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Abstract

The potential adverse effects of Bisphenol A (BPA), a synthetic xenoestrogen, have long been
debated. Although standard toxicology tests have revealed no harmful effects, recent research
highlighted what was missed so far: BPA-induced alterations in the nervous system. Since 2004, our
laboratory has been investigating one of the central effects of BPA, which is interference with gonadal
steroid-induced synaptogenesis and the resulting loss of spine synapses. We have shown in both rats
and nonhuman primates that BPA completely negates the ~70-100% increase in the humber of
hippocampal and prefrontal spine synapses induced by both estrogens and androgens. Synaptic loss
of this magnitude may have significant consequences, potentially causing cognitive decline,
depression, and schizophrenia, to mention those that our laboratory has shown to be associated with
synaptic loss. Finally, we discuss why children may particularly be vulnerable to BPA, which
represents future direction of research in our laboratory.

The potential risk of Bisphenol A

Since the 1950s, the synthetic xenoestrogen, Bisphenol A (BPA), has been employed in the
manufacturing of plastics that have a broad range of uses, including dental prostheses and
sealants [143], the polycarbonate lining of metal cans used to preserve foods [66], as well as
such items as baby bottles [8] and clear plastic cages for housing laboratory animals [57]. BPA
is also used as an additive in many products, with a global production rate of >6 billion pounds
per year. Polycarbonate is less durable than commonly believed, because the ester-bond linking
BPA molecules can be hydrolyzed, and this hydrolysis increases dramatically at high and low
pH and as temperature increases. Thus, BPA leaches out from tin cans and polycarbonate plastic
containers and gets into food and beverages, even under normal conditions of use like washing
and sterilizing [8,9,57]. As a result, exposure measurement data from several countries,
including the United States, consistently indicate that human beings are widely exposed to low
levels of BPA, probably on a continuous basis [162]. There is considerable debate, however,
whether this exposure represents an environmental hazard.
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Because BPA has been believed to be an estrogen-agonist compound, much of the perceived
risks of BPA exposure are derived from the large body of knowledge about the neurotrophic
effects of estrogens, evolving from studies of sexual differentiation. As a result, to understand
the risks of BPA exposure, we first need to discuss the neurodevelopmental actions of gonadal
steroid hormones. In most vertebrates, males and females exhibit striking differences in sexual
behavior and neuroendocrine function that are appropriate for the sex of the individual. The
development and expression of these sexually differentiated patterns of behavior and
neuroendocrine function occur as a result of a temporally ordered sequence of responses, in
which gonadal steroid hormones play a critical role. Testosterone secreted by the testis, in
concert with estradiol-17p derived either from the circulation or from local androgen
metabolism, acts on the entire reproductive axis to bring about the development of normal
masculine or feminine phenotype. Although many of them are involved in reproduction, sex
differences are by no means confined to reproductive functions. In human beings, for example,
there are sex differences in normal cognitive behavior and, quite importantly, in the incidence
of neurological disorders and the ability of the brain to recover from accidental or disease-
related damage [97,132,173,174]. It has long been hypothesized that certain morphological/
cellular mechanisms are related to cognitive performance, especially in the prefrontal cortex
and hippocampus, implying sex differences in brain morphology also. Indeed, the effects of
gonadal steroid hormones on the structure and function of the rodent hippocampus are evident
as early as the first postnatal week of life. Androgens produced by the testis mediate sexual
differentiation of the hippocampus. In some strains of mice, males have more granule cells in
the dentate gyrus than females [172]. Likewise, male rats have a larger and more asymmetric
dentate gyrus when compared with females [121,122], while sex differences have also been
demonstrated in the apical dendritic structure and dendritic branching patterns of CA3
pyramidal neurons. Because the apical dendrites of CA3 pyramidal cells are the targets of
afferent mossy fibers from granule cells, the above observations are consistent with the
hypothesis that more granule cells in a larger dentate gyrus provide an increased input to CA3
in males when compared with females [114].

Because circulating gonadal steroid hormones regulate the development and expression of
sexually dimorphic functions, the potential exists for biologically active environmental
substances to mimic or antagonize the effects of endogenous hormones, interfering with normal
sexual differentiation [38,127]. Indeed, there have been numerous studies demonstrating
effects of substances derived from either plant foods [76,115,160,169-171], agricultural
chemical usage [68,163], or industrial chemical synthesis [99,118,123] on aspects of sexual
differentiation in animals. These observations have prompted research and regulatory efforts
around the world to develop simple and cost-effective screening methods that can be used for
identifying potentially harmful chemical agents. From these efforts came a wide range of
bioassay systems, such as the rat uterotrophic assay [4], that can predict, to a considerable
extent, the likely hormonal activity of novel substances introduced into the environment. At
the same time, however, it became clear that there are certain hormonally active chemical
agents that exhibit radically different potencies in different bioassay systems, making it
difficult to assess their potential developmental effects [42,104,123]. This is also true in the
case of our synthetic xenoestrogen, BPA, spurring much of the debate surrounding the usage
of this substance. On the one hand, BPA has been reported, for example, not to induce
significant reproductive abnormalities in a two-generation trial in rats, at doses up to 200 pg/
kg [25], which can be explained by the relatively low affinity of BPA toward the nuclear
estrogen receptors (ER), ERa and ER, that mediate much of the estrogenic activity along the
reproductive axis. On the other hand, a number of reports indicate that doses of BPA in the 2—
100 ug/kg range induce changes in the development of the prostate, preputial, and mammary
glands in mice [41,99,108,118,161,168]. These developmental actions of BPA are particularly
worrisome, because relatively high levels of BPA have been found in the human amniotic fluid
(8.3 ng/ml) and placenta (12.7 ng/g) [59,129] versus adult human serum levels of 0.3-4.4 ng/
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ml [158]. Despite the obvious uncertainty, however, the initial conclusion regarding the safety
of BPA has affirmed that human exposure to BPA is insufficient to elicit significant estrogenic
responses [16].

More relevant to our topic is that unexpected anomalies have emerged from studies on the
effects of BPA in the developing central nervous system (Table 1). While estradiol-17p
defeminizes the development of sex behavior and reproductive neuroendocrine function, by
substituting for local aromatization of circulating testosterone [97], low doses of BPA do not
masculinize the behavior of female rats [26,27], suggesting weak or no estrogen-agonist
activity from BPA. However, there are some unexpected long-term effects of BPA on the
development of non-reproductive behaviors. At doses that are below the 50 pg/kg/day
‘reference safe daily limit’ for human exposure recommended by the US Environmental
Protection Agency (EPA), BPA interferes with the development of play and maze learning
behaviors in both female and male rodents [11,17,18,26,27]. These observed effects are
diametrically opposite to what could be predicted for a substance with estrogen-agonist
activity, raising the possibility that in addition to being a weak estrogen-agonist, BPA may act
as an estrogen-antagonist as well.

Gonadal steroid-induced synaptogenesis: A major target of Bisphenol A?

In the central nervous system, gonadal steroid hormones not only influence neurodevelopment
and sexual differentiation, but they also have a so-called ‘activational effect’, an effect
involving the modulation of function and activity in the mature brain [97]. While earlier studies
have investigated the developmental effects of BPA, as we discussed in the previous section,
the potential interference of BPA with the central activational effects of gonadal steroid
hormones has remained largely unnoticed. This may become a substantial problem considering
that these activational effects are rather important in higher brain functions including cognition.
It is well documented that both estrogens and androgens significantly influence cognitive
performance in human beings as well as in laboratory animals [20,24,63,73,106]. Whether
BPA has the capability of interfering with the activational effects of estrogens, and thus
disrupting cognitive functions, remains currently unknown, except for a preliminary study from
our laboratories indicating that acute BPA exposure (300 pg/kg) indeed reduces learning
capabilities in rats (VN Luine, unpublished observation).

In order to understand how BPA may disrupt estrogen’s activational effect on cognition, we
need to review some of the cellular mechanisms that are thought to underlie these activational
effects. Until quite recently, the prevailing view has been that the mature mammalian brain has
only limited capacity for repair and regeneration. Neurotrophic mechanisms, in which new
neurons and glial cells are added and new synaptic connections are formed, have been assumed
to be largely or completely suppressed in adulthood. Effects of gonadal steroid hormones on
the brain have been considered within the context of a similar conceptual framework, based
on the assumption that effects on neurotrophic processes are confined to early development.
Responses to gonadal steroid hormones later in life have been viewed as being primarily
‘activational’, modulating the function of pre-existing organized pathways [97]. Over the last
two decades, however, a growing body of experimental evidence has emerged, which
challenges these simple generalizations. It is now clear that the mature central nervous system
can in fact undergo significant remodeling, including the generation of new neurons and
synaptic connections [39,58,102,103]. Nowhere it is more obvious than in the hippocampus
(Figure 1) and prefrontal cortex. In adulthood, these areas retain the potential for considerable
plasticity in response to changing levels of circulating gonadal steroid hormones. This was first
recognized in studies on the cyclical alterations in hippocampal activity that occurs during the
female reproductive cycle [175]. Subsequent extensive work has demonstrated that both
estrogen and androgen administration reverses the loss of CAL dendritic spines and spine
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synapses observed following gonadectomy, in both male and female rodents and nonhuman
primates [48,52,81,83,84 86 87 92 93 95 176,177]. Similar structural responses to estrogens
have been revealed in the prefrontal cortex of monkeys [53,147]; and our recent study also
shows robust synaptogenesis induced by both estrogens and androgens in the rat prefrontal
cortex [47].

What conceptually links estrogen-induced synaptic remodeling with its activational effect on
cognition is the hypothesis that rapid remodeling of dendritic spines and their synapses may
represent morphological substrates for learning and memory [64,67]. We define the term
“remodeling of spine synapses” as a neuroplasticity mechanism that includes the loss of
existing and generation of new spine synapses. Our laboratories have demonstrated that
estradiol-17 is capable of inducing the formation of new synaptic contacts with extraordinary
rapidity (within 30 minutes) in the hippocampus of ovariectomized rats, which is clearly
associated with enhanced performance in the object placement test of spatial memory [90,
96]. There are many such examples from other laboratories, see for example [89], reinforcing
the fact that there is an excellent correlation between spine synapse remodeling and cognitive
performance in various tests of cognitive function. These observations suggest that remodeling
of dendritic spines and their synapses in the hippocampus and prefrontal cortex are critical
mechanisms that appear to contribute to the activational effect of gonadal steroid hormones on
cognitive function. If we apply the conceptual framework of this cognition / synaptic plasticity
association to the above-discussed interference from BPA with the development of cognitive
functions [11,17,18,26,27,151], the question arises whether BPA exposure has the ability to
impact spine synapses in the prefrontal cortex and hippocampus.

Bisphenol-A blocks the rapid synaptogenic response to estradiol in the
female rat hippocampus

Although the suggestion that BPA may influence spine synapses came originally from
observations that BPA affects the development of cognitive functions [11,17,18,26,27,151],
we have initially tested BPA in an experimental paradigm that is based on the activational
effects of estradiol. The main reason behind our decision came from an interesting ambiguity
in the peripheral vs. central effectivity of estradiol, and from the fact that the developmental
influence of BPA appears to be limited. We have reported earlier that estradiol-17c more
powerfully induces hippocampal spine synapse growth than its isomer, estradiol-17f. This is
contrary to what is seen in the periphery, where unlike estradiol-17p, estradiol-170 possesses
minimal uterotrophic activity [96]. These observations suggest that the response of spine
synapses to estradiol may depend on mechanisms that are different from those in the periphery.
The periphery is rich in nuclear ERs, mainly ERa, for which BPA has low affinity, as indicated
by the weak uterotrophic activity of BPA [94]. If BPA followed the signaling pathways and
characteristics of estradiol-17a, i.e., weak in the periphery and strong centrally, BPA exposure
should result in a substantial remodeling of hippocampal spine synapses. The question was, is
this response synapse growth or synapse 10ss?

As we report in our relevant paper [94], ovariectomized adult female rats were treated
subcutaneously with various combinations of estradiol-17a (45 pg/kg), estradiol-17f (60 pg/
kg), BPA (40, 120, 300, and 400 pg/kg), and sesame oil vehicle. At the 30-min time point
following drug treatment, the volumetric density of spine synapses in the CA1 hippocampal
area was estimated using electron microscopic stereology. In line with our earlier findings
[96], treatment of ovariectomized rats with either estradiol-17a or estradiol-17f both increased
CAL spine synapse density almost two-fold when compared to oil-treated controls.
Estradiol-170 was more potent as it elicited the same response at a much lower dose than
estradiol-17f. On the other hand, administration of 300 pg/kg BPA alone did not increase CA1
spine synapse density in ovariectomized rats. Instead, surprisingly, we observed a significant
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decrease in spine synapse levels, demonstrating for the first time that BPA exposure elicits an
acute hippocampal spine synapse loss. This loss is similar to that found in animals that are
incapable of showing CAL spine synapse responses to estrogens, such as males and
reproductively senescent females [83]. We hypothesized that the ability of BPA to further
reduce CA1 spine synapse density in ovariectomized rats may reflect the antagonism of either
residual gonadal estrogen effects or estrogen actions derived from adrenal steroidogenesis or
dietary phytoestrogen intake. When testing this hypothesis, at a dose range of 300-400 pg/kg,
BPA completely blocked the synaptogenic effects of both estradiol-17¢ and estradiol-17f in
the CA1 area, confirming that BPA acts as an estrogen-antagonist in this context. Importantly,
the blockade was dose-dependent, with even the 40 pg/kg BPA dose providing significant
reductions in CAL synapse density. This anti-synaptogenic effect of BPA is in line with our
above-mentioned preliminary study indicating that acute BPA exposure reduces learning
capabilities in rats (VN Luine, unpublished observation). By contrast, BPA administration did
not influence the uterotrophic response to estradiol-17f3, even at a high dose (300 pg/kg), which
is in line with an earlier study that finds BPA to be safe at up to 200 pg/kg in a two-generation
trial of reproductive abnormalities [25].

From these observations, we can conclude that responses to BPA are much stronger centrally
than in the periphery, implying different underlying mechanisms.

Bisphenol-A prevents the synaptogenic response to testosterone in the
hippocampus and medial prefrontal cortex of male rats

As we mentioned above, BPA has been considered as a xenoestrogen, a compound with
estrogenic activity. This thinking may lead to the speculation that BPA probably does not
interfere with the activational effects of androgens, suggesting a sex difference in the response
to BPA in adults. This potential sex difference could be considered in the context of cognition
and spine synapse remodeling, because modulation by androgens is just as critical in cognitive
functions in males [63], as estrogens are in females. More importantly, our earlier studies have
demonstrated that spine synapse remodeling in adult male rats responds primarily to androgens,
while synaptic responses of males to estrogens, especially in the hippocampus, are quite limited
[50,83,84,92]. However, recent experiments have unexpectedly revealed that BPA also
antagonizes androgen receptor-mediated transcriptional activities [126,138,142,178],
questioning the above generalizations. These experiments raise the possibility that BPA, quite
unexpectedly for a compound believed to be estrogenic, also interferes with the physiology
and morphology of the adult male brain, including prefrontal and hippocampal synaptogenic
responses to testosterone.

As we report in our relevant paper [88], castrated or sham-operated adult male rats were treated
subcutaneously with different combinations of BPA (300 ug/kg), testosterone propionate (1.5
mg/kg), and sesame oil vehicle for 3 days. Twenty-four hours after the last treatment, brains
were processed for electron microscopic stereology, as well as for immunocytochemical
detection and light microscopic semi-quantitative analysis of astroglia processes. The number
of asymmetric spine synapses, as well as the density of astroglia processes in layer I1/111 of
medial prefrontal cortex and stratum radiatum of the CA1 hippocampal area were estimated.
In both regions analyzed, BPA reduced the number of spine synapses in sham-operated,
gonadally intact animals, which was accompanied by a compensatory increase in astroglia
process density that is likely secondary to the loss of spine synapses. To test the hypothesis
that this BPA-induced reduction in synapse levels is mediated by antagonism of synaptogenic
responses to testosterone, we coadministered BPA with testosterone supplementation to
castrated males. In this paradigm, BPA prevented both prefrontal and hippocampal
synaptogenic responses to testosterone, confirming that BPA acts as an anti-androgen in this
context.
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In summary, our findings demonstrate that BPA exposure results in a severe loss of spine
synapses in both hippocampus and prefrontal cortex of adult male rats, confirming that there
is no sex difference in the response to BPA in adult rats, at least in the context of spine synapse
remodeling. Although we discuss it later, it has to be noted here that these findings in male rats
provide important insights into the potential mechanisms underlying the anti-synaptogenic
effect of BPA.

Bisphenol-A inhibits gonadal steroid hormone-induced prefrontal and
hippocampal synaptogenesis in female and male nonhuman primates

A potential limitation of our BPA studies in rodents, detailed above, is that the predictive
validity of these rodent models is supposedly restricted based on considerable differences
between the rodent and the human endocrine systems and brains. In spite of the fact that
standard toxicology tests adopted to justify current safe limits for BPA are based on rodent
models (see http://www.epa.gov/NCEA/iris/subst/0356.htm), nowadays the EPA and the Food
and Drug Administration are calling for studies based on primate models that are more relevant
to human health (see
http://www.fda.gov/ohrms/dockets/ac/08/briefing/2008-0038b1 01 02FDA%20BPA%
20Draft%20Assessment.pdf). In response to these requests, we have set out to reproduce our
rodent findings in monkeys, to demonstrate for the first time the harmful effects of BPA
exposure in a nonhuman primate model.

As we report in our relevant paper [82], ovariectomized adult female African green monkeys
(Chlorocebus aethiops sabaeus) of reproductive age were treated with different combinations
of estradiol-17p benzoate (a long-acting estradiol ester), BPA (50 pg/kg/day - the ‘reference
safe daily limit” of the EPA), and vehicle for 28 days. Estradiol-17f3 benzoate was delivered
with silastic capsules, while BPA was administered with Alzet osmotic minipumps, both
implanted subcutaneously at the time of ovariectomy. At the end of the 28-day treatment period,
blood samples were collected and the brains processed for electron microscopic stereological
calculation of spine synapse numbers in CA1 and CA3 stratum radiatum, dentate gyrus stratum
moleculare, and layer 11/111 of Walker’s area 46 (the region corresponding to the rat medial
prefrontal cortex). Serum estradiol-17p levels in monkeys that did not receive estradiol
supplementation were <15 pg/ml, which is the sensitivity threshold of the immunoassay used.
In animals that received estradiol supplementation, serum estradiol-17p levels were 80-90 pg/
ml, which is equivalent of levels seen in the low estrogen days of the monkey menstrual cycle
[56]. In all areas analyzed, estradiol-173 supplementation dramatically increased the number
of spine synapses compared to vehicle-treated controls. By contrast, spine synapse numbers in
BPA-treated monkeys were not significantly different from controls, irrespective of conditions
of estradiol exposure (Figure 2).

In separate studies, we have shown that CA1 spine synapse density is reduced by castration in
male nonhuman primates [84], in line with our findings in male rats [83]. In addition, we had
a fortunate opportunity that in parallel with the above-detailed female experiment, we could
also treat two gonadally intact male monkeys with BPA and analyze their prefrontal and
hippocampal spine synapses. For comparison, we pooled some spine synapse data obtained
from intact male monkeys in our earlier studies [84]. Although this experimental setup is far
from accepted standards and the insufficient number of subjects excludes statistical analysis,
it is still informative that spine synapse numbers in BPA-treated animals were considerably
decreased, to levels similar to those observed in castrated monkeys [84].

These observations demonstrate that gonadal steroid hormones are responsible for maintaining
physiological levels of spine synapses in the prefrontal cortex and the hippocampus of
nonhuman primates. BPA appears to strongly interfere with these mechanisms, as continuous
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exposure to a low, 50 pg/kg daily dose completely abolishes gonadal steroid hormone-induced
spine synapse growth. This was the first demonstration of the harmful effects of BPA in a
primate model, providing valuable information with significant relevance to human health. In
addition, refuting earlier criticisms of rodent models, we show that the extensive spine synapse
remodeling in rats observed in response to both gonadal steroid hormones and BPA exposure
can fully be reproduced in a nonhuman primate model.

No difference in the synaptogenic effect of oral vs. subcutaneous Bisphenol

A

As we detailed above, BPA antagonizes spine synapse growth in the prefrontal cortex and
hippocampus of both rats [88,94] and nonhuman primates [82]. Based on these findings, it is
conceivable that low-dose BPA may have widespread influence on the structure and function
of the brain, because remodeling of prefrontal and hippocampal spine synapses plays a critical
role in higher brain activities such as cognition [64] and mood [43]. However, we have used
subcutaneous injections as route for BPA administration, which is less relevant for everyday
human BPA exposure. Subcutaneously delivered BPA escapes normal first-pass metabolism
in the liver [116,153,156], by which BPA is rapidly metabolized and excreted [7,101]. To
address this limitation of our previous studies, we compared the effects of oral versus
subcutaneous exposure to BPA on the number of spine synapses in the prefrontal cortex and
hippocampus of male rats.

In this recently performed preliminary study, gonadally intact adult male Sprague Dawley rats
were treated with either BPA (300 pg/kg) or vehicle for three days. BPA was delivered either
subcutaneously as in earlier studies, or directly into the stomach via gastric cannula. Animals
were sacrificed 24 h after the last treatment by transcardial perfusion fixation, their brains
removed and processed for electron microscopic stereological estimation of prefrontal and
hippocampal spine synapses as we described earlier [43,44]. The number of asymmetric spine
synapses in layer 11/111 of the medial prefrontal cortex and stratum radiatum of the CA1
hippocampal subfield was counted. We analyzed these particular regions because our earlier
studies have demonstrated strong synaptogenic responses to androgens in these areas of the
adult male brain [47,83]. Two-way ANOVA revealed significant treatment (F, 1,=44.122
p<0.001) and interaction effects (F, 1o=4.724 p=0.031), while the sampling area effect was not
significant (F1 1,=0.919 p=0.357). When compared with vehicle-treated controls, both
subcutaneous and oral BPA administrations significantly decreased the number of prefrontal
spine synapses by 49.1% and 49.8%, respectively, and by 36.2% and 23.8%, respectively, in
the CA1 area. Spine synapse levels after subcutaneous versus oral treatments were not
significantly different (Figure 3a).

We also analyzed the temporal characteristics of serum BPA levels and spine synapse changes
by sacrificing a rat at each of the 0, 1, 2, 4, and 8 h time points after both oral and subcutaneous
BPA (300 ug/kg) administrations. Blood samples were collected, followed immediately by
transcardial perfusion fixation and brain tissue processing for electron microscopic
stereological analysis [43,44]. Serum samples were analyzed for BPA content as described
earlier [149]. From individual serum BPA measurements, clearance curves were constructed
for both oral and subcutaneous exposures. Maximum serum concentration (Cynax) and time of
maximum concentration (Tax) Were obtained from the curves. Area under the curve was
calculated by using the linear trapezoidal rule and the assumption that serum BPA levels before
administration (at Tg) were zero. We observed marked changes in serum BPA concentrations
(Figure 3d). Cyhax for subcutaneous administration was 9.45 ng/ml with Ty = 2 h, while in
the case of oral treatment, Cy,5 Was only 0.31 ng/ml with T, = 1 . According to expectations,
we observed an approximately 40-fold higher BPA exposure level following subcutaneous
administration versus oral treatment, as the subcutaneous / oral area under the curve ratio was
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35.37/0.89 = 39.74. Quite surprisingly, however, both administration methods resulted in
similarly severe spine synapse losses in the prefrontal cortex and the CA1 area, despite the
extreme differences in serum BPA concentrations, indicating that spine synapse remodeling is
very sensitive to BPA (Figure 3b—c). The synaptic loss occurred rapidly, within the first hour
of BPA administration, in line with our earlier observations in females [94]. Thereafter, spine
synapse levels remained constantly reduced without signs of recovery, although serum BPA
concentrations showed a rapid descent after the first two hours, suggesting that BPA-induced
synaptic loss is persistent.

In our previous studies [82,88,94], we have used the subcutaneous administration route to
deliver BPA, which does not fully reproduce human BPA exposure [7,101]. Human beings
mostly ingest BPA with contaminated food and drink, which is then transported through the
enterohepatic circulation to the liver. During first-pass metabolism, the liver enzyme, UDP-
glucuronosyltransferase conjugates BPA [179], and the conjugate is then excreted into the urine
in adult humans [158]. This effective clearance of BPA by first-pass metabolism [146,153,
156] does not occur in case of subcutaneous exposure. The importance of first-pass metabolism
is further emphasized in postnatal animals that normally display limited UDP-
glucuronosyltransferase activity, resulting in similar serum BPA concentrations following both
oral and subcutaneous administrations [149]. Our serum BPA measurements are in line with
these earlier reports, showing much higher BPA concentrations after subcutaneous treatment.
Most importantly, however, lower serum BPA concentrations achieved via oral administration
were able to induce the same magnitude of spine synapse losses as were induced by
subcutaneous treatment.

One could still argue that the 300 pg/kg/day oral BPA dose we applied is much higher than
the 50 pg/kg/day EPA reference limit. However, serum BPA concentrations achieved by the
particular treatment are considered more important by having more relevance to human health.
It has been reported in several studies that circulating BPA levels in adult humans are in the
range of 0.3—-4.4 ng/ml [158]. It is remarkable that even the maximum serum BPA concentration
we achieved with oral treatment (0.31 ng/ml) is at the very low end of this range, further
supporting our earlier argument that environmental BPA exposure may have a serious adverse
effect on human synaptic remodeling [82,88,94]. Our findings indicate that serum BPA levels
usually detectable in adult human beings are sufficient to significantly interfere with the
remodeling of prefrontal and hippocampal spine synapses, at least in rodents. In addition, first-
pass metabolism, which effectively clears BPA from the body, is limited by the reduced rate
of hepatic blood flow in primates and humans [15] when compared with that in rats [10,165].
As aresult, it may take longer for human beings to clear BPA from their circulation, leading
to prolonged exposure to the compound.

Mediators of Bisphenol A effects

Our knowledge about the mediators of BPA’s effects, especially about those of its anti-
synaptogenic effect, is very limited. However, as the potential risks of BPA exposure were
derived from BPA’s estrogenic properties, we can speculate about these mediators by applying
our knowledge of the signaling mechanisms employed by gonadal steroid hormones.
Throughout most of the last three decades, the actions of gonadal steroid hormones on the brain
have been believed to be mediated almost entirely through control of gene transcription via
nuclear steroid receptor proteins resembling those found in non-neural target tissues [91].
Initially, only a single ER, ERa has been known. Work during the 1990s demonstrated that
there is also a second nuclear ER, ERp, encoded by a different gene with extensive (>90%)
sequence homology to ERa in the DNA-binding domain but only partial homology in other
regions of the molecule. ERo and ERp have different estrogen binding specificity, as well as
different distributions within the brain, although the two receptors are co-expressed in many
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regions in adulthood. In some structures, however, there is a preferential expression of one or
the other sub-type. In the mediobasal hypothalamus, for example, ERa expression
predominates. By contrast, in the olfactory bulb, cerebral cortex, cerebellum and hypothalamic
paraventricular nucleus, ERp is expressed with little or no ERa [135]. Considering the androgen
receptor (AR), it is enriched in the hippocampus, particularly in the CA1 subfield, localized
both at nuclear [71,124,137] and extranuclear sites [21,145]. Our extensive knowledge about
nuclear ERs, however, is less useful here because, as we mentioned above, BPA has relatively
low affinity for nuclear ERa and ER, explaining the weak uterotrophic activity of BPA [94].

In search for alternative receptor targets of BPA, recent research has concentrated on the
membrane ER [181] and on the AR [126,142,178], highlighting their importance as possible
mediators of BPA action. During the last few years, a number of laboratories have demonstrated
the presence of ER and AR proteins in the cell membrane [69,100,107,125,136,145,159], as
well as in both the pre- and postsynaptic sites of hippocampal spine synapses [55,105]. There
now seems to be no doubt that these systems play a functional role in mediating responses to
gonadal steroid hormones, and their involvement may underlie strong BPA effects seen in the
brain. A particularly important feature of membrane ERs and ARs is that by being associated
with fast-acting intracellular signaling molecules, they provide a mechanism that potentially
underlies rapid cellular responses to gonadal steroid hormones. For example, our earlier
findings suggest that the rapid hippocampal synaptogenic response to estradiol-17¢. is also
mediated by these membrane ERs [96]. The observation that BPA blocks this rapid synaptic
response [94] implicates the membrane ER as a potential site where BPA interferes with the
central effects of estrogens. It remains unclear whether these membrane proteins represent
distinct, novel receptor systems or subsets of nuclear receptors diverted to the cell membrane,
possibly in association with chaperones. In the membrane environment, however, interactions
with other membrane constituents may alter the properties of membrane receptors in such a
way that they exhibit response characteristics different from those observed when the same
receptors are in the cell nucleus. For example, transfection of ER-negative rat-2 fibroblasts
with ERo or ER results in cells that respond to estrogens with increased MAP-kinase activity
[164]. However, in contrast to the activation of the nuclear receptor system, which is more
sensitive to estradiol-17f than estradiol-17a, the MAP-kinase response is equally induced by
both estradiol-17a and estradiol-17p [164]. Furthermore, in plasma membrane fractions from
the developing brain, estradiol-17a and estradiol-17p both activate extracellular signal-
regulated kinase (ERK) phosphorylation; and both compete equally well with [3H]estradiol
for binding to high-affinity plasma membrane estradiol binding sites [154]. As a result, these
characteristics of the centrally located membrane ERs may explain the considerable differences
in the peripheral versus central effectivity of estradiol-17a and estradiol-17p, as well as BPA.

As we mentioned above, our findings in male rats provide further important insights that
question the above-detailed involvement of gonadal steroid hormone receptors, at least in the
context of the anti-synaptogenic effect of BPA. Actions at the level of gonadal steroid receptors
may explain the interference of BPA with prefrontal cortical synaptogenesis in males [88], as
androgen-induced spine synapse remodeling in the male medial prefrontal cortex could be
mediated by both the ER (via conversion of the androgens to estrogenic compounds) and the
AR [46]. However, extensive work from our laboratory indicates that the synaptogenic action
of androgens is independent of both the ER and AR in the male hippocampus. First, spine
synapses in the male hippocampus do not respond to estrogens, excluding the ERs [83], while
androgen-induced spine synapse growth is retained in males with both pharmacologically
[93] and genetically [92] impaired ARs, excluding this receptor type also. These findings
indicate that BPA does not interfere with gonadal steroid hormone receptor functions, at least
in the male hippocampus. A potential resolution could be that BPA directly targets intracellular
signaling mechanisms downstream of the receptors, which are involved in the remodeling of
hippocampal spine synapses, such as the ERK and Akt pathways (Figure 4). A recent study
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indeed suggests that the ERK1/2 signaling pathway may be involved in the effects of BPA
[181]. Considering available data, the ERK1/2 pathway is known to be activated by both
estrogens [6,155,181] and androgens [33,111], and it plays a critical role in both synaptic
remodeling [3,34] and cognitive functions [144,150,167]. The phosphatidylinositol 3-kinase /
protein kinase B (Akt) pathway is also implicated in downstream signaling of the ER [180].
There is evidence that androgens induce Akt phosphorylation in non-neural tissue [65], and
that Akt is involved in spine growth [77]. Unfortunately, very limited data are currently
available about the effects of BPA on intracellular signaling mechanisms [181], and this issue
is an important avenue for future research.

Finally, another potential pathway has been revealed by recent research. Our earlier work with
gonadal steroid hormones and available data on BPA actions both suggest that BPA may exert
its anti-synaptogenic effect by influencing gonadal steroid hormone-sensitive subcortical
structures. Strong evidence indicates that certain subcortical areas play a critical role in the
prefrontal and hippocampal synaptogenic effects of estradiol. Transection of the fimbria/
fornix, that contains the majority of input fibers coming from these subcortical areas to the
hippocampus, completely abolishes the hippocampal synaptogenic effect of systemic
estradiol-17f administration in ovariectomized animals [86]. On the other hand, local
estradiol-17f administration into estrogen-sensitive subcortical brain areas, including the
medial septum diagonal band of Broca, results in a dramatic increase of CAL spine synapse
density in ovariectomized rats [79]. Furthermore, we have shown that ovariectomy reduces the
number of dopaminergic neurons in the ventral tegmental area and substantia nigra of non-
human primates [85]. Castration also has a selective negative effect on cortical dopaminergic
innervation in adult male rats, especially in the prefrontal cortex [72], while ovariectomy results
in profound reductions in the density of prefrontal cholinergic, dopaminergic, and serotonergic
axons in monkeys [74,75]. We have also reported that local implantation of estradiol-17 into
the median raphe decreases the density of serotonergic fibers in the CA1 area of ovariectomized
rats [117]. In light of the critical role of these subcortical areas in mediating the actions of
gonadal steroid hormones, it may not be surprising that BPA exposure strongly influences their
functions [113]. For example, oral administration of BPA to male rats aged 5 days to 3 weeks
results in hyperactivity (a symptom of dopaminergic malfunction) at 4-5 weeks of age,
degeneration of mesencephalic dopaminergic neurons at 7 weeks of age, as well as decreased
gene expression levels for dopamine transporter in adult animals [60,61].

Potential clinical consequences of Bisphenol A-induced spine synapse loss

Up until now, we only mentioned cognitive dysfunction as the primary correlate of prefrontal
and hippocampal spine synapse loss. The perturbation of play and maze learning behaviors
reported in both female and male rodents after developmental BPA exposure [11,17,18,26,
27,151] may be based, as we mentioned above, on this mechanism. In addition to cognition,
however, alterations in patterns of synaptogenesis appear to play critical roles in several other
neurologic/neuropsychiatric disorders, such as mental retardation and developmental
disabilities [112], Alzheimer’s disease [128], schizophrenia [44,54], and depression [51]. On
this basis, the ability of BPA to interfere with spine synapse formation in the prefrontal cortex
and hippocampus may have some clinical implications.

Of the above-mentioned diseases, here we discuss in more detail the possibility that BPA
exposure may contribute to the development depressive behavior, because our laboratory took
a pioneering role in clarifying the involvement of spine synapse remodeling in depression
neurobiology [43,49,51]. It has been postulated for many years that stress and depression are
associated with the loss of hippocampal dendritic spines and spine synapses, while
antidepressant treatment elicits the formation of new synapses [12,45,110]. Prior to our work,
this hypothesis has been quite controversial. Although considerable evidence [49,62,80,120,
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139,148,166], as well as clinical observations about the comorbidity of depression with
cognitive impairments [28] support the “synaptogenesis hypothesis” of depression [45], there
are many reports that contradict this postulation [19,22,133]. More importantly, electron
microscopic data, which is the only method having sufficient resolution to directly visualize
synapses, have been limited in this field. After these earlier confusions, our laboratory has
provided the first direct, electron microscopic evidence that antidepressant treatment is
associated with formation of new spine synapses in the hippocampus [49]. More recently, we
have shown that there is extensive remodeling of hippocampal spine synapses in the rat learned
helplessness model of depression and antidepressant response [43]. Specifically, there is a
statistically significant negative linear correlation between the number of hippocampal spine
synapses and the severity of depressive symptoms, i.e., the less synapses the animals have, the
more ‘depressed’ they are [51]. Based on this strong correlation between depressive behavior
and hippocampal spine synapse remodeling, it is conceivable that exposure to BPA and the
resulting loss of hippocampal spine synapses may elicit depressive behavior. Although there
are limited data available, a couple of studies have demonstrated that BPA indeed promotes
helpless behavior in the learned helplessness paradigm [109] and increases immobility in the
forced swim test [30], signs of depressive behavior in two widely-accepted animal models of
depression.

Considering the estrogen- and androgen-antagonist properties of BPA along with the sensitivity
of prefrontal and hippocampal spine synapse remodeling to gonadal steroid hormones,
estrogens and androgens are expected to influence mood and/or depression neurobiology.
Indeed, women are twice as likely to suffer from depression as men [70], supporting the above
view that gonadal steroid hormones contribute to the neurobiology of depression. Clinical data
also show that distinct events of reproductive physiology, especially those accompanied by the
abrupt decline of gonadal steroid hormone levels, are associated with mood disorders, such as
premenstrual dysphoric disease, postpartum dysphoria/depression, and peri/postmenopausal
depression [134,141]. Postpartum dysphoria, for example, affects up to ~80% of postpartum
women, usually lasting from the 5% to the 121" day following childbirth [140]. Clinical studies
have demonstrated that administration of estrogens or antidepressants are both effective in
treating postpartum and postmenopausal depressions [1,40,119,141]. In addition, a potential
role for androgens in depression neurobiology has also been suggested in men, especially in
elderly men [130]. These clinical findings support the view that withdrawal of the neurotrophic
effects of gonadal steroid hormones may contribute to mood disturbances, and even to
depression.

As BPA appears to induce depressive behavior [30,109], there are further requirements in order
to uphold our hypothesis that BPA directly targets certain intracellular signaling mechanisms.
Namely, as these potential targets of BPA are involved in the signaling of estrogens and
androgens, in spine synapse remodeling, as well as in cognition, they also need to play a role
in depression neurobiology. Our earlier finding in rats demonstrates that the antidepressant,
fluoxetine substitutes for estrogens to reverse the loss of hippocampal spine synapses caused
by ovariectomy [49], suggesting that estrogens and fluoxetine may exert their synaptogenic
effects via the same mechanisms. Antidepressants do not act via the ER or AR, but there is
evidence that estrogens and antidepressants both activate common intracellular signaling
mechanisms, such as the ERK1/2 pathway [6,152,155,157], Akt [5,14,180], and STAT3 [29,
32], the same pathways that are involved in synaptic remodeling [3,34,77] and cognition
[144,150,167]. Acute administration of fluoxetine to mice causes a clear increase in ERK1/2
phosphorylation in the prefrontal cortex and hippocampus [157], while treatment of rats for 2—
3 weeks appears to elicit no change or even a reduction in phosphorylation [31,152] but
increases the expression of the ERK1/2 proteins [152]. The apparently common intracellular
signaling pathways for the effects of gonadal steroid hormones and antidepressants represent
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another argument in favor of our hypothesis that BPA actually acts at the level of intracellular
signaling mechanisms.

Future direction of research: Perinatal exposure to Bisphenol A

Our earlier research that we describe above has been focused on BPA exposure of adults.
Recently, our attention has turned toward the potential consequences of BPA exposure during
the perinatal period. We have documented that even circulating serum BPA levels normally
found in adult human beings (0.3-4.4 ng/ml) are devastating for spine synapses, at least in a
rodent model. Most notable, however, is that according to a recent National Toxicology
Program Report (http://www.niehs.nih.gov/health/docs/bpa-factsheet.pdf), the estimated daily
BPA exposure of infants and children may be as high as 10-times the exposure level of adults.
The unusually high perinatal serum BPA level is probably explained by the low-level
expression of UDP-glucuronosyltransferase in fetuses and neonates, the enzyme that
conjugates BPA and contributes to the rapid metabolization of the chemical in adults [149].
Perinatal exposure starts in utero, as BPA ingested by the mother is passed through the placenta
and gets into fetal blood [59,129]. Exposure continues postnatally by breastfeeding [78], and
also by intake of BPA that leaches out from plastic baby bottles [8]. As a result, Canada and
certain stores in the U.S. have already banned baby products that contain BPA, such as plastic
baby bottles and toys.

Exposure of juveniles is a sensitive issue because this enhanced level of BPA exposure comes
during a particularly sensitive period of neuronal development. Extensive information about
neuronal development is available from rhesus monkey histological investigations, and more
recently from noninvasive imaging studies [98], and also from behavioral experiments. The
peak of neurogenesis in rhesus occurs in the third trimester of pregnancy, somewhat earlier
than in humans [35], while the peak in synaptic density is seen during the first half of the first
year of life [35]. Cortical layers and connectivity are established by the end of the first year
[23,36,131], with advances in cognitive function being associated with these early
developmental events [37]. Taking into account the differences in lifespan and in time of sexual
maturation, the first year of age in rhesus corresponds roughly to four years of age in human
beings. Thus, the functional architecture of the brain is laid down during an enhanced level of
BPA exposure, raising the possibility that BPA interferes with juvenile brain development,
and may cause lasting and irreversible alterations in behavior and brain morphology. There is
indeed evidence that BPA at puberty increases the number of cells that express ERa. in the
hypothalamus of rats [13], which may contribute to alterations in sociosexual behavior [26].
More importantly, we have already described above that BPA seems to affect the development
of many other behaviors, such as anxiety [151], play and pain behaviors [2,18,27], differently
in males and females (Table 1).

We hypothesize that developmental cognitive dysfunctions are associated with disrupted
synaptogenesis induced by perinatal BPA exposure, because early derailment of synapse
development has been implicated in developmental disabilities [112]. Although there are
several findings in rodent models, as mentioned above, we currently don’t know whether BPA
may disturb the development of cognitive functions in primates. Considering synapses, in
particular, no data exist at all, neither from rodents nor from primates, about potential
interference from BPA with synapse development. As a result, our laboratory is currently
working with a nonhuman primate model that reproduces human perinatal exposure to BPA,
based on the same African green monkey species we have used in our earlier study [82], in
order to investigate the effects of perinatal BPA exposure on the development of synapses and
cognitive functions.
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Figure 1.

A schematic drawing depicting the hippocampal circuitry. The three rectangles represent our
sampling areas in the CA1 and CA3 stratum radiatum and in the dentate gyrus (DG) stratum
moleculare, where we take samples for electron microscopic stereological estimation of spine
synapse numbers.
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Figure 2.

The number of spine synapses in CA1 stratum radiatum (CAlsr), CA3 stratum lucidum and
radiatum (CA3sl/sr), dentate gyrus stratum moleculare (DGsm), and layer 11/111 of prefrontal
cortex (PFC) of vehicle-treated (Control), estradiol-treated (EB), Bisphenol A-treated (BPA),
and estradiol + BPA-treated (EB + BPA) monkeys. The asterisks indicate that the number of
spine synapses in all examined areas of estradiol-treated animals is significantly higher than
those in any other groups (Tukey test, p<0.001).
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Figure 3.

Panel a: Effect of subcutaneous (s.c.) or per oral (p.o.) administration of Bisphenol A (300
mg/kg/day, dissolved in sesame oil vehicle, for three days) on the number of spine synapses
in layer 11/111 of medial prefrontal cortex (PFC) and in stratum radiatum of CA1 hippocampal
area, compared to vehicle-treated controls (Control). #p<0.001; *p<0.05. Panels b—c: Changes
in the number of spine synapses in PFC and CA1 over time following single s.c. and p.o. doses
of 300 mg/kg Bisphenol A. Panel d: Clearance curves for single s.c. and p.o. doses of 300 mg/
kg Bisphenol A.
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Figure 4.

Mediators of the anti-synaptogenic effect of Bisphenol A (BPA). The prefrontal and
hippocampal synaptogenic effects of estrogens and androgens are mediated by their respective
receptors and the extracellular signal-regulated kinase (ERK) and Akt pathways (arrows). BPA
may interfere with this action at the level of receptors, such as the nuclear and membrane
estrogens receptors (NER and mER) and the androgen receptor (AR). Based on our findings in
male rats, we speculate that BPA may also interfere at the level of intracellular signaling
mechanisms (dashed arrows), exerting a blockade on the effects of gonadal steroid hormones
and resulting in the loss of spine synapses (dotted arrows).
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TABLE 1

Effects of Bisphenol A (BPA) exposure on higher brain functions.

Reference

Species BPA dose Findings

Farabollini et al,
1999 [27]

Aloisi et al,
2002 [2]

Dessi-Fulgheri et al,
2002 [18]

Farabollini et al,
2002 [26]

Carr et al,
2003 [11]

Negishi et al,
2004 [109]

Della Seta et al,
2006 [17]

Fujimoto et al,
2006 [30]

Tian et al,
2010 [151]

L miE A gk o e exploration and motor scivity n
G4(*10)-P521; educed exploration a otor activity 1

400 pgrkg, po, females.
G14-P6

rat, m&f 40 pg/kg, po, Altered behavioral response to pain.
G1-21or
P1-21

rat, 40 pg/kg, po, Altered social behavior in a play situation.
P0-21;
400 pg/kg, po,
G14-P6

rat, m&f 40 pg/kg, po Increased defensive behavior and reduced
G1-21 or sexual performance in males.
pP1-21 Increased sexual behavior in females.

rat, m&f 100 pg/kg or Low dose disrupts normal gender
250 ug/kg, po,  dependent pattern of acquisition in Morris
pP1-21 water maze. High dose alters retention of

spatial information.

rat, m 100 pg/kg, po,  Increased number of escape failures in
G3-P20 active avoidance.

rat, m 40 pg/kg, po, Reduced exploratory drive in juveniles
P23-30 Altered socio-sexual behavior in adults.

rat, m&f 15 pg/kg, po, Increased immobility of males in forced
G15-21 swimming.

mouse, m&f 100 pg/kg or Decreased anxiety in open field and
500 pg/kg, po,  elevated plus maze. Working memory
P(=7)-36 impairment in Y-maze. Recognition memory
Impairment in object recognition test.

Abbreviations: 1male; 2female; 3per 0s; 4gestational day; 5postnata| day.
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