1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.

-, HHS Public Access
«

Published in final edited form as:
Front Neuroendocrinol. 2020 October ; 59: 100869. doi:10.1016/j.yfrne.2020.100869.

Neuropsychiatric Effects of Tamoxifen: Challenges and
Opportunities

Andrew M. Novick?, Anthony T. Scott?, C. Neill Epperson?, Christopher D. Schneck?

aDepartment of Psychiatry, University of Colorado School of Medicine, 13001 E 17" Place,
Campus Box F546, Aurora, CO 80045, United States

Abstract

Epidemiological, clinical, and basic research over the past thirty years have described the benefits
of estrogen on cognition, mood, and brain health. Less is known about tamoxifen, a selective
estrogen receptor modifier (SERM) commonly used in breast cancer that is able to cross the
blood-brain barrier. In this article we review the basic pharmacology of tamoxifen, as well as its
effects on cognition and mood. The literature reveals an overall impairing effect of tamoxifen on
cognition in breast cancer patients, hinting at central antiestrogen activity. On the other hand,
tamoxifen demonstrates promising effects in psychiatric disorders, like bipolar disorder, where its
therapeutic action may be independent of interaction with estrogen receptors. Understanding the
neuropsychiatric properties of SERMs like tamoxifen can guide future research to ameliorate
unwanted side-effects and provide novel options for difficult to treat disorders.
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1. Introduction

Estrogen receptors (ER) are found throughout both the male and female brain, with
significant density in brain regions associated with cognition and affect (Osterlund et al.,
2000). Through its interaction with central ERs, estrogen has neuroprotective effects
(Arevalo et al., 2015), and also promotes activity of other neurotransmitters involved in
mood and cognition, such as serotonin (Amin et al., 2005), dopamine (Yoest et al., 2014)
and acetylcholine (Newhouse et al., 2013). One illustration of the importance of estrogen in
brain function for both men and women can be found in the increased risk of Alzheimer’s
dementia in females, which is related to the more drastic decrease in estrogen that females
experience as they age (Podcasy and Epperson, 2016). When patients experience decreases
in estrogen prematurely (e.g. removal of ovaries), risk for dementia increases further (Bove
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etal., 2014; Phung et al., 2010; Rocca, 2007). Conversely, estrogen replacement in females,
starting near the onset of menopause, has been found to have cognitive protective effects
(Rocca, 2007). Estrogen’s effects on mood are also most apparent during lifespan changes in
estrogen levels. Unlike in males, whose estrogen levels remain relatively steady throughout
life, changes in mood are found in females across the menstrual cycle, during pregnancy,
following delivery and during menopause (Hara et al., 2015; Le et al., 2020; Schiller et al.,
2015). Decreases in estrogen during the postpartum period and during menopause place
certain women at higher risk for depression (Bloch et al., 2003; Cohen et al., 2006). Lastly,
limited evidence suggests that estrogen can exert protective effects in both males and female
in the severe mental illnesses of bipolar disorder and schizophrenia (Gogos et al., 2019).

The important role of estrogen in cognition and mood has led to investigations into how
selective estrogen receptor modifiers (SERMs), specifically tamoxifen, exert their influence
in these domains. Approved in 1998 for both the treatment and prevention of breast cancer,
tamoxifen is a commonly used agent among the approximately 260,000 women and 2500
men who are diagnosed with breast cancer annually in the United States (Siegel et al., 2018)
and is the most prescribed SERM. As tamoxifen can act as both an estrogen agonist and
antagonist, it can both induce the positive actions of estrogen in the brain and periphery OR
the negative actions. Evidence in both animals and humans suggest both types of action, in
some cases demonstrating similar effects to estrogen in terms of neuroprotection, behavior
and cognitive performance (Newhouse et al., 2013; Velazquez-Zamora et al., 2012) while in
other cases blocking estrogen’s effect and mimicking a state of estrogen suppression (Chen
etal., 2002, 2014).

The evidence of tamoxifen’s potential neuropsychiatric duality is noted in two separate
clinical populations: breast cancer patients and psychiatric patients with severe mental
illness. In breast cancer patients, there has been ongoing concern of tamoxifen’s potential to
produce cognitive deficits. As breast cancer patients often experience cognitive complaints
due to a mix of age, chemotherapy and the stress of illness (Ahles et al., 2012), the
possibility of additional cognitive impairment due to tamoxifen therapy is concerning. In
contrast to these negative effects, tamoxifen may represent a promising adjunctive treatment
in bipolar disorder, schizophrenia and possibly substance use disorders, one that lacks many
of the side effects present in commonly used psychiatric agents (Khan, 2018, (S. Mikelman
etal., 2017)).

The purpose of this review is to summarize the clinically relevant neuropsychiatric
properties of tamoxifen as well as its potential use in severe mental illness. In addition to
describing its pharmacology and effects in animals, a major focus will be examining its
effects on cognition in breast cancer patients. While several reviews have focused on the
effects of both tamoxifen and aromatase inhibitors on cognitive function (Bakoyiannis et al.,
2016; Lee et al., 2016; Schilder and Schagen, 2007; Zwart et al., 2015), we have limited our
discussion to only tamoxifen, given its unique pharmacology, independent widespread use,
and greater potential application to psychiatric disorders.
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2. Tamoxifen neuropharmacology and animal studies.

Tamoxifen, and its more potent metabolite, 4-hydroxy-tamoxifen, crosses the blood brain
barrier (Lien et al., 1991) and competitively inhibits the binding of estradiol to both ER
subtypes, ERa and ERB (Kuhl, 2005) as well as the G-protein estrogen receptor-1 (GPER1)
(Long et al., 2017; Revankar et al., 2005) From /n vitro work on cloned human ERs,
tamoxifen has about 20-25 fold less binding affinity to ERa and ERP compared to estradiol
(Kuiper et al., 1997). However, 4-hydroxy-tamoxifen has almost equal affinity for ERa and
three times greater affinity for ERp compared to estradiol (Kuiper et al., 1997), emphasizing
the drug’s ability to competitively inhibit estradiol binding at its receptors. ERa, ERp, and
GPER1 are found throughout the brain, but with different distributions based on region
(Hadjimarkou and Vasudevan, 2018; Osterlund et al., 2000; Osterlund and Hurd, 2001;
Shughrue et al., 1997). ERa is the dominant subtype in most of the hypothalamus and
amygdala, while ER is the main subtype in regions of the hippocampus (Osterlund and
Hurd, 2001; Shughrue et al., 1997). While a simplistic conceptualization is that ERa. is
involved mainly in autonomic, reproductive and affective functions, while ERp is involved
in more cognitive functions (Osterlund and Hurd, 2001), evidence suggests a more
complicated picture in which both of the classical ERs as well as GPERL1 contribute to
multiple functions (Bean et al., 2014; Lund et al., 2005; Lymer et al., 2018; Sa et al., 2016;
Shughrue et al., 1998). This is further complicated by the fact that ERp may act as a
negative regulator of ERa gene transcription (Hall and McDonnell, 1999; Han et al., 2013),
and thus it can be difficult to parse out whether any given action within the brain is due
action at a specific ER or via interactions between ERs. Whether tamoxifen acts as an
antiestrogen or estrogen agonist is tissue-specific and has been found to be dependent on
differential expression of both estrogen receptor subtypes and differential interactions with
co-activators and co-repressors (Martinkovich et al., 2014).

Unfortunately, characterizing the molecular effects of tamoxifen at ERs has mainly been
studied in peripheral tissues (Hall and McDonnell, 1999; Zwart et al., 2010), and
significantly less is known about tamoxifen’s interactions with ERs in the central nervous
system (CNS). Limited evidence suggests that tamoxifen acts as an agonist at the GPER1
receptor in the CNS, mimicking the non-genomic rapid-acting effects of estradiol, at least
with regards to hypothalamic-mediated reproductive behaviors (Long et al., 2017). However,
overall, tamoxifen is more likely to act as an antiestrogen in the brain in the presence of
estradiol or specific estrogen-agonists, while acting as an estrogen mimetic in the context of
estradiol deprived states. For example, in estradiol-primed rats, tamoxifen inhibits ER-
dependent sexual behavior (Etgen, 1979) and ERa-dependent transcription of progesterone
receptors in the hypothalamus (Sa et al., 2016). Tamoxifen was also found to block
reductions in exploration induced by an ERB agonist in a rodent model of anxiety behavior
(Lund et al., 2005). In the absence of estradiol in ovariectomized animals, tamoxifen
increases ERa-dependent oxytocin receptor transcription in the hypothalamus (Patisaul et
al., 2003) and can also improve cognitive performance similar to estradiol (Velazquez-
Zamora et al., 2012). Variation of action based on endogenous hormonal tone suggests that
tamoxifen is similar to classical partial agonists in which agonist vs antagonist properties are
determined by the concentration of endogenous ligand. In support of this view, when
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tamoxifen interacts with the ligand binding domain of ERs, it creates ER conformations that
resemble something in between that created by estradiol and that created by a pure ER
antagonist (Paige et al., 1999; Shiau et al., 1998).

Tamoxifen also has pharmacological properties that are at least partially separate from its
interactions with ERs. Specifically, tamoxifen has been found to inhibit the dopamine
transporter (DAT) even in the presence of ER antagonists (S. R. Mikelman et al., 2017).
While estradiol itself decreases dopamine uptake and influences membrane trafficking of
DAT (Disshon et al., 1998; Watson et al., 2006), this appears to be distinct from the direct
non-competitive binding of tamoxifen to DAT (Mikelman et al., 2018). In addition,
tamoxifen inhibits protein kinase C (PKC) (Horgan et al., 1986), which is found throughout
the brain in neurons and helps regulate neurotransmission, neuron excitability and plasticity
(Manji and Lenox, 1999). Tamoxifen’s ability to inhibit PKC has been demonstrated in
purified preparations of the enzyme (O’Brian et al., 1985) suggesting a non-ER mediated
property. As estradiol has also been shown to decrease PKC activity in hippocampal neurons
(Jung et al., 2005), tamoxifen’s PKC inhibition via the ER cannot be totally ruled out. Both
of these mechanisms, DAT and PKC inhibition, will be discussed further in their relevance
to substance use disorders (section 4.3) and bipolar disorder (sections 2.2 and 4.1).

Tamoxifen and estradiol have both similar and distinct actions in the brains of animals in
terms of neuroprotection, plasticity, and neurotransmitter systems. As above, tamoxifen’s
estrogen mimetic effects occur most often in the context of estradiol deprivation via
ovariectomy. Similar to estradiol, tamoxifen decreases NMDA receptor binding in the pre-
frontal cortex, while increasing NMDA receptor binding in the hippocampus in
ovariectomized animals (Cyr et al., 2001). Given that synaptic density is correlated with
NMDA receptor input (Woolley et al., 1997), this latter effect might contribute to
tamoxifen’s ability to increase synaptic density within the hippocampus of ovariectomized
animals (Silva et al., 2000), similar to estradiol. Also like estradiol, tamoxifen has
demonstrated neuroprotective effects in models of stroke, oxidative stress, excitotoxic
damage, and inflammation (Arevalo et al., 2015). Again, these neuroprotective effects have
mainly been studied in ovariectomized animals (Barreto et al., 2009; Ciriza et al., 2004) or
in ex-vivo conditions without the presence of estradiol (Moreira et al., 2005).

Tamoxifen appears to act as an estrogen mimetic in its ability to enhance acetylcholine
activity in ovariectomized animals via increasing expression of choline acetyltransferase
(McMillan et al., 2002). However, in the presence of estradiol, tamoxifen acts more as an
antiestrogen with regards to the serotonergic system, blocking estradiol’s effects on
increasing 5-HT2A receptors and serotonin transporters (Sumner et al., 1999). Tamoxifen’s
direct inhibition of the dopamine transporter is likely responsible for its ability to increase
striatal extracellular dopamine levels in intact male rats (though to a lesser extent than
amphetamine) (Chaurasia et al., 1998), while simultaneously preventing amphetamine from
entering the transporter and inducing release (Mikelman et al., 2018). Tamoxifen is also
neuroprotective in the dopamine neurons of intact male rats in animal models of Parkinson’s
(Obata and Kubota, 2001), which was hypothesized to be related to estrogen-like antioxidant
effects.
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Related to dopaminergic activity, Tamoxifen’s effects in methamphetamine toxicity provide
an example of how tamoxifen can demonstrate antiestrogen effects and estrogen mimetic
activity that is dependent on estradiol concentration in addition to actions likely independent
of estradiol. Estradiol has sexually dimorphic effects in preventing methamphetamine-
induced dopaminergic toxicity, with neuroprotective action in female but not male mice (Liu
and Dluzen, 2006). Tamoxifen on the other hand is protective against methamphetamine
toxicity in intact male mice, preventing methamphetamine-induced decreases in striatal
dopamine concentration, decreases in DAT binding, and increases in preproenkephalin
(Bourqgue et al., 2007). However, in intact female mice, while tamoxifen was able to prevent
decreases in striatal dopamine concentration following methamphetamine (D’ Astous et al.,
2005; Dluzen et al., 2001), it did not fully mimic the protective effects of estradiol on DAT
binding and preproenkephalin expression (D’Astous et al., 2005). And furthermore, in
ovariectomized animals administered estradiol, tamoxifen actually blocked estradiol’s
protective effects on dopamine concentrations (Gao and Dluzen, 2001). As such, tamoxifen
effects on methamphetamine neurotoxicity may be due to a mix of estrogen-like activity that
are dependent on background estradiol levels (such as antioxidant activity (Obata and
Kubota, 2001) and anti-apoptotic effects (Sawada et al., 2000; Wang et al., 2011), as well as
estrogen-independent functions to inhibit the dopamine transporter (thus preventing access
to methamphetamine and dopamine toxins) (Mikelman et al., 2018).

2.1. Pre-clinical studies on tamoxifen and cognition

Estradiol’s effects on various aspects of cognition have been attributed to its action at each
of its major target receptors, as its effects on various types of cognitive performance
generally follow an inverted-U pattern, with increasing estradiol levels improving
performance up to a point with subsequent performance impairments (Duarte-Guterman et
al., 2015; Foster, 2012). Decreasing estradiol in animals via ovariectomy reliably produces
deficits in multiple domains of cognition including working memory (Cao et al., 2013;
Gibbs and Johnson, 2008) as well as hippocampal-dependent processes such as object
recognition (Fernandez et al., 2008; Fonseca et al., 2013; Wallace et al., 2006). The pre-
clinical data is very consistent that tamoxifen impairs cognition in intact animals while
improving it in ovariectomized animals.

In intact male and female mice, tamoxifen impaired retrieval processes in a working
memory task when administered 30 minutes prior to testing in well trained mice. In the same
study, it also impaired both memory consolidation and retrieval processes in a passive
avoidance task (Chen et al., 2002). Similar impairing effects of tamoxifen were found on
acquisition and retention of a learned response to receive reward in intact male mice (Walker
et al., 2011). Tamoxifen also impaired novel object recognition performance (which depends
on the hippocampal function) and induced a corresponding decrease in both brain derived
neurotrophic factor (BDNF) and nerve growth factor (NGF) in the hippocampus of intact
female rats (Samira S. Valvassori et al., 2017). While none of the above studies took into
account the reproductive phase of the rats, the fact that deficits were seen in intact males
suggests that perhaps only minimal estradiol levels are needed to be present for tamoxifen to
have an impairing antiestrogen effect on cognition. However, further research using dose-
response testing of estradiol and tamoxifen would be needed to confirm this hypothesis.
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In contrast to its effects in intact animals, tamoxifen’s effect in ovariectomized animals is
practically the opposite, where it appears to act as a form of estrogen replacement. When
given one week after ovariectomy in rats, tamoxifen had similar effects as estradiol in terms
of improving working memory performance and increasing prefrontal cortex dendritic spine
density (Veldzquez-Zamora et al., 2012). In aged mice, tamoxifen was able to counter the
effects of amyloid-beta injection on measures of spatial and contextual memory, while also
preventing amyloid-induced decreases in striatal dopamine and cortical acetylcholine
(Pandey et al., 2016). Tamoxifen was found neither to impair nor improve working memory
in ovariectomized rhesus macaques (Lacreuse et al., 2009)

Thus, the underlying hormonal state of an animal appears to moderate the cognitive effects
of tamoxifen. In animals with low estradiol levels, tamoxifen appears to improve cognition
in several measured domains. In animals whose estrogen levels are unaltered, the drug
causes impairments in several cognitive domains.

2.2. Pre-clinical studies on Tamoxifen in models of depression, anxiety, mania and

psychosis

Similar to its effects on cognition, tamoxifen’s effects on depressive and anxiety-like
behaviors may depend on the hormonal status of the animal. In ovariectomized mice who
underwent chronic unpredictable stress, acute treatment with tamoxifen had similar effects
to estradiol, decreasing immobility in the forced swim test and increasing time spent in the
open-arms of the elevated plus maze (Calmarza-Font et al., 2012). Decreased immobility in
the forced swim test may reflect enhanced active-coping in the face of stress, something that
is often deficient in depressive-like states (Commons et al., 2017). Increased time in the
open-arms of the elevated plus maze is indicative of decreased avoidance and increased
exploration, which is often decreased in anxious states. Thus, these effects of tamoxifen are
suggestive of antidepressant and anxiolytic effects, respectively. A similar effect was found
in ovariectomized rats, though with some indication of increased immobility behavior in the
forced swim test (Azizi-Malekabadi et al., 2015). While these results would suggest that
tamoxifen acts like an estrogen agonist in ovariectomized animals to improve behaviors
related to depressive and anxious-states, opposite results were found in ovariectomized
rhesus monkeys, where tamoxifen resulted in increased levels of anxiety behaviors (Mook et
al., 2005).

In contrast to data in ovariectomized rodents, limited evidence suggests that in /ntact
rodents, tamoxifen may act as an antiestrogen to increase anxiety-like behavior. In intact
male mice (Li et al., 2019) and intact female rats in the proestrous phase (high estradiol
level) (Azizi-Malekabadi et al., 2015), tamoxifen-treated animals spent less time in the open
arms of the elevated plus maze. Thus, with the possible exception of non-human primates,
tamoxifen may possess antidepressant and anti-anxiety properties in estrogen-deficient
states, while having the opposite effect when estrogen is present.

In animal models of mania, there is less evidence to suggest that tamoxifen’s effects vary
according to endogenous estrogen levels. This is likely due to the fact that tamoxifen’s anti-
manic effects are ER independent, and instead likely work through an inhibition of protein
kinase C that does not include the ER (O’Brian et al., 1985). Tamoxifen has been found to
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have similar effects as lithium in intact rodents in various models of manic-like behavior.
Tamoxifen decreases the hyper-locomotion induced by oubain (Samira S Valvassori et al.,
2017), amphetamine (Einat et al., 2007; Sabioni et al., 2008), and sleep deprivation (Abrial
etal., 2014; Armani et al., 2012). Tamoxifen’s efficacy in mania is also suggested by its
lithium-like ability to decrease amphetamine-induced 50-kH ultrasonic vocalizations
(Pereira et al., 2014), which are markers of a positive affective state in rats (Panksepp, 2007).

Decreased ability to gate information is a neurophysiological hallmark of schizophrenia and
can be measured by the pre-pulse inhibition (PPI) paradigm in both humans and animals
(Geyer et al., 2001). This paradigm consists of first measuring startle response to a loud
noise. Subsequently, a “pre-pulse” (slightly softer noise) is presented prior to the startle
noise, which, when sensorimotor gating is normal, has the effect of decreasing the startle
response. Failure to inhibit startle after experiencing the pre-pulse suggests deficient
information gating and is commonly found in schizophrenia. While antipsychotics have
variable ability to influence PPI in schizophrenia, the ability of compounds to ameliorate
pharmacologically-induced deficits in PPI in animals remains a way to test for drugs with
potential antipsychotic activity(Geyer et al., 2001). Thus, it is meaningful that in
ovariectomized rats with PPI deficits following dopaminergic stimulation with both
methamphetamine and the direct dopamine agonist apopmorphine, tamoxifen is able to
rescue PPI performance similar to estradiol (Gogos and van den Buuse, 2015; Sbisa et al.,
2018). This was hypothesized to be mediated via tamoxifen’s actions at the ERp, as
administering the SERM raloxifene which has significantly less affinity for ERp was not
effective at rescuing dopaminergic-induced PPI deficits (Shisa et al., 2018). And while
tamoxifen’s activity at the dopamine transporter (potentially minimizing methamphetamine
induced dopamine release) (Mikelman et al., 2018) might explain its action in
methamphetamine-induced PPI, its role in treating PPI deficits due to direct dopamine
agonism with apopmorphine remains more elusive. Neither estradiol nor tamoxifen appear
to have direct dopamine receptor blocking activity, instead appearing to overall enhance
dopamine tone in striatal regions (Becker, 1990; Chaurasia et al., 1998; Yoest et al., 2014).
Thus, it’s likely that more nuanced regulation of the dopamine system and sensory gating
functions may be occurring with regards to tamoxifen’s action in models of psychosis.

3. Effects of tamoxifen on cognition and affect in humans

3.1. Effects of tamoxifen on cognition in breast cancer patients and non-breast cancer

Patients

Cognitive side-effects in patients taking tamoxifen is a topic of great interest, given the
efficacy and wide-spread use of the drug in breast cancer treatment and the prevalence of
cognitive complaints post-treatment (Epperson et al., 2015) There is now a substantial
literature investigating the issue, including multiple reviews (Bakoyiannis et al., 2016; Lee et
al., 2016; Schilder and Schagen, 2007; Zwart et al., 2015) as well as a recent meta-analysis
(Underwood et al., 2018). While these reviews (including the meta-analysis) all suggest a
possible detrimental effect of tamoxifen on cognitive function, the literature is by no means
uniform, and authors are quick to point out the heterogenous methodology of the current
literature and the need for further investigation. Some of the most frequently identified
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issues that limit more definitive conclusions include problems with comparison groups
(healthy controls vs breast cancer controls not on tamoxifen), timing of assessment in
relation to treatment (acute, longitudinal, post-treatment), experience of prior chemotherapy,
combined analysis of tamoxifen with aromatase inhibitors, and hormonal status/age of
population. For the purposes of this review, we have limited our summary of literature
primarily to studies that A) used objective neuropsychological measures as opposed to self-
report and B) were able to analyze tamoxifen use on its own vs grouping tamoxifen with
other endocrine treatments such as aromatase inhibitors.

There are limited studies on tamoxifen’s effects on cognition in women without breast
cancer. Two notable studies suggest either no effect on cognition or a potential protective
effect, at least in postmenopausal women. In one study, postmenopausal women aged 65 and
older were randomized to receive either tamoxifen or a separate SERM, raloxifene, and
assessed on multiple cognitive domains at multiple timepoints over the course of three years.
Raloxifene is currently approved for preventing osteoporosis in postmenopausal women, and
can also be used to prevent breast cancer in those at high risk (Li et al., 2016). Not only were
there no differences on cognitive measures between the raloxifene and tamoxifen group,
there was no indication of cognitive decline in either group when compared to baseline
measurements (Legault et al., 2009). A separate placebo controlled, cross-over study in
postmenopausal women without breast cancer evaluated the effects of tamoxifen during
anticholinergic drug challenges. Tamoxifen was able to prevent anticholinergic cognitive
deficits in hippocampal-dependent cognitive domains such verbal episodic memory as well
as spatial navigation (Newhouse et al., 2013). Interestingly, the study found that tamoxifen’s
protective effects were most apparent in individuals with the APOE &4 genotype, which is
considered a risk factor for Alzheimer’s disease and may decrease cholinergic function
(Poirier et al., 1995). The authors hypothesized that tamoxifen, acting similar to estrogen,
enhanced cholinergic and hippocampal function.

The studies in breast cancer patients paint a somewhat different story. In one study,
postmenopausal breast cancer patients were randomized to receive either tamoxifen or the
aromatase inhibitor exemestane, and received neuropsychological assessments at baseline
and one year after treatment initiation. Tamoxifen users were found to perform worse than
healthy controls in terms of verbal memory and executive function, and worse than
exemestane users on tests of information processing speed. In addition, individuals over the
age of 65 seemed to be more sensitive to tamoxifen’s impairing cognitive effects (Schilder et
al., 2010). A separate study comparing postmenopausal breast cancer patients on either
tamoxifen or the aromatase inhibitor letrozole also demonstrated that individuals assigned to
the tamoxifen group performed significantly below age expected norms on domains of
psychomotor function, working memory, visual learning, and verbal memory. And while
there was evidence of impairments compared to those receiving letrozole, the study is
limited in its ability to clearly differentiate the effects of breast cancer and other breast
cancer treatments from the use of tamoxifen (Phillips et al., 2010).

Given the well-known cognitive effects of various chemotherapies, several studies have
attempted to parse out the effects of chemotherapy from hormonal adjuvant treatments like
tamoxifen. Premenopausal individuals receiving chemotherapy plus tamoxifen had
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decreased performance on verbal learning, visual memory and visuospatial measures as well
as global neurocognitive performance compared to those who only received chemotherapy
(Castellon et al., 2004). Similar results were found in a longitudinal study comparing breast
cancer survivors receiving chemotherapy, chemotherapy plus tamoxifen, or no chemotherapy
with tamoxifen (Bender et al., 2006). Over the course of a year, the chemotherapy plus
tamoxifen group had the greatest decrements in areas of visual memory and verbal working
memory.

In chemotherapy naive patients, breast cancer survivors taking tamoxifen demonstrated
significantly lower hippocampal volumes as well as decreased glucose metabolism in the
areas of the frontal cortex compared to postmenopausal women taking estrogen (Eberling et
al., 2004). In addition, women on tamoxifen had decreased semantic memory performance
compared to individuals both with and without estrogen treatment (Eberling et al., 2004),
suggesting that tamoxifen may be acting as an estrogen antagonist rather than agonist in
these patients. Controlling for the effects of breast cancer and breast cancer treatment, Boele
et al (Boele et al., 2015) demonstrated that breast cancer survivors taking tamoxifen
performed worse on measures of verbal memory than individuals who had just received
surgical/radiotherapy interventions. Another study that compared chemotherapy naive
premenopausal breast cancer patients with and without tamoxifen found tamoxifen to be
associated with deficits in verbal memory and executive function tasks (Chen et al., 2014).
The study also demonstrated deficits in adaptive decision making on the lowa Gambling
Task and Game of Dice Task. Given the role of regions of the frontal cortex in decision
making and responding to feedback, these results were consistent with that of Eberling who
showed decreased glucose metabolism in the frontal cortices of tamoxifen patients (Eberling
etal., 2004).

It should be noted that several studies have failed to find deficits in cognitive function in
breast cancer patients taking hormonal adjuvant therapies. An early study that assessed clock
drawing, box drawing and narrative writing in breast cancer patients did not find differences
in performance between tamoxifen-users and never-users (Paganini-Hill and Clark, 2000).
However, the tamoxifen patients were more likely to visit a medical professional for
memory complaints. And given that the tasks did not have an extensive component of
functions highly correlated with estrogen such as verbal memory, it may be that tamoxifen
treated individuals had more cognitive deficits than were captured by objective assessment.
Additional studies that found no effect of hormonal treatments in breast cancer did not
differentiate between tamoxifen and aromatase inhibitors (Breckenridge et al., 2012; Dyk et
al., 2019; Hermelink et al., 2008). And given that several studies have suggested that
tamoxifen may have more impairing effects compared to aromatase inhibitors (Phillips et al.,
2010; Schilder et al., 2010), conclusions about tamoxifen from such combined analyses
should be made with caution.

While ongoing study is needed in both breast cancer patients and non-breast cancer patients,
a preponderance of evidence suggests that tamoxifen has cognitive impairing properties,
especially in domains known to be sensitive to estrogen levels such as verbal memory.
Unlike the animal data, there is not a clear delineation of tamoxifen’s action based on
hormonal status in humans. Ideally, placebo-controlled studies in non-breast cancer patients
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that are clearly able to delineate effects based on endogenous hormone status would aid our
understanding of how tamoxifen affects cognition. At the same time, ongoing studies in
breast cancer patients are important, given that these individuals undergo specific stressors
and sometimes neurotoxic treatments that might make them more sensitive to cognitive anti-
estrogen effects.

3.1.5 Differences in cognitive effects between animal models and humans—
In animals, tamoxifen demonstrates mainly pro-cognitive effects when estrogen has been
decreased by ovariectomy, while impairing cognition when estrogen levels remain intact.
The majority of literature in humans shows that tamoxifen can result in cognitive
impairment regardless of endogenous estrogen status. The reasons for a lack of concordance
between the animal and human literature are likely multifold. First, while ovariectomy in
rodents has similarities to surgical menopause in humans, it is different than transitional
menopause in humans given the ongoing presence of low levels of gonadal hormones
(Koebele and Bimonte-Nelson, 2016). Thus, giving tamoxifen to an ovariectomized rodent is
modeling its effects in more of an absolute state of hypogonadism. On the other hand, in
postmenopausal humans, tamoxifen may still be competing with endogenous estrogens
(even though such endogenous levels are lower than the premenopausal state). As such,
tamoxifen may still be antagonizing the pro-cognitive effects of endogenous estrogen in
postmenopausal women. Second, methodology of determining premenopausal and
postmenopausal status in most studies are often varied, and women varied in the length of
time they may have been postmenopausal prior to tamoxifen initiation (Zwart et al., 2015).
The issue of timing when it comes to the role of estradiol and cognition is particularly
important due to what’s become known as the “window of opportunity hypothesis.”
Although not universally supported by evidence (Henderson and Popat, 2011), data from
observational studies and clinical studies suggested that estrogen replacement might be
beneficial for cognition when it is initiated early in menopause, but have lesser effect when
initiated later (for review see (Maki, 2013)). This hypothesis is supported by animal work
demonstrating that after a certain duration of estrogen deprivation, the brain becomes
insensitive to the effects of estrogen replacement on improving hippocampal morphology
(\Vedder et al., 2014).

3.2. Effects of tamoxifen on depression and anxiety

Given that ovariectomy in animals as well as menopause in humans can increase measures
of depression and anxiety, there is rationale that tamoxifen’s antiestrogen effects might
result in worsening depression and anxiety. Conversely, limited animal literature discussed
above suggests that in the context of women who are already postmenopausal, tamoxifen
might have antidepressant and anxiolytic properties. While there has been some indication
of increased depression and anxiety symptoms with tamoxifen, the majority of data has been
negative.

An early review by Thompson et al (Thompson et al., 1999) raised concern for depression in
tamoxifen patients, citing several studies in which there was either increased incidence of
depressive symptoms compared to a patients not taking tamoxifen (Cathcart et al., 1993), or
evidence of increased depression following tamoxifen initiation (Anelli et al., 1994; Shariff
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et al., 1995). However, in a large randomized placebo controlled study of tamoxifen for
breast cancer prevention in >11,000 women ages 35-79, tamoxifen was not found to induce
or exacerbate existing depression (Day et al., 2001). A subsequent longitudinal study of
breast cancer patients found that while tamoxifen was associated with increased cognitive
complaints over time, there was no significant increase in depressive symptoms as measured
by the Beck Depression Inventory (Bender et al., 2006). And finally, in a retrospective
cohort study of 2,943 patients, researchers found that while chemotherapy and ER-positive
breast cancer status were associated with increased risk of depression, use of tamoxifen was
not (Lee et al., 2007).

Given findings in animal models, it might be expected that tamoxifen’s effects on depression
might be dependent on hormonal status. However, in the above studies that included a
diverse age-range (and thus menopausal status), no differences were found when taking age
into account (Day et al., 2001; Lee et al., 2007). A similar lack of association between
tamoxifen treatment and worsening anxiety symptoms was found in several studies in both
premenopausal and postmenopausal women (Biro et al., 2019; Boele et al., 2015; Marianne
Nystedt, 2000).

4. Tamoxifen as treatment in psychiatric disorders

4.1. Bipolar Disorder

In both bipolar disorder and schizophrenia, there are links between estrogen status and
symptom severity. In bipolar disorder, decreased sex steroids (including estrogen) in the
early and late luteal phases of the menstrual cycle have been associated with both manic and
depressive symptom exacerbation (Rasgon et al., 2003; Shivakumar et al., 2008). Similar
findings of bipolar women in hypoestrogenic states (menopause and the postpartum period)
have also revealed an increased risk for symptom exacerbation (Gogos et al., 2019; Marsh et
al., 2015). However, it should be noted that in addition to estrogen, changes in progesterone
and its associated neuroactive steroids, such as allopregnanolone, may also drive bipolar
symptom severity during the menstrual cycle, the postpartum period, and menopause
(George et al., 1994; Gogos et al., 2019).

As described in section 2.2., tamoxifen’s role in bipolar disorder is likely less about
modulation of estrogen and more to do with its activity as a PKC inhibitor, which appears to
be at least partially independent of its action at ERs (O’Brian et al., 1985). PKC is expressed
within both the cortical and limbic structures and is an important regulator of
neurotransmitter release, receptor regulation and neuroplasticity and gene expression
(Saxena et al., 2017). Importantly, PKC activity is attenuated by the mood stabilizers lithium
and valproic acid (Zarate and Manji, 2009). And while these agents influence PKC activity,
tamoxifen has been billed as the only commercially available direct PKC inhibitor that is
active in the central nervous system (Zarate and Manji, 2009). One of the earliest studies of
tamoxifen in bipolar disorder was a single-blinded trial by Bebchuk et al., in which
administration of 20-80mg/day of tamoxifen resulted in a significant reduction in manic
symptoms for patients hospitalized for a manic episode (Bebchuk et al., 2000). Two
subsequent randomized controlled trials (RCTs) comparing tamoxifen monotherapy (20—
140mg/d) to placebo yielded a significant reduction in mania symptoms in patients treated
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with tamoxifen (Yildiz et al., 2016; Zarate et al., 2007). When used as adjunctive therapy,
tamoxifen has also been shown to be efficacious for reducing manic symptoms in RCTs
(Amrollahi et al., 2011; Kulkarni et al., 2014, 2006). When these trials were combined in a
recent meta-analysis, tamoxifen was found to have a substantial treatment effect over
placebo, but with similar tolerability (Palacios et al., 2019). Importantly, all of these studies
used participants across the adult lifespan, and with the exception of two (Kulkarni et al.,
2014, 2006) tested tamoxifen’s effects in men and women suggesting that it would be a
potential treatment regardless of sex and hormonal status. It should be noted that these trials
were only conducted for 4-6 weeks, so long-term effects of tamoxifen are still unknown.
And no studies have yet to test tamoxifen’s effects in bipolar depression. Nonetheless, these
studies suggest that tamoxifen is an efficacious, well tolerated agent for the treatment of
acute mania.

4.2. Schizophrenia

A potential relationship between psychosis and estrogen was first mentioned in the mid 20th
century, in which a protective effect of estrogen on psychosis was hypothesized (Riecher-
Rassler and Hafner, 1993). This is based on both clinical observations of sex differences in
which premenopausal women seem to be protected to some extent against psychosis (Gogos
et al., 2015), while an increase schizophrenia onset in women has been noted to occur closer
to menopause (Hafner et al., 1993). Hormone studies of women admitted for an acute
psychatic episode show decreased levels of estradiol on admission compared to controls, and
symptomatic improvement with increased serum estradiol (Huber et al., 2001; Riecher-
Rassler et al., 1994). The addition of exogenous estradiol in female psychotic patients
improved the antipsychotic activity of previously ineffectual doses of clozapine and
haloperidol (Kulkarni et al., 2008). Given that estradiol may not be appropriate for all
patients, research has emerged to assess whether SERMs such as raloxifene or tamoxifen are
a safer adjunctive hormonal therapy for schizophrenic psychosis. Most studies to date have
focused on raloxifene as adjunctive therapy for schizophrenia, while there are no current
studies on the use of tamoxifen. While some studies on raloxifene have been promising, they
have also yielded mixed results in their ability to address the positive and negative symptoms
of schizophrenia (Kulkarni et al., 2019). It is possible that the inconsistent results across
studies are due to differing doses of raloxifene, measures, and insufficient sample sizes
(Weickert and Weickert, 2017). Nonetheless, there is substantial rationale and evidence for
the use of estrogen agonists in schizophrenia. However, the role of SERMs, and tamoxifen in
particular, in schizophrenia requires additional study.

4.3. Substance Use Disorders

Mikelman et al (S. Mikelman et al., 2017) has proposed tamoxifen and tamoxifen analogues
as potential therapeutic options for amphetamine use disorder. And it’s likely that its utility
would apply to other psychostimulants like cocaine, as well as non-stimulants like ethanol.
As described above, tamoxifen can inhibit amphetamine-induced dopamine release and
hyperlocomotion likely through its actions as both dopamine transporter inhibitor
(Mikelman et al., 2018) and PKC inhibitor (Einat et al., 2007). Furthermore, tamoxifen has
been found to prevent the dopamine neurotoxic effects of methamphetamine (D’Astous et
al., 2005). Tamoxifen’s PKC inhibitory activities may be particularly useful in amphetamine
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and cocaine use disorders, as PKC inhibitors can reduce the sensitization to amphetamine’s
effects that are associated with increased self-administration in animals (Howell et al., 2014;
Vezina, 2004). PKC inhibitors also reduce amphetamine and cocaine downregulation of D2
autoreceptors and upregulate D2 postsynaptic receptors (Namkung and Sibley, 2004;
Ortinski et al., 2015). Such action would be expected to decrease the reinforcing nature of
amphetamine and cocaine (Ashok et al., 2017). And indeed, a tamoxifen analog has been
found to reduce amphetamine self-administration in rats (Carpenter et al., 2005). Inhibition
of PKC could also reduce self-administration of ethanol (Olive et al., 2000), highlighting a
potential role for tamoxifen in non-stimulant use disorders. While more research is needed,
especially in humans, given the current lack of available options for substance use disorders,
tamoxifen (and potential analogues) remain a promising possibility for treatment.

5. Conclusions

Tamoxifen induces clinically meaningful neuropsychiatric effects as a result of its ability to
cross the brain-blood-barrier and affect both ER-dependent and non-ER dependent
mechanisms. Tamoxifen’s mixed ability to act as both estrogen mimetic and antiestrogen are
particularly relevant in its effects on cognition, where endogenous estradiol plays a key role
in maintaining cognitive ability. Tamoxifen’s actions as a PKC inhibitor and dopaminergic
modulator also have clinical implications, specifically for the treatment severe mental illness
and substance use disorders.

Much of the pre-clinical rodent literature on tamoxifen gives the impression that it is similar
to a classical partial agonist, producing effects that are dependent on levels of the
endogenous ligand. Thus, in ovariectomized animals, it behaves similar to estradiol,
improving cognitive performance and having anti-anxiety effects. However, in animals with
intact levels of estradiol, it is an estrogen antagonist producing opposite effects.

This simple dichotomy of tamoxifen action based on hormonal status breaks down when
looking at its effects on cognition in humans, especially its effects on cognition in breast
cancer patients. While there is some indication that tamoxifen may have a protective effect
on cognition in postmenopausal women, at least when submitted to anticholinergic challenge
(Newhouse et al., 2013), the majority of evidence suggests a deleterious effect on cognition
regardless of menopausal status. The lack of beneficial effects of tamoxifen on cognition in
postmenopausal women may be due to the intact low levels of estradiol compared to
ovariectomized animals (Koebele and Bimonte-Nelson, 2016), which result in tamoxifen
acting as an antiestrogen rather than estrogen mimetic. Alternatively, tamoxifen in
postmenopausal women may be similar to the effects seen with hormone replacement
therapy that is initiated “outside the window” of time for potential benefit, and this may be
exacerbated by the fact that breast cancer therapies on their own may induce premature
menopause (Durrani and Heena, 2020). In order to better clarify tamoxifen’s varied effects,
future studies in animals and humans could utilize a combined dose-response strategy in
which various doses of tamoxifen are studied alongside various doses of estradiol. In
addition, studies evaluating the effects of tamoxifen in postmenopausal women that takes
into account time from menopause onset would help support or refute the “window of
opportunity” hypothesis.
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While it is possible that aromatase inhibitors may have less cognitive-impairing activity than
tamoxifen, aromatase inhibitors cannot be used in premenopausal breast cancer patients
without concurrent ovarian suppression, limiting their utility compared to tamoxifen (Pistelli
et al., 2018). As such, it is important to find ways of minimizing the potential deleterious
cognitive effects of tamoxifen. While little evidence exists on interventions specific to
tamoxifen-induced cognitive deficits, there is a large body of preliminary data for
interventions to combat cancer-relate cognitive impairment. This includes pharmacological
agents like methylphenidate and modafinil (Miladi et al., 2019), physical exercise (Campbell
et al., 2020), and cognitive training and rehabilitation (Zeng et al., 2020).

Concerns about tamoxifen’s effects on cognition stand in sharp contrast to its potential
application in bipolar disorder, schizophrenia, and substance use disorders. In schizophrenia,
there appears to be a clear rationale as well as supporting data for the use of estrogen
agonists. SERMS like tamoxifen and raloxifene have some evidence both in animals and
humans as promising agents for schizophrenia, however additional randomized trials are
needed before they would be accepted into more widespread use. With regards to bipolar
disorder and substance use disorder, tamoxifen’s actions as a PKC-inhibitor and
dopaminergic modulator appear to mediate its efficacy, and these are at least partially
independent from its action on ERs. Randomized controlled trials in bipolar mania have
been particularly promising (Palacios et al., 2019), arguing for larger and more prolonged
trials. And while the data on substance use disorders remains pre-clinical and hypothetical,
there is an urgent need for interventions to address the worldwide methamphetamine
epidemic. As such future research should focus on translating the pre-clinical studies on
tamoxifen to substance use disorders in humans. One group has already been successful in
designing tamoxifen-analogues that lack tamoxifen’s ER affinity but retain its DAT and PKC
inhibitor qualities, and these might be particularly useful as they would avoid the
complications of tamoxifen’s antiestrogen/estrogen mimetic effects (Carpenter et al., 2017,
2016)

The story of tamoxifen illustrates the importance of understanding the neuropsychiatric
effects of drugs that were not originally intended to act on the brain. Tamoxifen use is
subject to suboptimal adherence, often due to the experience of side-effects (Sawesi et al.,
2014). Acknowledging tamoxifen’s potential cognitive side-effects and recommending
intervention (exercise, cognitive training, pharmacological agents) may be one way to
improve adherence and by extension, reduce morbidity and mortality associated with breast
cancer. Simultaneously, the neuropsychiatric effects of tamoxifen has opened up research
into its re-purposing for some of our most difficult to treat psychiatric disorders.

Acknowledgements:

This review was supported by funding from the Center for Women’s Health Research at the University of Colorado
(AMN), Ryan White Award 19-MHS-1552-A (CDS), and NIH grants R01 CA215587 (CNE), R01 DA037289
(CNE), and U54 AG062319 (AMN; PI Kohrt).

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al. Page 15

References

Abrial E, Bétourné A, Etiévant A, Lucas G, Scarna H, Lambas-Sefias L, Haddjeri N, 2014 Protein
kinase C inhibition rescues manic-like behaviors and hippocampal cell proliferation deficits in the
sleep deprivation model of mania. Int. J. Neuropsychopharmacol. 18 10.1093/ijnp/pyu031

Ahles TA, Root JC, Ryan EL, 2012 Cancer- and Cancer Treatment—Associated Cognitive Change: An
Update on the State of the Science. J Clin Oncol 30, 3675-3686. 10.1200/JC0.2012.43.0116
[PubMed: 23008308]

Amin Z, Canli T, Epperson CN, 2005 Effect of estrogen-serotonin interactions on mood and cognition.
Behav Cogn Neurosci Rev 4, 43-58. 10.1177/1534582305277152 [PubMed: 15886402]

Amrollahi Z, Rezaei F, Salehi B, Modabbernia A-H, Maroufi A, Esfandiari G-R, Naderi M, Ghebleh F,
Ahmadi-Abhari S-A, Sadeghi M, Tabrizi M, Akhondzadeh S, 2011 Double-blind, randomized,
placebo-controlled 6-week study on the efficacy and safety of the tamoxifen adjunctive to lithium in
acute bipolar mania. J Affect Disord 129, 327-331. 10.1016/j.jad.2010.08.015 [PubMed: 20843556]

Anelli TFM, Anelli A, Tran KN, Lebwohl DE, Borgen PI, 1994 Tamoxifen adminstration is associated
with a high rate of treatment-limiting symptoms in male breast cancer patients. Cancer 74, 74-77.
10.1002/1097-0142(19940701)74:1<74::AID-CNCR2820740113>3.0.CO;2-# [PubMed: 8004585]

Arevalo M-A, Azcoitia |, Garcia-Segura LM, 2015 The neuroprotective actions of oestradiol and
oestrogen receptors. Nature Reviews Neuroscience 16, 17-29. 10.1038/nrn3856 [PubMed:
25423896]

Armani F, Andersen ML, Andreatini R, Frussa-Filho R, Tufik S, Galduréz JCF, 2012 Successful
combined therapy with tamoxifen and lithium in a paradoxical sleep deprivation-induced mania
model. CNS Neurosci Ther 18, 119-125. 10.1111/j.1755-5949.2010.00224.x [PubMed: 22070228]

Ashok AH, Mizuno Y, Volkow ND, Howes OD, 2017 Association of Stimulant Use With
Dopaminergic Alterations in Users of Cocaine, Amphetamine, or Methamphetamine: A Systematic
Review and Meta-analysis. JAMA Psychiatry 74, 511-519. 10.1001/jamapsychiatry.2017.0135
[PubMed: 28297025]

Azizi-Malekabadi H, Pourganji M, Zabihi H, Saeedjalali M, Hosseini M, Azizi-Malekabadi H,
Pourganji M, Zabihi H, Saeedjalali M, Hosseini M, 2015 Tamoxifen antagonizes the effects of
ovarian hormones to induce anxiety and depression-like behavior in rats. Arquivos de Neuro-
Psiquiatria 73, 132-139. 10.1590/0004-282X20140221 [PubMed: 25742583]

Bakoyiannis I, Tsigka E-A, Perrea D, Pergialiotis V, 2016 The Impact of Endocrine Therapy on
Cognitive Functions of Breast Cancer Patients: A Systematic Review. Clin Drug Investig 36, 109—
118. 10.1007/s40261-015-0364-9

Barreto G, Santos-Galindo M, Diz-Chaves Y, Pernia O, Carrero P, Azcoitia I, Garcia-Segura LM, 2009
Selective Estrogen Receptor Modulators Decrease Reactive Astrogliosis in the Injured Brain:
Effects of Aging and Prolonged Depletion of Ovarian Hormones. Endocrinology 150, 5010-5015.
10.1210/en.2009-0352 [PubMed: 19797123]

Bean LA, lanov L, Foster TC, 2014 Estrogen Receptors, the Hippocampus, and Memory.
Neuroscientist 20, 534-545. 10.1177/1073858413519865 [PubMed: 24510074]

Bebchuk JM, Arfken CL, Dolan-Manji S, Murphy J, Hasanat K, Manji HK, 2000 A preliminary
investigation of a protein kinase C inhibitor in the treatment of acute mania. Arch. Gen. Psychiatry
57, 95-97. 10.1001/archpsyc.57.1.95 [PubMed: 10632242]

Becker JB, 1990 Estrogen rapidly potentiates amphetamine-induced striatal dopamine release and
rotational behavior during microdialysis. Neuroscience Letters 118, 169-171.
10.1016/0304-3940(90)90618-J [PubMed: 2125712]

Bender CM, Sereika SM, Berga SL, Vogel VG, Brufsky AM, Paraska KK, Ryan CM, 2006 Cognitive
impairment associated with adjuvant therapy in breast cancer. Psycho-Oncology 15, 422-430.
10.1002/pon.964 [PubMed: 16097037]

Biro E, Kahan Z, Kalman J, Rusz O, Pakaski M, Irinyi T, Kelemen G, Dudas R, Drotos G, Hamvai C,
2019 Cognitive Functioning and Psychological Well-being in Breast Cancer Patients on Endocrine
Therapy. In Vivo 33, 1381-1392. 10.21873/invivo.11615 [PubMed: 31280234]

Bloch M, Daly RC, Rubinow DR, 2003 Endocrine factors in the etiology of postpartum depression.
Compr Psychiatry 44, 234-246. 10.1016/S0010-440X(03)00034-8 [PubMed: 12764712]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 16

Boele FW, Schilder CMT, de Roode M-L, Deijen JB, Schagen SB, 2015 Cognitive functioning during
long-term tamoxifen treatment in postmenopausal women with breast cancer: Menopause 22, 17—
25. 10.1097/GME.0000000000000271 [PubMed: 24977455]

Bourque M, Liu B, Dluzen DE, Di Paolo T, 2007 Tamoxifen protects male mice nigrostriatal dopamine
against methamphetamine-induced toxicity. Biochemical Pharmacology 74, 1413-1423. 10.1016/
j.bcp.2007.07.009 [PubMed: 17825264]

Bove R, Secor E, Chibnik LB, Barnes LL, Schneider JA, Bennett DA, De Jager PL, 2014 Age at
surgical menopause influences cognitive decline and Alzheimer pathology in older women.
Neurology 82, 222-229. 10.1212/WNL.0000000000000033 [PubMed: 24336141]

Breckenridge LM, Bruns GL, Todd BL, Feuerstein M, 2012 Cognitive limitations associated with
tamoxifen and aromatase inhibitors in employed breast cancer survivors. Psycho-Oncology 21,
43-53. 10.1002/pon.1860 [PubMed: 20967847]

Calmarza-Font |, Lagunas N, Garcia-Segura LM, 2012 Antidepressive and anxiolytic activity of
selective estrogen receptor modulators in ovariectomized mice submitted to chronic unpredictable
stress. Behavioural Brain Research 227, 287-290. 10.1016/j.bbr.2011.10.036 [PubMed: 22061801]

Campbell KL, Zadravec K, Bland KA, Chesley E, Wolf F, Janelsins MC, 2020 The Effect of Exercise
on Cancer-Related Cognitive Impairment and Applications for Physical Therapy: Systematic
Review of Randomized Controlled Trials. Phys Ther 100, 523-542. 10.1093/ptj/pzz090 [PubMed:
32065236]

Cao F, Zhang H, Meng X, Feng J, Li T, Wei S, Li S, 2013 Ovariectomy-mediated impairment of spatial
working memory, but not reference memory, is attenuated by the knockout of the dopamine D3
receptor in female mice. Behavioural Brain Research 247, 27-33. 10.1016/j.bbr.2013.03.014
[PubMed: 23511253]

Carpenter C, Sorenson RJ, Jin Y, Klossowski S, Cierpicki T, Gnegy M, Showalter HD, 2016 Design
and synthesis of triarylacrylonitrile analogues of tamoxifen with improved binding selectivity to
protein kinase C. Bioorg Med Chem 24, 5495-5504. 10.1016/j.bmc.2016.09.002 [PubMed:
27647375]

Carpenter C, Zestos AG, Altshuler R, Sorenson RJ, Guptaroy B, Showalter HD, Kennedy RT,
Jutkiewicz E, Gnegy ME, 2017 Direct and Systemic Administration of a CNS-Permeant
Tamoxifen Analog Reduces Amphetamine-Induced Dopamine Release and Reinforcing Effects.
Neuropsychopharmacology 42, 1940-1949. 10.1038/npp.2017.95 [PubMed: 28492278]

Carpenter LL, Milosavljevic N, Schecter JM, Tyrka AR, Price LH, 2005 Augmentation with open-
label atomoxetine for partial or nonresponse to antidepressants. J Clin Psychiatry 66, 1234-1238.
[PubMed: 16259536]

Castellon SA, Ganz PA, Bower JE, Petersen L, Abraham L, Greendale GA, 2004 Neurocognitive
Performance in Breast Cancer Survivors Exposed to Adjuvant Chemotherapy and Tamoxifen.
Journal of Clinical and Experimental Neuropsychology 26, 955-969.
10.1080/13803390490510905 [PubMed: 15742545]

Cathcart CK, Jones SE, Pumroy CS, Peters GN, Knox SM, Cheek JH, 1993 Clinical recognition and
management of depression in node negative breast cancer patients treated with tamoxifen. Breast
Cancer Res. Treat. 27, 277-281. 10.1007/bf00665698 [PubMed: 8312586]

Chaurasia CS, Chen CE, Rubin J, Dewey SL, 1998 Effects of tamoxifen on striatal dopamine and 5-
hydroxytryptamine release in freely moving male rats: an in-vivo microdialysis investigation. J.
Pharm. Pharmacol. 50, 1377-1385. 10.1111/j.2042-7158.1998.tb03363.x [PubMed: 10052853]

Chen D, Wu CF, Shi B, Xu YM, 2002 Tamoxifen and toremifene cause impairment of learning and
memory function in mice. Pharmacology Biochemistry and Behavior 71, 269-276. 10.1016/
S0091-3057(01)00656-6

Chen X, Li J, Chen J, Li D, Ye R, Zhang J, Zhu C, Tian Y, Wang K, 2014 Decision-making
impairments in breast cancer patients treated with tamoxifen. Hormones and Behavior 66, 449—
456. 10.1016/j.yhbeh.2014.07.005 [PubMed: 25036869]

Ciriza I, Carrero P, Azcoitia I, Lundeen SG, Garcia-Segura LM, 2004 Selective estrogen receptor
modulators protect hippocampal neurons from kainic acid excitotoxicity: Differences with the
effect of estradiol. Journal of Neurobiology 61, 209-221. 10.1002/neu.20043 [PubMed: 15389604]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 17

Cohen LS, Soares CN, Vitonis AF, Otto MW, Harlow BL, 2006 Risk for new onset of depression
during the menopausal transition: the Harvard study of moods and cycles. Arch. Gen. Psychiatry
63, 385-390. 10.1001/archpsyc.63.4.385 [PubMed: 16585467]

Commons KG, Cholanians AB, Babb JA, Ehlinger DG, 2017 The Rodent Forced Swim Test Measures
Stress-Coping Strategy, Not Depression-like Behavior. ACS Chem Neurosci 8, 955-960. 10.1021/
acschemneuro.7b00042 [PubMed: 28287253]

Cyr M, Thibault C, Morissette M, Landry M, Di Paolo T, 2001 Estrogen-like Activity of Tamoxifen
and Raloxifene on NMDA Receptor Binding and Expression of its Subunits in Rat Brain.
Neuropsychopharmacology 25, 242-257. 10.1016/S0893-133X(01)00233-0 [PubMed: 11425508]

D’Astous M, Mickley KR, Dluzen DE, Di Paolo T, 2005 Differential Protective Properties of Estradiol
and Tamoxifen against Methamphetamine-Induced Nigrostriatal Dopaminergic Toxicity in Mice.
Neuroendocrinology 82, 111-120. 10.1159/000091206 [PubMed: 16446547]

Day R, Ganz PA, Costantino JP, 2001 Tamoxifen and Depression: More Evidence From the National
Surgical Adjuvant Breast and Bowel Project’s Breast Cancer Prevention (P-1) Randomized Study.
J Natl Cancer Inst 93, 1615-1623. 10.1093/jnci/93.21.1615 [PubMed: 11698565]

Disshon KA, Boja JW, Dluzen DE, 1998 Inhibition of striatal dopamine transporter activity by 17p-
estradiol. European Journal of Pharmacology 345, 207-211. 10.1016/S0014-2999(98)00008-9
[PubMed: 9600639]

Dluzen DE, McDermott JL, Anderson LI, 2001 Tamoxifen Diminishes Methamphetamine-Induced
Striatal Dopamine Depletion in Intact Female and Male Mice. Journal of Neuroendocrinology 13,
618-624. 10.1046/j.1365-2826.2001.00675.x [PubMed: 11442776]

Duarte-Guterman P, Yagi S, Chow C, Galea LAM, 2015 Hippocampal learning, memory, and
neurogenesis: Effects of sex and estrogens across the lifespan in adults. Hormones and Behavior,
Estradiol and cognition: molecules to mind 74, 37-52. 10.1016/j.yhbeh.2015.05.024

Durrani S, Heena H, 2020 Controversies Regarding Ovarian Suppression and Infertility in Early Stage
Breast Cancer. Cancer Manag Res 12, 813-817. 10.2147/CMAR.S231524 [PubMed: 32104064]

Dyk KV, Crespi CM, Bower JE, Castellon SA, Petersen L, Ganz PA, 2019 The cognitive effects of
endocrine therapy in survivors of breast cancer: A prospective longitudinal study up to 6 years
after treatment. Cancer 125, 681-689. 10.1002/cncr.31858 [PubMed: 30485399]

Eberling JL, Wu C, Tong-Turnbeaugh R, Jagust WJ, 2004 Estrogen- and tamoxifen-associated effects
on brain structure and function. Neurolmage 21, 364-371. 10.1016/j.neuroimage.2003.08.037
[PubMed: 14741674]

Einat H, Yuan P, Szabo ST, Dogra S, Manji HK, 2007 Protein Kinase C Inhibition by Tamoxifen
Antagonizes Manic-Like Behavior in Rats: Implications for the Development of Novel
Therapeutics for Bipolar Disorder. NPS 55, 123-131. 10.1159/000106054

Epperson CN, Shanmugan S, Kim DR, Mathews S, Czarkowski KA, Bradley J, Appleby DH, lannelli
C, Sammel MD, Brown TE, 2015 New onset executive function difficulties at menopause: a
possible role for lisdexamfetamine. Psychopharmacology 232, 3091-3100. 10.1007/
500213-015-3953-7 [PubMed: 26063677]

Etgen AM, 1979 Antiestrogens: Effects of tamoxifen, nafoxidine, and CI-628 on sexual behavior,
cytoplasmic receptors, and nuclear binding of estrogen. Hormones and Behavior 13, 97-112.
10.1016/0018-506X(79)90050-3 [PubMed: 399606]

Fernandez SM, Lewis MC, Pechenino AS, Harburger LL, Orr PT, Gresack JE, Schafe GE, Frick KM,
2008 Estradiol-Induced Enhancement of Object Memory Consolidation Involves Hippocampal
Extracellular Signal-Regulated Kinase Activation and Membrane-Bound Estrogen Receptors. J
Neurosci 28, 8660-8667. 10.1523/JNEUROSCI.1968-08.2008 [PubMed: 18753366]

Fonseca CS, Gusmao ID, Raslan ACS, Monteiro BMM, Massensini AR, Moraes MFD, Pereira GS,
2013 Object recognition memory and temporal lobe activation after delayed estrogen replacement
therapy. Neurobiology of Learning and Memory 101, 19-25. 10.1016/j.nlm.2012.12.016
[PubMed: 23298786]

Foster TC, 2012 Role of estrogen receptor alpha and beta expression and signaling on cognitive
function during aging. Hippocampus 22, 656—669. 10.1002/hip0.20935 [PubMed: 21538657]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 18

Gao X, Dluzen DE, 2001 Tamoxifen abolishes estrogen’s neuroprotective effect upon
methamphetamine neurotoxicity of the nigrostriatal dopaminergic system. Neuroscience 103, 385—
394. 10.1016/S0306-4522(01)00014-8 [PubMed: 11246153]

George MS, Guidotti A, Rubinow D, Pan B, Mikalauskas K, Post RM, 1994 CSF neuroactive steroids
in affective disorders: Pregnenolone, progesterone, and DBI. Biological Psychiatry 35, 775-780.
10.1016/0006-3223(94)91139-8 [PubMed: 8043707]

Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR, 2001 Pharmacological studies of prepulse
inhibition models of sensorimotor gating deficits in schizophrenia: a decade in review.
Psychopharmacology 156, 117-154. 10.1007/s002130100811 [PubMed: 11549216]

Gibbs RB, Johnson DA, 2008 Sex-Specific Effects of Gonadectomy and Hormone Treatment on
Acquisition of a 12-Arm Radial Maze Task by Sprague Dawley Rats. Endocrinology 149, 3176—
3183. 10.1210/en.2007-1645 [PubMed: 18292188]

Gogos A, Ney LJ, Seymour N, Rheenen TEV, Felmingham KL, 2019 Sex differences in schizophrenia,
bipolar disorder, and post-traumatic stress disorder: Are gonadal hormones the link? British
Journal of Pharmacology 176, 4119-4135. 10.1111/bph.14584 [PubMed: 30658014]

Gogos A, Shisa AM, Sun J, Gibbons A, Udawela M, Dean B, 2015 A Role for Estrogen in
Schizophrenia: Clinical and Preclinical Findings. Int J Endocrinol 2015 10.1155/2015/615356
Gogos A, van den Buuse M, 2015 Comparing the effects of 17B-oestradiol and the selective oestrogen

receptor modulators, raloxifene and tamoxifen, on prepulse inhibition in female rats.
Schizophrenia Research, Reproductive hormones and schizophrenia 168, 634-639. 10.1016/
j.schres.2015.04.029

Hadjimarkou MM, Vasudevan N, 2018 GPER1/GPR30 in the brain: Crosstalk with classical estrogen
receptors and implications for behavior. The Journal of Steroid Biochemistry and Molecular
Biology, Non genomic effects of Steroids and their Receptors 176, 57-64. 10.1016/
J.jsbmb.2017.04.012

Hafner H, Riecher-Réssler A, An Der Heiden W, Maurer K, Féatkenheuer B, Lffler W, 1993
Generating and testing a causal explanation of the gender difference in age at first onset of
schizophrenia. Psychol Med 23, 925-940. 10.1017/s0033291700026398 [PubMed: 8134516]

Hall JM, McDonnell DP, 1999 The Estrogen Receptor B-Isoform (ERB) of the Human Estrogen
Receptor Modulates ERa Transcriptional Activity and Is a Key Regulator of the Cellular Response
to Estrogens and Antiestrogens. Endocrinology 140, 5566-5578. 10.1210/endo.140.12.7179
[PubMed: 10579320]

Han X, Aenlle KK, Bean LA, Rani A, Semple-Rowland SL, Kumar A, Foster TC, 2013 Role of
Estrogen Receptor a and p in Preserving Hippocampal Function during Aging. J. Neurosci. 33,
2671-2683. 10.1523/JNEUROSCI.4937-12.2013 [PubMed: 23392694]

Hara Y, Waters EM, McEwen BS, Morrison JH, 2015 Estrogen Effects on Cognitive and Synaptic
Health Over the Lifecourse. Physiol Rev 95, 785-807. 10.1152/physrev.00036.2014 [PubMed:
26109339]

Henderson VW, Popat RA, 2011 Effects of endogenous and exogenous estrogen exposures in midlife
and late-life women on episodic memory and executive functions. Neuroscience 191, 129-138.
10.1016/j.neuroscience.2011.05.059 [PubMed: 21664950]

Hermelink K, Henschel V, Untch M, Bauerfeind I, Lux MP, Munzel K, 2008 Short-term effects of
treatment-induced hormonal changes on cognitive function in breast cancer patients. Cancer 113,
2431-2439. 10.1002/cncr.23853 [PubMed: 18823033]

Horgan K, Cooke E, Hallett MB, Mansel RE, 1986 Inhibition of protein kinase C mediated signal
transduction by tamoxifen: Importance for antitumour activity. Biochemical Pharmacology 35,
4463-4465. 10.1016/0006-2952(86)90764-1 [PubMed: 3790165]

Howell KK, Monk BR, Carmack SA, Mrowczynski OD, Clark RE, Anagnostaras SG, 2014 Inhibition
of PKC disrupts addiction-related memory. Front Behav Neurosci 8 10.3389/fhbeh.2014.00070

Huber TJ, Rollnik J, Wilhelms J, von zur Mihlen A, Emrich HM, Schneider U, 2001 Estradiol levels
in psychotic disorders. Psychoneuroendocrinology 26, 27-35. 10.1016/s0306-4530(00)00034-2
[PubMed: 11070332]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 19

Jung ME, Watson DG, Simpkins JW, 2005 Suppression of protein kinase Ce mediates 17B-estradiol-
induced neuroprotection in an immortalized hippocampal cell line. Journal of Neurochemistry 95,
745-755. 10.1111/j.1471-4159.2005.03424.x [PubMed: 16248886]

Khan MM, 2018 Translational Significance of Selective Estrogen Receptor Modulators in Psychiatric
Disorders. Int J Endocrinol 2018 10.1155/2018/9516592

Koebele SV, Bimonte-Nelson HA, 2016 Modeling menopause: The utility of rodents in translational
behavioral endocrinology research. Maturitas 87, 5-17. 10.1016/j.maturitas.2016.01.015
[PubMed: 27013283]

Kuhl H, 2005 Pharmacology of estrogens and progestogens: influence of different routes of
administration. Climacteric 8, 3—63. 10.1080/13697130500148875

Kuiper GGJM, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S, Gustafsson JA, 1997
Comparison of the Ligand Binding Specificity and Transcript Tissue Distribution of Estrogen
Receptors a and B. Endocrinology 138, 863-870. 10.1210/endo0.138.3.4979 [PubMed: 9048584]

Kulkarni J, Berk M, Wang W, Mu L, Scarr E, Van Rheenen TE, Worsley R, Gurvich C, Gavrilidis E,
de Castella A, Fitzgerald P, Davis SR, 2014 A four week randomised control trial of adjunctive
medroxyprogesterone and tamoxifen in women with mania. Psychoneuroendocrinology 43, 52—61.
10.1016/j.psyneuen.2014.02.004 [PubMed: 24703170]

Kulkarni J, Butler S, Riecher-Réssler A, 2019 Estrogens and SERMS as adjunctive treatments for
schizophrenia. Frontiers in Neuroendocrinology 53, 100743 10.1016/j.yfrne.2019.03.002
[PubMed: 30922675]

Kulkarni J, de Castella A, Fitzgerald PB, Gurvich CT, Bailey M, Bartholomeusz C, Burger H, 2008
Estrogen in severe mental illness: a potential new treatment approach. Arch. Gen. Psychiatry 65,
955-960. 10.1001/archpsyc.65.8.955 [PubMed: 18678800]

Kulkarni J, Garland KA, Scaffidi A, Headey B, Anderson R, de Castella A, Fitzgerald P, Davis SR,
2006 A pilot study of hormone modulation as a new treatment for mania in women with bipolar
affective disorder. Psychoneuroendocrinology 31, 543-547. 10.1016/j.psyneuen.2005.11.001
[PubMed: 16356651]

Lacreuse A, Wilson ME, Herndon JG, 2009 No effect of different estrogen receptor ligands on
cognition in adult female monkeys. Physiology & Behavior 96, 448-456. 10.1016/
j.physbeh.2008.11.018 [PubMed: 19101578]

Le J, Thomas N, Gurvich C, 2020 Cognition, The Menstrual Cycle, and Premenstrual Disorders: A
Review. Brain Sciences 10, 198 10.3390/brainsci10040198

Lee KC, Thomas Ray G, Hunkeler EM, Finley PR, 2007 Tamoxifen Treatment and New-Onset
Depression in Breast Cancer Patients. Psychosomatics 48, 205-210. 10.1176/appi.psy.48.3.205
[PubMed: 17478588]

Lee PE, Tierney MC, Wu W, Pritchard KI, Rochon PA, 2016 Endocrine treatment-associated cognitive
impairment in breast cancer survivors: evidence from published studies. Breast Cancer Res Treat
158, 407-420. 10.1007/s10549-016-3906-9 [PubMed: 27432418]

Legault C, Maki PM, Resnick SM, Coker L, Hogan P, Bevers TB, Shumaker SA, 2009 Effects of
Tamoxifen and Raloxifene on Memory and Other Cognitive Abilities: Cognition in the Study of
Tamoxifen and Raloxifene. JCO 27, 5144-5152. 10.1200/JC0.2008.21.0716

Li F, Dou J, Wei L, Li S, Liu J, 2016 The selective estrogen receptor modulators in breast cancer
prevention. Cancer Chemother. Pharmacol. 77, 895-903. 10.1007/s00280-016-2959-0 [PubMed:
26787504]

Li Xin, Du Z, Chen M, Chen J, Liang Z, Ding X, Zhou M, Li S, Li Xiao-Wen, Yang J, Gao T, 2019
The effects of tamoxifen on mouse behavior. Genes, Brain and Behavior. 10.1111/gbb.12620

Lien EA, Solheim E, Ueland PM, 1991 Distribution of Tamoxifen and lts Metabolites in Rat and
Human Tissues during Steady-State Treatment. Cancer Res 51, 4837-4844. [PubMed: 1893376]

Liu B, Dluzen DE, 2006 Effect of estrogen upon methamphetamine-induced neurotoxicity within the
impaired nigrostriatal dopaminergic system. Synapse 60, 354-361. 10.1002/syn.20307 [PubMed:
16838362]

Long N, Long B, Mana A, Le D, Nguyen L, Chokr S, Sinchak K, 2017 Tamoxifen and ICI 182,780
activate hypothalamic G protein-coupled estrogen receptor 1 to rapidly facilitate lordosis in female
rats. Hormones and Behavior 89, 98-103. 10.1016/j.yhbeh.2016.12.013 [PubMed: 28063803]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 20

Lund TD, Rovis T, Chung WCJ, Handa RJ, 2005 Novel Actions of Estrogen Receptor-f on Anxiety-
Related Behaviors. Endocrinology 146, 797-807. 10.1210/en.2004-1158 [PubMed: 15514081]

Lymer JM, Sheppard PAS, Kuun T, Blackman A, Jani N, Mahbub S, Choleris E, 2018 Estrogens and
their receptors in the medial amygdala rapidly facilitate social recognition in female mice.
Psychoneuroendocrinology 89, 30—-38. 10.1016/j.psyneuen.2017.12.021 [PubMed: 29309995]

Maki PM, 2013 The Critical Window Hypothesis of Hormone Therapy and Cognition: A Scientific
Update on Clinical Studies. Menopause 20, 695-709. 10.1097/GME.0b013e3182960cf8 [PubMed:
23715379]

Manji HK, Lenox RH, 1999 Ziskind-Somerfeld Research Award. Protein kinase C signaling in the
brain: molecular transduction of mood stabilization in the treatment of manic-depressive illness.
Biol. Psychiatry 46, 1328-1351. 10.1016/s0006-3223(99)00235-8 [PubMed: 10578449]

Marianne Nystedt LER, Berglund Gunilla, Bolund Christina, Brandberg Yvonne, Fornander Tommy,
2000 Randomized Trial of Adjuvant Tamoxifen and/or Goserelin in Premenopausal Breast Cancer-
Self-rated Physiological Effects and Symptoms. Acta Oncologica 39, 959-968.
10.1080/02841860050215945 [PubMed: 11207003]

Marsh WK, Gershenson B, Rothschild AJ, 2015 Symptom severity of bipolar disorder during the
menopausal transition. Int J Bipolar Disord 3 10.1186/s40345-015-0035-z

Martinkovich S, Shah D, Planey SL, Arnott JA, 2014 Selective estrogen receptor modulators: tissue
specificity and clinical utility. Clin Interv Aging 9, 1437-1452. 10.2147/CI1A.S66690 [PubMed:
25210448]

McMillan PJ, LeMaster AM, Dorsa DM, 2002 Tamoxifen enhances choline acetyltransferase mRNA
expression in rat basal forebrain cholinergic neurons. Molecular Brain Research 103, 140-145.
10.1016/S0169-328X(02)00195-X [PubMed: 12106699]

Mikelman S, Mardirossian N, Gnegy ME, 2017 Tamoxifen and amphetamine abuse: Are there
therapeutic possibilities? J Chem Neuroanat 83—-84, 50-58. 10.1016/j.jchemneu.2016.08.004
Mikelman SR, Guptaroy B, Gnegy ME, 2017 Tamoxifen and its active metabolites inhibit dopamine
transporter function independently of the estrogen receptors. Journal of Neurochemistry 141, 31—

36.10.1111/jnc.13955 [PubMed: 28075498]

Mikelman SR, Guptaroy B, Schmitt KC, Jones KT, Zhen J, Reith MEA, Gnegy ME, 2018 Tamoxifen
Directly Interacts with the Dopamine Transporter. J Pharmacol Exp Ther 367, 119-128. 10.1124/
jpet.118.248179 [PubMed: 30108161]

Miladi N, Dossa R, Dogba MJ, Cléophat-Jolicoeur MIF, Gagnon B, 2019 Psychostimulants for cancer-
related cognitive impairment in adult cancer survivors: a systematic review and meta-analysis.
Support Care Cancer 27, 3717-3727. 10.1007/s00520-019-04907-w [PubMed: 31250183]

Mook D, Felger J, Graves F, Wallen K, Wilson ME, 2005 Tamoxifen fails to affect central serotonergic
tone but increases indices of anxiety in female rhesus macaques. Psychoneuroendocrinology 30,
273-283. 10.1016/j.psyneuen.2004.08.005 [PubMed: 15511601]

Moreira PI, Custédio JB, Oliveira CR, Santos MS, 2005 Brain mitochondrial injury induced by
oxidative stress-related events is prevented by tamoxifen. Neuropharmacology 48, 435-447.
10.1016/j.neuropharm.2004.10.012 [PubMed: 15721176]

Namkung Y, Sibley DR, 2004 Protein Kinase C Mediates Phosphorylation, Desensitization, and
Trafficking of the D2 Dopamine Receptor. J. Biol. Chem. 279, 49533-49541. 10.1074/
jbc.M408319200 [PubMed: 15347675]

Newhouse P, Albert K, Astur R, Johnson J, Naylor M, Dumas J, 2013 Tamoxifen Improves
Cholinergically Modulated Cognitive Performance in Postmenopausal Women.
Neuropsychopharmacology 38, 2632-2643. 10.1038/npp.2013.172 [PubMed: 23867982]

Obata T, Kubota S, 2001 Protective effect of tamoxifen on 1-methyl-4-phenylpyridine-induced
hydroxyl radical generation in the rat striatum. Neuroscience Letters 308, 87-90. 10.1016/
S0304-3940(01)01966-8 [PubMed: 11457566]

O’Brian CA, Liskamp RM, Solomon DH, Weinstein 1B, 1985 Inhibition of Protein Kinase C by
Tamoxifen. Cancer Res 45, 2462-2465. [PubMed: 3157445]

Olive MF, Mehmert KK, Messing RO, Hodge CW, 2000 Reduced operant ethanol self-administration
and in vivo mesolimbic dopamine responses to ethanol in PKCepsilon-deficient mice. The
European journal of neuroscience 12, 4131-4140. [PubMed: 11069609]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 21

Ortinski PI, Briand LA, Pierce RC, Schmidt HD, 2015 Cocaine-seeking is associated with PKC-
dependent reduction of excitatory signaling in accumbens shell D2 dopamine receptor-expressing
neurons. Neuropharmacology 92, 80-89. 10.1016/j.neuropharm.2015.01.002 [PubMed:
25596492]

Osterlund MK, Gustafsson J-A, Keller E, Hurd YL, 2000 Estrogen Receptor p (ERB) Messenger
Ribonucleic Acid (MRNA) Expression within the Human Forebrain: Distinct Distribution Pattern
to ERa mRNA. J Clin Endocrinol Metab 85, 3840-3846. 10.1210/jcem.85.10.6913 [PubMed:
11061547]

Osterlund MK, Hurd YL, 2001 Estrogen receptors in the human forebrain and the relation to
neuropsychiatric disorders. Progress in Neurobiology 64, 251-267. 10.1016/
S0301-0082(00)00059-9 [PubMed: 11240308]

Paganini-Hill A, Clark LJ, 2000 Preliminary Assessment of Cognitive Function in Breast Cancer
Patients Treated with Tamoxifen. Breast Cancer Res Treat 64, 165-176. 10.1023/
A:1006426132338 [PubMed: 11194452]

Paige LA, Christensen DJ, Grgn H, Norris JD, Gottlin EB, Padilla KM, Chang C, Ballas LM,
Hamilton PT, McDonnell DP, Fowlkes DM, 1999 Estrogen receptor (ER) modulators each induce
distinct conformational changes in ER a and ER . PNAS 96, 3999-4004. 10.1073/
pnas.96.7.3999 [PubMed: 10097152]

Palacios J, Yildiz A, Young AH, Taylor MJ, 2019 Tamoxifen for bipolar disorder: Systematic review
and meta-analysis. J Psychopharmacol 33, 177-184. 10.1177/0269881118822167 [PubMed:
30741085]

Pandey D, Banerjee S, Basu M, Mishra N, 2016 Memory enhancement by Tamoxifen on amyloidosis
mouse model. Hormones and Behavior 79, 70-73. 10.1016/j.yhbeh.2015.09.004 [PubMed:
26435474]

Panksepp J, 2007 Neuroevolutionary sources of laughter and social joy: Modeling primal human
laughter in laboratory rats. Behavioural Brain Research, Mammalian Vocalization: Neural,
Behavioural, and Environmental Determinants 182, 231-244. 10.1016/j.bbr.2007.02.015

Patisaul HB, Aultman EA, Bielsky IF, Young LJ, Wilson ME, 2003 Immediate and residual effects of
tamoxifen and ethynylestradiol in the female rat hypothalamus. Brain Research 978, 185-193.
10.1016/S0006-8993(03)02807-5 [PubMed: 12834913]

Pereira M, Andreatini R, Schwarting RKW, Brenes JC, 2014 Amphetamine-induced appetitive 50-kHz
calls in rats: a marker of affect in mania? Psychopharmacology 231, 2567-2577. 10.1007/
500213-013-3413-1 [PubMed: 24414610]

Phillips K-A, Ribi K, Sun Z, Stephens A, Thompson A, Harvey V, Thurlimann B, Cardoso F, Pagani
O, Coates AS, Goldhirsch A, Price KN, Gelber RD, Bernhard J, 2010 Cognitive function in
postmenopausal women receiving adjuvant letrozole or tamoxifen for breast cancer in the BIG 1-
98 randomized trial. The Breast 19, 388-395. 10.1016/j.breast.2010.03.025 [PubMed: 20385495]

Phung TKT, Waltoft BL, Laursen TM, Settnes A, Kessing LV, Mortensen PB, Waldemar G, 2010
Hysterectomy, Oophorectomy and Risk of Dementia: A Nationwide Historical Cohort Study.
Dementia and Geriatric Cognitive Disorders 30, 43-50. 10.1159/000314681 [PubMed:
20689282]

Pistelli M, Mora AD, Ballatore Z, Berardi R, 2018 Aromatase inhibitors in premenopausal women
with breast cancer: the state of the art and future prospects. Curr Oncol 25, e168-e175. 10.3747/
€0.25.3735 [PubMed: 29719441]

Podcasy JL, Epperson CN, 2016 Considering sex and gender in Alzheimer disease and other
dementias. Dialogues Clin Neurosci 18, 437-446. [PubMed: 28179815]

Poirier J, Delisle MC, Quirion R, Aubert I, Farlow M, Lahiri D, Hui S, Bertrand P, Nalbantoglu J,
Gilfix BM, 1995 Apolipoprotein E4 allele as a predictor of cholinergic deficits and treatment
outcome in Alzheimer disease. PNAS 92, 12260-12264. 10.1073/pnas.92.26.12260 [PubMed:
8618881]

Rasgon N, Bauer M, Glenn T, Elman S, Whybrow PC, 2003 Menstrual cycle related mood changes in
women with bipolar disorder. Bipolar Disorders 5, 48-52.

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 22

Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER, 2005 A Transmembrane
Intracellular Estrogen Receptor Mediates Rapid Cell Signaling. Science 307, 1625-1630.
[PubMed: 15705806]

Riecher-Rdssler A, Hafner H, 1993 Schizophrenia and oestrogens--is there an association? Eur Arch
Psychiatry Clin Neurosci 242, 323-328. 10.1007/bf02190244 [PubMed: 8323981]

Riecher-Rdssler A, Hafner H, Stumbaum M, Maurer K, Schmidt R, 1994 Can estradiol modulate
schizophrenic symptomatology? Schizophr Bull 20, 203-214. 10.1093/schbul/20.1.203
[PubMed: 8197416]

Rocca WA, 2007 Increased risk of cognitive impairment or dementia in women who underwent
oophorectomy before menopause 10.

S4 Sl, Fonseca BM, Teixeira N, Madeira MD, 2016 Induction and subcellular redistribution of
progesterone receptor A and B by tamoxifen in the hypothalamic ventromedial neurons of young
adult female Wistar rats. Molecular and Cellular Endocrinology 420, 1-10. 10.1016/
j.mce.2015.11.015 [PubMed: 26597778]

Sabioni P, Baretta IP, Ninomiya EM, Gustafson L, Rodrigues ALS, Andreatini R, 2008 The antimanic-
like effect of tamoxifen: Behavioural comparison with other PKC-inhibiting and antiestrogenic
drugs. Prog. Neuropsychopharmacol. Biol. Psychiatry 32, 1927-1931. 10.1016/
j.pnpbp.2008.09.023 [PubMed: 18930105]

Sawada H, Ibi M, Kihara T, Urushitani M, Honda K, Nakanishi M, Akaike A, Shimohama S, 2000
Mechanisms of antiapoptotic effects of estrogens in nigral dopaminergic neurons. The FASEB
Journal 14, 1202-1214. 10.1096/fasebj.14.9.1202 [PubMed: 10834942]

Sawesi S, Carpenter JS, Jones J, 2014 Reasons for nonadherence to tamoxifen and aromatase
inhibitors for the treatment of breast cancer: a literature review. Clin J Oncol Nurs 18, E50-57.
10.1188/14.CJON.E50-E57 [PubMed: 24867124]

Saxena A, Scaini G, Bavaresco DV, Leite C, Valvassoria SS, Carvalho AF, Quevedo J, 2017 Role of
Protein Kinase C in Bipolar Disorder: A Review of the Current Literature. Mol Neuropsychiatry
3, 108-124. 10.1159/000480349 [PubMed: 29230399]

Shisa A, van den Buuse M, Gogos A, 2018 The effect of estrogenic compounds on psychosis-like
behaviour in female rats. PLoS One 13 10.1371/journal.pone.0193853

Schilder CM, Seynaeve C, Beex LV, Boogerd W, Linn SC, Gundy CM, Huizenga HM, Nortier JW, van
de Velde CJ, van Dam FS, Schagen SB, 2010 Effects of Tamoxifen and Exemestane on Cognitive
Functioning of Postmenopausal Patients With Breast Cancer: Results From the
Neuropsychological Side Study of the Tamoxifen and Exemestane Adjuvant Multinational Trial.
JCO 28, 1294-1300. 10.1200/JC0.2008.21.3553

Schilder CMT, Schagen SB, 2007 Effects of hormonal therapy on cognitive A functioning in breast
cancer patients: a review of the literature. MINERVA GINECOLOGICA 59, 15.

Schiller CE, Meltzer-Brody S, Rubinow DR, 2015 The role of reproductive hormones in postpartum
depression. CNS Spectr 20, 48-59. 10.1017/S1092852914000480 [PubMed: 25263255]

Shariff S, Cumming CE, Lees A, Handman M, Cumming DC, 1995 Mood Disorder in Women with
Early Breast Cancer Taking Tamoxifen, an Estradiol Receptor Antagonist. Annals of the New
York Academy of Sciences 761, 365-368. 10.1111/].1749-6632.1995.tb31394.x [PubMed:
7625737]

Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, Greene GL, 1998 The Structural
Basis of Estrogen Receptor/Coactivator Recognition and the Antagonism of This Interaction by
Tamoxifen. Cell 95, 927-937. 10.1016/S0092-8674(00)81717-1 [PubMed: 9875847]

Shivakumar G, Bernstein IH, Suppes T, Stanley Foundation Bipolar Network, Keck PE, McElroy SL,
Altshuler LL, Frye MA, Nolen WA, Kupka RW, Grunze H, Leverich GS, Mintz J, Post RM, 2008
Are bipolar mood symptoms affected by the phase of the menstrual cycle? J Womens Health
(Larchmt) 17, 473-478. 10.1089/jwh.2007.0466 [PubMed: 18328012]

Shughrue PJ, Lane MV, Merchenthaler I, 1997 Comparative distribution of estrogen receptor-a and -p
mMRNA in the rat central nervous system. Journal of Comparative Neurology 388, 507-525.
10.1002/(SICI1)1096-9861(19971201)388:4&It;507::AID-CNE1&gt;3.0.CO;2-6 [PubMed:
9388012]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 23

Shughrue PJ, Scrimo PJ, Merchenthaler 1, 1998 Evidence of the Colocalization of Estrogen Receptor-p
mRNA and Estrogen Receptor-a Immunoreactivity in Neurons of the Rat Forebrain.
Endocrinology 139, 5267-5270. 10.1210/end0.139.12.6525 [PubMed: 9832469]

Siegel RL, Miller KD, Jemal A, 2018 Cancer statistics, 2018. CA Cancer J Clin 68, 7-30. 10.3322/
caac.21442 [PubMed: 29313949]

Silva I, Mello LEAM, Freymiiller E, Haidar MA, Baracat EC, 2000 Estrogen, progestogen and
tamoxifen increase synaptic density of the hippocampus of ovariectomized rats. Neuroscience
Letters 291, 183-186. 10.1016/S0304-3940(00)01410-5 [PubMed: 10984637]

Sumner BEH, Grant KE, Rosie R, Hegele-Hartung C, Fritzemeier K-H, Fink G, 1999 Effects of
tamoxifen on serotonin transporter and 5-hydroxytryptamine2A receptor binding sites and
mRNA levels in the brain of ovariectomized rats with or without acute estradiol replacement.
Molecular Brain Research 73, 119-128. 10.1016/S0169-328X(99)00243-0 [PubMed: 10581405]

Thompson DS, Spanier CA, Vogel VG, 1999 The Relationship Between Tamoxifen, Estrogen, and
Depressive Symptoms. The Breast Journal 5, 375-382. [PubMed: 11348317]

Underwood EA, Rochon PA, Moineddin R, Lee PE, Wu W, Pritchard K, Tierney MC, 2018 Cognitive
sequelae of endocrine therapy in women treated for breast cancer: a meta-analysis. Breast Cancer
Res Treat 168, 299-310. 10.1007/s10549-017-4627-4 [PubMed: 29264751]

Valvassori Samira S., Borges CP, Varela RB, Bavaresco DV, Bianchini G, Mariot E, Arent CO,
Resende WR, Budni J, Quevedo J, 2017 The different effects of lithium and tamoxifen on
memory formation and the levels of neurotrophic factors in the brain of male and female rats.
Brain Research Bulletin 134, 228-235. 10.1016/j.brainresbull.2017.08.006 [PubMed: 28802897]

Valvassori Samira S., Dal-Pont GC, Resende WR, Varela RB, Peterle BR, Gava FF, Mina FG, Cararo
JH, Carvalho AF, Quevedo J, 2017 Lithium and Tamoxifen Modulate Behavior and Protein
Kinase C Activity in the Animal Model of Mania Induced by Ouabain. Int J
Neuropsychopharmacol 20, 877-885. 10.1093/ijnp/pyx049 [PubMed: 29020306]

Vedder L, Bredemann T, McMahon L, 2014 Estradiol replacement extends the window of opportunity
for hippocampal function. Neurobiol Aging 35, 2183-2192. 10.1016/
j.neurobiolaging.2014.04.004 [PubMed: 24813636]

Veldzquez-Zamora DA, Garcia-Segura LM, Gonzélez-Burgos I, 2012 Effects of selective estrogen
receptor modulators on allocentric working memory performance and on dendritic spines in
medial prefrontal cortex pyramidal neurons of ovariectomized rats. Hormones and Behavior 61,
512-517. 10.1016/j.yhbeh.2012.01.010 [PubMed: 22285935]

Vezina P, 2004 Sensitization of midbrain dopamine neuron reactivity and the self-administration of
psychomotor stimulant drugs. Neuroscience & Biobehavioral Reviews, Foundations and
Innovations in the Neuroscience of Drug Abuse 27, 827-839. 10.1016/j.neubiorev.2003.11.001

Walker EA, Foley JJ, Clark-Vetri R, Raffa RB, 2011 Effects of repeated administration of
chemotherapeutic agents tamoxifen, methotrexate, and 5-fluorouracil on the acquisition and
retention of a learned response in mice. Psychopharmacology 217, 539-548. 10.1007/
500213-011-2310-8 [PubMed: 21537942]

Wallace M, Luine V, Arellanos A, Frankfurt M, 2006 Ovariectomized rats show decreased recognition
memory and spine density in the hippocampus and prefrontal cortex. Brain Research, Sex, Genes
and Steroids 1126, 176-182. 10.1016/j.brainres.2006.07.064

Wang S, Ren P, Li X, Guan Y, Zhang YA, 2011 17B-Estradiol Protects Dopaminergic Neurons in
Organotypic Slice of Mesencephalon by MAPK-Mediated Activation of Anti-apoptosis Gene
BCL2. J Mol Neurosci 45, 236-245. 10.1007/s12031-011-9500-z [PubMed: 21327582]

Watson CS, Alyea RA, Hawkins BE, Thomas ML, Cunningham KA, Jakubas AA, 2006 Estradiol
effects on the dopamine transporter — protein levels, subcellular location, and function. J Mol
Signal 1, 5 10.1186/1750-2187-1-5 [PubMed: 17224081]

Weickert TW, Weickert CS, 2017 Raloxifene Improves Cognition in Schizophrenia: Spurious Result or
Valid Effect? Front Psychiatry 8 10.3389/fpsyt.2017.00202

Woolley CS, Weiland NG, McEwen BS, Schwartzkroin PA, 1997 Estradiol Increases the Sensitivity of
Hippocampal CA1 Pyramidal Cells to NMDA Receptor-Mediated Synaptic Input: Correlation
with Dendritic Spine Density. J Neurosci 17, 1848-1859. 10.1523/
JNEUROSCI.17-05-01848.1997 [PubMed: 9030643]

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Novick et al.

Page 24

Yildiz A, Aydin B, Gékmen N, Yurt A, Cohen B, Keskinoglu P, Ongiir D, Renshaw P, 2016 Antimanic
Treatment With Tamoxifen Affects Brain Chemistry: A Double-Blind, Placebo-Controlled Proton
Magnetic Resonance Spectroscopy Study. Biol Psychiatry Cogn Neurosci Neuroimaging 1, 125—
131. 10.1016/j.bpsc.2015.12.002 [PubMed: 27231722]

Yoest KE, Cummings JA, Becker JB, 2014 Estradiol, Dopamine and Motivation. Cent Nerv Syst
Agents Med Chem 14, 83-89. [PubMed: 25540977]

Zarate CA, Manji HK, 2009 Protein Kinase C Inhibitors: Rationale for Use and Potential in the
Treatment of Bipolar Disorder. CNS Drugs 23, 569-582. [PubMed: 19552485]

Zarate CA, Singh JB, Carlson PJ, Quiroz J, Jolkovsky L, Luckenbaugh DA, Manji HK, 2007 Efficacy
of a protein kinase C inhibitor (tamoxifen) in the treatment of acute mania: a pilot study. Bipolar
Disord 9, 561-570. 10.1111/j.1399-5618.2007.00530.x [PubMed: 17845270]

Zeng Y, Dong J, Huang M, Zhang J-E, Zhang X, Xie M, Wefel JS, 2020 Nonpharmacological
interventions for cancer-related cognitive impairment in adult cancer patients: A network meta-
analysis. Int J Nurs Stud 104, 103514 10.1016/j.ijnurstu.2019.103514 [PubMed: 32004776]

Zwart W, Leeuw R. de, Rondaij M, Neefjes J, Mancini MA, Michalides R, 2010 The hinge region of
the human estrogen receptor determines functional synergy between AF-1 and AF-2 in the
quantitative response to estradiol and tamoxifen. J Cell Sci 123, 1253-1261. 10.1242/jcs.061135
[PubMed: 20332105]

Zwart W, Terra H, Linn SC, Schagen SB, 2015 Cognitive effects of endocrine therapy for breast
cancer: keep calm and carry on? Nature Reviews Clinical Oncology 12, 597-606. 10.1038/
nrclinonc.2015.124

Front Neuroendocrinol. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Novick et al.

Page 25

Highlights
. Tamoxifen has both estrogen antagonist and mimetic properties in the brain.
. Tamoxifen appears to impair cognition in breast cancer patients.
. Tamoxifen has therapeutic potential for bipolar mania and substance use
disorders.
. Tamoxifen’s central effects may differ depending on levels of endogenous
estrogens
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