enriched for either 
neurons or glia. Neuron cultures were stained by chromogenic 
and immunocytochemical means for the identification of p-gal 
activity and MAP-2, a neuronal marker. About 10% of the cells 
expressed both @-gal and MAP-2 (Fig. 5A), and these cells ex- 
hibited numerous net&es. No &gal+lMAP-2- cells were ob- 
served in these cultures. No cells within the glial cultures ob- 
tained from neonatal brains stained with X-Gal after 24 hr in 
culture. However, in older glial cultures (> 1 week in culture) 
small clusters of P-gal+ cells (- 5- 10% of total cell number) were 
identified and approximately 50% of these X-Gal-stained cells 
bound antibodies directed against GFAP, suggesting that they 
were astrocytes (Fig. 5B). Cells that were ,&gal+IGFAP- exhib- 
ited similar morphologies as those cells that were @-gal+/GFAP+. 

To ascertain whether cultured glial cells also express MT 
mRNA, total nucleic acids were isolated for quantitation of 
MT-I and MT-III mRNA by solution hybridization. Cells that 

c 
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had been maintained in culture for > 1 week contained about 
900 and 2100 molecules of MT-I and MT-III mRNA per cell, 
respectively, when grown in complete medium. MT-III expres- 
sion was unaffected by the presence of phorbol 12-myristate 13- 
acetate (160 nM), dibutyryl CAMP (500 PM), dexamethasone 
(100 nM), or ZnSO, (100 FM) in the culture medium. Removal 
of serum from the medium resulted in growth arrest and dif- 
ferentiation as determined by morphology and GFAP induction: 
MT-III mRNA levels increased 2.5-fold under these conditions. 
In contrast to the results from primary astrocyte cultures, we 
could not detect MT-III mRNA in any of five transformed 
human astrocyte lines by solution hybridization. Quantitation 
of MT mRNAs in neuron cultures was not determined due to 
the small number of cells, and the presence of a glial feeder layer 
that was necessary for neuron survival. 

Relationship of MT- III rnRNA and zinc 

The histochemical localization of transition metals in the brain 
by sulfide precipitation (Timm, 1958) has been examined ex- 
tensively (for review, see Frederickson, 1989). Although the 
chemical reaction is not specific for zinc, it has been shown that 
the same neuronal processes that stain by neo-Timm’s (Dansch- 
er, 198 1) also fluoresce in the presence of the zinc-specific probe 
TSQ (6-methoxy-8-para-toluene sulfonamide quinoline; Fred- 
erickson et al, 1992). Figure 6A shows a low magnification of a 
sagittal section within the mouse brain stained using a neo- 
Timm’s reaction. Figure 6C is a higher magnification of the 
hippocampus that reveals intense development of stain in giant 
mossy boutons of axons that arise from the granule cells of the 
dentate gyrus (Hjorth-Simonsen, 1973). Timm’s reaction prod- 
uct is also abundant in axon boutons within the stratum oriens 
and stratum radiatum, which include projections from the CAl, 
CA2, and CA3 pyramidal neurons (Swanson et al., 1978; Ish- 
izuka et al., 1990) in agreement with that observed with Timm’s 
stain by others (Haug, 1967; Ibata and Otsuka, 1969; Crawford 
and Connor, 1972; Frederickson and Danscher, 1990). Figure 
60 shows a comparable hippocampal section showing the lo- 
calization of MT-III transcripts in the granule cells ofthe dentate 
gyrus and pyramidal neurons of the CA1 to CA3. Expression 
of MT-III in the subiculum is heterogeneous; ventral portions 
appear to be devoid of MT-III expression, whereas it is abundant 
in dorsal regions (Fig. 60). These results are combined in the 
diagram (Fig. 6B), which depicts the relationship between the 
granule cells of the dentate gyrus and pyramidal cells of the 
CAl-CA3 regions as identified by in situ hybridization (light 
regions) and their zinc-containing axon terminals (stippled 
regions) identified by neo-Timm’s stain within the hippocam- 
pus. 

Selenide precipitation of zinc and retrograde transport of the 
reaction product (colchicine sensitive) has been used to identify 

Figure 3. In situ hybridization of MT-III and MT-I mRNAs in brain. Sagittal sections (10 pm) of adult mouse brain were hybridized with either 
antisense (A. B, and E-H) or sense (C, D) riboprobes corresponding to MT-III (A, C, E, G, and H) or MT-I (B, D, and F’) mRNAs and washed as 
described in Materials and Methods. Hybridization to transcripts for both MT-III (A) and MT-I (B) were widespread throughout the brain. CP, 
choroid plexus; CPU, caudate-putamen; Cb, cerebellum; cc, corpus callosum; DC, dorsal cochlear nucleus; fx, fornix; FCx, frontal cortex; GP, 
globus pallidus; IC, inferior colliculus; LCb, lateral cerebellar nucleus; S.5, principal sensory nucleus of V, SN, substantia nigra; VMT, ventromedial 
thalamic nuclei; ZZ, zona incerta. Examination at higher magnifications (E, G, and H) demonstrated that MT-III mRNA was evident in the granule 
neurons of the dentate gyrus (E). GCL, granule cell layer of the dentate gyrus; Hil, hilus; LHb, lateral habenular nucleus; ML, molecular layer. In 
contrast MT-I transcripts in the dentate gyrus appeared to associate with cells within the glia-rich molecular layer Q. MT-III expression is also 
associated with large, cortical neurons present primarily in the deep layers (V and VI) of the cortices and layers II and III in superficial portions 
(G). A, amygdala; PRCx, perirhinal cortex; TCx, temporal cortex; H, urkinje cells of the cerebellum; GL, granule cell layer; PL, Purkinje cell layer; 
ML, molecular layer. Scale bar, 100 pm. 
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Figure 4. Expression of the mMT-III-nlucZ transgene in neurons. Adult mouse brain was isolated from animals possessing the mMT-III-nlucZ 
transgene and fixed in 2% paraformaldehyde, and activity of the E. coli /3-galactosidase was detected by incubation with X-Gal chromogen at 37°C 
for 12-18 hr. A, Expression of the mMT III-nlucZ transgene in a medial sagittal brain section. AO, anterior olfactory nucleus; CgCx, cingulate 
cortex; Gl, glomerular layer of the olfactory bulb, ZP, interpeduncular nucleus; ZsC, islands of Calleja; MC& medial cerebellar nucleus; MCL, mitral 
cell layer; RCx, retrosplenial cortex; SC, superior colliculus; T, thalamus. B, Characteristic &gal+ pyramidal neurons were present in the hippocampus 
(Hi) and granule neurons in the dentate gyrus (DG). C, Large Nissl-substance containing cells with distinct neuron-like morphologies were obvious 
in regions such as the colliculi. D, Colocalization of P-gal and the neuronal marker MAP-5 was apparent in the cortex, whereas no overlap of the 
glial markers GFAP (E), and SlOO (F) were observed. Scale bar, 100 pm. 

neurons in the CNS that possess synaptic zinc stores (Danscher, cations of neurons that express MT-III mRNA and P-gal activity 
1984; Howell and Frederickson, 1989; Slomianka et al., 1990) in the mouse brain, there is a remarkable correspondence 
and a detailed localization of zinc-enriched neurons in the hip- throughout the brain as summarized in Table 1 (group I). This 
pocampal region has been performed in rat (Howell et al., 199 1; is particularly apparent in neocortical areas, paleocortical areas 
Slomianka, 1992; Mondava et al., 1993). When the neuronal such as the pyriform cortex, presubiculum, and the hippocam- 
cell bodies identified by this method are compared to the lo- pus, where zinc-containing neurons and MT-III expression cor- 
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Table 1. Distribution of zinc and metallothionein III expression in the CNS 

Method of 
zinc detection 

Sele- Neo- MT-III expression 

Location nite Timm’s In situ B-gal” Reference 

Group I (colchicine sensitive) 
Cingulate cortex, layer II 
Cerebral cortex 

Layer II 
Layer III 
Layer V 
Layer VI 

Pyriform cortex, layer II 
Entorhinal cortex 

Layer II 
Layers V-VII 

Retrosplenial cortex 
Layer II 
Layer V 

Presubiculum 
Hippocampus: CA 1, CA2, CA3 
Dentate gyrus, granule cell layer 
Lateral amygdaloid nuclei 
Amygdalohippocampal area 
Amygdalopyriform area 
Islands of Calleja 
Cocblear nucleus 

Group II (colchicine insensitive) 
Habenular nucleus 
Zona incerta 
Superior colliculus 
Central gray 
Reticular nucleus 
Raphe nucleus 

Others 
Olfactory bulb 
Cerebral cortex 

Layer I 
Layer IV 

Accumbens nucleus 
Caudate-putamen 
Central nucleus, VMH 
Subiculum 
Substantia nigra, pars compacta 
Cerebellum 

+ - 

+ ++ 
+ + 
+ +++ 
+ +++ 
+ - 

+ ++ 
+ +++ 

+ ++ 
+ ++ 
+ ++ 
+ - 
+ - 
+ - 
+ + 
+ + 
+ ++ 
+ + 

+ + 
+ + 
+ + 
+ - 
+ - 
+ - 

- + 

- ++ 
- - 
- ++ 
- + 
- - 

++ 

++ 
++ 
+++ 
+++ 
n.d. 

+ 
+++ 

+ 
++ 
n.d. 
++++ 
++++ 
+++ 
n.d. 
n.d. 
n.d. 
++ 

++ 
+ 
+++ 
n.d. 
n.d. 
n.d. 

++ 

- 
- 

n.d. 
- 

n.d. 

+++ 

++ 
+ 
+++ 
++++ 
+++ 

+ 
+++ 

++ 
++++ 
+++ 
+++ 
++++ 
++ 
+++ 
+++ 
++++ 
+++ 

++ 
++ 
++ 
+ 
+ 
++ 

+++ 

- 
- 
++ 
- 

+ 
- ++++ -l-+-k/--b + +/-” 
- - ++ ++ 
- - +++ + 

1 

1,2 
1,2 

2 
2 
1,2,6 
1,2,3,6,1 
8 
1,376 
1,396 
1,3,6 
1 
4 

5 

1 
1 
1 
1 
1 
1,677 
1 
1 

+, ~20% of highest expression; ++, ~50%; +++, 175%; ++++, 5 100%. n.d., no data; VMH, ventromedial 
hypothalamus. References are as follows: 1, Slomianka et al., 1990; 2, Slomianka, 1992; 3, Howell and Frederickson, 
1989; 4, Frederickson et al., 1988; 5, Friedman and Price, 1984; 6, Mondava et al., 1993; 7, Howell et al., 1991; 8, 
Frederickson and Danscher, 1990. 

* Line 4708-5. 
b Basal portions of the subiculum did not express MT-III. 

respond layer by layer. I< addition, we have noted a gradient 
of mMT-III-nluc2 transgene expression within the pyramidal 
fields of the hippocampus that appears to correspond to gra- 
dients for zinc identified by others (Howell et al., 199 1; Slom- 
ianka, 1992; Mondava et al., 1993). Correspondence is also 
observed in the amygdala, islands of Calleja in the olfactory 
tubercle, and the cochlear nucleus. Thus, MT-III mRNA ap- 
pears to be localized in the cell bodies of those neurons that 

have processes particularly rich in histochemically detectable 
zinc. 

In addition to these colchicine-sensitive populations, selenide 
exposure results in silver staining of a number of colchicine- 
insensitive neuron populations (Table 1, group II), which are 
not considered to be zinc-storing neurons (Howell and Fred- 
erickson, 1989; Slomianka et al., 1990). We observed p-gal+ 
cells in locations identical to those that Slomianka et al. (1990) 
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Figure 5. MT-III gene expression in both neurons and glia in vitro. Primary neuron and glial cultures were prepared from neonatal (< 1 d postbirth) 
mouse brains and activity of the mMT-III transgene was assessed and the identity of cells in these cultures was determined with antibodies to 
MAP-2 or GFAP. A, Neurons isolated from 1 -d-old mouse brain stained with X-Gal and antibodies that bind MAP-2. B. Glial culture from same 
aged brain after 1 week in culture stained with X-Gal and antibodies that bind GFAP. Scale bar, 100 pm. 

reported containing colchicine-insensitive silver-stained neu- 
rons (Table 1). We also observed expression of MT-III mRNA 
and P-gal in a number of locations that do not correspond to 
previously identified selenite-sensitive neurons. For example, 
we identified P-gal expression associated with the periglome- 
rular, mitral cell, and granule cell layers in the olfactory bulb 
(Fig. 4A). In Figure 6, E and F, similar sections through the 
olfactory bulb show Timm’s sulfide precipitates and the in situ 
hybridization signal for MT-III mRNA, respectively, which were 
particularly notable over mitral cells of the bulb. Although 
Timm’s product is apparent in these areas after sulfide perfusion 
(Friedman and Price 1984), the olfactory bulb is not labeled 
after intraperitoneal injections of selenite (Danscher, 1984; 
Slomianka et al., 1990) and thus it was not believed to be a site 
of origin of zinc-containing neuronal processes. Cells within the 
dorsal portion of the subiculum, the accumbens nucleus, sub- 
stantia nigra, and ventromedial hypothalamus also demonstrat- 
ed expression of the MT-III gene by both in situ and transgene 
analysis (Table l), areas that likewise did not contain neurons 
of origin of zinc-containing fibers after systemic selenite ad- 
ministration (Howell and Frederickson, 1989; Slomianka et al., 
1990). In addition to colocalization with neurons containing 
histochemically reactive zinc, MT-III expression was also pres- 
ent in epithelial cells of the choroid plexus (Fig. 6H), which 
exhibited an intense Timm’s precipitate (Fig. 6G). 

MT-III binds zinc and enhances its intracellular accumulation 

To assess the ability of MT-III to contribute to the Timm’s 
stain-detectable pool of metal, a plasmid construct that allows 

high-level expression of mMT-III was introduced into BHK 
cells, which do not express MT, and a population with stable 
expression was selected. These cells and nontransfected BHK 
cells were stained by the Timm’s method when subconfluent, 3 
d after plating. Cells that expressed MT-III contained signifi- 
cantly more reaction product than did control cells (compare 
Fig. 7A,B). In addition, BHK cells expressing MT-III accu- 
mulated 14.4 f 0.5 pg of zinc/rig DNA versus 5.7 f 0.7 pg of 
zincing DNA in control cells, but did not exhibit alterations in 
the levels of 23 other metals. Addition of 5 NM copper to the 
culture medium did not result in increased copper levels in either 
control or MT-III-expressing BHK cells. Furthermore, when 
MT-III was isolated from homogenates of cells transfected with 
the MT-III expression construct, zinc was the only metal de- 
tected in the fraction containing MT. These results indicate that 
the expression of MT-III can selectively enhance the ability of 
mammalian cells to sequester zinc in a histochemically reactive 
pool. 

We attempted to determine the metal composition of MT- 
III in vivo by making brain homogenates from mice with in- 
activated MT-I and MT-II genes (Masters et al., 1994) and then 
purifying the MT-III by Sephadex G-75 and DEAE-Sephadex 
chromatography and then analyzing metal content. We detected 
both zinc and copper in the MT-III peak, in agreement with the 
results obtained by Uchida et al. (199 1) for human MT-III. 
However, when we spiked the brain extracts with 65Zn- and 35S- 
cysteine-labeled MT-III produced in BHK cells, there was sub- 
stantial (>50%) loss of 65Zn to other proteins with no loss of 
Yj-MT-III, indicating that there was exchange of metals during 

Figure 6. Correlation of MT-III gene expression with areas with high zinc content. A, Sag&al section of mouse brain stained by neo-Timm’s 
reaction. A, amygdala; AO, anterior olfactory nucleus; CPU, caudate-putamen; DG, dentate gyrus; ECx, entorhinal cortex; FCx, frontal cortex; Hi, 
hippocampus; OT, olfactory tubercle; PCx, parietal cortex; Pas, parasubiculum; PrS, presubiculum; S, subiculum. In the hippocampus, distribution 
of histologically reactive metals (C) was apparent in axonal boutons that arise from cells that express MT-III mRNA (D). A composite of the in 
situ results (light area associated with the CA1 to CA3 and the granule cells of the dentate gyrus) and histochemical zinc (stippled ureas; darker 
regions contain greatest zinc precipitates) with representative projections indicated in B. col, collaterals from the CA1 of the hippocampus to the 
subiculum; CAZ and CA3, pyramidal neurons of the hippocampus; CC, granule cell neurons; H, hilus; LML, lacunosum molecular layer; Ipp, 
lateral perforant pathway from the entorhinal cortex; mA mossy fibers; ML, molecular layer of the dentate gyrus; SC, Schaeffer collaterals; SO, strata 
oriens; SR, strata radiatum. Mitral cells (arrows) in the olfactory bulb contain histologically reactive metal (E) and MT-III transcripts (F). CCL, 
granule cell layer; MCL, mitral cell layer; EPL, external plexiform layer. A similar colocalization of metal (G) and MT-III mRNA (H) also occurs 
in the choroid plexus (CP). V, ventricle; Hb, medial habenular nucleus. Scale bars: C and D, 200 pm; E-H, 50 pm. 
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Figure 7. Accumulation of histochemically reactive zinc in BHK cells expressing MT-III. BHK cells were transfected with a pNUT-MT-III 
expression vector and clones were selected in the presence of 25 PM cadmium. Parental (A) and MT-III-expressing (B) BHK cell lines were grown 
in DMEM, 10% FCS (containing 4 PM zinc) for 3 d (see Materials and Methods). Histologically reactive metals were detected by a variation of the 
Timm’s stain (Danscher, 198 1). Scale bar, 25 pm. 

purification. Because we have been unable to prevent this ex- 
change, we cannot determine the exact metal composition of 
MT-III in vivo. However, the copper that is associated with MT- 
III purified from brain may be artifactual because copper can 
readily displace zinc in vitro (Winge, 1987). 

Discussion 
The data presented here indicate that the MT-III gene is de- 
velopmentally regulated and its mRNA accumulates primarily 
in a subset of neurons in the mouse brain. The most intriguing 
aspect of MT-III mRNA distribution in the CNS is its accu- 
mulation in the cell bodies of neurons that are known to store 
zinc in their axon terminals. Evidence suggests that these neu- 
rons sequester zinc in synaptic vesicles and can release it upon 
electrical stimulation (Assaf and Chung, 1984; Howell et al., 
1984). Furthermore, glutamate, GABA, and opiate receptor 
subtypes are responsive to physiologically relevant concentra- 
tions of zinc. Thus, zinc may be a neuromodulator; consequent- 
ly, neurons containing synaptically stored zinc have been termed 
Zn-ergic (Slomianka, 1992). Because MT-III binds zinc and is 
enriched in zinc-containing neurons, it may play a role in neu- 
romodulation by Zn-ergic neurons. 

MT-III and MT-I mRNA accumulate in the brain with sim- 
ilar, but not identical, kinetics during development and are ex- 
pressed concurrently in the olfactory bulb, cortex, hippocampus, 
brainstem, and spinal cord. Each of these mRNAs account for 
-0.2% of total adult brain mRNA. Differences in MT-III and 

MT-I transcript distribution were particularly notable within 
white matter areas, but were also apparent in gray matter at 
higher magnifications. The expression of MT-III was largely 
absent in glia-rich white matter areas, while MT-I transcripts 
were prevalent in these areas. In addition, MT-I expression was 
conspicuously absent within well-defined neuron populations in 
the hippocampus and dentate gyrus, but abundant in fibrous 
portions of these structures populated by glial cell bodies. The 
localization of MT-I mRNA in our study agrees with that found 
by others using in situ hybridization (Itano et al., 1991) and 
immunocytochemistry (Hidalgo et al., 1991; Nishimura et al., 
1992; Young et al., 199 l), who concluded that MT-I is asso- 
ciated predominantly with glial and ependymal cells in the rat. 
The most obvious exception to this generalization are neurons 
in the CA3 portion of the hippocampus, which appear to express 
both MT-I and MT-III isoforms simultaneously. Although we 
assayed only MT-I mRNA, we assume that its abundance and 
distribution mimic that of MT-II mRNA as their genes are 
coordinately expressed and respond in parallel to various in- 
ducers (Yagle and Palmiter, 1985). 

The expression of the mMT-III-nZac2 transgene largely par- 
allels the expression of endogenous MT-III transcripts. There 
are overlaps of expression within discrete cell populations in 
the hippocampus, olfactory bulb, cerebellum, thalamus, and 
brainstem, which suggests that many of the essential regulatory 
elements for appropriate expression are included in the 11.5 kb 
of the S-flanking region. However, we have noted incomplete 
penetrance of the mMT-III-nZucZ transgene expression in cells 
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shown to express MT-III mRNA and some variability of P-gal 
activity from one transgenic line to another. Incomplete pene- 
trance and variability of expression have been observed with 
other 1acZ transgenes that are expressed in the nervous system 
(Mercer et al., 199 1). These characteristics may indicate the lack 
of essential regulatory elements in the transgene construct, po- 
sition effects exerted at the integration site, a high susceptibility 
to transgene inactivation, and/or differential stability of trans- 
gene mRNA or protein. Thus, the transgene results must be 
interpreted cautiously. They indicate what cell types and brain 
regions can express MT-III but may not reflect normal levels 
of MT-III gene expression at those sites. 

The in situ hybridization data clearly revealed MT-III mRNA 
in some large, easily identifiable neurons but not within glia- 
rich white matter. It was not feasible by this method to deter- 
mine whether some glial cells that are interspersed with neuronal 
cell bodies also expressed MT-III transcripts. However, ex- 
pression of the mMT-III-nlacZ transgene demonstrated his- 
tochemical and immunological colocalization of P-gal activity 
with Nissl substance or the neuronal marker MAP-5 throughout 
the brain. No P-gal-positive cells were immunoreactive for the 
glial markers SlOO and GFAP. Thus, we conclude that MT-III 
is expressed predominantly in neurons within the adult mouse 
brain. The neuronal expression of MT-III in the mouse is con- 
trary to the conclusion reached by Uchida et al. (199 1) in the 
neocortex of the human brain using polyclonal antisera specific 
for hMT-III. In histological sections, they observed a gradient 
of staining in the cortex, with the most intense staining in the 
deepest layers of the cortex, and an inverse pattern of GFAP 
distribution (Uchida, 1993). Nevertheless, they concluded that 
the MT-III-immunoreactive cells are “exclusively astrocytes” 
(Uchida et al., 1991). In our study, the expression of MT-III 
mRNA and the mMT III-nlacZ transgene were likewise greatest 
in the deeper layers in the cortex, but were associated with cells 
with neuron-like morphology that were MAP-5 immunoreac- 
tive. Cells expressing MT-III could be different in mouse and 
human or MT-III may be synthesized in neurons, but it may 
accumulate in, or is in close association with, glial cells. We 
have been unable to produce antisera to either the same peptide 
used by Uchida et al. (199 1) or a maltose-binding protein-MT- 
III fusion protein despite repeated attempts. Thus, we were not 
able to reconcile these disparate results. 

Although we have no evidence for MT-III expression in glial 
cells in vivo, when astrocytes were cultured, some of them be- 
came P-gal positive after a week in culture. Furthermore, these 
cultures expressed high levels of MT-I and MT-III mRNA, 
much higher than the levels found in total mouse brain. Thus, 
some aspect of the culture conditions can induce MT-III ex- 
pression. These observations suggest that MT-III might be in- 
duced in glial cells in vivo under some conditions. 

Endogenous vesicular zinc is prominent within the structures 
of the hippocampus, where it is sequestered primarily in mossy 
fiber terminals of granule neurons that have their cell bodies in 
the dentate gyrus and in the collateral nerve fibers (van Groen 
and Wyss, 1990) from the CA1 and CA3 pyramidal neurons 
(Haug, 1967; Ibata and Otsuka, 1969; Crawford and Conner, 
1972; Fredickson and Dancher, 1990). These cell bodies give 
the most intense hybridization signal for MT-III mRNA, thus 
suggesting a relationship between MT-III expression and zinc 
storage (Fig. 6B). Neuronal cell bodies in rat that give rise to 
synaptic terminals containing zinc have been identified by ret- 
rograde transport and detection of zinc-selenite precipitates 

(Danscher, 1984; Howell and Frederickson, 1989; Slomianka 
et al., 1990; Slomianka, 1992). The results of these studies are 
summarized in Table 1 along with our localization of MT-III 
mRNA and mMT-III-nlacZ expression. There is a remarkably 
good correlation among these observations, such that anatom- 
ical locations of Zn-ergic cell bodies and the relative intensity 
of selenide-staining coincide with locations and level of MT-III 
expression. In a few regions, such as the olfactory bulb and 
cerebellum, we observed MT-III and transgene expression in 
neurons that are not believed to be Zn-ergic. We have observed 
reproducible neo-Timm’s histochemical stain in olfactory bulb; 
however, we failed to observe a significant Timm’s reaction in 
cerebellum. The labeling intensity of neuron cell bodies iden- 
tified by selenide-zinc precipitates is proportional to the amount 
of zinc present within their terminals and is influenced by the 
dilution of selenite from the site of administration. Thus, some 
neurons may fail to be labeled or identified by the selenide- 
precipitate method. Alternatively, MT-III expression may not 
be limited to just those neurons that store zinc within their 
synaptic boutons. It may regulate other metals, such as copper, 
in neurons that require these metals in their specialized func- 
tions. Zinc is the most abundant transition metal in the brain 
after iron (Goody et al., 1975; Chan et al., 1984) and it is found 
in three pools: free or loosely associated (Kawaguchi et al., 1987), 
bound to metalloproteins (Vallee and Falchuk, 1993), and in 
vesicles that are concentrated in synaptic terminals (Ibata and 
Otsuka, 1969; Friedman and Price, 1984; Perez-Clause11 and 
Danscher, 1985). Although Timm’s reaction can detect a variety 
of metals, a body of evidence suggests that synaptically stored 
zinc is responsible for most of the staining in the brain by this 
method (Danscher et al., 1985; Frederickson et al., 1992). The 
expression of MT-III in neurons that sequester zinc in synaptic 
vesicles within their terminals prompts us to speculate that MT- 
III may play some role in the storage of zinc in these neurons. 
We have begun to substantiate this possibility by determining 
that zinc is bound to MT-III in vivo and by showing that trans- 
fected cells expressing MT-III accumulate zinc and produce a 
more intense reaction with Timm’s stain. The increased inten- 
sity of Timm’s precipitates seen in BHK cells in response to 
MT-III expression appears to be greater than the 2.5-fold in- 
crease of zinc concentration measured in these same cells sug- 
gesting that sulfide only reacts with a fraction of intracellular 
zinc and that MT-III contributes to that fraction. 

Zinc possesses characteristics of a neuromodulator for the 
ionotropic glutamate receptors (Peters et al., 1987; Westbrook 
and Mayer, 1987) and is released at glutamatergic synapses in 
response to depolarization (Assaf and Chung, 1984; Howell et 
al., 1984). The response to zinc is dependent on the receptor 
subtype. It inhibits activity of the NMDA receptor-associated 
ion channels (Peters et al., 1987; Westbrook and Mayer, 1987; 
Mayer et al., 1989; Christine and Choi, 1990; Rassendren et al., 
1990) but potentiates the activity of amino-3-hydroxy-5-meth- 
ylisoxazol-4-propionic acid (AMPA) and kainic acid (KA) re- 
ceptors at low concentrations and inhibits them at concentra- 
tions greater than 100 PM (Mayer et al., 1989; Rassendren et 
al., 1990). In addition, zinc also binds to GABA, receptors 
(Smart, 1992) and blocks GABA-gated ion currents at these 
receptors (Westbrook and Mayer, 1987; Mayer and Vyklicky, 
1989; Draguhn et al., 1990; Xie and Smart, 199 1). Many of the 
neurons that express MT-III, such as pyramidal cells of the 
hippocampus and granule neurons of the dentate gyrus, utilize 
glutamate (Crawford and Conner, 1973; Taxt and Storm-Math- 
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isen, 1984; Terrian et al., 1988; Bramham et al., 1990), while 
others, such as Purkinje cells, utilize GABA (Fonnum et al., 
1970; Fonnum and Walberg, 1973) as their primary neurotrans- 
mitters. Thus, such neurons may store and/or release zinc along 
with glutamate or GABA at their synapses and this released zinc 
may serve to modulate the activity of these neurotransmitters. 
Zinc has also been demonstrated to act as an endogenous ligand 
for the a2 opioid receptor in rat brain (Conner and Chavkin, 
1992). 

Several potential functions for MT-III in Zn-ergic neurons 
can be envisioned. MT-III may play a role in the uptake of zinc 
into neurons, or storage or transport of zinc within neurons and/ 
or synaptic vesicles. Alternatively, it may protect these neurons 
from metal toxicity or oxygen radical damage. MT-I and -11, in 
contrast, which appear to be expressed predominantly in glial 
cells, may serve primarily to assist in the sequestration of zinc 
that is liberated from Zn-ergic neurons. Clearly, other approach- 
es will be necessary to establish a more defined relationship 
between MT-III and synaptic zinc and to elucidate the functions 
of MT-III in these neurons. However, the results presented here 
provide a framework for investigating the role of MT-III in 
neurophysiology. 
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