synapses. We visualized the mossy fiber terminals by staining Zn** in
synaptic vesicles in mossy-fiber terminals with TSQ, a quinoline that
emits strong fluorescence when it chelates to Zn**. In control slices,
TSQ fluorescence was observed in the stratum lucidum of CA3 and in
the hylus of DG (fig. 6A, left). When the slices were pretreated with
non-fluorescent Zn* chelators, dithizone and
N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), the TSQ
fluorescence completely disappeared, indicating that TSQ emits
fluorescence only when it binds to endogenous Zn** (data not shown).
When the slices whose DG region had been dissociated on 1 DIV were
stained, TSQ fluorescence in the stratum lucidum completely
disappeared (data not shown), indicating that this fluorescence localizes
in the mossy fiber terminals. E2 and BPA significantly increased the
TSQ fluorescence in the stratum lucidum (161% and 131% of the control
group, respectively; Fig. 6A and B), suggesting that these compounds
enhance the sprouting of mossy fiber terminals. Interestingly, these

compounds also enhanced the signal in the DG hilus.
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Discussion

We investigated the effects of E2 and xenoestrogens on the CNS
neurons using organotypic hippocampal culture.  Our results are
summarized as follows: 1) E2 selectively exacerbated the CA3 neuronal
damage caused by glutamate, 2) the effect was mediated through
mechanisms other than ERs, 3) xenoestrogens also selectively exacerbated
the CA3 neuronal damage caused by glutamate at the same concentration
as required for the exacerbation by E2 (1 nM), 4) E2 and BPA equally
increased the expression of NMDA receptor in CA3, 5) E2 and BPA
equally increased the spine density of apical portion of CA3 dendrites, and

6) E2 and BPA equally enhanced the spouting of mossy fiber terminals to

CA3 neurons.

Little information is available concerning the effects of E2 and
xenoestrogens on the CNS neurons during postnatal developmental stage.
We made hippocampal slices from 8 day-old postnatal (P8) rats and
cultured for 10 days with the medium containing gelding horse serum, in
which the levels of estrogens were under the detection limit. It has been
reported that during postnatal development, the capability of estrogen
binding protein is high enough and the concentrations of serum estrogens is
lowered to nonphysiological levels [16]. Thus, our results can be
regarded as the acute effects of xenoestrogens on the hippocampal neurons
during postnatal development if these xenoestrogens can escape from the
protein binding.

E2 selectively increased the vulnerability to glutamate of CA3
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neurons. To investigate whether this effect is mediated through ERs or
not, we used two distinct ERs antagonists, tamoxifen and ICI. Tamoxifen
is a partial agonist of ERs and mimics the agonistic effect of E2 in some
tissues [17]. In contrast, it has already been reported that tamoxifen
completely antagonizes E2 in the CNS neuron culture [18]. ICI is a pure
antiestrogen and binds to ligand-binding domains of both of ERa and ER(3
[19]. Neither of these compounds affected the exacerbation by E2 of the
glutamate-induced CA3 damage, indicating that the effect of E2 was
mediated though mechanisms other than ERs.

In spite that the four xenoestrogens have various binding affinities
to ERs (E2 = EE = DES>PNP>BPA) [14], they exacerbated the

glutamate-induced CA3 damage at 1 nM. Saturation ligand binding
analysis has revealed that the dissociation constants (Kd) of ERa and ERP
for E2 are 0.1 nM and 0.4 nM, respectively {15]. Among the four
xenoestrogens used here, BPA has the lowest binding affinities to ERs and
its affinities to ERa and ERP are 2000 times and 300 times lower than E2
[15], indicating that BPA has little interaction with ERa and ERf at 1 nM.
These data also support the idea that E2 and xenoestrogens increase the
vulnerability to glutamate of CA3 neurons through pathways other than
ERs.

In contrast to CA3, CAl damage was attenuated by E2 and the
Xenoestrogens. A recent report has shown that a portion of excitotoxicity
is caused by oxidative burden [20]. Among steroids, only estrogens are

known to have the capabilities of preventing neuronal death caused by
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oxidative burden [21]. The neuroprotective effects of estrogens were
dependent on their basic chemical properties as hydrophobic phenolic
molecules and these protections were observed at concentrations higher
than 1 uM [21]. In our study, the xenoestrogens exhibited the protective
| effect only at concentrations higher than 1 M. Thus, the neﬁroprotection
of these compounds observed in CAl may have been due to their
‘antioxidant activities. In CA3, the region-specific exacerbation may have
prevailed over the antioxidant effects of these compounds. Unlike these
xenoestrogens, E2 exhibited the protective effect at 1 pM in CAl. The
mechanism underlying this low concentration-limited effect is unclear.

To clarify what changes in CA3 correlated to the increased
vulnerability to glutamate of CA3 neurons, we examined the effects of E2
and BPA on the expression of NMDA receptor and the spine density of
CA3 neurons. These compounds equally increased the expression of
NMDA receptor in CA3 and the spine density of the CA3 apical dendrites,
suggesting that these changes were caused through mechanisms involving
pathways other than ERs. - In the ovariectomized (OVX) adult rats, E2 has
been shown to affect the protein level of NMDA receptor and the spine
density in CAl [22, 23, 24]. In CAl, E2Z increased NMDA receptor
expression by post-transcriptional regulation [22] and upregulated the spine
density via ERs in NMDA receptor-dependent manner [23]. The trigger
causing the increased spine density in CA3 in our experiments may have
been different from that in adult OVX rats because the change observed in

our study was ER-independent. The increase of spine density in CA3,
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however, may also be dependent on the increase of NMDA receptor in this
region.

The increase in spine density was observed specifically in the apical
portion of CA3 dendrites corresponding to the postsynaptic sites of mossy
fiber-CA3 synapses. We investigated the effects of E2 and BPA on the
presynaptic terminal density of mossy fibers by TSQ staining. In mossy
fiber terminals, abundant Zn®* is localized in the synaptic vesicles [25].
The silver-amplification method (Timm-Danscher staining) has been
widely used to stain Zn* in mossy fiber terminals, but the possibility of
labeling other heavy metals with this method has not been definitively
excluded [13]. In the present study, we visualized Zn** with TSQ, a
quinoline that forms Zn*" : quinoline fluorescent chelates. Although Ca®
and Mg** are alsb_ biologically relevant cations that form fluorescent
complexes with TSQ [26], the binding constant of TSQ with Zn** is
>1000-fold higher than that for Ca** or Mg® [27]. In preliminary
experiment, we confirmed that the TSQ fluorescence completely
disappeared when the slices had been pretreated with another
non-fluorescent Zn** chelator, dithizone or TPEN. Thus, the TSQ signals
observed in the present study represent Zn** in synaptic boutons as has
been reported {13].

The pretreatment with E2 and BPA equally increased the TSQ
fluorescence in the stratum lucidum, indicating that sprouting or branching
of mossy fiber terminals were induced by these compounds. These data

suggest that E2 and 'BPA enhance the synaptic reorganization of mossy
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fibers with CA3 neurons through mechanisms involving pathways other
than ERs. In epileptic hippocampus, selective neuronal death in CA3 [28]
and aberrant sprouting of mossy fibers [29, 30, 31] has been described.
The elevation of neuronal activity, as observed in epilepsy, is generally
thought to result in the upregulation of spines. Thus, the upregulation of
NMDA receptor and spine density and the mossy fiber sprouting induced
by E2 and the xenoestrogens in this study may contribute as key steps to
the increased vulnerability of CA3 neurons induced by these compounds.

Mossy fibers also establish synaptic contacts with polymorphic
neurons in the DG hilus. Thus, the TSQ fluorescence observed in DG
may represent a small population of recurrent axon collaterals branching
from parent mossy fibers. Interestingly, E2 and BPA increased the TSQ
fluorescence in the hilus as well as that in the stratum lucidum of CA3.
These results suggest that E2 and BPA enhance the mossy fiber
reorganization, which itself is not related to vulnerability to glutamate.
The trigger that caused the postsynaptic changes observed in CA3 is
unclear. The increase of spine density was observed specifically in the
apical dendrites of CA3 neurons. Multiple events are believed to be
necessary for the synapse formation. It has been reported that afferent
inputs strongly influence the shape and number of dendritic spines [32, 33,
34]. The postsynaptic changes observed in the present study might have
resulted from the presynaptic reorganization of mossy fiber terminals
described above.

A series of the responses observed in our study appeared to involve
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mechanisms other than ERs. Recent studies have provided a large body
of evidence that estrogens interact with plasma membrane binding
sites/receptors, which are hypothesized to be a G-protein-coupled type and
reveal the effects via cAMP/protein kinase A (PKA) signaling pathway
[35]. Phosphorylation of cAMP response element binding protein
(CREB) leads to the generation of new dendritic spines of cultured
hippocampal neurons [36] and the neurite growth of midbrain
dopaminergic neurons [37]. The responses in the present study may also
be mediated through membrane binding sites/receptors coupled to
intracellular transduction pathways.

Our results have raised the possibility that the exposure to E2 and
xenoestrogens during the developmental stage results in marked influence
on the generation of neuronal circuitry and vulnerability through unknown
mechanisms other than ERs. Although the influence can occur at very
low concentrations (1 nM), the risk for the nervous systems of human and
other animals cannot be elucidated at present. The risk assessment and, if
the risk is present, the development of procedures to avoid the influence

may be necessary.



Acknowledgements

We thank Dr. Kawanishi for helpful advices on fluorescence
measurements, and M. Tamuki for the contribution for some experiments.
This work was supported by a Health Science Research Grant for Research

on Environmental Health from the Ministry of Health, Labor and Welfare,

Japan.

Y21 g {



References

1.

Guilette EA, Meza MM, Aquilar MG, Soto AD, Garcia IE: An
anthropological approach to the evaluation of preschool children
exposed to pesticides in Mexico. Environ. Health. Perspect. 1998; 106:
347-353.

Wooley CS, McEwen B: Estradiol regulates hippocampal dendritic
spine density via an N-methyl-D-aspartate receptor-dependent
mechanism. J. Neurosci. 1994; 14: 7680-7687.

Weiland NG: Estradiol selectively regulates agonist binding sites on
the N-methyl-D-aspartate receptor complex in the CA1 region of the
hippocampus. Endocrinology 1992: 131: 662-668.

Foy MR, Xu J, Xie X, Brinton RD, Thompson RE, Berger TW:
17B-estradiol enhances NMDA receptor-mediated EPSPs and
long-term potentiation. J. Neurophysiol. 1999; 81: 925-929.

Wong M, Moss RL: Long-term and short-term electrophysiological
effects of estrogen on the synaptic properties of hippocampal CAl
neurons. J. Neurosci. 1992; 12: 3217-3225.

Gu Q, Korach KS, Moss RL: Rapid action of 17f3-estradiol on
kainite-induced currents in hippocampal neurons lacking intracellular
estrogen receptors. Endocrinology. 1999; 140: 660-666.

Beyer C, Raab H: Nongenomic effects of oestrogen: embryonic mouse
midbrain neurons respond with a rapid release of calcium from
intracellular stores. Eur. J. Neurosci. 1998; 10: 255-262.

Mermelstein PG, Becker JB, Surmeier DJ: Estradiol reduces calcium

9. 47



10.

11.

12.

13.

14.

15.

currents in rat neostriatal neurons via a membrane receptor. J. Neurosci.
1996; 16: 595-604.

Stoppini L, Buchs PA, Muller DA: Simple method for organotypic
cultures of nervous tissue. J. Neurosci. Methods 1991; 37: 173-182.
Zimmer J, Gahwiler BH: Cellular and connective organization of slice
cultures of the rat hippocampus and fascia dentata. J. Comp. Neurol.
1984; 228: 432-446.

Kirino T: Delayed neuronal death. Neuropathology 2000; 20: Suppl:
S$95-897.

Sato K, Matsuki N: 72 kilodalton-heat shock protein is protective
against the éelcctive vulnerability of CAl neurons and is essential for
the tolerance exhibited by CA3 neurons in the hippocampus.
Neuroscience 2001 (in press)

Frederickson DJ, Kasarskis EJ, Ringo D, Frederickson RE: A
quinoline fluorescence method for visualizing and assaying the
histochemically reactive zinc (bouton zinc) in the brain. J. Neurosci.
Methods 1987; 20: 91-103. |

Nishikawa J, Saito K, Goto, J, Dakeyama, J, Matuso M, Nishihara T:
New screening methods for chemicals with hormonal activities using
interaction of nuclear hormone receptor with coactivator. Toxcicol.
Appl. Pharmacol 1999; 154: 76-83.

Kuiper GGIM, Carlsson B, Grandien K, Enmark E, Haggblad J,
Nilsson S, Gustafsson J-A: Comparison of the ligand binding

specificity and transcript tissue distribution of estrogen receptors o« and

\23\,5 5



16.

17.

18.

19.

20.

21.

22.

B. Endocrinology 1997; 138: 863-870.

Germain SJ, Campbell PS, Anderson JN: Role of the serum
estrogen-binding protein in the control of tissue estradiol levels during
postnatal development of the female rat. Endocrinology 1978; 103:
1401-1410.

Hyder SM, Chiappetta C, Stancel GM: Triphenylethylene antiestrogens
induce uterine vascular endothelial growth factor expression via their
partial estrogen agonist activity. Cancer Lett. 1997; 120: 165-171.
Singer CA, Rogers KL, Strickland TM, Dorsa DM: Estrogen protects
primary cortical neurons from glutamate toxicity. Neurosci. Lett. 1996;
212: 13-16.

Kuiper GGIM, Lemmen JG, Carlsson B, Corton JC, Safe SH, Saag PT:
Interaction of estrogenic chemicals and phytoestrogens with estrogen
receptor . Endocrinology 1998; 139: 4252-4263.

Schubert D, Piasecki D: Oxidative glutamate toxicity can be a
component of the excitotoxicity cascade. J. Neurosci. 2001, 21:
7455-7462.

Moosmann B, Behl C: The antioxidant neuroprotective effects of
estrogens and phenolic compounds are independent from their
estrogenic properties. Proc. Natl. Acad. Sci. USA 1999 96:
8867-8872.

Gould E, Wooley CS, Frankfurt M, McEwen B: Gonadal steroids
regulate dendritic spine density in hippocampal pyramidal cells in

adulthood. J. Neurosci. 1990; 10: 1286-1291.

~a4 g?



23.

24.

25.

26.

27.

28.

29.

McEwen BS, Tanapat P, Weiland NG: Inhibition of dendritic spine
induction on hippocampal CA1l pyramidal neurons by a nonsteroidal
estrogen antagonist in female rats. Endocrinology 1999; 140:
1044-1047.

Wenzel HJ, Cole TB, Born DE, Schwartzkroin PA, Palmiter RD:
Ultrastructural localization of zinc transporter-3 (ZnT-3) to synaptic
vesicle membranes within mossy fiber boutons in the hippocampus of
mouse and monkey. Proc. Natl. Acad. Sci. USA 1997; 94:
12676-12681.

Cole TB, Wenzel HJ, Kafer KE, Schwartzkroin PA, Palmiter RD:
Elimination of zinc from synaptic vesicles in the intact mouse brain by

disruption of the ZnT3 gene. Proc. Natl. Acad. Sci. USA 1999; 96:
1716-1721.

Schacter D: The fluorometric estimation of magnesium in serum and
urine, J. Lab. Clin. Med. 1959; 54: 763-768.

Watanabe S, Frantz, W, Trottier, D: Fluorescence of magnesium-,
calcium-, and zinc-8-quinolinol complexes. Anal. Biochem. 1963; 5:
345-359.

Ribak CE, Baram TZ: Selective death of hippocampal CA3 pyramidal
cells with mossy fiber afferents after CRH-induced status epilepticus in
infant rats. Dev. Brain. Res. 1996; 91: 245-251.

Ben-Ari Y, Represa A: Brief seizure episodes induce long-term
potentiation and mossy fibre sprouting in the hippocampus. Trends

Neurosci. 1990; 13: 312-318.

25, 70



30.

31.

32.

33.

34,

35.

36.

37.

Represa A, Ben-Ari Y: Kindling is associated with the formation of
novel mossy fibre synapses in the CA3 region. Expl. Brain Res. 1992;
92: 69-78.

Sperber EF, Stanton PK, Haas K, Ackermann RF, Moshe SL:
Developmental differences in the neurobiology of epileptic brain
damage. Epilepsy Res. 1992; 9: S67-81.

Kossel AH, Williams CV, Schweizer M, Kater SB: Afferent
innervation influences the development of dendritic branches and
spines via both activity-dependent and non-activity-dependent
mechanisms. J. Neurosci. 1997; 17: 6314-6324.

Maletic-Savatic M, Malinow R, Svoboda K: Rapid dendritic
morphogenesis in CA1l hippocampal dendrites induced by synaptic
activity. Science 1999; 283: 1923-1927.

McKinney RA, Capogna M, Durr R, Gahwiler BH, Thompson SM:
miniature synaptic events maintain dendritic spines via AMPA receptor
activation. Nature Neurosci. 1999; 2: 44-49.

Gu Q, Moss RL: 17p-estradiol potentiates kainite-induced currents via
activation of the cAMP cascade. J. Neurosci. 1996; 16: 3620-3629.
Murphy DD, Segal M: Morphological plasticity of dendritic spines in
central neurons is mediated by activation of cAMP response element
binding protein. Proc. Natl. Acad. Sci. USA. 1997; 94: 1482-1487.
Beyer C, Karolczak M: Estrogenic stimulation of neurite growth in
midbrain dopaminergic neurons depends on cAMP/protein kinase A

signalling. J. Neurosci. Res. 2000; 59: 107-116.

‘26\7/



Figure legends
Fig. 1. The effect of E2 on the glutamate-induced neuronal damage in the
cultured hippocampal slice.
A.Typical PI fluorescent images of the slice exposed to glutamate
alone (1 mM, 15 min) (left) and the slice pretreated with E2 (1 nM,
24 hr) before the exposure to glutamate (right).
B. Normalized PI fluorescence intensities in CAl, CA3 and DG.
E2 selectively exacerbated the CA3 neuronal damage caused by
glutamate and the most pronounced effect was observed at 1 nM
(*: p<0.05, **: p<0.01 vs. the group exposed to glutamate alone.

N=4, Dunnett’s test).

Fig. 2. The effects of tamoxifen (A) and ICI (B) on the E2-induced
exacerbation of the CA3 damage by glutamate. These ERs
antagonists did not affect the E2-induced exacerbation (**: p<0.01

vs. the group exposed to glutamate alone. N=4, Dunnett’s test).

Fig. 3. The effects of EE (A), DES (B), PNP (C) and BPA (D) on the
glutamate-induced neuronal damage in cultured hippocampal
slices. Normalized PI fluorescence intensities in CA1, CA3 and
DG are shown. All of these xenoestrogens selectively
exacerbated the CA3 neuronal damage caused by glutamate and
the most pronounced effect was observed at 1 nM  (*: p<0.05,

*%. p<0.01"vs. the group exposed to glutamate alone. N=4,
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Dunnett’s test).

Fig. 4. The effects of E2 and BPA (1 nM, 24 hr) on the expression of
NR1 subunit of NMDA receptor.

A. Typical NR1 immunofluorescence in the control slice (left) and
the slice treated with E2 (right).

B. Normalized fluorescence intensity in CA3. E2 and BPA
significantly increased the expression of NR1 (*: p<0.05, **:
p<0.01 vs. control group. N=4, Dunnett’s test).

C. Typical fluorescent images of CA3 apical dendrites of the control
slice (left) and the slice treated with E2 (right), double-stained
with Dil (red) and NR1 immunostaining (green). The induction
of NR1 by E2 on the CA3 apical dendrites was identified as

yellow patches.

Fig. 5. The effects of E2 and BPA (1 nM, 24 hr) on the spine density.
A. Typical fluorescent images of Dil-stained CA3 apical dendrites of
the control slice (left) and the slice treated with E2 (right).
B. Spine density of the apical and basal dendrites of CA3 neurons.
E2 increased the spine density of the apical dendrites (**: p<0.01

vs. control group. N=8-16, Dunnett’s test).

Fig. 6. The effects of E2 and BPA on the mossy fiber sprouting.

A. Typical TSQ fluorescence in the control slice (left) and the slice
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treated with E2 (right).

B. Normalized TSQ fluorescence intensity in the stratum lucidum of
CA3. E2 and BPA significantly enhanced the mossy fiber
sprouting (*: p<0.05, **: p<0.01 vs. control group. N=16-20,

Dunnett’s test).
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