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ABSTRACT OF THE DISSERTATION

Sexually Dimorphic Synaptic Plasticity: Development and Consequences for Episodic Memory

by
Aliza Alien Le

Doctor in Philosophy in Biomedical Sciences
University of California, Irvine, 2022

Professor Gary Lynch, Chair

Studies dating back to the late 19™ century have described distinct sex-biased
advantages in various facets of memory: men show superiority in spatial memory, whereas
females excel in verbal memory and facial recognition. While it is tempting to relate such sex
differences to cultural and societal factors, much of these observations have also been
consistent across rodents and other mammals. Further investigations over the past three
decades have linked steroids, like estradiol, with synaptic plasticity thereby providing a
convenient explanation for sex differences in cognition and learning. Research described in this
dissertation evaluated the cellular mechanisms underlying sex differences in synaptic plasticity
in rodent hippocampus and how this affects the threshold for enduring synaptic plasticity and
learning. The first set of studies, described in Chapter Two, demonstrated that adult female, but
not male, rodents use local estrogen and estrogen receptor a (ERa) for the induction of
hippocampal long-term potentiation (LTP) and encoding of spatial memory. This sexual

dimorphism was accompanied by a somewhat higher threshold for both synaptic plasticity and

Xii



spatial learning in females as compared to males. Evidence pointed towards estrogen and

synaptic estrogen receptors as the primary elements thresholding LTP.

Given that estrogen levels are low prior to puberty we reasoned that sex differences in
plasticity and learning might be absent in prepubescent animals. There have been many studies
of structural and neurochemical changes in hippocampus up to the fourth post-natal week, but
relatively little was known about possible changes in synaptic function over ages of puberty
(~weeks 4 to 8) in either sex. As described in Chapter Three we found robust sex differences

prior to puberty but differences were reversed from before to after puberty. Thus, prior to

puberty LTP is more robust in females than in males whereas the opposite is true after puberty.
These studies also identified a mechanism underlying the puberty-related decrease in female
LTP: there is a substantial increase in the feedforward IPSCs that shunt the depolarization
produced by the theta bursts used to induce LTP. This inhibition is governed by the levels of a5-
GABA, receptors and studies showed that increases in a5 levels and function account for the

lower facility for LTP with maturation in females.

Finally, Chapter Four describes processes which account for the reduction in LTP
threshold with late maturation in males. Specifically, in distinction from females, we found males
rely on previously uncharacterized metabotropic functions of the NMDA receptor. This reliance
on the metabotropic NMDA receptor, as with females, is reflected in behavior and appears to
reflect sex-specific specializations in different facets of episodic-like memory. Overall, work in
this dissertation has identified sexually dimorphic LTP mechanisms, how they affect LTP
threshold at critical stages in life (pre- and post-puberty), and, concurrently, how they contribute
to sex-biased advantages in specific episodic memory components that describe the content,

spatial location, and temporal context.
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CHAPTER ONE: Introduction and Overview of the Dissertation



Sex differences in learning.

Investigations into possible sex differences in memory began with the late 19" century
monograph by Havelock Ellis (Ellis, 1894). Among a broad array of biological variables, this
seminal work included a chapter on intellectual operations in which Ellis suggested that the then
available body of work pointed to a female superiority in verbal but not other forms of memory.
Numerous studies followed such that by 1974, Maccoby and Jacklin, in a groundbreaking book
(Maccoby and Jacklin, 1974), were able to summarize results from nearly 1600 papers on
psychological differences between the sexes. They concluded that females are superior in
verbal learning whereas males perform better on visual-spatial problems. Subsequent
experimental work has for the most part confirmed these male-female differences (see
(Andreano and Cabhill, 2009) and (Koss and Frick, 2017) for reviews). However, it has been
argued from meta-analyses of these results, along with those for other psychological variables,
that differences between the sexes are generally small with regard to effect sizes (Hyde, 2005).
Evaluation is further complicated by the somewhat arbitrary descriptions of spatial learning and
verbal fluency. The phenomena in the real-world lack self-evident measurements and in practice
are largely defined by the paradigms used to test them. That said, reasonable though by no
means complete agreement across an impressively diverse array of experimental designs
supports the general idea that males outperform females on problems that involve spatial
relationships (Gagnon et al., 2018; Piber et al., 2018; Fernandez-Baizan et al., 2019; Siedlecki
et al., 2019; Wierenga et al., 2019). Whether this reflects sex differences in a particular type of
memory processing or instead arises from other variables that affect outcomes on spatial
problems is open to question. It has for example been argued that the apparent sexual
dimorphism can be traced to different strategies (allocentric vs. egocentric) employed by women
vs. men when dealing with cues about current and future locations (Lawton, 1994; Dabbs Jr. et

al., 1998; Sandstrom et al., 1998; Cherney et al., 2008; Piber et al., 2018). Notably, the use of



such strategies is dependent on memory and there remains the possibility that each sex selects
a behavioral strategy that aligns best with dimorphisms in the encoding and retrieval of

information.

The female advantage on verbal problems summarized by Maccoby and Jacklin (1974)
has been confirmed in numerous subsequent studies. Women reliably score higher than men
when asked to recall words belonging to a particular category (first letter, animals, etc.),
suggesting that they have better and/or more readily accessible long-term memory for semantic
items. They also perform at a higher level when asked to recall words from a recently presented
list (Youngjohn et al., 1991; Berenbaum et al., 1997; Kramer et al.,, 1997), as expected for
superior encoding and retrieval of the original material. Importantly, women also outscore men
in tests using faces rather than words (Rehnman and Herlitz, 2007). It is therefore possible that
the female advantage is evident in tasks involving serial presentation of items of intrinsic interest
rather than being restricted to verbal material. Finally, there are reasons to assume that sex
differences in verbal vs. spatial memory are manifested in everyday life. Support for this comes
from work on episodic memory, an autobiographical form of encoding that incorporates the
identity of serial cues, their relative positions, and the order in which they occur (i.e., what,
where and when information) (Tulving, 1972; Dickerson and Eichenbaum, 2010; Eacott and
Easton, 2010). Recall of commonplace events, essentially within an episode, is often used to
probe the accuracy and completeness of memory. A recent meta-analysis of hundreds of
studies published over a 40-year period concluded that women do well in aspects of episodic
memory that are verbal in nature or require recall of faces or odors. Men are reportedly superior

in those aspects that place heavy demands on spatial memory (Asperholm et al., 2019).

There has been considerable discussion about the origins of sexual dimorphisms in
memory and, in particular, whether they result from different life histories as opposed to being

the consequence of selective pressures for sex roles (e.g., males as hunters would benefit from



enhanced spatial processing) (Ellis, 2011). Relatedly, a number of studies indicate that spatial
learning by animals is superior in males relative to females (Koss and Frick, 2017) and that the
variations in allocentric/egocentric strategies are also present (Hamilton et al., 2007; Vorhees et
al., 2008; Vorhees and Williams, 2014). The collection of findings from such work suggests that
for spatial learning the male advantage may be common to mammals as a group (Silverman
and Eals, 1992; Jones et al., 2003). If so, the sexual dimorphism observed in humans could
reflect the retention of a sex-linked feature that arose more than two hundred million years ago.
Whether this dimorphic feature pertains to exploration of extended environments, and thus
relates naturally to observed differences in spatial learning, is a challenging and unresolved
problem. In any event, the animal research strongly suggests that neurobiological as opposed to
experiential variables are responsible for sex differences in spatial learning. These findings
accordingly opened the way to experimental work on brain systems that might account for such

differences.

Research to date has not described animal effects that might relate to the female
advantage in verbal learning paradigms. Indeed, to our knowledge, there is no evidence that
female rodents consistently outperform males on any type of memory problem although there
are mixed findings for object recognition tasks and evidence that females in proestrus, the high
circulating estrogen stage of the estrous cycle, perform better than non-proestrus females and,
in some studies, males (Koss and Frick, 2017). The absence of reliable evidence for a female
advantage in animal studies of different forms of learning could simply reflect the relative
absence of studies searching for such effects, as well as the obvious difficulty of establishing
animal analogues of semantic cues. Moreover, human studies rarely involve the practice
sessions typically used in animal research to shape behavior towards low variance endpoints.
However, we have found that rodents remember individual odors from a recently sampled

sequence and do so without training or overt rewards (Otto et al., 1991b; Wang et al., 2018b;



Cox et al., 2019). Odors are of innate interest to rodents and sequence tests of the type just
noted might be analogous to the face recognition problems in which women are superior to men
(faces are inherently interesting to humans). Sequential olfactory paradigms are accordingly a
plausible starting point for investigations into potential female advantages in memory processing
by rodents. We have developed versions of the olfactory paradigms that use multiple olfactory
cues to sample the three basic elements of episodic memory (cue identity, temporal order,
location) and, as in human studies, do not entail repetition or overt rewards (Cox et al., 2019).
There is thus the possibility of testing if rodents parallel humans with regard to which aspects of

an episode are more easily acquired between the sexes.

Synaptic substrates for memory storage.

The mechanisms used by the brain to lay down memory traces constitute a reasonable
starting point for investigations into the causes for the sex differences summarized above. It had
been suspected since the time of Ramoén y Cajal that use-dependent modifications to synapses
underlie memory encoding and the discovery of Long-term Potentiation (LTP) confirmed that
connections in brain possess the requisite plasticity (Bliss and Lomo, 1973). LTP is a process
wherein brief trains of high frequency or rhythmic neuronal activity can enhance transmission at
individual synapses (Lynch, 2003; Bliss et al., 2007; Nicoll, 2017). It has been described for
excitatory glutamatergic synapses throughout the CNS (e.g., cortex, striatum, amygdala, spinal
cord) and is particularly well characterized for intrinsic circuitry within hippocampus. Like
memory, LTP develops very quickly yet is both extraordinarily persistent and synapse specific;
thus, it satisfies the constraints of a putative information storage mechanism imposed by the
unusual properties of memory including its enormous capacity (Lynch, 2003; Morris, 2003;
Lynch, 2004b; Nicoll, 2017). Initial tests of the hypothesis that LTP underlies memory showed
that selective pharmacological suppression of potentiation blocks spatial learning without

affecting acquisition of simple cue-response associations (Morris et al., 1986; Staubli et al.,



1989). There are now many reports showing that disruption of LTP similarly disrupts memory
formation (Lynch, 1998; Rex et al., 2005; Rex et al., 2010) and that facilitation of potentiation
enhances memory (Lynch, 2002, 2004a; Wang et al., 2018b). It was then found that learning is
accompanied by LTP in the same synapses critical for encoding the information. This was first
demonstrated for the system that conveys olfactory cues into the cortex (Roman et al., 1987).
The pertinent experiments used discrete 5Hz (the sniffing frequency) stimulation of the lateral
olfactory tract as a positive or negative cue in a two-odor discrimination paradigm. The
monosynaptic responses generated in piriform (olfactory) cortex by the stimulation pulses
underwent a lasting increase in amplitude as a rat learned that the ‘electric odor’ was either
correct or incorrect. Now several studies have shown that synaptic potentiation occurs with
learning (Whitlock et al., 2006; Cohen et al., 2008). Together, these findings provide compelling

evidence that LTP is the synaptic mechanism for encoding many forms of memory.

Early investigations into the cellular mechanisms that induce and express enduring LTP
focused on hippocampus and showed that potentiation of the glutamatergic CA3 to CAl
intrahippocampal connections required an increase in postsynaptic calcium (Dunwiddie and
Lynch, 1979; Lynch et al., 1983; Wang et al., 2016b). This result meshed well with the discovery
that LTP induction is dependent on calcium permeable NMDA-type glutamate receptors (Muller
et al., 1988; Park et al., 2014). The search for an LTP expression mechanism generally also
focused on hippocampal field CA1l pyramidal cells as representative of neurons through the
cortical telencephalon. These studies revealed that in association with LTP there is a change in
the size and shape of postsynaptic dendritic spines (Lee et al., 1980; Harris et al., 2003), a
finding subsequently confirmed in numerous studies using progressively more sophisticated
techniques (Matsuzaki et al., 2004; Yang et al., 2008), as well as an increase in the size of the
postsynaptic density (PSD) area (Chen et al., 2007). Despite intense interest in the possibility of

new spine formation, studies generally indicate that changes in spine and synapse size occur



without a significant increase in numbers of postsynaptic elements in the field of potentiation
(Chen et al., 2007; Harris, 2020). Given that PSD size is highly correlated with the amount of the
neurotransmitter receptor pool, PSD expansion provided a straightforward explanation for the
enhanced excitatory postsynaptic currents that define LTP. Related experiments demonstrated
that in CA1, LTP expression does not affect transmitter release but instead is associated with a
selective increase in the ionic currents gated by the postsynaptic AMPA-type glutamate
receptors that produce the excitatory postsynaptic currents (Kauer et al., 1988; Muller and
Lynch, 1988, 1989; Nicoll, 2003). Although these studies focused on male rodents, there is as

yet no evidence that fundamental LTP expression mechanisms differ between the sexes.

Having established that CA1 LTP was due to postsynaptic changes, the next hurdle was
to identify the cell biological steps that occur between the rapid triggers for LTP and the
structural changes to synapses that express the effect. As early as 1984, Lynch and Baudry had
proposed what is now known as the “calpain hypothesis” in which learning related patterns of
activity raise calcium levels in depolarized spines and this activates the protease calpain which
then degrades spectrin, a protein that forms a scaffold to maintain the cytoskeletal structure of
spine, resulting in an expansion of the glutamatergic receptor pool in PSDs (Lynch and Baudry,
1984). Consistent with the hypothesis, more recent work using a novel microscopic approach
developed by our group to visualize filamentous (F-) actin within large numbers of dendritic
spines (Lin et al., 2005; Kramar et al., 2006) showed that induction of CA1 LTP was quickly
followed by a reorganization of the subsynaptic actin cytoskeleton, and that preventing this
effect caused potentiation to rapidly decay back to baseline. Pertinent to the LTP-memory
association, disruption of the actin cytoskeleton has been shown to interfere with memory
(Rudy, 2015; Lamprecht, 2016). Other studies using quantitative immunofluorescence identified
within dendritic spines a collection of small GTPase-initiated signaling cascades that lead from

the very rapid synaptic events that induce LTP to the slower formation and stabilization of actin



networks within dendritic spines (Chen et al., 2007; Rex et al., 2009; Rex et al., 2010; Seese et
al., 2012). This signaling is positively modulated by the neurotrophin brain derived neurotrophic
factor (BDNF) that is released during afferent activity and acts through postsynaptic
Tropomyosin receptor kinase B (TrkB) receptors, and depressed by adenosine acting on
postsynaptic adenosine Al receptors (Rex et al.,, 2009). Importantly, as discussed below,
estrogen also modulates actin regulatory signaling at excitatory synapses (Kramar et al., 2009;
Wang et al., 2018a) and these actions have proven critical for sex differences in LTP and

learning.

LTP as an explanatory construct for memory phenomenology.

The identification of synaptic elements controlling the activity-dependent remodeling of
the actin cytoskeleton that support LTP has provided insight into the neurobiological basis of
several well-known memory phenomena. In particular, the characterization of these synaptic
mechanisms in male hippocampal field CA1 has identified constraints on aspects of synaptic
plasticity that suggest explanations for the links between memory and particular cortical
rhythms, the temporal properties of memory consolidation, and the efficacy of spaced training.
Moreover, identification of synaptic substrates for encoding has provided markers for analyses

of the engrams for different forms of learning.

Cortical rhythms are associated with learning: Progress towards identifying the cellular
events underlying the production of stable synaptic potentiation substantially increased the
explanatory power of the hypothesis that brain networks use LTP to encode new memories. It
had been known for some time that many forms of learning are associated with oscillatory
activity in brain, and in particular the 4-7 Hz theta rhythm (Hasselmo et al., 2002; Sakimoto and
Sakata, 2020), but the reasons for this were obscure. The situation was clarified by the

discovery that afferent stimulation with brief high frequency bursts spaced apart by the period of



the theta wave (i.e., 200 msec between bursts; theta burst stimulation, TBS) is near optimal for
inducing robust and stable LTP (Larson et al., 1986; Larson and Munkacsy, 2015). The reasons
for this curious link between an EEG rhythm and structural modifications to synapses center on
the efficacy of TBS in engaging a mechanism for suppressing the feedforward inhibitory
transmission that prevents opening of voltage-sensitive NMDA receptors (NMDARS), that are

critical for LTP, at glutamatergic synapses (Larson and Lynch, 1988).

The rapid phase of memory consolidation: LTP research has also been informative with
regard to the much-discussed topic of memory consolidation. The idea that newly acquired
information passes through a stabilization period before transferring to long-term storage dates
to the late 19" century. Analyses of the effect under controlled conditions became possible with
the advent of electroconvulsive shock therapy (Duncan, 1949) and suggested means for
studying it in animals (Misanin et al., 1968; Popik et al., 1994). The resultant memory
consolidation literature is both large and contentious with regard to potential mechanisms
(Lynch et al., 2007; Babayan et al., 2012). The discovery that low frequency stimulation erases
LTP when applied within 15 to 30 minutes of induction led to novel insights into the processes
underlying the rapid phase of both LTP and memory consolidation (Larson et al., 1993; Staubli
and Scafidi, 1999; Lynch et al., 2007). Considering cytoskeletal contributions to consolidation
provided even greater understanding. In particular, evidence was obtained that the actin
filaments that form shortly after LTP-inducing TBS are dynamic (treadmilling) until being
stabilized by components of the signaling cascades noted earlier. Low frequency stimulation
gives rise to increases in extracellular adenosine that engages postsynaptic adenosine Al
receptors which, in turn, suppress actin regulatory signaling (Arai et al., 1990; Abraham and
Huggett, 1997; Huang et al., 1999; Rex et al., 2009). If this occurs prior to new F-actin
stabilization, then the newly formed filaments are lost leading to a rapid decay of potentiation

(Kramar et al.,, 2006). These results help explain why conditions such as electroconvulsive



shock and anoxia, that increase extracellular adenosine, cause retrograde amnesia (Huang and

Hsu, 2001).

Engrams: Nineteenth century investigators hypothesized that learning results in
associations between “nervous elements,” and thus a memory trace, or “engram,” connecting
different brain regions (as described by (Schacter, 1982)). The search for engrams has largely
involved physiological methods and various forms of conditioning (Swain and Thompson, 1993),
and analysis of neuronal activation patterns (Govindarajan et al., 2006; Tonegawa et al., 2015)
but the description of molecular substrates of LTP suggested a means for mapping the
distribution of synapses associated with encoding of new memories. A first study of this type
asked if exploration of a novel environment produces LTP-related synaptic changes in field
CA1, a region important to spatial learning. Numbers of 3-D reconstructed synapses containing
an LTP marker (i.e., the transiently phosphorylated (p) protein cofilin) were low in control
animals and about 30% higher in the exploration group (Fedulov et al., 2007). Moreover, PSDs
associated with p-cofilin were substantially larger than those that were not. For reasons
discussed earlier, it can be assumed that p-cofilin-positive synapses were stronger (potentiated)
relative to their neighbors. Injections of an NMDAR antagonist, which disrupts LTP, blocked the
increase in both synaptic p-cofilin levels and learning in the exploration group. Together these
findings indicate that synapses exhibiting increases in p-cofilin with training are undergoing LTP
as part of the memory trace. Importantly, only a very small percentage (<1%) of field CAl
synapses contained elevated levels of p-cofilin after training, a finding consistent with the view
that a memory system using LTP rules will have the large capacity needed for a lifetime of
interactions with dynamic and complex circumstances. Subsequent studies using a different
behavioral paradigm found that the increases in synapses associated with an LTP marker occur

in discrete subfields of hippocampus rather than being widely distributed (Cox et al., 2014).
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Extension of this strategy to analyses of neocortex could result in maps of synaptic changes

occurring there in association with learning and thus visualization of a cortical engram.

Estrogen promotes LTP and Learning.

There is an extensive body of evidence that estrogen promotes the growth of dendritic
spines and enhances functional synaptic plasticity in rodent hippocampus (Gould et al., 1990;
Foy et al., 1999; Foy et al., 2008; Luine and Frankfurt, 2013; Frick et al., 2015; Frick et al., 2018;
Luine and Frankfurt, 2020). This is clearly the case for both ovariectomized (Cordoba Montoya
and Carrer, 1997; Frye et al., 2007) and gonadally intact females (Woolley et al., 1990; Warren
et al., 1995); a smaller collection of reports indicate that estrogen infusion improves spatial
memory and synaptic plasticity in males as well (Luine and Rodriguez, 1994; Kampen and
Sherwin, 1996; Frick et al., 2015; Kato et al., 2020). Although the high circulating estrogen stage
of the estrous cycle is positively correlated with the magnitude of field CA1 LTP (Warren et al.
1995; Bi et al. 2001), it is not known if estrogen effects on spine counts, in particular, contribute
to rapid effects of the steroid on synaptic plasticity. Pertinent to this, it is noteworthy that
estrogen-induced increases in spine number are NMDAR-dependent, require genomic activity,
and in the short term (<1 day), do not entail changes in AMPA receptor currents (Woolley and
McEwen, 1994; Smith and McMahon, 2005). This contrasts with the rapid effects of estradiol
(E2), the primary form of estrogen, on synaptic responses that have been described in many
brain regions (Kelly et al., 1976; Nabekura et al., 1986; Wong and Moss, 1991): These occur
within minutes, do not depend on protein synthesis or NMDAR function, and reflect increases in
AMPA receptor currents (Wong and Moss, 1992; Kramar et al.,, 2009; Zadran et al., 2009).
Chapter Two describes how estrogen also influences synaptic GTPase and kinase signaling

activities that are required for induction of LTP (Kramar et al. 2009; Hasegawa et al. 2015;
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Wang et al. 2016, 2018), and results suggest that these processes might account for the rapid

effects of estrogen on synaptic potentiation.

In line with estrogen effects on transmission and dendritic spines, the preponderance of
findings point to the conclusion that performance on certain learning tasks fluctuates across
stages of the human menstrual and rodent estrous cycles. For example, women exhibit better
verbal memory when circulating estrogen levels are high, but during the same periods perform
more poorly in spatial tasks (Hampson and Kimura, 1988; Hampson, 1990; Epting and
Overman, 1998). Studies in rodent initially agreed with evidence for the negative effects of
estrogen on spatial learning: rats in proestrus (high-estrogen state) reportedly performed worse
in spatial (Morris Water Maze, radial arm maze) tasks than rats in low estrogen phases (Frye,
1995; Stackman et al., 1997; Warren and Juraska, 1997). However, in object-based spatial
tasks, cycling females perform better in the high-estrogen state (Frye et al., 2007; Paris and
Frye, 2008). The seemingly conflicting results, for performance in spatial vs object-based tasks,
raise the possibility that stress, which is heightened in Morris Water Maze (spatial) tasks, may
influence the response to estrogen (Rubinow et al., 2004). Alternatively, there may be different
brain regions critical for learning object-based as opposed to distant-reference tasks (Luine,
2015) and the nature of estrogen effects may be region-specific (Gould et al., 1990; Woolley et

al., 1990; Qi et al., 2016).

As described in Chapter Two, my studies describe an unambiguous case in which
estrogen enhances Object Location Memory (OLM), a CAl-dependent, object-based spatial
task. An important feature of the study was that the training period (initial cue sampling time) of
~5 min was at threshold levels for male acquisition and long-term memory (Stefanko et al.,
2009). Using this threshold training time, females mice outside of proestrus (i.e., in low
circulating estrogen states) did not recognize the new object location in a retention trial

conducted 24 hours after training whereas males had high retention scores. Notably, the non-
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proestrus females did successfully encode the location of the objects when given a longer
training session, indicating that their deficit relates to the speed at which spatial relationships
are learned (unpublished observation). Very different results were obtained with females trained
in proestrus: these mice performed as well as males when given 5-min OLM training.
Importantly, the amount of time spent sampling the objects during training was not detectably
affected by estrous cycle stage, a result suggesting that higher estrogen levels during proestrus

improved learning by enhancing encoding and not by influencing attention to the cues.

Analogous results are reported for estrogen effects on LTP in hippocampal field CA1, a
critical region for OLM. Tests using threshold levels of stimulation for inducing robust and stable
synaptic potentiation in males (i.e., 5 paired theta bursts) failed to generate reliable LTP in
hippocampal slices from young adult females. However, a full-length train of 10 theta bursts
elicited comparable LTP in males and females. Moreover, in hippocampal slices (ex vivo),
infusion of E2 (the most potent and prevalent estrogen in brain) at concentrations (1 nM)
comparable to those in hippocampus during proestrus (Hojo et al., 2009; Mukai et al., 2010)
potently enhanced LTP (Kramar et al., 2009). Relatedly, E2 rapidly and reversibly increased the
amplitude of AMPA receptor-gated synaptic field excitatory postsynaptic potentials (fFEPSPS)
elicited in male CAL1 by single pulse afferent stimulation; as with LTP, this effect of E2 infusion
did not require involvement, or increase the size, of NMDAR-mediated synaptic responses
(Kramar et al., 2009). In both sexes the facilitatory effects of infused E2 were blocked by
antagonists of estrogen receptor B (ERB) but not affected by antagonists for the other two
classes of brain estrogen receptors ERa and G-protein coupled estrogen receptor 1 (GPER1)
(Kramar et al., 2009; Wang et al., 2016a). These observations raised the question of whether
exogenous E2 activates the actin signaling machinery that leads to LTP. Indeed, pretreatment
with a toxin (latrunculin) that selectively interferes with actin polymerization eliminated E2-

induced enhancement of synaptic responses. Moreover, brief E2 infusion activated the small
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GTPase RhoA and RhoA-associated kinase (ROCK) and increased phosphorylation of cofilin, a
downstream target of ROCK. Cofilin is a constitutively active protein that severs newly formed
actin filaments, but when it is phosphorylated cofilin is inactivated thereby allowing elongation of
actin filaments to occur. As expected from these results, E2 treatment increased spine F-actin,
an effect that reversed upon washout of the hormone (Kramar et al., 2009). ROCK inhibition
prevented both actin polymerization and facilitation of synaptic responses by E2. In all, brief
treatments with physiological concentrations of estradiol activated, through ERB, one the key
signaling cascades (RhoA>ROCK->cofilin>actin polymerization) that is engaged by TBS and
critical for shifting synapses into their potentiated state. Importantly, in these studies of males,
brief E2 treatment failed to activate a second signaling pathway engaged by TBS that involves
the small GTPases Rac and Cdc42 and their effector PAK. Available evidence suggests that the
Rac/Cdc42-to-PAK cascade serves to stabilize and elaborate the actin networks assembled in
response to stimulation of the RhoA-ROCK system by TBS (Rex et al., 2009). The absence of
the Rac/Cdc42 response after a short exposure to low levels of E2 helps explain why actin
polymerization and EPSP enhancement induced by the steroid reverses after washout in

marked contrast to the persistence of synaptic potentiation after TBS.

Links between synaptic (i.e., membrane-associated) estrogen receptors and actin
regulatory signaling could be reasonably direct because these receptors activate Src, a tyrosine
kinase that influences the activity of small GTPases engaged with LTP (Bunda et al., 2014; Luo
et al.,, 2017). However, recent work indicates that more complex molecular interactions are
involved. Specifically, E2 infusion causes B1-family integrins to shift into their activated
configuration (Wang et al., 2016a), an event that is critical for TBS-induced actin polymerization
and LTP (Kramar et al., 2006). Moreover, suppressing 1 integrin function prevented E2 effects
on synaptic responses. Integrins are activated in many circumstances by neighboring receptors

via a process referred to as inside-out signaling or, in other fields, ligand-independent
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transactivation (Lee et al., 2002; Rajagopal and Chao, 2006). While this process could be
involved, it is also the case that inhibitors of matrix metalloproteinases (MMPs), extracellular
enzymes that generate integrin ligands from the extracellular matrix, block the effects of E2 on
baseline synaptic transmission (Wang et al., 2016a). Thus, estrogen receptor activation may
cause the release of factors controlling MMPs and, consequently, ligation of the synaptic
integrins. There is evidence that this MMP-integrin sequence is required for the production of

LTP (Nagy et al., 2006; Babayan et al., 2012; Wang et al., 2016a).

It should be noted that E2 infusion also activates synaptic TrkB receptors for the
neurotrophin BDNF. This involves ligand-free transactivation as sequestration of released BDNF
does not prevent TrkB activation by the hormone (Wang et al., 2016a). However, neither BDNF
sequestration nor pretreatment with a TrkB antagonist detectably influences E2’s facilitation of
excitatory synaptic responses. A potential explanation for the latter result is that TrkB
transactivation by estradiol is incomplete and, in particular, fails to initiate TrkB signaling to the
GTPases. Alternatively, direct signaling from the estrogen receptor (or estrogen receptors),
independent of TrkB, is both sufficient for actin remodeling and functionally occludes further

contributions from TrkB.

In summary, exogenous E2 activates some but not all of the actin management systems
used to support enduring LTP and thereby produces a weak and transient form of synaptic
potentiation. This effect could serve to prime synaptic mechanisms activated by neuronal
activity and in particular by TBS in the experimental context, and thereby result in the greatly
augmented potentiation that occurs in the presence of estradiol (Kramar et al., 2009). Building
on these findings my research tested if this complex synaptic machinery differs between adult
male and female rodents (Chapter Two), and if such sex differences change with development

from before to after puberty (Chapter Three).
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The substrates for LTP are sexually dimorphic.

Although circulating estrogens pass the blood brain barrier to influence neuronal activity
in the CNS, estrogen and related steroids are also synthesized by forebrain neurons including
those in hippocampus (Hojo et al., 2009). Cytochrome P450 aromatase (AROM), the rate
limiting enzyme for E2 synthesis, is present at surprisingly high concentrations in hippocampus
and localized to axon terminals (Peterson et al., 2005; Tabatadze et al., 2014). Reflecting local
neurosteroid synthesis, E2 levels are several-fold higher in hippocampus than in blood in both
sexes, and hippocampal neurons release estrogen (Hojo et al., 2009; Mukai et al., 2010; Kato et
al., 2013; Tabatadze et al., 2014). Nevertheless, blocking estrogen production with AROM
inhibitors in adults caused a marked reduction in LTP in females only (Vierk et al., 2012; Bender

et al., 2017; Wang et al., 2018a).

Studies described in Chapter Two investigated the mechanisms underlying this striking
example of sexual dimorphism and began with the assumption that locally produced and
released estrogen engages the same signaling pathways as exogenous E2. This did not prove
to be the case. Antagonists of ERB (e.g., PHTPP), present at concentrations that blocked the
effects of applied E2 on synaptic responses in males (Wang et al., 2016), did not disturb female
LTP whereas an antagonist of ERa (MPP) prevented stable potentiation in females only. Tests
using mice with a point mutation that prevents palmitoylation of ERa, and thus insertion of the
receptor into membranes, demonstrated a nearly complete loss of stable LTP in females but
normal potentiation in males. In comparison, mutant females lacking nuclear ERa expressed
normal LTP (Wang et al. 2018). These results indicate that membrane signaling, as opposed to
transcriptional effects, of the estrogen receptors is critical for potentiation at least through the
first hour after stimulation. This contrasts with the well described dimorphic effects of E2 on
spine integrity (Brandt et al., 2013) and on spinogenesis and NMDAR currents (Woolley and

McEwen, 1994; Woolley et al., 1997; Smith et al., 2009), which reportedly depend on new
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protein synthesis and are slower to emerge. Genetic manipulations that prevent AROM
expression in hippocampus lead to reductions in neuronal arbors and synaptic density as well
as disruption of LTP and memory in both sexes (Lu et al., 2019). However, we found that with
briefer manipulations (e.g., AROM inhibition for a few days) synaptic populations were not
disturbed and both LTP and memory were impaired in females only (Wang et al., 2018a). These
results indicate that in females, but not males, links in the signaling sequences set in motion by

TBS are dependent on locally produced and released estrogen acting though ERa.

Further studies of the basis of sexual dimorphism in field CA1 LTP evaluated the
physiological response to LTP-inducing TBS. The composite postsynaptic response to the
stimulation pulses that comprise a single theta burst was not detectably affected by estrogen
receptor antagonists or downregulation of surface ERa. The pronounced facilitation of burst
responses that normally occurs during a TBS train was also intact after these manipulations
(Wang et al., 2018a). These results rule out the possibility that local neurosteroid estrogen and
ERa influence neurotransmitter release or the complex events, including NMDAR activation,
that together constitute the postsynaptic response to TBS. However, suppressing ERa function
blocked TBS-induced activation of the LTP-critical kinases Src and ERK in females while having
no effect on these kinases in males. These enzymes are present in the postsynaptic element
and activated by TBS in an NMDAR-dependent fashion in males, evidently without contribution
from locally derived estrogen. In agreement with others, we found the TBS-NMDAR route for
kinase activation is operative in females as well but, from the results described, this process
appears to require a ‘boost’ from locally produced estrogen. As concluded in Chapter Two, this
argument implies that one (or more) feature of NMDAR function is better developed in males so
as to not require supplemental estrogen receptor contributions for kinase activation and LTP.
This idea was specifically examined in Chapter Three studies that evaluated ionotropic and

metabotropic NMDAR function in both males and females, from before to after puberty.
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Brief strings of theta bursts, as used in the LTP threshold studies, resemble conditions
occurring during learning (Otto et al., 1991a) suggesting these results are plausibly related to
sex differences in the threshold for encoding long term memory. To further understand actions
of exogenous, and thus circulating, estrogen on synaptic actin regulatory signaling we evaluated
effects of E2 infusion at low doses on the postsynaptic kinases. The steroid activated
postsynaptic ERK and Src in both sexes (Bi et al., 2000; Wang et al., 2018a). In males these
responses were largely dependent upon ER(3 with no evident contribution from ERa (Wang et
al., 2018a). In females, however, the effects of E2 infusion were reduced by about half in the
presence of ERa antagonist MPP, indicating that complete kinase activation by applied or
circulating E2 requires binding to both classes of estrogen receptor. Evidence that in females
the same ERa antagonist significantly attenuated TBS-induced activation of ERK/Src whereas
an ERB blocker had little if any effect (Wang et al., 2018a) indicates that in females locally
derived estrogen, released during induction of LTP, acts via synaptic ERa alone without
contribution from ER. The partial efficacy of the ERB blocker with regard to infused E2 raises
the possibility that in vivo the two avenues of estradiol action promote LTP during proestrus
when both locally derived and circulating hormone levels are high and, specifically, that locally
derived and circulating estrogen act through ERa and ERp, respectively, to engage the same
downstream effector kinases. This conclusion likely accounts for the superior spatial learning

seen in proestrus females.

There remains the question of why males don’t use locally produced estrogen and ERa
to boost NMDAR signaling and promote LTP. One possibility is suggested by the observation
that males have substantially lower concentrations of synaptic ERa as compared to females
(Wang et al., 2018a). An alternative but not exclusive possibility is that signaling from ERa to
various effectors is less effective in males, in which case dimorphism would involve sexually

differentiated coupling between the two types of receptors (ERa and NMDARs) and downstream
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kinases. Of interest in this regard are recent reports that NMDAR-mediated Src activation
involves non-ionic signaling (Nabavi et al., 2013; Dore et al., 2016); a metabotropic route is also
suggested to be important for NMDAR-dependent ERK activation (Weilinger et al., 2016). It is
therefore possible that non-ionic coupling between the NMDARs and LTP-related kinases is
sexually dimorphic, and specifically more potent in males, thereby removing the need for the
boost from E2/ERa for induction of LTP. This scenario would suggest that females, like males,
retain the dependency of LTP on the ionic (calcium signaling) functions of the NMDARs. We
propose that in females the dependence on a local estrogen/ERa step for kinase activation may
account for the higher activity threshold for induction of LTP described above (Wang et al.,
2018a). Chapter Four tests for this non-ionic feature in NMDA receptors following TBS in male

and female rodents.

Sex differences in LTP, at least for field CAl, may be restricted to the events just
described. As detailed in Chapter Two, many of the mechanisms previously found to be
required for LTP in males (Wang et al., 2018a) are also engaged and required in females. Thus,
in both sexes, TBS activates pl-integrins and TrkB receptors and both steps are essential for
LTP consolidation; TrkB autophosphorylation (activation) is dependent on integrin activation
(Wang et al., 2016a) and antagonism of the B1 integrins blocks LTP. Additionally, theta bursts
activate signaling to p-cofilin in both females and males, and inhibition of ROCK, the upstream
kinase for cofilin phosphorylation, effectively suppresses LTP consolidation in both sexes.
However, activation of synaptic TrkB and 1 integrin is disrupted by ERa antagonists in females
only indicating that dimorphism in activities of the membrane receptors account for the majority

of sex differences in signaling thus far identified.

The above results led us to conclude that NMDAR coupling to the signaling cascades
that produce LTP in young adults is less potent in females than males and therefore require a

‘boost’ from estrogen receptors in the former. Our most recent work suggests a substantial
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revision to this idea. Specifically, it appears that reorganization of the subsynaptic actin
cytoskeleton initiated during induction of male LTP is driven by non-ionic (metabotropic)
NMDAR signaling rather than by elevated calcium as previously assumed. Remarkably, our
data strongly suggest that females substitute local estrogen signaling for metabotropic NMDAR
operations (they do however have the same dependency on NMDAR gate ionic fluxes as in

males). The sex difference in LTP substrates is thus more profound than originally envisioned.

These sex differences in metabotropic NMDAR and estrogen receptor signaling raise the
guestion of whether there might be an adaptive advantage to the more complex, higher
threshold LTP mechanism used by young adult females. We explored this using by comparing
three basic elements of episodic memory in the sexes and found that female mice outperform
males on episodic ‘what’ and ‘when’ while males have a clear advantage on episodic ‘where’.
Why an elevated threshold for LTP might lead to superior performance on a cognition critical-

form of memory will be discussed.

In summary, this dissertation will address the following issues regarding sex and LTP:

e Thresholds for induction in the two sexes;

e Differences in the machinery that stabilizes LTP: metabotropic NMDARs in males and
local estrogen/ERa in females;

e Evidence that sex differences in LTP are reversed prior to puberty;

e Reasons why the female threshold for LTP increases across puberty;

e Consequences of sex-differences in LTP for acquisition of episodic memories.
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CHAPTER TWO: Memory-Related Synaptic Plasticity is Sexually
Dimorphic
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Abstract

Men are generally superior to women in remembering spatial relationships whereas the reverse
holds for semantic information, but the neurobiological bases for these differences are not
understood. Here we describe striking sexual dimorphism in synaptic mechanisms of memory
encoding in hippocampal field CAl, a region critical for spatial learning. Studies of acute
hippocampal slices from adult rats and mice show that for excitatory Schaffer-Commissural
projections, the memory-related LTP effect depends upon endogenous estrogen and membrane
estrogen receptor a (ERa) in females but not in males; there was no evident involvement of
nuclear ERa in females, or of ERB or GPERL in either sex. Quantitative immunofluorescence
showed that stimulation-induced activation of two LTP related kinases (Src, ERK1/2) and of
postsynaptic TrkB required ERa in females only, and that postsynaptic ERa levels are higher in
females than males. Several downstream signaling events involved in LTP were comparable
between the sexes. In contrast to endogenous estrogen effects, infused estradiol facilitated LTP
and synaptic signaling in females via both ERa and ER. The estrogen dependence in females
was associated with a higher threshold for both inducing LTP and acquiring spatial information.
These results indicate that the observed sexual dimorphism in hippocampal LTP reflects
differences in synaptic kinase activation including both a weaker association with NMDA
receptors and greater ERa-mediated kinase activation in response locally produced estrogen in
females. We propose that male/female differences in mechanisms and threshold for field CAl

LTP contribute to differences in encoding specific types of memories.
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Introduction

Much has been learned about synaptic mechanisms of memory encoding and the
neuronal activity patterns that engage them. This includes the particularly intriguing finding that
memory-related LTP of excitatory transmission in hippocampus (Vierk et al., 2012) and
amygdala (Bender et al., 2017) is dependent upon locally synthesized estrogen in females but
not in males. Hippocampal and other forebrain neurons express cytochrome p450 aromatase,
the final enzyme in the production of estradiol (E2), the most prevalent and potent estrogen in
brain, and this enzyme is concentrated in hippocampal axon terminals in both sexes (Hojo et al.,
2004; Hojo et al., 2011; Kato et al., 2013; Tabatadze et al., 2014). Resultant E2 levels are
substantially higher in hippocampus than in plasma and somewhat surprisingly higher in males
than in females (Mukai et al., 2010; Ooishi et al., 2012). Nevertheless, blocking local E2
production has been shown to eliminate LTP in females while having little if any effect on
potentiation in males (Vierk et al., 2012; Bender et al., 2017). This is all the more surprising in
that exogenous E2 applied at physiological concentrations is an extremely potent enhancer of
glutamatergic transmission and hippocampal LTP in both sexes (Woolley, 2007; Kramar et al.,
2009). These findings raise a number of fundamental questions concerning sex differences in
plasticity of excitatory synaptic transmission. Where in the complex signaling cascades that
produce LTP does the neurosteroid exert its effects in females? Why don’t the high levels of
local estrogen in males contribute to LTP? And, regarding functional outcome, does the addition
of an estrogen step in the production of enduring changes in synaptic strength in females affect
the threshold levels of synaptic activity needed for inducing stable LTP, a point with evident
implications for learning?

To address these issues the present studies first evaluated the type of estrogen receptor
(ER) required for LTP of the glutamatergic, Schaffer-Commissural (S-C) afferents to

hippocampal field CAl in adult female rats and mice. Although contributions of multiple ERs to
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synaptic responses have been described for hippocampal synapses (Smejkalova and Woolley,
2010; Kumar et al., 2015; Oberlander and Woolley, 2016), we anticipated this would be ERf
because infusion of agonists for this receptor enhances synaptic AMPA receptor responses and
facilitate field CA1 LTP whereas ERa agonists do not (Kramar et al., 2009; Smejkalova and
Woolley, 2010). However, the receptor critical for S-C LTP in females proved to be ERa and,
more specifically, membrane-associated as opposed to nuclear ERa. Subsequent analyses
identified an unexpected mode of action for ERa in females and, in particular, sexually
dimorphic regulation of the NMDAR-regulated kinases Src, Erk1/2, and TrkB which each play
critical roles in consolidating newly induced LTP. The studies also identified markedly lower
levels of synaptic ERa in males as compared to females, suggesting a reason why males don’t
use local estrogen to enhance plasticity.

The above results provided a neurobiological perspective from which to consider the
much-discussed question of sex differences in learning (Andreano and Cahill, 2009). In in vivo
studies of gonadally intact females the problem is complicated by variations in levels of the
circulating estrogen associated with phases of the estrus cycle. Using hippocampal slices from
females, we found that infused E2, acting through both ERa and ERp, engages the same
kinases activated by local estrogen through ERa during the induction of LTP and, further, that
contributions of local estrogen offset a higher activity-threshold for stable potentiation in females
as compared to males. Studies of field CAl-dependent spatial (object location) learning during
the high vs. low estrogen stages of the estrus cycle confirmed predictions from the LTP work

regarding activation of synaptic kinases and memory encoding.

Materials and Methods

Animals. Experiments were conducted using naive adult (2-4 months of age) rats and mice of

both sexes that were group housed (4 rats or 5 mice per cage) with food and water ad libitum.
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All animals were on a 12 hr on / 12 hr off light cycle. Experiments were initiated from 8-10 AM
for electrophysiology and treatments for biochemical measures; animals were euthanized from
10-11 AM for studies involving immunofluorescence analysis alone. Experiments were
conducted in accordance with NIH Guidelines for the Care and Use of Animals and protocols

approved by the UCI Institutional Care and Use.

Estrous staging of female rats and mice. For all females used, estrous cycle was evaluated
using vaginal lavage and Nissl staining (McLean et al., 2012). For electrophysiological studies
estrous state was determined from samples collected at the time of sacrifice and evaluated after
analysis of electrophysiological recordings. Results are reported separately for cases within
proestrus (i.e., with smears showing mostly nucleated cells) as compared to those outside
proestrus including estrus (mostly cornified cells), and diestrus (mostly leukocytes and some
cornified cells) (McLean et al., 2017; Kato et al. 2013). As circulating estrogen levels are low in
the latter states relative to proestrus (Kato et al., 2013), results for animals at these stages are
pooled as ‘non-proestrus’ for electrophysiological and signaling analyses. For behavioral
experiments, vaginal smears were collected and evaluated for several days prior to
experimental use in order to select animals for training when in a specific estrous state. These

animals were coded and run for behavioral analysis blind to that state.

Hippocampal slice electrophysiology. Extracellular field recordings were collected from
hippocampal slices prepared from, in both sexes, 40-50 day old rats (Sprague Dawley; Harlan
Laboratories, Indianapolis, IN) and 3-4 month mice. The latter included mutant mice engineered
to prevent trafficking of ERa to the nucleus (membrane only ERa, MOER) or the plasma
membrane (nucleus only ERa, NOER) (Pedram et al., 2014) and were compared with age, sex
and background strain (C57BL6N) matched wild type (WT) mice. Some studies used conditional
B1-integrin KOs (cKOs) and paired WTs (Wang et al., 2016a). The 1 cKOs were generated by
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crossing mice homozygous for a floxed B1-exon 3 with mice expressing Cre via CaMKIl
promoter thus generating progeny in which 1 integrin expression was knocked down in
excitatory hippocampal and cortical neurons beginning at about 3 weeks of age.

Acute hippocampal slices were prepared as described (Trieu et al., 2015; Wang et al.,
2016b), collected into chilled high magnesium artificial cerebral spinal fluid (aCSF) containing (in
mM): 124 NacCl, 3 KCI, 1.25 KH,PO,4, 5.0 MgS0O,, 26 NaHCO; and 10 dextrose and then
transferred to an interface recording chamber at 31 * 1'C with 60-70 ml/hr infusion of
oxygenated aCSF containing (in mM): 124 NacCl, 3 KCI, 1.25 KH,PO,, 1.5 MgSO,, 26 NaHCOs,
2.5 CacCl,, and 10 dextrose (Wang et al., 2016b). Experiments began 1.5 hr after sacrifice. To
study responses of S-C innervation of field CAlb st. radiatum (SR), stimulating electrodes were
placed in CAla and CAlc SR (Fig. 2.1) and a glass recording electrode (2 M NacCl filled, 2-3
MQ) was positioned in CA1b SR at the midpoint between the two stimulating electrodes; all
electrodes were equidistant from the pyramidal cell layer (offset by ~100 um) to optimize
recording responses to stimulation of the S-C projection which courses parallel to that cell layer.
Stimulation intensity was set to elicit fEPSPs that were 50-60% of the maximum spike free
response. fEPSP initial slopes and peak amplitudes were measured using NACGather 2.0
(Theta Burst Corp. Irvine, CA). Baseline stimulation was applied as single pulses at 3/min.
Unless specified, LTP was induced with a single train of theta burst stimulation (TBS: 10 bursts
of 4 pulses at 100 Hz, 200 ms between bursts) applied via one electrode. In abbreviated
stimulation protocols, parameters of the individual stimulation bursts were the same, burst pairs
and triplets were presented with 200 ms inter-burst, and there was a 2 min gap between sets
(i.e., pairs or triplets). In experiments involving TBS, control slices received low frequency
stimulation (LFS) of 3 pulses/min. Group comparisons of LTP magnitude considered the mean
response during the last 5 minutes of the recordings relative to baseline recordings. For
immunofluorescence analyses of synaptic signaling associated with LTP, single 10 burst trains
of TBS were applied to each of the two stimulating electrodes (Fig. 2.1) with 30 sec in between.
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Figure 2.1. Electrode and image sample field placement in CA1 stratum radiatum. Images
show at low magnification (A) DAPI-labeled cellular nuclei and (B) immunofluorescence for
PSD95 in the same CAL field of a hippocampal slice to illustrate the position of the stimulating
electrodes (arrows indicate areas of visible electrode damage) and of image z-stack collection
(rectangle drawn to the scale of the sample field). In this case, the electrodes were lowered
deep within the tissue to create visible damage for illustration purposes. SR, stratum radiatum.
SP, stratum pyramidale. Bar = 200 um for A and B.
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Drug Application. For hippocampal slice studies, antagonists were introduced to the ACSF
perfusion line using a syringe pump whereas E2 was added directly to the perfusion ACSF
reservoir. Effects of vehicle and experimental reagent infusion were evaluated in parallel, on
separate recording chambers, using slices from the same animal. The following reagents and
final treatment concentrations were used: ERa antagonist MPP (3 pM); ERB antagonist 4-[2-
phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a] pyrimidin-3-ylJphenol (PHTPP, 3 uM); B-estradiol
(E2, 1 nM); ANA-12 (750 nM) and ROCK inhibitor H1152 dihydrochloride (100 nM) all from
Tocris Bioscience (Bristol, UK); and selective G protein coupled estrogen receptor (GPER1)
antagonist G15 (500 nM, Cayman Chemical, Ann Arbor, MIl). All compounds were prepared in
100% dimethylsulfoxide (DMSO) with the latter diluted to a final concentration in the ACSF bath
of <0.01% for both experimental and vehicle infusions. Echistatin (10uM; Sigma-Aldrich, St.
Louis, MO) was diluted in ACSF and applied locally by pressure ejection (Picospritzer; General
Valve, Fairfield, NJ) (Kramar et al., 2006). For studies of the effects of hippocampal estrogen
depletion, mice were given systemic injections of formestane (2 mg/kg subcutaneous, Tocris
Bioscience) daily for 7 days with the last treatment 1 day prior to experimental use. For
behavioral experiments, mice were given intraperitoneal injections of the following drugs (or
vehicle): MPP or PHTPP (0.6 mg/kg, 60 min prior to behavior) dissolved in saline with 5%

dimethylsulfoxide (Labouesse et al., 2015; Li et al., 2017).

Immunostaining and Fluorescence Deconvolution Tomography (FDT). Hippocampal slices were
immersion fixed in 4% paraformaldehyde, sectioned at 20 uM and then the slide mounted tissue
sections were processed for dual immunofluorescence and FDT as described (Seese et al.,
2013; Seese et al.,, 2014). Primary antisera cocktails included rabbit antisera to pTrkB Y515
(Wang et al., 2016a) (1:500 Novus Biochem, Littleton, CO; NB100-92656, RRID AB1218205),
the activated (Act) conformation of B1 integrin (Wang et al., 2016a) (1:400, EMD Millipore,
Burlington, MA; MAB2259Z, RRID AB94616), pFAK Y397 (Bock and Herz, 2003) (1:500,
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ThermoFisher Scientific, Waltham, MA; 44-624G, RRID AB2533701), pCofilin Ser3 (Lauterborn
et al, 2016a) (1:500, Abcam, Cambridge, MA; abl12866, RRID AB299488), pERK1/2
Thr202/Tyr204 (Seese et al.,, 2014) (1:500, Cell Signaling, Danvers, MA; 4370, RRID
AB2315112), pSrc Tyr418 (Chen et al., 2010) (1:500, ThermoFisher Scientific; 44—660G, RRID
AB1500523), ERa (1:700, Santa Cruz Biotechnology, Dallas TX; sc-542, RRID AB631470), or
GPERL1 (1:1000, Abcam abh39742, RRID AB1141090) in combination with mouse anti-PSD-95
(1:2000, ThermoFisher Scientific, MA1-045, RRID AB325399 or Abcam, ab12093, RRID
AB298846), or mouse anti-ERB (1:700, Santa Cruz Biotechnology, sc-390243, RRID
AB2728765) in combination with goat anti-PSD-95 (1:1000, Abcam, abl12093, RRID
AB298846). Secondary antisera included AlexaFluor 594 anti-rabbit IgG with either AlexaFluor
488 anti-mouse IgG or anti-goat IgG, or AlexaFluor 594 anti-mouse IgG with AlexaFluor 488
anti-goat IgG (1:1000, Life Technologies, Carlsbad, CA).

For measures of synaptic immunolabeling, epifluorescence images were collected at
63X using a Leica DM6000B microscope equipped with a Ludl stage with a BioPrecision
Stepper motor driven by Volocity 4.0 software (Perkin Elmer, Waltham, MA): Image z-stacks
were collected in 200 nm steps through a depth of 2um from CAlb SR for a total sample field of
136 pm x 105 pm x 2 um (28,560 pm?®). An individual z-stack was collected from CA1b SR from
each of 4 to 5 tissue sections through each hippocampal slice. For image collection from slices
having received S-C stimulation, the z-stack was collected from the mid-point between the
positions of the two stimulation electrodes (evident by slight tissue damage) and at comparable
distance from the cell layer (Fig. 2.1). Thus, the image-sample field was approximately 200 pum
from each of the stimulation electrodes. Briefly, images were processed through restorative
deconvolution (99% confidence, Volocity 4.0) and individual z-stacks were used to construct a
3-dimensional (3D) montage of each sample field; within that field, objects were detected using
threshold image segmentation across each channel separately. An image was normalized and
thresholded at a given intensity threshold, erosion and dilation was used to fill holes and remove
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background pixels, and objects were segmented based on connected pixels above a threshold
using in house software (using C, Java, Matlab, and Perl). All immunofluorescent elements
meeting size constraints of synapses, and detected across multiple intensity thresholds, were
guantified using automated systems (Seese et al., 2014; Wang et al., 2016a). This resulted in
analysis of ~30,000 reconstructed PSD-95 immunoreactive (IR) elements (i.e., PSDs) per
sample field and over 100,000 PSDs per slice. The PSD-95-IR elements were considered
double-labeled for the second antigen if there was contact or overlap in fields of the two
fluorophores as assessed in 3D. The quantification of synaptic immunolabeling is presented
graphically in two ways. First, using automated systems, the density of immunoreactivity to the
antigen co-localized with PSD-95 was measured for each double-labeled PSD and the numbers
of such elements within a particular density range was expressed as a percent of all double-
labeled PSDs (i.e., double-labeled, PSD-95-IR elements) within the full 28,560 pm?® sample field.
These results were used to construct line graph, immunolabeling density frequency distributions
wherein elements with lower levels immunoreactivity (e.g., for pSrc) are plotted toward the left
and those with dense immunoreactivity are plotted toward the right on the x-axis; for these data
significance was determined using RM-ANOVA. Second, to provide an index of the proportion of
PSD-95-IR synapses densely labeled for the second antigen, bar graphs show the numbers of
synapses for which immunolabeling for the second antigen was above a specific density
threshold (=290 density units) normalized to the control group (vehicle or LFS) mean for that
particular experiment; for these analysis significance was determined using 2-tailed t-test (2
groups) or 1 way ANOVA with post hoc comparisons (=3 groups).

To illustrate the synaptic localization of ERa, image z-stacks of dual ERa and PSD-95
immunolabeling (in tissue processed as described) were collected at Nyquist rate (1.3 um steps
through a depth of 2 um) using a ThorLabs 2-photon microscope (Newton, New Jersey) with a
63X (NAL1.4) objective, deconvolved with AutoQuant (Media Cybernetics, Rockville MD) and
constructed into a 3D montage using Imaris (Bitplane; Concord MA) (Lauterborn et al., 2016b).
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Object location memory (OLM). As detailed elsewhere (Seese et al., 2014), C57BL6/J mice at
8-10 weeks of age were handled for 2 min daily for 5 days and then habituated to white
(24%30x30 cm) plexiglas chamber for 5 min/day for at least 5 days. For the training trial the
following day, mice were placed in the chamber containing identical small glass funnels in two
adjacent corners of the apparatus for 5 or 10 min. For retention testing, mice were returned to
the chamber 24 hr post-training, with either the left or right funnel being displaced toward the
chamber center, and allowed to explore for 5 min. Animal movements within the chamber were
video recorded using an overhead camera for all training and test sessions. Movements were
scored from the videos by an observer that was blind to experimental group and treatment.
Object exploration was scored in seconds when the animal was facing towards and sniffing the
object (funnel) within ~0.5 cm. Interaction was not scored when the animal climbed over the
object or when they were within the zone but not addressing the objects (i.e. turning head).
Discrimination index was calculated as 100 X (thover = tramiiar)! (thovel + tramiiar) @nd total object

exploration time was the total-sum time of interactions with both objects.

Experimental Design and Statistical Analyses. Execution of experimental procedures and
analyses were arranged in order to enhance rigor and avoid experimenter bias. Specifically, for
analyses of electrophysiological responses in NOER and MOER mice, hippocampal slices from
age matched mutant and wild type mice were run simultaneously on parallel electrophysiology
rigs using the same ACSF and reagent solutions. For studies of effects of sex and estrogen
receptor antagonism on synaptic signaling, acute hippocampal slices from the same animal
were run on parallel rigs to first assess the effect of the test reagent (e.g., MPP, rig #1) versus
vehicle (rig #2) on synaptic responses in the same animal. The slices were then fixed and
processed for immunostaining in batches that included groups to be compared for that particular
analysis (e.g., male vs female, with MPP vs without MPP). Immunofluorescent labeling was
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photographed blind to group, and quantification of synaptic labeling was accomplished using
automated systems which avoid potential effects of experimenter bias.

Group sizes for the different analyses were selected on the basis of past experience and
to be equal to or exceed dictates of power analyses. For electrophysiological studies, power
analysis determined that with the typical effect size and profile (i.e., LTP magnitude entailing a
50% increase in the fEPSP; sigma = 15; alpha = 0.05; power = 0.80) the minimal sample size to
determine the significance of a 20% change in LTP magnitude would be 5 slices/group. For
immunofluorescence analyses the power analysis determined that, for typical effect sizes from
similar studies (Wang et al., 2016a), we needed an ‘n’ of at least 4 slices/group. For behavior
experiments similar calculations determined with an effect size (i.e., Discrimination index, DI) of
30% (sigma = 10%; alpha = 0.05; power = 0.80) the minimal sample size to detect a 10%
difference in the DI would be 3/group. Throughout the text, n values denote numbers of
hippocampal slices per group unless otherwise indicated. For electrophysiological studies slices
were obtained from = 4 animals. For behavioral experiments the analyses of movements were
made from video recordings by an investigator blind to estrus state and experimental group.

The results are presented as group mean + SEM values. Statistical significance (i.e., p <
0.05) was evaluated using two-tailed Student’s t-test unless otherwise specified; some
experiments used one- and two-way ANOVA (GraphPad Prism, San Diego, CA) as indicated. In

graphs asterisks denote the level of significance (*p < 0.05; **p < 0.01; ***p < 0.001).

Results

LTP consolidation in female CA1 requires endogenous estrogen acting on membrane ERa.
Prior work had shown that in rats depletion of estrogen levels using the aromatase
inhibitor letrozole, given in vivo in several daily systemic injections prior to acute slice

preparation or in bath treatments of cultured hippocampal slices, impairs LTP in the Schaffer-
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commissural (S-C) projections to field CALl of females but not males (Vierk et al., 2012). We
tested for similar sex-specific effects of estrogen depletion on theta burst stimulation (TBS)-
induced S-C LTP in mice using in vivo pretreatment (7 daily IP injections) with the structurally
different aromatase inhibitor formestane (Wei et al., 2014). In acute hippocampal slices from
formestane-pretreated female mice, TBS applied to the S-C projections elicited normal initial
potentiation but this failed to stabilize with responses decaying to control levels over the hour
post-TBS; in contrast, potentiation in females pretreated with vehicle, LTP was stable and
robust (Fig. 2.2A, left). Infusion of 1 nM E2 largely restored LTP in slices from formestane
pretreated female mice (Fig. 2.2A, right). Formestane pretreatment had no effect on S-C
potentiation in slices from males (p=0.69, t14=0.41; veh n=7, formestane n=9). Together with
prior results, these experiments demonstrate that in females but not in males field CAL1 LTP is
dependent upon local estrogen action.

Next, we used selective receptor antagonists to evaluate which of the principle estrogen
receptors expressed in hippocampus (ERa, ERB, and GPERL1) (Hara et al., 2015) mediates the
effects of endogenous estrogen on LTP. Infusion of the ERaantagonist MPP (3uM) markedly
reduced S-C potentiation in slices from females but not males (Fig. 2.2B). Bath treatment with
antagonists for ERB (PHTPP, 3uM) or the third estrogen receptor in hippocampus GPER1
(Almey et al., 2015; Kumar et al., 2015; Waters et al., 2015) (G15, 500 nM) had no effect on
LTP in females (Fig. 2.2C,D). Similarly, PHTPP infusion had no effect on S-C LTP in males
(p=0.74, t14=0.23, n=8/group); this despite the finding that E2 infusion facilitates LTP in males
via ERB (Kramar et al., 2009; Wang et al., 2016a). We conclude that effects of local estrogen on
LTP depends on ERa in females only.

In slices from females, the composite response to the first theta burst in a train (Fig.
2.2E) and the well-known within-train facilitation of burst responses (Kramar et al., 2009) (Fig.
2.2F) were comparable to responses in slices from males, and were similarly not affected by
MPP treatment. Within-train facilitation reflects suppression of feedforward inhibitory
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postsynaptic potentials and associated increases in NMDAR-mediated depolarization (Larson
and Lynch, 1986). Thus, these findings indicate that the initial triggering steps for LTP are
similar in CA1 of males and females and are not influenced by estrogen acting through ERa.
Note also that the initial S-C potentiation produced by TBS, a variable that is strongly dependent
on NMDARs (Larson and Lynch, 1986), was comparable in males and females and unaffected
by MPP (Fig. 2.2B).

To further test the conclusion that ERa is critical for S-C LTP in adult females, we
assessed potentiation in transgenic mice selectively lacking either membrane or nuclear
variants of the receptor. ‘Nucleus only ERa’ (NOER) mice have a point mutation that prevents
ERa-palmitoylation and, as a consequence, plasma membrane trafficking (Pedram et al., 2014).
The mutants have impaired reproductive tract development like full ERa knockouts (Pedram et
al., 2014), but hippocampal structure and basic synaptic physiology are normal. Input/output
(/O) curves for field EPSPs (fEPSPs) were comparable for slices from NOER and wild type
(WT) female mice (Fig. 2.2G, left). However, despite normal initial potentiation, LTP failed to
stabilize in female NOERs (Fig. 2.2G, right). In contrast, in slices from female mice that
express the membrane-associated, but lack nuclear, ERa (‘membrane only ER’ or MOER mice)
(Pedram et al., 2013) the S-C 1/O curve and LTP were normal (Fig. 2.2H). In distinction from
females, the male NOER mice were indistinguishable from WTs with regard to both the S-C I/O
curve and LTP (Fig. 2.2I). These results reinforce the conclusion that ERa is needed for LTP in
female but not male hippocampal field CA1 and further show that nuclear ERa does not

contribute to the I/O curve or to LTP in either sex.
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Figure 2.2. Local estrogen promotes LTP via membrane ERa in female hippocampus. LTP
was induced by TBS of Schaffer-commissural (S-C) projections and fEPSPs were recorded
from CAl1 SR. (A, left) In vivo formestane pretreatment severely impaired LTP in slices from
female rats (p=0.0026, t(;0=3.98 for vehicle (veh) vs formestane during last 5 min of recordings,
n=6/group). (A, right) E2 (1 nM) perfusion initiated 30 min prior to TBS rescued LTP in slices
from formestane-pretreated females (p=0.017, t:,=2.65; formestane n=6, formestane+E2
n=13). (B) ERa antagonist MPP blocked LTP in female (left; p<0.0001, t¢=5.55; n=14/group)
but not male (right; p=0.87, t16=0.16, n=9/group) slices. (C, D) Neither ERB antagonist PHTPP
(C; p=0.70, t10=0.39; n=6/group) nor GPER1 antagonist G15 (D; p=0.84, t,,=0.21; veh n=10,
G15 n=9) influenced S-C LTP in females. (E) The size (area) of the first theta burst response
was not different between slices from female, female+MPP, or male slices (p=0.20, F.6=1.70,
one-way ANOVA; male n=7, other groups n=10). (F) MPP did not influence the theta burst
response enhancement between the first and second burst in females (p=0.77, F(,15=0.09, 2-
way ANOVA; n=10/group). (G) The fiber volley to fEPSP amplitude relationship (I/O curve) for
female NOER mice was comparable to that of female wild types (WTs) (p=0.61, F(40=0.81, 2-
way ANOVA,; n=6/group) but S-C LTP failed to stabilize (p=0.0006, t14=4.39 vs WT; WT n=6,
NOER n=10). (H) For female MOER mice, both the I/O curve (p=0.21, F144=1.37, 2-way RM-
ANOVA; WT n=10, MOER n=12) and S-C LTP (insert bar graph, p=0.99, t,=0.01; WT n=10,
MOER n=12) were comparable to measures from female wild types. (I) For male NOER mice,
both the 1/0 curve (p=0.93, F77,=0.36, 2-way ANOVA; WT n=7, NOER n=6) and S-C LTP
(insert bar graph, p=0.77, t23=0.30; WT n=9, NOER n=16) were comparable to measures from
male wild types.
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Females require ERa for TBS-activation synaptic kinases critical for LTP.

Activation of synaptic NMDARs is already evident on the second burst in a TBS train,
and this is among the first steps in the induction of S-C LTP (Lynch et al., 2013). It is quickly
followed by activation of postsynaptic kinases including the Src family kinases (Src) and
extracellular signal-regulated protein kinase 1/2 (ERK1/2) (Wang et al., 2007; EI Gaamouch et
al., 2012; Weilinger et al., 2016). Src kinases then phosphorylate the cytoplasmic tail of NMDAR
subunit NR2B, further increasing calcium influx (Salter and Kalia, 2004; Trepanier et al., 2012).
These secondary signaling events support LTP stabilization and memory formation (Lu et al.,
1998; Giovannini et al., 2001; Bozon et al., 2003; Giovannini, 2006; Yamazaki et al., 2006;
Patterson et al., 2010) and, for Src, promote activation of other synaptic receptors required for
LTP stabilization including the neurotrophin receptor TrkB (Chen et al., 2010) and B1 integrins
(Babayan et al., 2012; Wang et al., 2016a). Membrane ERa signals to both Src and ERK1/2 in
various cell types including neurons (Song et al., 2005; Fu and Simoncini, 2008; Micevych et al.,
2017). We therefore used immunofluorescence to test if ERa modulates TBS-driven increases
in synaptic Src and ERK1/2 phosphorylation at specific activation sites in hippocampal slices
from male and female rats. Dual immunofluorescence and Fluorescence Deconvolution
Tomography (FDT) were used to generate digital 3D reconstructions of synapses
immunolabeled for the target phosphoprotein and the excitatory synapse, postsynaptic density
protein PSD-95 (Petersen et al., 2003) in the field surrounding the LTP recording electrode (Fig.
2.3A). FDT supports quantification of over 30,000 double-labeled synapses per 136 x 105 x 2
Mm image z-stack and over 100,000 synapses per hippocampal slice (Seese et al., 2012). We
first confirmed the finding (Chen et al., 2010) that a single TBS train increases the proportion of
PSDs associated with dense concentrations of phosphorylated (p) Src Y418 in male slices: In
slices receiving TBS, as compared to those receiving low frequency stimulation (LFS), the

density frequency distribution for pSrc immunoreactivity co-localized with PSD-95 exhibited a
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greater skew to the right (Fig. 2.2B, left), and the proportion of double-labeled synapses
containing high levels of pSrc immunoreactivity (= 90 units on the frequency distribution) was
greater (Fig. 2.3B, right). Infusion of the ERa blocker MPP did not attenuate either effect in
males (Fig. 2.3B) and the ER antagonist PHTPP was similarly ineffective (not shown; p>0.999,

F(10.418=0.113, n=12/group for frequency distributions in TBS vs TBS+PHTPP groups).

Strikingly different results were obtained with slices from young adult females. For the
CAl SR recording field, TBS increased both the rightward skew in the pSrc density frequency
distribution (Fig. 2.3C, left) and the percentage of PSDs with high concentrations of pSrc
immunoreactivity (Fig. 2.3C, right); in contrast to results in males, the ERa antagonist MPP
significantly reduced both effects in females. As previously reported for males, TBS causes a
robust increase in synaptic pERK1/2 Thr202/Tyr204 (Seese et al., 2012). This effect of TBS was
also present in slices from females but was also markedly reduced by MPP (Fig. 2.3A, 2.3D).
Thus, two early NMDAR-dependent steps in the production of S-C LTP require ERa function in

females but not in males.
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Figure 2.3. TBS-driven increases in synaptic pSrc and pERK are ERa-dependent in
females. Fluorescence deconvolution tomography was used to assess effects of S-C
stimulation on synaptic immunolabeling at 3-4 min post-TBS. Line graphs show immunolabeling
density frequency distributions for the phosphoprotein at all double-labeled (phosphoprotein-IR
+ PSD-95-IR) synapses (see Methods); treatment effects on frequency distributions were
assessed using two-way RM-ANOVA. Bar graphs show the proportion of double-labeled
synapses containing dense immunolabeling for the phosphoprotein (290 density units) with
group mean values normalized to the mean for control (low frequency stimulation, LFS) slices.
(A) Deconvolved images show punctate localization of PSD-95-IR (green) in combination with
that for pSrc (red, left) and pERK1/2 (red, right); yellow indicates double-labeled elements
(arrows) (bar: 10 um for large image, 2 pum for insets). (B) In slices from males, TBS caused a
greater rightward skew in the pSrc density frequency distribution (thus an increase in the
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proportion of synapses with dense pSrc immunoreactivity) as compared to the curve for slices
receiving LFS (p<0.0001, F(19323=5.348; LFS n=9, TBS n=10, TBS+MPP n=10); this effect was
not influenced by ERa antagonist MPP (p=0.917, F10342=0.585). Bar graph shows that in males
TBS increased numbers of PSD95-IR synapses with dense pSrc-IR relative to measures from
slices receiving LFS and that this effect was not altered by MPP (p=0.0135, F(24=5.11,
Bonferroni’s test for post-hoc comparisons: LFS vs. TBS: p<0.05, LFS vs. TBS +MPP: p<0.05;
TBS vs. TBS+MPP: n.s.). (C) In females, TBS also caused a greater rightward skew in the pSrc
immunolabeling density frequency distribution relative to that for LFS slices (left; p<0.0001,
F(10.342=24.56; n=10/group); MPP substantially reduced the effect (p<0.0001, Fq342=5.981).
Bar graph shows that in females the proportion of PSDs with dense pSrc-IR was increased by
TBS and this increase was substantially reduced by MPP (p=0.0002, F(.9=12.33, post-test:
LFS vs. TBS: p<0.001, TBS vs. TBS+MPP: *p<0.02; LFS vs. TBS + MPP: n.s.). (D) TBS caused
a greater rightward skew in the density frequency distribution for synaptic pERK-IR in female
slices (p<0.0001, F19361)=34.62; LFS n=10, TBS n=11, TBS+MPP n=8); MPP substantially
reduced this effect (p<0.0001, F93.3=10.01); bar graph shows that the TBS-driven increase in
numbers of densely pERK-IR synapses was similar in magnitude to that for pSrc and attenuated
by MPP (p<0.0001, F,.4=19.68; LFS vs. TBS: p<0.0001, TBS vs. TBS+MPP: #p<0.01).
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Sexually dimorphic effects of infused estradiol on synaptic kinase activation.

The essential contribution of ERa to LTP in females (but not males) could involve
facilitation of NMDAR-gated synaptic currents or a direct action of ERa on Src and ERK1/2. As
described above (Fig. 2.2E,F), the ERa antagonist MPP, infused beginning 30 min prior to TBS,
had no effect on the NMDAR-mediated within-train increase in the size of the composite fEPSP
response, an observation that argues against an influence of ERa on NMDAR function during
the induction of LTP. Estrogen receptors signal directly to both ERK1/2 and Src in various cell
preparations (Fu and Simoncini, 2008) and we found that bath perfusion of 1 nM E2 rapidly
increased phosphorylation of synaptic ERK1/2 in hippocampal slices from females, as
evidenced by an increase in the percentage of PSD-95-IR synapses associated with high
concentrations of pERK1/2. This effect was substantially reduced by either ERa blocker MPP
(Fig. 2.4A) or ERp blocker PHTPP (Fig. 2.4B). Similar results were obtained for pSrc: in female
slices E2 infusion increased the rightward skew in the density frequency distribution for synaptic
pSrc-IR (Fig. 2.4C) and increased the proportion of PSDs associated with dense pSrc-IR (Fig.
2.4D); both of these effects were attenuated by MPP (Fig. 2.4C,D). These results confirm that in
females E2 acting through ERa directly promotes intermediary steps (kinase activation)
between the NMDARs and the actin remodeling underlying LTP (Lynch et al.,, 2013) at
hippocampal synapses. The results further show that in contrast to effects of endogenous
estrogen, in females infused E2 influences these kinases through both ERa and ERp.

We tested for similar regulation of the synaptic kinases in slices from male rats and
found that E2 infusion robustly increased the proportion of PSD-95-IR excitatory synapses with
dense pERK1/2 immunoreactivity but, in contrast to effects in females, this increase was not
influenced by ERa blocker MPP (Fig. 2.4E). In males the ER[ antagonist PHTPP reduced E2-
driven increases in synaptic pERK1/2 (Fig. 2.4F). This result aligns with our previous
observation that ER is critical for LTP enhancement by exogenous E2 in male hippocampus
with negligible contribution from ERa (Kramar et al., 2009).
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Figure 2.4. Estradiol infusion increases synaptic ERK1/2 and Src phosphorylation. (A)
Estradiol (E2) perfusion alone increased the percent of synapses with dense concentrations of
synaptic pERK1/2-IR in female slices relative to vehicle (veh) treatment; the effect was reduced
by MPP (p<0.0001, F(;35=26.21, post-hoc tests: veh vs. E2: ***p<0.0001, E2 vs. E2+MPP:
##5<0.001, n=10/group; quantitative FDT analysis). (B) Additional experiments confirmed that
E2 increased synaptic pERK1/2-IR and further showed that the ER[3 antagonist PHTPP reduced
the effect (p=0.0002, F(25=12.27, post-hoc tests: veh vs. E2: *p<0.05, E2 vs. E2+PHTPP:
*p<0.05; veh n=10, E2 and E2+PHTPP n=11). (C) E2 increased the rightward skew in the
density frequency distribution for pSrc-IR co-localized with PSD-95 (vs. vehicle, p<0.0001,
F(10.418=33.42); MPP blocked most of this effect (p<0.0001, F9.415=12.32; n=12/group). (D) E2
treatment of female slices produced the predicted, MPP-sensitive increase in the proportion of
doubled-labeled synapses with dense pSrc-IR relative to vehicle controls (p=0.0002,
F.29=12.33, Bonferroni’'s post-test: veh vs. E2: ***p<0.0001, E2 vs. E2+MPP: #p<0.05;
n=12/group). (E) In male slices, E2 infusion increased the percentage of synapses with dense
PERK1/2-IR but the increase was not affected by MPP (p<0.0001, F,.9=37.51, post-hoc tests:
veh vs. E2: **p<0.001, E2 vs. E2+MPP: “p>0.05, n=10/group). (F) Separate experiments
replicated the E2-induced increase in synaptic pERK1/2 in male slices and determined this was
suppressed in the presence of PHTPP (p=0.0002, F.5=12.27, post-hoc tests: veh vs. E2:
*++=0.0001, E2 vs. E2+PHTPP: #p=0.01, veh and E2 n=10, E2+PHTPP n=9).
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Synaptic ERa concentrations are higher in females than males.

The preceding results provide evidence that exogenous and local estrogens both
activate synaptic kinases via ERa—dependent mechanisms in females but not in males. We
used dual immunofluorescence for PSD-95 and ERa (Fig. 2.5A), and FDT, to determine if this
sex difference reflects differences in the abundance of synaptic ERa. First, there was no effect
of sex on numbers or density of PSD-95-IR contacts (p=0.12, t, = 1.603; 6 male, 12 female
slices). In contrast, the density frequency distribution for synaptic (PSD-95 colocalized) ERa had
a greater rightward skew for females than for males (Fig. 2.5B), resulting in a higher proportion
of synapses with dense ERa-IR (i.e., density units 290; Fig. 2.5C). This effect was similar
between females that were or were not in proestrus. We then assessed if there are similar
effects of sex on ERB and GPER1 immunoreactivities. Both ERB and GPER1 were
predominantly localized to synapse-sized puncta scattered across the sample field CA1 SR and
some were clearly colocalized with PSD-95 (Fig. 2.5F). The frequency distributions for synaptic
ERpB were slightly different between males and females due to a somewhat greater proportion of
synapses with low density ERB-IR in males (Fig. 2.5D). The frequency distribution for GPER1-
IR was similar between sexes (Fig. 2.5E). In contrast to ERa, there were no significant male-
female differences in the proportion of PSDs with dense immunoreactivity for ERB (p = 0.12, t»
=1.6) or GPER1 (p=0.69, ty; =0.4). As with prior cohorts, there were no effects of sex on
numbers of PSD-95-IR synapses in the CA1 SR sample field (p=0.20, t, =1.32; n=12/sex).

Sex differences in concentrations of ERs have been described in brain (Brown et al.,
1992), and greater total numbers of extranuclear ERa-IR elements (ie., dendrites, glia, spines
and boutons) have been described for field CAl of diestrus female vs. male mice (Mitterling et
al., 2010) but the present results constitute novel evidence for significant sex differences at
excitatory hippocampal synapses independent of female estrous state. The marked dimorphism
in synaptic ERa levels described provides a plausible explanation for at least some of the sex
differences in the contributions of neurosteroid estrogen to hippocampal LTP.
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Figure 2.5. ERa is present at higher concentrations in female than in male CA1 synapses.
(A) Top left. Deconvolved 2-photon microscopic images of immunofluorescent labeling were
used to construct a 3D montage of the CA1l sample field (shown); one can see that a
subpopulation of PSD-95-IR contacts (green) also contain ERa immunoreactivity (double
labeling appears yellow). Scale bar: 2 um. Top right: Image of a single double-labeled PSD
shows the spatial relationship of areas occupied by PSD-95 (green) and ERa (red)
immunoreactivities and the extent of overlap (merge, yellow). Scale bar: 0.1 ym. Bottom: Image
shows the montage from the same z-stack illustrated in the upper left but with the top of that
panel rotated away from the viewer to show double labeling of the same puncta (arrows) from a
different 3D viewpoint. (B) The density frequency distribution for ERa-IR (co-localized with PSD-
95) shows a greater rightward skew in females relative to males (p<0.0001, F9646=17.28; Male
n=12, Female n=24). (C) Bar graph shows the percent of double-labeled synapses with high
concentrations of ERa immunolabeling (density units of 90 and above) normalized to the mean
male value shows that there were far more densely ERa-IR synapses in females than in males
(***p=0.0001, t;4=4.40). (D,E) Density frequency distributions for all synapse-sized clusters of
ERB- (D) and GPER1- (E) immunoreactivities colocalized with PSD-95 in the CA1 SR sample
field (n=12/group, females in diestrus). For ERB-IR (D) there was a significant interaction
between sex and immunolabeling density (p=0.0005, F(1462 =2.4) due to a slightly greater
proportion of synapses with low density ERB-IR (density units 83-88) in males than in females.
There was no effect of sex on numbers of densely ERB-IR synapses (density units 290; p =0.12,
t22=1.6). For GPER1-IR there were no group differences (GPER1 p=0.89 F(20440=0.33). (F)
Deconvolved epifluorescence images shows ERB and GPER1 (red) are both localized to
synapse-sized puncta in CA1 SR and that some of those are colocalized with PSD-95 (green;
doubles appear yellow; bar = 2um).
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Downstream LTP stabilization mechanisms are comparable in the sexes.

B1-integrins. We tested if sex differences extend to elements known to regulate the
cytoskeletal reorganization that consolidates LTP in males (Rex et al., 2009; Babayan et al.,
2012; Lynch et al., 2013; Rudy, 2015) beginning with an analysis of TBS effects on synaptic 1
integrins. In male field CA1, TBS activates postsynaptic integrins containing the 1 subunit and
integrin-dependent signaling to actin, a sequence that is required for stable LTP (Kramar et al.,
2006; Babayan et al., 2012; Wang et al., 2016a). Antisera that is specific for the activated (Act)
form of B1 integrin labels discrete puncta in field CA1l SR, a subset of which are colocalized with
PSD-95 (Fig. 2.6A). Using FDT to evaluate effects of S-C stimulation on levels of the activated
integrin showed that TBS increases synaptic levels of Act-B1 immunoreactivity in female slices
as assessed 3-4 min later (Fig. 2.6B, C). The magnitude of this effect was comparable to that
reported previously and confirmed here for males (p<0.0001, F(;;s35=6.80 for the intensity
frequency distribution and p=0.046, ts=2.08 for the proportion of synapses with dense Act-B1-

IR, respectively; LFS vs TBS, n=15 slices/group).

Integrin signaling to actin is mediated in part by focal adhesion kinase (FAK), a synaptic
tyrosine kinase that is robustly activated by TBS in male field CA1 (Babayan et al., 2012). Using
FDT to evaluate stimulation effects on synaptic pFAK Y397-IR (Fig. 2.6D), we found S-C TBS
induced a comparable increase in females but in this case the ERa antagonist MPP blocked
TBS effects on both greater rightward skew in the pFAK immunolabeling density frequency
distribution and the proportion of PSDs with dense pFAK immunoreactivity (Fig. 2.6E,F). We
then tested if in females, as in males, 1 integrin engagement is required for LTP in experiments
using slices from conditional knockout (cKO) mice in which expression of 31 integrin by
excitatory forebrain neurons is reduced beginning at ~3 weeks of age (Chan et al., 2006; Huang
et al., 2006; Wang et al., 2016a). For female B1 integrin cKOs, as previously determined for

males (Wang et al., 2016a), the S-C I/O curves and baseline synaptic responses were not
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detectably different from those of WTs (Fig. 2.6G). Nevertheless, LTP stabilization was severely
impaired in the cKOs (Fig. 2.6H). Bl-family integrins fall into two groups, distinguished by
whether or not they bind matrix ligands containing the amino acid sequence arg-gly-asp (RGD)
(Humphries et al., 2006). We found that the potent disintegrin echistatin, a toxin that inhibits
RGD-binding integrins, disrupted LTP stabilization in females (Fig. 2.6l) as previously shown for

males (Kramar et al., 2006).

52



A Act81 pspys B C 130 i
AT @ 30 1 —--LFS @ 120
(7] (%]
& --TBS &
c e 110
>.20 3
7] (]
— + 100
< 104 o
3 g 90
S o . . : : ; 80
70 80 90 100 110 LFS TBS
Density, Act-B1 integrin
E F s ok
8 401 —--LFS 2 160 1
(%]
30 - -o-TBS e -y
C c
> -eo- TBS+MPP > "
v 20 + 120
< X
= Q.
L
0 0o 80
70 80 90 100 110 120 LFS TBS TBS+
Density, pFAK Tyr397 MPP
G H | 160
8 1 owild type - 300 id ¢ e el
oB1cKO 40t £ swidype 140
g °] g - ° p1cKO o ok ok
s 8 200 H 120 b
% P V = =
a < 150
“Ll;l 2 8 ? % 100 -
e 0 100 MR- -~ --=nnnnmmmeeneaaaaaaas
® i
o0& . . . 50 ; . ; . 80 .
0 02 04 06 0 20 40 60 80
fiber volley (mV) minutes WE. GKQ' weh ECH

Figure 2.6. Female S-C LTP depends on an RGD-binding, Bl integrin. (A) Image shows
dual immunolabeling for activated (Act-) B1 integrin (red) and PSD-95 (green) in CA1 SR; inset
shows the area surrounding a double-labeled PSD (arrow) at higher magnification (bars for A
and D: 10 um for larger image, 2 um for insert). (B) Plot shows the immunolabeling density
frequency distributions for Act-B1-IR colocalized with PSD-95 in CA1 SR in female slices that
received low frequency (LFS) or theta burst (TBS) stimulation of S-C projections; with TBS, as
compared to LFS, there was a greater rightward skew in the Act-f1 density frequency
distribution indicating an increase in the proportion of synapses with dense Act-f1-IR
(p<0.0001, F(21,882=7.91; n=22/group). (C) The percent of double-labeled PSDs with dense Act-
B1-IR (>90 units on B), normalized to the mean of the LFS control group, showed that TBS
increased numbers of Act-B1 enriched synapses (**p=0.009, t42=2.75). (D) Deconvolved image
shows colocalization of pFAK (red) and PSD-95 (green) immunoreactivities; double labeling
appears yellow (arrows); inset shows the area surrounding a double-labeled PSD (arrow) at
higher magnification. (E) TBS increased the rightward skew in the density frequency distribution
for synaptic (PSD-95 colocalized) pFAK-IR (p<0.0001, Fq9325=6.294) that was largely
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eliminated by ERa antagonist MPP (p<0.0001, Fg85=7.514; LFS n=10, TBS n=9, TBS+MPP
n=8). (F) The percent of double-labeled synapses with high concentrations of pFAK (>90 units),
normalized to LFS control slices, was increased by TBS; MPP blocked this pFAK increase
(p=0.0037, F(226=7.13, Bonferroni’'s post-test: LFS vs. TBS: **p<0.01, TBS vs. TBS+MPP:
p<0.05). (G) The fiber volley amplitude vs. fEPSP amplitude relationship (I/O curve) for female
wild type and conditional B1 integrin KO (cKO) mice were comparable (p=1.0, F(,126=0.01,;
n=9/group). (H) Plot of fEPSP slopes (expressed as a percent of the mean baseline response)
shows that in female mice TBS (applied at 20 min) induced robust LTP in wild types whereas, in
B1 cKOs, potentiation declined toward baseline over 60 min. (I) The percent LTP measured at
55-60 min post-TBS was greatly reduced in female 1 cKO mice relative to wild types (wt). A
similarly pronounced suppression of female LTP was produced by RGD-binding B1 integrin
blocker echistatin (ECH) infused for 40 min before TBS (p<0.0001, F.7=24.01; post-hoc tests:
wt vs. cKO and veh vs. ECH: ***p<0.001; n=9/group).
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BDNF signaling. The neurotrophin BDNF, acting on synaptic TrkB receptors, is critical for

TBS-induced dendritic spine actin polymerization and the production of stable LTP in male
hippocampus (Figurov et al., 1996; Kramar et al., 2004; Rex et al., 2007; Minichiello, 2009).
Using dual immunolabeling for PSD-95 and pTrkB Y515 (Fig. 2.7A) in combination with FDT,
we determined that TBS-induced increases in synaptic pTrkB are ERa-dependent (i.e., fully
blocked by MPP) in females as evident in both immunolabeling density frequency distributions
and analyses of the proportions of PSDs containing dense pTrkB-IR (Fig 2.7A). In contrast, in
males the similarly robust TBS-induced increases in postsynaptic pTrkB-IR were unaffected by
ERa antagonism (Fig. 2.7B). We then confirmed that TrkB is critical for LTP in females, as in
males, using the inhibitor ANA-12 (Zhang et al., 2015) (Fig. 2.7C). We previously showed that,
in male field CAl, E2-induced TrkB activation requires B1 integrin function (Wang et al., 2016a),
a finding consistent with reports that integrins enable activities of neighboring transmembrane
receptors in many circumstances (Meng et al., 2011; Munger and Sheppard, 2011). We tested
for similar receptor cross talk of female LTP by evaluating TBS effects on TrkB in the presence
and absence of functioning 31 integrins: the increase in synaptic pTrkB levels produced by a
single TBS train in slices from female WT mice was absent in age-matched female 1 cKOs

(Fig. 2.7D) thereby showing that in females synaptic TrkB activation was B1 integrin dependent.

Actin_signaling. Both B1 integrin and TrkB engage actin regulatory signaling involving the

small GTPase RhoA and its effectors Rho-associated coiled-coil protein kinase (ROCK), LIM
kinase, and cofilin. These events are critical for production of stable S-C LTP in males (Rex et
al., 2009; Lynch and Gall, 2013). Similar signaling was identified in females: females exhibited
TBS increased levels of synaptic pCofilin (Ser3)-IR (Fig. 2.7E), as described for males (Chen et

al., 2007), and that infusion of the ROCK inhibitor H1152 eliminated LTP (Fig. 2.7F).

In all, we found no evidence for sex differences in the complex, downstream signaling

events required for LTP consolidation other than the dependency on ERa in females.
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Figure 2.7. Synaptic TrkB activation depends on ERa and B1 integrin, and is required for
LTP in females. (A) Deconvolved image shows punctate localization of pTrkB Y515 (red) and
PSD-95 (green); yellow indicates double labeling (arrow; bar: 2 um). Line graph shows that
TBS, as compared to LFS, caused a greater rightward skew in the density frequency distribution
for pTrkB-IR colocalized with PSD-95 (p<0.0001, F9342=10.44) and MPP substantially reduced
this effect (p<0.0001, F19342=10.66; n=10/group). (right) The percent of double-labeled
synapses with dense pTrkB-IR (= 90 units) was elevated after TBS in vehicle- but not MPP-
treated female slices (groups means normalized to LFS group mean; p=0.0025, F;,¢=7.55;
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post-hoc tests: LFS vs. TBS: *p<0.05, TBS vs. TBS+MPP: *p<0.01). (B) In slices from male
rats, TBS increased both (left) the rightward skew in the synaptic pTrkB-IR density frequency
distribution (vs LFS, p<0.0001; F(19342) = 6.794) that was not influenced by MPP (p=0.939;
F(10.342=0.549, n=10/group) and (right) the percent of PSD-95-IR synapses associated with
dense pTrkB-IR (=90 units), also not influenced by MPP (p=0.009, F(,25=5.68, Bonferroni’s
post-test: **p<0.01 vs LFS). (C) TrkB blocker ANA-12 (750 nM) disrupted stabilization of CA1
LTP in female slices (p<0.0001, t;0=8.36; n=6/group). (D) S-C TBS produced a marked
increase in the percentage of PSDs associated with dense pTrkB-IR in wild type mice but not in
B1 integrin cKOs (p<0.0001, F36=25.55; post-hoc tests: LFS vs. TBS for wild types:
***n<0.0001, LFS n=9, TBS n=8; LFS vs TBS for 1 cKOs: n.s., n=10/group). (E) Image shows
pCofilin-IR co-localized with PSD-95 in female CAL1 SR. (right) In females S-C TBS increased
the rightward skew in the density frequency distribution for synaptic pCofilin (relative to LFS;
p<0.0001, F(19399=7.69; LFS n=12, TBS n=11). (F) The selective ROCK inhibitor H1152 (100
nM, 160 min) blocked S-C LTP in female slices (p=0.0013, t=4.57; veh n=6, H1152 n=5).
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Sexual dimorphism in LTP and learning threshold.

TBS, which mimics cell firing during learning (Otto et al., 1991), is near optimal for
inducing LTP in males (Larson et al., 1986) and generates a similar degree of potentiation in
females (Kramar et al., 2009). In accord with previous work (Bi et al., 2001), the percent LTP
induced by a 10 burst TBS train was slightly higher in slices collected from proestrus (high
circulating estrogen levels) than non-proestrus females (52.0 £+ 4.1% vs. 37.9+ 4.5%,
respectively; p=0.047; proestrus n=7, non-proestrus n=5). Nevertheless, we observed
substantial sex differences in LTP threshold: five pairs of theta bursts, delivered at 2 min
intervals, produced significant S-C LTP in slices from males, as described (Larson et al., 1993),
but not in those from female rats (Fig. 2.8A). Differences were evident after the first three burst
pairs; male responses continued to increase with subsequent bursts whereas female responses
did not (Fig. 2.8B). We next tested if the threshold for LTP corresponds to that for activating
synaptic ERK1/2: the minimum condition for inducing potentiation was sufficient to cause a
robust increase in synaptic pERK1/2-IR in males but not in females (Fig. 2.8C). In contrast to
effects of paired theta bursts, we found that four sets of three bursts, separated by 2 minutes,
generated robust LTP in females (Fig. 2.8D) with individual fEPSPs progressively increasing in
size after each triplet (Fig. 2.8E). These results constitute the first evidence that adult females
have a higher threshold for S-C potentiation than do males.

Bath infusion of 1 nM E2 lowered the LTP threshold (to paired bursts) in females to the
level found in untreated males. As predicted from the above kinase studies, antagonists to
either ERa or ER significantly attenuated the enhancing effects of E2 infusion on female LTP
(Fig. 2.8F).

The LTP threshold results predict that females will require measurably more training
than males to encode memories that are dependent on plasticity in field CAl. We tested this

using object location (a.k.a. object placement) memory (OLM) (Fig. 2.8G), which depends on

58



synaptic plasticity in CA1l (Barrett et al.,, 2011; Babayan et al., 2012) and is facilitated by E2
action in hippocampus (Inagaki et al., 2010; Boulware et al., 2013). OLM in males requires five
minutes of training, is associated with elevated synaptic pERK1/2, and requires [11 integrin
function (Babayan et al., 2012; Seese et al., 2014). Tests in females showed that one 5-minute
training trial supports long-term OLM for mice in proestrus (Fig. 2.8H) but not for those outside
proestrus, although the total time spent exploring cues did not differ across cycle stages during
training or testing (training p=0.95, 1(18)=0.06; testing p=0.57, t15=0.58, 2-tail t test; proestrus
n=8, nonproestrus n=12). Peripheral injections of either ERa antagonist MPP or ER[3 antagonist
PHTPP blocked long-term OLM (assessed 24 hr after training; Fig. 2.8l) by proestrus females
also without effect on exploratory behavior (training p=0.99, F(2,17)=0.003; testing p=0.97,
F(2,17)=0.032, veh n=6, MPP n=5, PHTPP n=7; one way ANOVA). Neither inhibitor affected

OLM by males (p=0.99, F(2,3)=0.64; veh n=7, MPP and PHTPP n=6 each; one way ANOVA).

Finally, we asked if learning object location depends upon ERa-dependent engagement
of signaling through kinases associated with LTP. Proestrus females were given a 5 min OLM
training trial and then immediately euthanized for pERK1/2 immunofluorescence. FDT analyses
of synaptic immunolabeling the CA1 dendritic lamina evaluated in LTP studies (Fig. 2.8J)
identified an elevated proportion of PSDs associated with dense pERK1/2-IR relative to similarly
staged control female mice. The ERa antagonist MPP blocked training-induced increases in
synaptic pERK1/2 (Fig. 2.8K). Finally, 5 min OLM training did not increase synaptic pERK-IR in
non-proestrus females (Fig. 2.8L), a result that accords with the absence of learning in these

mice.
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Figure 2.8. Sex differences in thresholds for LTP and spatial learning. (A) Five pairs of two
theta bursts produced significant S-C LTP in male but not female CA1 (p=0.0005, t;1)=4.86;
Female n=7, Male n=6). (B) The S-C fEPSP slope immediately after each burst pair increased
steadily across the first three pairs for both sexes but diverged for the last two pairs (p=0.045,
F,44=2.666). (C) Five pairs of two theta bursts increased the percentage of CA1 SR synapses
with dense pERK1/2-IR in male but not female slices (Values normalized to the mean of their
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respective LFS groups; one—way ANOVA: p<0.0001, F3s6=11.28; post-hoc tests: male TBS vs.
each other group: ***p<0.0001; 14-16 slices/group). (D) Four sets of TBS triplets (3 bursts, 200
ms between bursts, 2 min between triplets) produced significant LTP in female slices (p=0.0025,
t11)=3.91 vs 2 burst group; n=6/group). (E) The fEPSP slope immediately after each burst triplet
steadily increased (~150% to 209% of baseline). (F) E2 (1 nM), perfused for 10 min before
collecting baseline responses and continued 30 min more, increased LTP magnitude in females
(five pairs of theta bursts); this enhancement was significantly attenuated by either ERa
antagonist MPP or ER antagonist PHTPP applied 30 min before and during E2 application
(p=0.0001, F(25=9.52, one way ANOVA; post-hoc tests: con vs E2: **p=0.0001, E2 vs.
E2+MPP: #p=0.003, E2 vs. E2+PHTPP: “p<0.02, con vs E2+ MPP or E2+PHTPP: p>0.35). (G)
For object location memory (OLM) training mice explored the chamber containing two identical
objects (Al and A2); for testing 24 hr later they returned to the chamber with one of the objects
moved to a novel location. (H) With 5 min training, OLM was greater for proestrus (Pro) than
non-proestrus (Non-pro) mice (signified by Discrimination Index (DI); ***p<0.0001, t;5=7.27; Pro
n= 8, Non-pro n=12). (I) MPP or PHTPP (0.6 mg/kg) blocked OLM in proestrus mice (p<0.0001,
F.17=28.94, post-hoc tests: veh vs. MPP: ***p<0.001, veh vs. PHTPP: ***p<0.001, veh n=6,
MPP n=5, PHTPP n=7). (J) Location of CA1 fields for measures of pERK-IR. (K) After 5 min
OLM training in proestrus, numbers of densely pERK1/2-IR PSDs were increased in mice that
sampled the objects relative to those that explored an empty chamber; this effect was blocked
by MPP (p=0.003, F(;23=7.78; Control vs. Learn: **p<0.01, Learn vs. Learn+MPP: #p<0.05,
n=8/group; normalized to control mean). (L) 5 min OLM training did not affect the numbers of
densely pERK1/2-IR PSDs in non-proestrus mice (p=0.44, t»3=0.79; Control n=13, Learn n=12).
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Discussion

Sexual dimorphisms in brain and their contributions to male/female differences in
learning are topics of broad and increasing interest (Scharfman and MacLusky, 2008; Andreano
and Cahill, 2009; Luine, 2014). The present results point to striking yet unexpectedly discrete
sex differences in functional plasticity of excitatory synapses, within a hippocampal field critical
for memory formation, that are likely to be centrally involved in the encoding of spatial
information.

We previously showed that the well described facilitation of synaptic responses
produced by exogenous E2 in adult male field CA1l (Woolley, 2007) is due to partial and
reversible activation of postsynaptic actin-regulatory signaling required for LTP consolidation
(Kramar et al., 2009). Not surprisingly, infused E2 also markedly lowered the threshold and
increased the magnitude of LTP in males. Using selective agonists we determined that these
effects of applied E2 were initiated by ERp, with no evident contribution from ERa or GPER1
(Kramar et al., 2009; Wang et al., 2016a). The most upstream ERB-initiated events identified in
those experiments included activation of synaptic B1 integrins and integrin-dependent
transactivation of TrkB (Wang et al., 2016a); these two receptors are critical for LTP-related
actin remodeling in dendritic spines (Kramar et al., 2006; Rex et al., 2007; Bramham, 2008;
Wang et al., 2008). Here we identified still earlier events set in motion by E2 application in CA1
of females only: ERa contributes to the engagement of NMDAR-associated kinases ERK1/2 and
Src, which in turn regulate Bl integrin and TrkB function (Fincham et al., 2000; Chen et al.,
2010). Results further show that in females E2 infusion lowers the threshold for LTP but - unlike
the case for males - both ERa and ER contribute to this effect. We conclude that exogenous
E2 mobilizes ERB signaling at excitatory S-C synapses in both sexes but triggers significant
contributions from ERa in females only. Quantitative immunofluorescence uncovered a plausible

explanation for this synaptic dimorphism: in CA1 SR the proportion of excitatory synapses

62



containing high concentrations of ERa was substantially greater in females than in males
whereas numbers of synapses enriched in ERB (or GPER1) were comparable between the
sexes. Figures 2.9A and 2.9B summarize these findings.

Activation of synaptic Src, ERK1/2 and TrkB are critical early steps in the production of
LTP as extensively characterized in male field CAl (Figurov et al., 1996; Sweatt, 2001;
MacDonald et al., 2006; Chen et al., 2010; Seese et al., 2012). Surprisingly, the present
experiments using selective ER antagonists showed that with TBS, postsynaptic activation of
each of these kinases, and induction of LTP itself, depends on ERa in females but not in males.
We found no evidence for contributions of ERB to TBS-induced signaling responses or LTP in
either sex. The critical involvement of ERa in LTP in females only was further demonstrated in
studies of NOER and MOER mice that express only the nuclear or membrane variant of ERa,
respectively; these studies further showed that in females LTP depends upon membrane-
associated ERa. Although the classical mechanism of ER action entails nuclear transport and
transcriptional regulation, our results align with the growing body of evidence that signal
transduction, including rapid kinase activation in neurons, can originate from the membrane
receptor (Grove-Strawser et al.,, 2010; Roepke et al., 2011; Almey et al., 2015; Levin and
Hammes, 2016; Micevych et al., 2017) and that some of this membrane signaling is sexually
dimorphic (Boulware et al., 2005; Boulware et al., 2007; Huang and Woolley, 2012).

Evidence that local estrogen effects on synaptic signaling and LTP in females depend on
membrane ERa suggests that the absence of endogenous estrogen effects on LTP in males is
due, at least in part, to lower postsynaptic ERa levels. That said, a lack of a contribution from
estrogen signaling through ERP in males is surprising. Responses to applied E2 and specific ER
ligands show that both ERa and ERP can facilitate S-C LTP (present results) and learning
(Boulware et al., 2013). Thus sex differences in the contributions of local estrogens could reflect
the somewhat lower affinity of the neurosteroids for ERB relative to ERa (Kuiper et al., 1997,
Perkins et al., 2017), which may be important in the context of the presumably brief estrogen
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release event associated with TBS, or sex differences in signaling properties of neuronal ERs
and associated proteins as considered elsewhere (Boulware et al., 2005).

The dependence in females on ERa for activation of at least two NMDAR- and LTP-
related kinases with TBS highlights a second aspect of synaptic dimorphism: Estrogen-
independent mechanisms for activation of these kinases by patterned afferent activity must be
weaker in females than in males, and this is compensated for by stronger signaling to the
enzymes from local ERa in females (Figs 2.9C and 2.9D). This effect does not seem to be due
to differences in NMDAR activation between the sexes. Blocking ERa in females did not affect
NMDAR-influenced physiological responses to TBS: there was no effect on initial LTP
magnitude or the facilitation of burst responses across the theta train. Why then are the
depolarizing potentials (absent ERa signaling) insufficient to activate synaptic ERK1/2 and Src
or to induce LTP in females when they are clearly adequate in males? One possibility involves
links between NMDARs and the kinases. With induction of LTP, ERK1/2 activation is NMDAR-
dependent (Wang et al., 2007). Mechanisms of Src activation are more complex, with
contributions from NMDARSs, integrins and ephrinB receptors among others (Salter and Kalia,
2004). Recent work has shown that NMDARSs can activate Src via non-ionic, signalosome type
interactions (Weilinger et al., 2016). We propose that such non-ionic relationships between the
NMDARs and submembrane elements (Dore et al., 2017) may be stronger in males than in
females. This idea further suggests that the relatively weaker kinase regulation by non-ionic
NMDAR function in females requires a boost from ERa signaling to initiate downstream events
necessary for LTP. Tests of this idea will be an important next step in describing the substrates

for sex differences in synaptic plasticity.
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Figure 2.9. A two-factor hypothesis for sexual dimorphism at hippocampal synapses. (A)
Prior studies showed that, in male hippocampus, infused E2 acts via ERp to stimulate
modulatory receptors (B1 integrins, TrkB) leading to actin signaling and transiently enhanced
baseline synaptic responses. Experiments described here demonstrate that E2 engages two
NMDAR associated kinases (ERK1/2, Src) that are upstream from these events; in males this
effect is mediated by ERB with no detectable contribution from ERa. (B) E2 application also
activates the two kinases but in females the response to exogenous E2 is mediated by both
ERa and ERB. It is proposed that this sex difference reflects the greater concentration of ERa in
female synapses (first dimorphic feature). (C) Induction of LTP in males activates the two
NMDAR-related kinases and downstream signaling events that stabilize the potentiated state.
These downstream steps, and LTP itself, do not depend on local estrogen, ERa or ERB. (D)
LTP induction in females also activates ERK1/2 and Src but, in contrast to males, the effect is
dependent upon ERa. We propose that the functional links between NMDARs and the kinases
are weaker in females than in males (second dimorphic feature), and so kinase activation
requires a boost from released estrogen and stimulation of ERa. The dependency upon local
estrogen is accompanied by a higher threshold for LTP in females, an effect that can be offset
by exogenous estradiol acting via mechanisms described in panel ‘A’.
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The sexually dimorphic synaptic features identified here appeared to be discrete: a
number of LTP-related signaling events downstream from NMDAR and kinase activation (Lynch
et al., 2013; Wang et al., 2016a) were comparable between the sexes except for the anticipated
dependency on ERa in females. These events included activity-dependent 1 integrin and TrkB
activation, integrin regulation of TrkB activation, TBS-induced increases in pCofilin and
dependence of LTP on the actin regulatory signaling through ROCK. Thus, although the
substrate map for shifting synapses into their potentiated state is still better understood for
males (Lynch et al., 2013), the available data indicate that sexual dimorphisms influencing the
generation of S-C LTP are limited to early stages in NMDAR-associated signaling and synaptic
ERa levels.

The convergence of ERa and ERB signaling on LTP-associated synaptic kinases
suggests that effects of circulating and local estrogen will be additive with regard to plasticity.
Tests of this argument generated novel evidence that females have a higher activity-threshold
for induction of LTP as compared to males, and that this sex difference is eliminated by infusion
of E2 in the concentration-range of circulating E2 (Mukai et al., 2010). Antagonists of either ER
prevented the threshold lowering of female LTP by infused E2. These results give rise to
predictions as to the basis and pharmacology of sex differences in the acquisition of spatial
memory, a process that is known to involve field CAl. Specifically, we expected that during
diestrus, when circulating and hippocampal estrogens are low (Kato et al., 2013), females will
have a higher threshold than males and proestrus females for field CAl-dependent object
location memory and this proved to be the case. This finding aligns with human studies showing
that encoding spatial relationships is sexually differentiated (Kimura, 1996; Andreano and Calhill,

2009).

Are there adaptive advantages associated with sex differences in the threshold for

learning-related synaptic modifications? There is no a priori reason to assume that a single
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optimal encoding threshold applies across circumstances: certain types of signals might be
effectively acquired with brief sampling and short theta burst trains while more elaborate
information would be best acquired with longer trains. From this perspective, evolutionary
pressures towards synaptic dimorphism would reflect male vs. female probabilities for having to
deal with different aspects of the environment. It will be interesting in future studies to test for
sex differences in learning and associated firing patterns in the afferents of CAL, in animals
exposed to complex environments that contain the semantic, spatial, and temporal elements of

episodic memory which rely on distinct components of hippocampal circuitry.
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CHAPTER THREE: Prepubescent female rodents have enhanced
hippocampal LTP and learning relative to males, reversing in
adulthood as inhibition increases
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Abstract

Multiple studies indicate that male rodents perform better than females on spatial problems and
have a lower threshold for long-term potentiation (LTP) in hippocampal, CA3-to-CAl synapses.
We report here that in rodents, prepubescent females rapidly encode spatial information and
express low threshold LTP, while age-matched males do not. The loss of low threshold LTP
across female puberty was associated with three inter-related changes: increased densities of
a5 subunit-containing GABAARs at inhibitory synapses, greater shunting of burst responses
used to induce LTP, and a reduction of NMDAR-mediated synaptic responses. A negative
allosteric modulator of a5-GABAARS increased burst responses to a greater degree in adult than
in juvenile females and markedly enhanced both LTP and spatial memory in adults. The
reasons for the gain of functions with male puberty do not involve these mechanisms. In all,
puberty has opposite consequences for plasticity in the two sexes, albeit it through different

routes.
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Introduction

There is considerable evidence for sex differences in learning: Among adults, men
generally score higher on spatial problems whereas women are frequently better on semantic
tests (Andreano and Cabhill, 2009; Koss and Frick, 2017). Although for some tasks, differences
have been shown to reflect sex-specific learning strategies and influences including task
familiarity, the mode of testing, and task demands (Voyer et al., 1995; Seurinck et al., 2004,
Voyer et al., 2017; Yagi and Galea, 2019; Bocchi et al., 2021; Tascon et al., 2021), the disparity
in spatial learning has been reported for diverse species of mammals suggesting it may be a
characteristic feature of the class (Jones et al., 2003). Relatedly, sex differences in forms of
synaptic plasticity underlying learning have been described. In hippocampal field CAl, Long-
Term Potentiation (LTP) is dependent on locally synthesized estrogen in females but not in
males (Vierk et al., 2012). The rate limiting enzyme (p450 aromatase) for synthesis of estradiol
(E2), the most prevalent and potent estrogen in brain, is present at high levels in hippocampus
and localized to axon terminals (Hojo et al., 2004; Kato et al., 2013; Tabatadze et al., 2014), and
E2 levels are several-fold higher in hippocampus than in blood in both sexes (Mukai et al., 2010;
Ooishi et al., 2012). However, blocking E2 synthesis disrupts LTP only in females (Vierk et al.,
2012; Wang et al., 2018). Moreover, at hippocampal CA3-CALl synapses released estrogen acts
through estrogen receptor a (ERa) to activate the LTP critical kinases ERK1/2 and Src, and
BDNF receptor TrkB, in females but not males (Wang et al., 2018). It thus appears that females
require locally produced estrogen to induce critical synaptic modifications whereas males do
not. Parallel studies found that the minimum afferent stimulation needed to elicit LTP (the LTP
threshold) is greater in adult females than males (Wang et al., 2018), an effect that is plausibly
related to the addition of an estrogen-dependent step in the sequence for inducing potentiation.

Given the central role of hippocampus in spatial learning, the higher female LTP threshold helps
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explain why in rodents adult females require more training to learn object location than age-

matched males (Wang et al., 2018).

The present studies tested if the elevated LTP and learning thresholds identified in
female rodents are products of late development. Puberty is a critical landmark in brain
maturation and results in a wide array of sex differences in behavior (Sisk and Zehr, 2005;
Juraska and Willing, 2017; Kight and McCarthy, 2020) but little is known about how it affects the
substrates for memory encoding. Past studies showed that in male rats the magnitude of LTP
reaches adult levels by the end of the fourth postnatal week and thus in advance of puberty
(Baudry et al., 1981; Muller et al., 1989; Figurov et al., 1996). However, these studies did not
assess LTP threshold, which is more closely related to neuronal activity occurring during
behavior. Studies addressing developmental changes in LTP in female rodents are rare (Shen
et al., 2010), and none have compared the sexes. Thus, it is possible that the sex differences
described above are absent or different in prepubertal animals. Such sexually differentiated
adjustments during puberty are known to occur in certain psychological domains; anxiety
attacks and depression, which occur more frequently in post-pubescent girls than boys, are
prominent examples (Romeo, 2003; Pattwell et al., 2013; Smith, 2013). Results described here
indicate that the transition from pre- to post-pubertal life causes strikingly different and indeed
opposite male vs. female changes in LTP and associated spatial learning. They also describe

synaptic mechanisms related to the marked developmental changes that occur in females.

Materials and Methods

Animals. The studies used postnatal day (P) 21-26 and 2-4 month old male and female mice
(FVB129 background) and P21-28 and 2-3 month old Sprague Dawley male and female rats.

We used rats for most of the electrophysiological (excepting the use of mice for analysis in Fig.
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5¢) and all of the immunolabeling experiments because their larger hippocampus allowed for
greater precision in aligning zones used in the imaging methods with those sampled during
recording studies. Mice were used in all behavior experiments to allow for larger sample size
and because tasks have been validated in mice. Animals were on a 12 hr light/dark cycle with
lights on at 6:30AM and food and water ad libitum. Mice were grouped by 3-5 littermates and
rats by 2-4 littermates per cage in rooms maintained at 68°F and 55% humidity. Experiments
were conducted in accord with NIH guidelines for the Care and Use of Laboratory Animals and
protocols approved by the Institutional Animal Care and Use Committee at University of
California, Irvine. All adult females were estrous staged using vaginal lavage as described
(Caligioni, 2009; Cora et al., 2015) and identified as proestrus (presence of nucleated cells) and
non-proestrus (cornified cells for estrus stage and leukocytes for metestrus/diestrus).
Prepubescent females were defined as P21-26 in mice and P21-P28 in rats to reflect
differences on puberty onset, as defined visually by vaginal canal opening in both species (Bell,

2018). Prepubescent male rats and mice were age-matched to conspecific females.

Object Location Memory (a.k.a., object placement). Behavioral experiments were performed as
described (Seese et al., 2014; Wang et al., 2018) in FVYB129 mice. Animals were handled for
two minutes per day for two days and then habituated to an empty arena (30x25cm floor, 21.5
cm walls) for 5 min on each of the 4 days. For training, mice were returned to the arena
containing two identical glass funnels that were 1 cm away from two adjacent corners, were
allowed to explore for 5 or 10 minutes, and then were returned to their home cage. After a
specified time delay, the mice were placed in the same arena with one funnel displaced towards

the center and allowed to explore for 5 minutes.

Adult female mice were monitored for estrous cycling for at least 7 days prior to the
training day to ensure normal cycling. On the training day animals were separated into proestrus

VS non-proestrus (estrus, metaestrus, diestrus were pooled) groups (Kato et al., 2013).
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Prepubescent mice were P25 at training and did not show evidence of vaginal opening on
training or testing days. For studies with L655,708, adult female mice were randomly assigned

to the drug or vehicle group on the training day.

For these and other behavioral paradigms, the animal's movements within the test
chamber were recorded by overhead camera during both training and testing. Videos were
hand-scored by individuals blind to group, and sampling time was recorded when the animal’s
nose sniffed the object within 0.5cm. Sampling was not noted if the animal’s nose was in the
same zone while turning their head but not attending to the object. A discrimination index (DI)

was calculated by 100*(tnovel object — 1:familiarobject)/(tnovel object + 1:familiar object)-

Episodic “Where” Task. Studies used FVB129 mice as previously described (Cox et al., 2019) .
The mice were handled one day prior to the task. On training day, the mice were then placed
into a plexiglas arena (60x60 cm floor, 30 cm walls) containing four empty glass cups (5.25 cm
diameter x 5 cm height) with a metal lid with a single hole (~1. 5 cm diameter). The cups were
removed from the chamber, and the animal rested undisturbed for 5 minutes. For the training
session, the four cups were re-introduced with each containing one of the following odorants
dissolved in mineral oil (final concentration of 0.1 Pascals): (A) (+)-Limonene (297% puirity,
Sigma-Aldrich), (B) Cyclohexyl ethyl acetate (=97%, International Flavors & Fragrances Inc.),
(C) (+)-Citronellal (~96% Alfa Aesar), and (D) Octyl Aldehyde (~99%, Acros Organics). The
animal’s behavior was monitored over 5 minutes of odor exposure, and then they were returned
to their home cage for 24 hours. For testing, the animals were allowed to explore the chamber

with either odorant pairs (A:D) or (B:C) switched in position for 5 minutes.

Episodic “What” Task. The task followed the same set up as in the episodic “Where” task, but,

for training, the animals were exposed to odorant B, C, D, and E (Anisole; ~99%, Acros
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Organics) for 5 minutes. The next day, the animals returned to the chamber with odorant A

replacing odorants B or D and were allowed to explore the arena for 5 minutes.

For Episodic Where and What tasks, video recording of behavior were hand-scored by
observers that were blind to odors and groups. Cue sampling time was designated as the time
the animal’s nose was oriented towards the odor hole and within a 0.5 cm radius. The DI for the
“‘Where” task was calculated as follows: 100*(tyean oF switcHeDd pair-tmean oF staTionary pair)/ (troTal

savpLing)- For the “What” task, DI was: 100*(tnoveL-tvean FamiLiars)/(troTat sampLING)-

Extracellular Hippocampal Slice Recording. Transverse rat hippocampal slices (370um thick)
were prepared using the Mclllwain chopper and then transferred to an interface recording
chamber, with constant oxygenated artificial cerebrospinal fluid (aCSF) perfusion (60-70mL/hr;
31+1°C) as described (Wang et al., 2018). The aCSF was composed of (in mM): 124 NaCl, 26
NaHCOs;, 3 KCI, 1.25 KH,PQ,, 2.5 CaCl,, 1.5 MgSO, and 10 dextrose (pH 7.4, 300-310 mOsm).
Recordings started 1.5-2 hours after slice preparation. Field EPSPs were elicited using a twisted
nichrome wire stimulating electrode and recorded with glass pipette electrode (2M NaCl, R=2-
3MQ). These electrodes were placed in dorsal CAlb stratum radiatum equidistant from the CAl
stratum pyramidale. Single pulse baseline stimulation was applied at 0.05Hz with baseline
intensity set to 50-60% of the maximum population-spike free fEPSP amplitude. All recordings
were digitized at 20kHz using an AC amplifier (A-M Systems, Model 1700) and sweeps of 1.5
seconds duration were recorded every 20 seconds using NAC 2.0 Neurodata Acquisition
System (Theta Burst Corp. Irvine, CA). After baseline recording and additional drug infusion,
LTP was induced by applying 10 bursts of TBS (4 bursts at 100 Hz, 200 ms interval between
bursts) or threshold TBS (4 triplets of theta bursts with 200 ms interval between bursts within the
triplet and 90 seconds between triplets), and the recording to baseline (0.05Hz) stimulation
resumed for 1 hour. Female rat vaginal smears for estrous monitoring were collected post-

mortem at time of slice preparation, and only non-proestrus animals were included in LTP
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experiments. Experiments using APV included all stages as there were no statistical differences
between proestrus and non-proestrus stages. For all electrophysiology experiments, multiple

slices from at least 4 rats were used, and the N reported was number of slices.

Whole-Cell Voltage Current Clamp Recording. Hippocampal slices were prepared on the
horizontal plane at a thickness of 350 um from 4- and 8-week-old mice and rats using a Leica
vibrating tissue slicer (Model: VT1000S). Slices were placed in a submerged recording chamber
and continuously perfused at 2 mL/min with oxygenated (95% O,/5% CO,) aCSF at 32°C.
Whole-cell recordings (Axopatch 200A amplifier: Molecular Devices) were made with 4—7 MQ
recording pipettes filled with a solution containing (in mM): 140 CsMeSOQOs;, 8 CsCl, 10 HEPES,
0.2 EGTA, 2 QX-314, 2 Mg-ATP, 0.3 Na-GTP. Osmolarity was adjusted to 290-295 mOsm and
pH 7.4. Bipolar stimulating electrodes were placed in CA1 stratum radiatum, 100-150 pm from
the recording cell. EPSCs were recorded by clamping the pyramidal cell at =50 mV in the
presence of 50 yM APV. Data was collected using Clampex 10.6 and analyzed with Clampfit

10.6 (Molecular Devices).

Drug Application. For hippocampal slice recording, the compounds were infused into the aCSF
bath via an independent perfusion line (6mL/hr). Final aCSF bath concentrations: APV (100 pM;
Hello Bio #HB0225), bicuculline (20 pM; Tocris Bioscience #0130), L655,708 (field
electrophysiology: 150 nM, whole-cell electrophysiology: 50 nM; Tocris Bioscience #1327), MPP
dihydrochloride (3 uM; Tocris Bioscience #1991) were dissolved in DMSO (<0.01%). For the
Object Location Memory task, vehicle (0.1% DMSO) or L655,708 (0.5mg/kg in 0.1% DMSO)

was injected intraperitoneally 30 min prior to training.

Fluorescence Deconvolution Tomography (FDT). Prepubescent female and male rats were
sacrificed on P25; all adult female rats were sacrificed during the diestrus stage of the estrous

cycle (P57-59), and adult male rats were age-matched. Slide-mounted, fresh frozen tissue
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sections (25 um; coronal) from mid-septotemporal hippocampus (same region used for
electrophysiological studies) were immersion-fixed in 4% paraformaldehyde and processed for
dual immunofluorescence as previously described (Rex et al.,, 2009; Babayan et al., 2012;
Seese et al., 2013; Seese et al., 2014) with incubation in primary antisera at 4°C for 24 hours
and in secondary antisera at room temperature for 2 hours. After the secondary incubation,
sections were washed in 0.1M phosphate buffer and cover-slipped using VectaShield with DAPI

(Vector Labs).

Primary antisera cocktails included rabbit anti-gephyrin (1:2000, Abcam #ab32206;
RRID: AB_1860490) combined with either guinea pig anti-B1-GABAAR (1:500, Synaptic
Systems #224705; RRID: AB_2619940) or mouse anti-a2-GABAAR (1:500, Abcam #ab193311;
RRID: AB_2890213); mouse anti-gephyrin (1:1500, Synaptic Systems #147021; RRID:
AB_2232546) combined with either guinea pig anti-vGAT (1:2000; Synaptic Systems #131004;
RRID: AB_887873) or rabbit anti-a5-GABAAR (1:800, Abcam #ab10098; RRID: AB_296840);
rabbit anti-ERa (1:700; Santa Cruz Biotechnology; #sc-542; RRID: AB_631470) combined with
mouse anti-PSD95 (1:1000, Thermo Fisher #MA1-045; RRID: AB_325399); and mouse anti-
ERB (1:700, Santa Cruz Biotechnology #sc-390243; RRID: AB_2728765) combined with goat
anti-PSD-95 (1:1000; Abcam #ab12093; RRID: AB_298846). Secondary antibodies (all at
1:1000 dilution) included donkey anti-rabbit Alexa Fluor 594 (Invitrogen, Thermo Fisher
Scientific #A-21207; RRID: AB_141637), goat anti-guinea pig Alexa Fluor 488 (Invitrogen,
Thermo Fisher Scientific #A-11073; RRID: AB_2534117), donkey anti-goat Alexa Fluor 488
(Invitrogen, Thermo Fisher Scientific #A-11055; RRID: AB_2534102), and donkey anti-mouse

Alexa Fluor 488 (Invitrogen, Thermo Fisher Scientific # A-21202; RRID: AB_141607).

FDT was conducted as described (Rex et al., 2009; Babayan et al., 2012; Seese et al.,
2014; Wang et al., 2018). Under 63x magnification image z-stacks (136x105x2 pm) were

collected using 200 nm steps from CAL stratum radiatum; for each case images were collected
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from =5 sections spaced by 250 um on the septotemporal axis of hippocampus. The images
were processed for iterative deconvolution (99% confidence, Volocity 4.0). Individual stacks
were used to construct 3-D montages of each sample field. Labeled objects were detected
using threshold image segmentation across each channel separately; an image was normalized
and thresholded at a given intensity threshold, erosion and dilation were used to fill holes and
remove background pixels, and objects were segmented based on connected pixels above a
threshold using in-house software (using C99, Java (openJDK IcedTea6.1.12.6), Matlab
R2019b, PuTTY 0.74, and Perl v5.30.0). All immunofluorescent elements meeting size
constraints of synapses, and detected across multiple intensity thresholds, were quantified
using automated systems. The gephyrin and PSD-95-immunoreactive elements were
considered to be double-labeled for the second antigen if there was contact or overlap in fields
of the two fluorophores as assessed in 3-D. Using this approach, ~30,000 inhibitory or

excitatory synapses were reconstructed per sample field, and >150,000 were analyzed per rat.

Statistics. Results are presented as mean+SEM. For LTP studies significance was determined
by comparing the within-slice normalized mean response over the last 5 minutes of the
experiment between groups using 2-tailed unpaired t-test or two-way ANOVA with post-hoc
Tukey test. Significance in STP and burst pulse analyses was determined using repeated-
measure (RM) ANOVA with Bonferroni post-hoc test. Whole-cell recordings and input-output
curves were analyzed using 2-tailed unpaired and paired t-test and linear regression,
respectively. Behavioral data was analyzed with two-way ANOVA with post-hoc test Tukey for
age and sex comparisons, or unpaired or paired 2-tailed Student’'s t-test for two group
comparisons. For FDT density frequency distributions, significance was determined using 2-way
RM-ANOVA,; for statistical comparison of mean data between two groups a Student’s t-test was
used, and for age and sex comparisons a two-way ANOVA was used followed by post-hoc

Tukey test. All analyses were performed using Prism 6.0 (GraphPad).
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Results

Hippocampal LTP threshold before vs. after puberty. We used theta burst stimulation (TBS) to
induce potentiation of Schaffer-Commissural (S-C) afferents to field CA1 in acute hippocampal
slices from prepubescent (postnatal day (P) 21-28) and young adult (2-3 month old) rats. The
amplitudes of field excitatory postsynaptic potentials (fEPSPs) elicited in the CAl apical
dendrites by single pulse stimulation of S-C projections were tightly related to the amplitudes of
the preceding fiber volley. Input/output (fiber volley vs. fEPSP amplitude) curves were similar
between ages and sex (Fig. 3.1a). Prior studies using multiple short trains of three bursts, a
protocol that is near threshold for eliciting stable potentiation (Larson and Lynch, 1986),
identified a marked sex difference in S-C LTP threshold (Wang et al., 2018). We compared
effects of four such triplets, applied at 90-sec intervals, on pre- vs. post-pubertal slices. LTP was
obtained in adult males but not females (Fig. 3.1b); the percent potentiation at 55-60 minutes
post-induction was 35.0+6.1% and 8.1+4.4%, respectively (p=0.0038, unpaired t-test). The sex
difference was also present in short-term potentiation (STP) recorded during the 90 seconds
after each triplet (F333=7.40, p=0.0006, R-M ANOVA,; Fig. 3.1c). After the last triplet,

potentiation steadily decayed to baseline in females but not in males (Fig. 3.1d).

Results for the prepubescent groups were dramatically different than those for adults:
theta burst triplets induced robust LTP in females (29.2+4.6% at 55-60 min post-induction) but
not in males (3.9+£2.7%; unpaired t-test p=0.0005) (Fig. 3.1e). Sex differences were also evident
for STP (F34,=4.181, p=0.01, R-M ANOVA,; Fig. 3.1f). Potentiation was sustained over the
subsequent 40 min in females whereas the smaller effect in males quickly fell to baseline (Fig.
3.1g). In all, theta bursts produced a more pronounced initial potentiation in prepubescent
females than in age-matched males and is reflected in the magnitude and stability of

subsequent LTP.
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Results above indicate that, with age, S-C LTP threshold changes in opposite directions
for males vs. females. The difference in percent potentiation at 55-60 min post-induction for pre-
vs. post-puberty groups was highly significant for both sexes (2-way ANOVA: F;,5=36.35,
p<0.0001; Tukey’s post-hoc: female: p=0.0015; male: p=0.0004) (Fig. 3.1h). Burst triplets
produced substantially greater STP before than after puberty in females (R-M ANOVA:
F345=11.57, p<0.0001) (Fig. 3.1i, right). In contrast, STP in males tended to be smaller before
than after puberty but this was not statistically significant (F333=1.78, p=0.17; Fig. 3.1i, left).
These results raise the possibility that the brief postsynaptic depolarization produced by theta
bursts decreases with female puberty resulting in an increase in the number of bursts needed to
produce LTP and that male changes across puberty are likely to involve other types of

mechanisms.
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Figure 3.1. Sex differences in adult rat LTP thresholds are reversed before puberty.
fEPSPs elicited by stimulation of the Schaffer-commissural (S-C) projections were recorded in
CA1 stratum radiatum in acute hippocampal slices from prepubertal (‘Prepub’; 3-4 week) and
adult (8-10 week) rats of both sexes. (a) Input-output curves were comparable across age and
sex (p=0.46, F31,4=0.86, linear regression). Representative traces on right. Bars: 2mV, 5ms. (b)
Four theta burst ‘triplets’, spaced by 90 seconds, were delivered to S-C axons after 20 minutes
of baseline. Each triplet included three bursts (1 burst: 4 pulses at 100Hz) separated by 200ms.
After the triplets, single pulse responses in adult females decayed steadily to baseline whereas
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those in males fell to a stable plateau just above baseline values. Inset: superimposed traces
from baseline (black) and the end of the recording session (gray). Bars: 1mV, 10ms. (c)
Stretched x-axis (minutes 15-30 of panel ‘b’) to illustrate single pulse responses during the 90
seconds after each triplet; male fEPSPs were elevated above those of females, indicating a sex
difference in short-term potentiation (STP). (d) Stretched axes (minutes 50-80 of ‘b’) show that
adult males had a lasting increase in fEPSPs after TBS whereas females did not. (e-g) Same
format as that for panels b-d but for prepubescent rats: Responses recorded for 90 seconds
after each triplet are much larger in females than males (f), the reverse of the pattern recorded
in adults, and females expressed robust LTP whereas males did not (g). (h) Summary of LTP
(55-60 minutes) for both age groups and sexes (Two-way ANOVA Interaction: F;25=36.35,
p=0.00005; Tukey Post-hoc: ***p<0.001, **p<0.01, #p=0.0015 for adult female vs prepub
female). (i) Averaged responses (percent baseline) collected following each of the four theta
burst triplets. There was no reliable difference for STP in prepubescent vs. adult male slices (2-
way RM-ANOVA: F333=1.781, p=0.17), but STP was larger in prepubescent female vs. adult
female slices (F;4,=11.57, p=8.44x10®; Bonferroni post-hoc: **p<0.01). For all panels, N=5-10.
Mean+SEM values shown.
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Spatial learning thresholds before vs. after puberty. The LTP threshold data (above) lead to the
striking prediction that the male-female differences in minimum cue exposure required for
spatial memory in young adults would be reversed prior to puberty. We tested this using
threshold duration training in the Object Location Memory (OLM) task (Fig. 3.2a), a paradigm in
which memory is CAl-dependent and facilitated by E2 (Inagaki et al., 2010; Barrett et al., 2011;

Boulware et al., 2013).

Prepubescent (P25) and adult (2-3 months) male and female mice were given an initial
5-min exposure to two identical objects (“training” session) and, 24 hours later, a 5-min “testing”
session during which they re-explored the arena with one object displaced towards the center.
Despite lacking high levels of circulating estrogen (Bell, 2018), prepubescent females
preferentially explored the novel-location object during testing, as indicated by high
Discrimination Index (DI) scores, whereas adult females trained during low-estrogen states
(“non-proestrus”) showed no preference (low DI scores) (Fig. 3.2b). The opposite
developmental pattern held for males: adults performed significantly better than pre-pubertal
mice. When comparing sexes in age-matched mice (F;5=27.07, p<0.0001, interaction 2-way
ANOVA), adult males outperformed adult females (p=0.003, Tukey’s post-hoc), whereas
prepubescent females scored better than prepubescent males (p=0.002). As predicted from the
DI scores, prepubescent females and adult males both explored the novel-location object more
than the familiar-location object (paired t-tests: p=0.0001 for females, p=0.0006 for males),
whereas adult, non-proestrus females and prepubescent males did not (p=0.21, p=0.73,
respectively; Extended Data Fig. 3.1a). As described (Wang et al., 2018), adult females trained
during the high-estrogen stage (proestrus) showed a marked preference for the novel-location

object (p=0.004; Extended Data Fig. 3.1b).

In contrast to the above, adult females given 10 (as opposed to 5) minutes of training

discriminated the novel-location object during testing (p=0.01), indicating that they require
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longer training than prepubescent females to encode spatial memory. Surprisingly,
prepubescent males given extended (10-min) training still did not discriminate the moved object

(p=0.46, Extended Data Fig. 3.1b).

Next we tested if the lower facility for rapid spatial learning in prepubescent males and
adult females involve problems relating to initial acquisition of cue locations as opposed to later
consolidation of the information. Mice were given 5-minute training session and tested for OLM
15-minutes later (Fig. 3.2a). The DI for non-proestrus adult females was near zero, indicating
that they failed to develop short-term memory for object location. In contrast, although
prepubescent males did not encode long-term memory for cue location as assessed at 24h,
they had excellent DIs after the short delay (adult female vs prepubescent male; p=0.0002;
unpaired t-test) (Fig. 3.2c; Extended Data Fig. 3.1c). These data reinforce the conclusion from
the STP analyses in the physiological experiments that the reversal of sex differences across

puberty is due to different types of changes in female vs. male plasticity.

Total cue sampling times (both objects) during OLM training and testing were greater for
adult than prepubescent mice (females: P<0.0002, males: P<0.0012) but did not differ between
the sexes at either age (Supplementary Fig. 3.1a,b). Thus, the absence of long-term memory
in adult females was not due to a failure to investigate the objects and their locations. Inattention
could however have been a factor in the poor performance by prepubescent males (but see
below). There were no evident differences between groups in locomotor activity in the

behavioral sessions (Supplementary Fig. 3.1c).

The above findings raise the question of whether differences in spatial learning are
specific to simple tasks such as OLM or instead occur in the same subgroups in more complex
circumstances. We tested this using a paradigm in which mice freely sampled four distinct and

equally salient odors for 5 minutes and were tested for preferences 24 hours later with positions
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of two of the odors swapped (‘Where’ task; Fig. 3.2d). Note that the animals sequentially
investigate a collection of cues under these circumstances and that recognition of changes
requires encoding of both cue location and identity. Thus the task is considerably more
challenging than OLM and incorporates both ‘what’ and ‘where’ features of episodic memory.
The animals sampled the four odors to similar degree during training with no evident differences
between groups (Extended Data Fig. 3.1d). The DI indicated that adult, non-proestrus females
did not discriminate the novel-location cues at testing whereas prepubescent females spent
more time with moved odors (Fig. 3.2e) (p=0.008, paired t-test, Extended Data Fig. 3.1e).
Males exhibited the opposite pattern: prepubescent males had a DI near zero whereas adults
preferentially attended to the moved cues (Fig. 3.2e). A two-way ANOVA (F.3,=21.38,
p<0.0001) of the four groups showed that the adult females and prepubescent males performed

worse than the other two groups (P<0.043, Tukey’s post-hoc).

In contrast to the OLM results, there were no age or sex differences in the total time
investigating the four odors during training or testing for the episodic ‘where’ task
(Supplementary Fig. 3.1d,e). Thus, the absence of long-term memory in post-pubescent
females and prepubescent males cannot be attributed to different sampling times. There were

no evident differences in locomotion during behavioral sessions (Supplementary Fig. 3.1f).

We then tested additional groups to determine if there are sex or age differences in a
version of the multi-cue task with a minimal spatial component (episodic “What” test). Mice were
allowed to sample four odors for 5 minutes and were tested 24 hours later with one of the cues
replaced by a novel odor (Fig. 3.2d; Extended Data Fig. 3.1f). In contrast to results for the
combined cue identity/location problem, all four groups showed a clear preference for the novel
odor at testing (Fig. 3.2f; Extended Data Fig. 3.1g). Total sampling times were similar to those
for OLM in that adult males and females sampled the cues longer than their prepubescent

counterparts (Supplementary Fig. 3.1h), but this did not appear to influence retention scores.
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Locomotor activity was similar between groups (Supplementary Fig. 3.1i). These findings
establish that sex and age do not significantly affect encoding cue identity, but that changes
across puberty produce opposite effects on female vs. male learning when a spatial component

is introduced.
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Figure 3.2. Adult sex differences in spatial learning are reversed prior to puberty. (a)
Object Location Memory (OLM) paradigm. Mice were exposed to two identical objects for 5
minutes (‘training’). After a delay, mice were returned to the chamber for 5 minutes with one
object displaced (‘testing’). (b) With a 24 hour delay, prepubescent (“Prepub”) females (N=16)
discriminated the displaced whereas adult females (N=7) (2-way ANOVA (Interaction of sex and
age): F15=27.07, p=2.9x10®% Tukey’s post-hoc: **p=0.0034) and prepubescent males (N=20)
(**p=0.002) did not. Conversely, adult males (N=17) better discriminated the moved object than
prepubescent males (**p=0.0016) and adult female mice (**p=0.003). (c) When tested 15
minutes post-training, adult females performed significantly worse in the task than prepubescent
males (2-tailed unpaired t-test: ***p=0.0002, N=8/group). (d) Episodic “Where” and “What” task
schematic. Mice were exposed to four different odors for 5 minutes (training); 24 hours later, the
animals explored the chamber with either the two objects switched in position (“Where”) or one
odor replaced by a novel odor (“What”). (e) In the “Where” task, prepubescent females better
discriminated the switched odor pairs than did adult females (F;3,=21.38, p=5.25x10". post-
hoc: **p=0.0091) and prepubescent males (*p=0.043). Adult males better discriminated
switched odors compared to prepubescent males (*p=0.016) and adult females (**p=0.003)
(N=8-11/group). (f) In the “What” task, all groups preferentially explored the novel odor vs the
familiar odors at testing (F130=0.26, p=0.61. N=8-9/group). Mean+SEM values shown.
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Factors relating to the developmental changes in female LTP. The STP results described above
could reflect age- and sex-differences in the depolarizing responses produced by theta burst
triplets and thus the likelihood of triggering the initial steps leading to LTP. Comparisons of the
composite response to a single four-pulse theta burst in rat slices confirmed that the amplitudes
of the 2" through 4™ fEPSP were substantially larger in females before vs. after puberty
(F300=24.40, p=5.38x10"; RM-ANOVA) (Fig. 3.3a). These results are suggestive for underlying
mechanisms. Afferents from CA3 monosynaptically innervate both CA1l pyramidal cells and
local interneurons, some of which form inhibitory synapses in the same dendritic field (stratum
radiatum) as the excitatory contacts (Alger and Nicoll, 1982). Inhibitory postsynaptic currents
(IPSCs) are slower than the fast AMPAR-mediated glutamatergic currents and thus exert their
greatest shunting effects on EPSCs triggered by the 3" and 4™ pulses in a theta burst (Ben-Ari

et al., 1981; Larson and Munkacsy, 2015).

We tested the possibility of an age-related increase in feedforward IPSCs in females
using voltage-clamp recordings to compare effects of the GABAR antagonist bicuculline on the
size of a burst response in prepubescent and adult rat slices (Fig. 3.3b). In agreement with the
field recordings, the area of the baseline (pre-drug) burst response, normalized to the amplitude
of the first EPSC in the burst, was nearly twice as large in pre-pubertal females (60.6+2.8
pA*msec) as in adult females (31.3+3.6 pA*msec; p=0.0002, unpaired t-test). The burst
response area tended to decrease with age in males (pre- vs. post-puberty: 61.4+3.5 vs.
51.0£4.3 pA*msec) but this effect did not reach statistical significance (p=0.068, unpaired t-test;
Supplementary Fig. 3.2a). The percent decrease from prepubescence to adulthood was
significantly larger in females (-48.3+5.9%) than in males (-16.9 +7.1%) (p=0.004, unpaired t-
test). Bicuculline had a larger effect after puberty: in females it increased the area of a single
burst response by 82.5+22.9% and 195.8+29.7% in prepubescent and adult animals,
respectively (p=0.02, unpaired t-test) (Fig. 3.3c). The antagonist had a measurably greater
effect on normalized burst responses in males than females before (p=0.019, unpaired t-test)
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but not after (p=0.273) puberty. These results indicate that feedforward IPSCs during a burst
response increase across puberty in females and thereby more potently shunt the
depolarization produced by a burst.

Delivery of two bursts separated by 150-200 msec results in a marked facilitation of the
second response due to partial suppression of feedforward IPSPs (Pacelli et al., 1989, 1991).
The enhanced and prolonged depolarization unblocks NMDARs and thus initiates the sequence
leading to the production of LTP (Larson and Lynch, 1988). We used the selective NMDAR
antagonist APV to estimate the magnitude of the NMDAR-component of the burst response
before vs. after female puberty. A pair of theta bursts was delivered under control conditions
and then again after 30 minutes of APV infusion. As expected from above, the area of the
composite potential produced by the first (control) theta burst was substantially larger in slices
from prepubertal than adult female rats (p<0.0001) (Fig. 3.3d,e). Notably, the amplitude of the
initial fEPSP within the burst was virtually identical in the two groups (Prepuberty: 2.10+0.02
mV, Adult: 2.11+0.03 mV. p=0.64, unpaired t-test) indicating that the age difference in burst
responses was due to the 2"-4™ potentials. The prepubescent cases also had a larger response
to the second theta burst than did adults during baseline testing (159.9+4.8 vs. 119.1+4.7
mV*msec respectively, p=0.0003) (Fig. 3.3e). Following APV infusion, the response to the first
of the two theta bursts was not measurably different than that before APV infusion for either age
group but the magnitude of the second burst response was reduced in both cases. We
subtracted the waveforms of the APV-plus responses from those acquired before APV infusion
to quantify the drug effect (Fig. 3.3f). This analysis confirmed that the antagonist had no effect
on the first burst response but removed a significant component of the second, an effect that
was clearly greater in pre- vs. post-puberty slices (-26.4+4.6 vs. -12.1+3.8 mV*msec,
respectively. p=0.024) (Fig. 3.3g). This accord with the prediction that the NMDAR-mediated

component of the composite response decreases across puberty.
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Figure 3.3. Theta burst responses, feedforward inhibition, and NMDAR-mediated synaptic
potentials differ between pre- vs. post-pubescent female rats. (a) Traces of fEPSP
responses elicited by a single burst (four pulses,100Hz) delivered to the Schaffer-commissural
(S-C) projections and recorded from CA1l stratum radiatum in slices from prepubescent
(‘Prepub’) or adult female rats. Arrowheads mark the fourth fEPSP in the burst response. Bars:
2mV, 20msec. Right: Graph shows the four fEPSPs within the burst responses in adult and
prepubescent groups (2-way RM-ANOVA: F;4,=25.40, p=5.38x10"%. Asterisks indicate group
differences for each fEPSP in the burst response: Bonferroni post-hoc, ****p<0.0001). (b)
Voltage-clamp recordings from CA1 pyramidal cells during delivery of single burst stimulation to
S-C projections in slices from a prepubescent or adult female rats before (solid trace) and
during (dotted) infusion of bicuculline (20 puM, 10 min). In adults the baseline response is smaller
and the GABA4R antagonist had a greater effect (bars: 100 pA, 50 ms). Graph shows areas of
baseline (pre-drug) burst responses for prepubescent (N=10) and adult (N=12) groups: the size
of the composite four EPSC responses (nhormalized to amplitude of the first response) were
nearly twice as large in prepubescent vs. adult females (2-tailed unpaired t-test: ***p=0.0002).
(c) Group data for effects of bicuculline before vs. after puberty. The antagonist had
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substantially larger effect in slices from the older rats (2-tailed unpaired t-test: *p=0.02). (d)
Traces show S-C responses elicited by two theta bursts (4 pulses at 100 Hz, 200 ms interval) in
prepubertal and adult female slices (bars: 1 mV, 50 ms). (e) Group data for areas of responses
elicited by the first and second theta bursts. As in ‘a’, the first of these (TBS1) was larger in
prepubertal as compared to adult female slices (2-tailed unpaired t-test: **** p=7.4x10°); this
was also the case for the composite response to the second burst (TBS2) (***p=0.0003). (f)
Traces show superimposed theta burst responses before and after 30-min infusion of NMDAR
antagonist APV (100uM) (bars: 1 mV, 25 ms). The bottom graphs (solid blue) show the results
of subtracting the baseline responses to TBS1 and TBS2 from those recorded in the presence
of APV (bars: 0.5 mV, 25 ms). Note that APV reduced the later segments of the negative-going
response to TBS2 while having minimal effects on that produced by TBS1. (g) Summary of
group data for effects of APV on the size of responses to two theta bursts: APV did not alter the
composite response to TBS1 in prepubescent or adult slices (n.s. p=0.46) but reduced the
areas of responses to TBS2. The attenuation of the TBS2 response was larger prior to puberty
(*p=0.024, 2-tailed unpaired t-test). For panels (a, e, g): N=16/group. Data are presented as
mean values + SEM.
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GABA,R synapses before vs. after female puberty. The above findings indicate that some
element of fast ionotropic GABAergic transmission activated by CA3 inputs to CA1 changes
during female puberty. We accordingly counted the number of inhibitory synapses in the apical
CALl dendritic subfield evaluated in the physiological studies. Dual immunofluorescence for the
postsynaptic scaffolding protein gephyrin and the presynaptic vesicular GABA transporter
(VGAT) was used to label inhibitory synapses in female rats; 3-D reconstructions of several
thousand individual pre- and post-synaptic elements were created from image z-stacks and
guantified using Fluorescence Deconvolution Tomography (Rex et al., 2009; Seese et al., 2013)
(FDT) (Fig. 3.4a). There was no change in the incidence of inhibitory synapses (Fig. 3.4b) or
the per-synapse density of gephyrin (Fig. 3.4¢) or VGAT (not shown) immunoreactivity (-ir) from
4- to 8-weeks of age.

Next, we evaluated specific GABAAR subunits co-localized with gephyrin beginning with
the a5 subunit that has been linked to feedforward inhibition in CA1 (Schulz et al., 2018).
Specifically, a5-GABA,Rs are present in inhibitory synapses on CA1l pyramidal cell dendrites
where they mediate slow decaying IPSCs. Deletion of a5 decreases the amplitude of
spontaneous (synaptic) IPSCs in CAl and increases paired-pulse facilitation of fEPSPs elicited
by S-C stimulation. The latter result constitutes evidence that a significant portion of feedforward
inhibition, which shunts the response to the second stimulation pulse, is mediated by a5-
GABAxRS.

The a5 subunit levels at inhibitory (gephyrin-ir) synapses in CAl stratum radiatum
increased markedly from 4- to 8-weeks of age in females (Fig. 3.4d,e); this was evident as a
right-shift in the immunolabeling density frequency distribution towards higher values in adults
relative to juveniles (Fso700=14.46, p<0.0001, RM-ANOVA) (Fig. 3.4d, left). As expected from
this, the percentage of synapses associated with high concentrations of a5-ir was more than
two-fold greater after puberty (Fig. 3.4d, right). This developmental change was not present in
males: the frequency distributions for densities of synaptic a5-ir were superimposable for
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prepubescent and adult groups (Fi0130=0.46, p=0.91) (Supplementary Fig. 3.2b) and the
percent of contacts with high concentrations of a5-ir were comparable (pre-puberty: 20.6+1.3%;
post-puberty: 20.5+2.2%) (Fig. 3.4d, right). Comparisons of males and females identified an
interaction between sex and age (Fi126=15.30, p=0.0006, 2-way ANOVA). The density of
synaptic a5-ir increased across female puberty (p<0.0001), and pre-pubescent males had
higher levels than age-matched females (p=0.033). There were no differences between juvenile
and adult males (p=0.99) or between adult males and females (p=0.07). In all, there was a
striking difference between the sexes with regard to puberty-related changes in a key element of
feedforward GABAergic transmission in CA1 apical dendrites.

We analyzed two additional GABAAR subunits to test the selectivity of the pre- to post
puberty increase in a5 recorded for females. From 4- to 8-weeks of age, the density of
immunoreactivity for the a2 subunit at gephyrin-ir synapses was unchanged (Fsp700=0.17,
P>0.99, RM-ANOVA) (Fig. 3.4f) and there was a slight shift towards higher densities of (31

subunit-ir but this was not statistically significant (Fso700=1.32, p=0.07) (Fig. 3.49).
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Figure 3.4. Synaptic levels of GABAAR subunits in pre- vs. post-pubescent female rat. (a-
c¢) Dual immunofluorescence for presynaptic vesicular GABA transporter (VGAT) and
postsynaptic gephyrin (GPHN) in CAl stratum radiatum indicates that numbers of inhibitory
synapses are equivalent in the two age groups. (a) Image shows immunofluorescence
localization of gephyrin (open arrows, magenta) and VGAT (closed arrows, green) in an 8-week
old female. Calibration bar: 2 ym. (b) Counts of VGAT-immunoreactive (-ir) and GPHN-ir puncta
(meantSEM) were comparable at 4- and 8-weeks of age (2-tailed, unpaired t-test: VGAT,
p=0.92; GPHN, p=0.78). (c) Immunolabeling density frequency distributions for gephyrin-ir
elements did not differ between groups (Fi560=0.58, p=0.98). (d-e) The density of
immunolabeling for the a5 GABAAR subunit at inhibitory synapses changes from 4 to 8 weeks in
females, but not males. (d) Left. Plot shows the density frequency distributions for a5-ir co-
localized with gephyrin (‘2x synapses’) in females: the curve for the 8-week group was markedly
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right-shifted towards higher densities relative to that for the 4-week group (p=5.8x10"%,
Fs0700=14.46). Right. Graphs shows the percentage of double-labeled synapses with dense a5-
ir (above vertical cutoff line on the frequency distribution curve) in female and male rats
(Supplementary Fig. 2b for males frequency distribution): Values were significantly higher in
post- vs pre-pubescent females, whereas males showed no change between ages (2-way
ANOVA Interaction F;,=15.30, p=0.0006; Tukey’s post-hoc: ****p<0.0001, #p<0.05 vs. 4 wk
female. p=0.99 for 4wk vs 8wk male). (e) Photomicrographs of a5-GABA,-ir in CAL stratum
radiatum illustrate the increase in densely-immunolabeled puncta in 8- vs 4 -week old females.
Bar: 5 ym. (f,g) Density frequency distributions for (f) a2-GABAR-ir and (g) B1-GABAR-ir
show that levels of synaptic immunoreactivity (colocalized with gephyrin) did not differ between
pre- and post-pubescent females (a2: P>0.99, Fs0700=0.17; B1: p=0.07, Fs0700=1.32). For all
panels N=7-8/group. Statistics on (c-d, f-g) performed with 2-way RM-ANOVA (Interaction).
Data are presented as mean values + SEM.
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Effects of blocking a5-GABAAsRs. We tested the prediction that blocking a5-GABAARs with
subunit selective negative allosteric modulators (NAMs, a.k.a., inverse agonists) would restore
theta burst responses and LTP in adult female rats to levels found before puberty. Infusion of
the selective a5-NAM L655,708 (150 nM, 40 minutes), which acts via the benzodiazepine
binding site to suppress IPSCs gated by a5-GABAARSs, had minimal effects on baseline fEPSP
amplitude in adult females but caused a clear enhancement of the normalized and raw
amplitudes of the 2™-4™ potentials in the composite response to a theta burst, as expected for
suppression of fast inhibition (Fig. 3.5a for normalized values; raw values: 1% pulse, vehicle:
2.75£0.13 mV, L655,708: 3.00+0.11 mV, two-tailed unpaired t-test p=0.11; RM-ANOVA across
pulses: p=0.0048, F;3,=5.041). These results constitute the first evidence that a5-GABAARS
potently affect theta burst responses. We confirmed that theta burst triplets fail to elicit LTP in
vehicle-treated adult female rat slices but do produce robust LTP in the presence of L655,708
(9.3+2.9% vs. 48.9+6.7%; p=0.0002, at 55-60 min post-TBS, unpaired t-test) (Fig. 3.5b).
Voltage-clamp recordings in mouse slices revealed that the NAM significantly increased
(22.2+4.8%, p=0.003; paired t-test) the area of single theta burst responses above pre-
treatment baseline in adult females. However, and in accord with the analysis of a5 densities at
synapses, the compound had little if any effect (8.314.2%, p=0.144) on response size in
prepubescent female slices (prepubertal vs adult; p=0.04, unpaired t-test) (Fig. 3.5c).
Collectively, these findings indicate that the pronounced increase in synaptic a5-GABAARS that
occurs over the course of female puberty depresses theta burst responses leading to an

increase in LTP threshold.
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Figure 3.5. A negative allosteric modulator (L655,708) of the a5-GABAAR subunit
increases theta burst responses and facilitates LTP in adult females. (a,b) Baseline
responses were collected for 20 min before a 40-min infusion of L655,708 (150 nM) in adult
female rat hippocampal slices. Four TBS ‘triplets’ (90 sec intervals) were applied to induce LTP
after drug treatment. (a) Left. L655,708 increased the size of the response to one theta burst (4
pulses, 100 Hz) relative to vehicle-treatment (bars: 2mV, 10ms). Right. Group data (N=7-
8/group) for the four fEPSP amplitudes normalized to the first pulse that comprise a single theta
burst response (2-way RM-ANOVA: p=0.011, F;z0=4.21;Bonferroni post-hoc (3 pulse:
*p=0.048 and 4" pulse: *p=0.012). (b) Female slices treated with L655,708 (line bar) express
robust LTP whereas those infused with vehicle do not (2-tailed unpaired t-test: p=0.0002 at 1
hour post-TBS. N=7/group). Right: Representative superimposed traces. Black: baseline,
Orange: post-LTP, bars: 2 mV, 10 ms. (c¢) Voltage-clamp recordings from CA1 neurons elicited
by a single theta burst from prepubescent vs adult female mouse slices before (black trace) and
during infusion with L655,708 (50 nM, 10 min; bars: 50 pA, 25 ms). Bar graph summarizes
results for prepubescent and adult female slices: L655,708 significantly increased the area of
the burst response in adult (N=12; p=0.003, 2-tailed, paired t-test) but not prepubescent females
(N=13; p=0.144). The difference in % increase above pre-drug baseline for the two groups was
significant (2-tailed, unpaired t-test: *p=0.04). (d) Adult female mice were intraperitoneally
injected with vehicle (0.1% DMSO) or L655,708 (0.5mg/kg) 30 minutes before the 5-minute
training trial for Object Location Memory. With a 24 hour delay, adult females given L655,708
showed enhanced discrimination for the displaced object compared to vehicle-treated females
(2-tailed unpaired t-test: **p=0.0097. Vehicle N=8, L655,708 N=7). Mean+SEM values shown.
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As expected from the FDT analysis of synaptic a5 concentrations, L655,708 caused a
comparable increase in burst response area in males before and after puberty (% area change:
26.61£3.4 and 29.6+4.7, respectively; p<0.01 within groups, paired t-tests. p=0.649 between age

groups, unpaired t-tests. Supplementary Fig. 3.2c).

Next, we tested the prediction that the recovery of low threshold LTP in adult females
produced by L655,708 would result in a comparable improvement in spatial learning. Non-
proestrus mice were injected with vehicle or the a5-NAM 30 minutes before 5-minute OLM
training and were tested for discrimination of the moved object 24 hours later (Fig. 3.2a).
Vehicle-treated mice had low retention scores whereas the L655,708 group performed at the
level of prepubescent females and adult males (vehicle vs. L655,708: p=0.0097, unpaired t-test)
(Fig. 3.5d; Extended Data Fig. 3.2a). The NAM did not influence cue sampling times during

training or testing, or locomotor activity (Extended Data Figs 3.2b,c,d).

Contributions of ERa to LTP prior to puberty. As described, LTP in adult females is dependent
on locally synthesized estrogen acting on synaptic ERa (Wang et al., 2018). We investigated the
possibility that this requirement emerges with puberty, and associated increases in circulating
estrogen (Bell, 2018), and thus is a potential contributor to the elevation of LTP thresholds. The
selective ERa antagonist MPP produced a near complete blockade of potentiation induced by a
train of 10 theta bursts in slices from 4-week old female rats (Vehicle: 58.9+7.2% at 55-60 min
post-TBS; MPP: 12.4+4.5%; p=0.0006, unpaired t-test) (Fig. 3.6a). The use of a stronger
induction paradigm (10 bursts instead of burst—triplets) emphasizes the extent to which
prepubescent female LTP is dependent on this estrogen receptor class. Using FDT we
determined that ERa levels at PSD-95-ir synapses in CA1 stratum radiatum are dramatically
higher in adult than in prepubertal female rats (Fi934,=22.10, p<0.0001) (Fig. 3.6b). This result
argues against a decline in ERa contributing to the age-related increase in LTP threshold. We

previously showed that synaptic ERa levels are substantially higher in adult females than age-
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matched males (Wang et al., 2018), but this sex difference was not detected in prepubescent
rats (Supplementary Fig. 3.2d,e). Moreover, synaptic concentrations of ERB-ir in prepubertal
and adult females were comparable (Fig. 3.6¢). Together, these findings raise the possibility
that the marked and sex-specific change in synaptic ERa levels is a specialization that partially
compensates for the reduction in the NMDAR-component of the theta burst response that

occurs in female rodents during the transition through puberty.
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Figure 3.6. LTP induction in prepubescent female rats is dependent on activation of
estrogen receptor a (ERa). (a) Slices from prepubertal female rats were infused for 30 minutes
with ERa antagonist MPP or vehicle before S-C stimulation with 10 theta bursts. In the presence
of MPP, LTP decayed to baseline within an hour, while vehicle-treated cases exhibited robust
and stable LTP (2-tailed unpaired t-test at 55-60 min post-TBS: p=0.0006; N=5/group). Traces
(right) show superimposed pre- (black) vs. post-TBS (dashed) fEPSPs. Bars: 1 mV, 10 ms. (b)
Dual immunolabeling for ERa (magenta) and PSD95 (green) in the CA1 lamina used for LTP
experiments from prepubertal and adult females (deconvolved images; area of overlap (white)
identified in 3D). Arrows highlight double-labeled contacts (‘2x synapses’). Line graph
summarizes the density frequency distributions for ERa-ir co-localized with PSD95 as
determined using Fluorescence Deconvolution Tomography. Adult females show a significant
rightward skew towards high densities relative to prepubescent animals (2-way RM-ANOVA:
Fi0342=22.10, p=2.17x10"8. N=10/group). Inset graph summarizes % higher density contacts
(92+ on x-axis) (2-tailed unpaired t-test: **p=0.002 for pre- vs. post-puberty). (c) Representative
image of ERB (magenta) and PSD-95 (green) double-labeling. Synaptic ERB density distribution
curves were comparable in prepubertal and adult females (Fi9323=0.16, p=0.99. Prepub N=9,
Adult N=10). Bar for b-c: 1 pum. Mean+SEM values shown.
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Discussion

The above results lead to the surprising conclusion that the polarity of sex differences at
hippocampal synapses and related learning reverses from before to after puberty. This occurs
because of opposite developmental changes in females vs. males: thresholds for plasticity and
encoding spatial information increase in females and decrease in males. We identified a
plausible mechanism for the female effect: the depolarizing responses elicited by the short high-
frequency stimulation bursts are substantially larger in the prepubertal animals. The bursts
produce frequency facilitation of transmitter (glutamate) release at the S-C synapses but the
expected enhancement of successive postsynaptic responses is partially shunted by the buildup
of di-synaptic feedforward IPSCs. The latter GABAergic responses are due to interneurons
engaged by CA3-CAl projections. Shunting is of considerable functional significance with
regard to LTP because enhanced and prolonged depolarization is required to unblock the
voltage-dependent, relatively slow NMDARs that initiate the complex sequences leading to
synaptic modifications. We found that the shape of the composite response elicited by a four-
pulse burst differed significantly between pre- vs. post-pubescent females: responses to later
pulses in the burst were larger in prepubertal animals suggesting less inhibition at this age.
Clamp recordings demonstrated that feedforward inhibition during the bursts increases

dramatically at some point during female puberty.

The facilitation of responses that occurs when two bursts are given sequentially was also
greater before than after female puberty. Previous work showed that the enhancement of the
second response reflects a partial refractoriness of feedforward inhibition due to—GABAgR
activation on interneuron terminals (Davies et al., 1991; Mott and Lewis, 1991). These
metabotropic receptors open potassium channels and thereby reduce GABA release probability
with the effect maximized at about the period of the theta wave. We interpret the greater

facilitation of the second burst in prepubescent females as resulting from the refractory process
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operating on weaker inhibition. This effect is directly related to LTP threshold because the
greater and temporally extended depolarization produced by the second burst suffices to open
NMDAR channels. We confirmed that the NMDAR-component of the second response is larger

before than after puberty in females.

Despite age-related changes in activity-driven IPSCs, we did not detect an increase in
the number or density of GABAergic contacts in CA1 stratum radiatum. This finding raised the
possibility of developmental changes in the composition of GABAARs. The pentameric GABA
receptors include one gamma, two alpha, and two beta subunits (Sigel and Steinmann, 2012).
The specific a subunits exert differential effects on rate kinetics. Receptors containing a5 are of
particular interest in the present context because they generate large and prolonged IPSCs that
shunt NMDAR-mediated currents in the apical dendrites of field CA1 (Collinson et al., 2002).
Notably, adult hippocampus in rodents and humans has unusually high levels of a5 expression
(Sur et al., 1998; Wainwright et al., 2000; Sieghart and Sperk, 2002). Our analyses indicate that
a5 levels at inhibitory synapses in apical field CA1 are substantially lower before puberty in
females. The developmental difference in a5-GABAARS in the same dendritic layer containing
the excitatory S-C synapses that generate the theta burst response helps explain why later
potentials in those responses are unusually large in prepubescent females. In accord with the
above arguments, we found that negative modulation of a5-GABA,Rs restored theta burst

responses, LTP thresholds, and spatial learning in adult females to levels found before puberty.

The changes in a5 concentrations could reflect the developmental onset of the estrous
cycle, which occurs around P28-30 in rodents (Bell, 2018), as multiple studies have shown this
influences the GABAR subunit composition (Herbison and Fénelon, 1995; Weiland and
Orchinik, 1995; Vastagh et al., 2016; Mukherjee et al., 2017). These effects have been related
to fluctuations in progesterone and its neurosteroid metabolites (Weiland and Orchinik, 1995).

The steroids operate over different time courses and mechanisms including effects on GABAAR
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subunit gene expression (Herbison and Fénelon, 1995; Vastagh et al., 2016). These analyses
have only recently extended to a5 in rodents (Franco-Enzéstiga et al., 2020) and as yet do not
provide an interpretation for the present findings. An alternative possibility involves the late
maturation of interneurons and their connections. Neuronal activity affects expression of cell-
specific transcription factors, including Npas4, that influence the formation of excitatory
synapses on somatostatin-positive interneurons (Sim et al.,, 2013; Spiegel et al., 2014).
Relatedly, network activity influences elements of perineuronal nets associated with
parvalbumin-positive interneurons, a specialization widely held to alter synaptic connectivity
(Spiegel et al., 2014; Shepard et al., 2019). There is also evidence that activity influences the
expression of channels by parvalbumin interneurons, including the potassium and voltage-gated
Kv1.1, that regulate the excitability and firing characteristics of these cells (Monaghan et al.,
2001; Morgan et al., 2019). It is thus possible that the change from pre- to post-pubertal life is
associated with changes in interneuron function that alter postsynaptic cells in a manner that

shifts the balance of inhibitory synapses in favor of those enriched with a5-GABAARS.

The absence of age-related changes in the density of a5-ir at inhibitory synapses in
males constitutes one of the more striking sex differences observed in the present studies. It is
clear from this, and related observations, that changes in shunting IPSCs and theta burst
responses are not responsible for the emergence of low threshold LTP in post-pubertal males.
In males, burst responses were if anything reduced from before to after puberty which strongly
suggests that NMDAR-gated ionic currents did not increase. There remains the possibility that
calcium influx through the receptors, or the subsequent release of the cation from intracellular
stores, increases from 4- to 8-weeks of age in males. Alternatively, recent studies raise the
possibility that NMDAR-mediated activation of the LTP critical kinase Src involves non-ionic

functions; a metabotropic route is also suggested for NMDAR-dependent ERK activation
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(Nabavi et al., 2013; Dore et al., 2016). A change in the linkages between the NMDARs and

these enzymes during puberty could account for the observed drop in male LTP threshold.

Given the extensive evidence linking LTP to some but not all forms of learning, an
increase of the threshold for inducing LTP is likely to have significant consequences for
behavior. In accord with this, post-pubescent females did not acquire simple or complex spatial
information with a minimal number of trials, tests on which excellent scores were observed prior
to puberty. Importantly, pharmacological suppression of a5-GABAsRs restored LTP and
memory encoding in adult females to levels observed prior to puberty. One interpretation of the
seemingly deleterious elevation of plasticity and learning thresholds is that the effects are
secondary to adaptations for other, unrelated female behaviors. The a5-containing GABAARs
have been linked to anxiety (Navarro et al., 2002; Clayton et al., 2015; Magnin et al., 2019), a
psychological variable that can be strongly affected in a sex-specific manner by puberty
(Costello et al., 2011; Altemus et al., 2014; Asher et al., 2017). Possibly, then, an adaptation
involving emotional behaviors appropriate to the transition to early adult life affects learning
mechanisms as a side effect. Moreover, slower encoding could have advantages in complex
real world environments that contain multiple cues and choices, circumstances in which it is
necessary to distinguish reliable signals from noise. If so, then adaptive pressures relating to
typical mammalian sex differences in the variety and extent of social roles, including extremely
complex care of altricial offspring, may have resulted in opposing late developmental

adjustments to learning mechanisms.

Finally, evidence that hippocampal LTP threshold changes in opposite directions,
between males and females, in the transition to post-pubertal life raise the question of whether
there are similar effects in other brain regions. This issue has yet to be addressed but there is
reason to expect the hippocampal changes influence broader network function. The

hippocampus works in concert with parahippocampal and medial prefrontal cortex in encoding
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spatial and episodic memory (Eichenbaum, 2017), and cooperativity with the latter is reportedly
critical for realizing estrogen effects on encoding (Tuscher et al., 2019; Schwabe et al., 2020).
This suggests that hippocampal changes described here likely influence functions of the larger

hippocampal-prefrontal cortical system including behaviors ascribed to the cortical field.
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Extended Data Figure 3.1. Sampling times for each cue in Object Location Memory,
“Where”, and “What” tasks across age and sex. (a) Object location memory (OLM) (5-min
training session, tested 24 hours later): Sampling times of displaced (Novel) vs the stationary
(Familiar) objects were compared for male and female mice of prepubescent (Prepub) and adult
ages. Prepubescent females and adult males preferentially sampled the displaced object
(***p=0.0001, ***p=0.0006, respectively; 2-tailed paired t-test), whereas non-proestrus adult
females and prepubescent males did not (n.s. p=0.21, p=0.73, respectively; N=7-18/group). (b)
OLM (5- or 10-min training, tested 24-hours later): Adult females trained for 5 minutes during
proestrus stage preferentially sampled the displaced object over the stationary object
(**p=0.004). Non-proestrus adult females and prepubescent males were trained for 10 minutes.
Non-proestrus females preferred the displaced object (**p=0.01), but the prepubescent males
did not (n.s. p=0.46; N=6-9/group). (c) OLM (5-min training, 15-min delay): Adult females did not
spend more time with the moved object (p=0.99), whereas Prepub males preferred the moved
object (***p=0.0002; N=8/group). (d) Left. Schematic for episodic “Where” task with four odors
(see Methods). Right. Sampling times of odors A-D for each group during the 5-minute training
trial (One-way ANOVA: P>0.05 within all age groups). (e) Sampling times for the “switched” pair
(Novel) vs the stationary pair. Prepubescent females and adult males sampled the “switched”
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pair more than the stationary pair (2-tailed paired t-test: Prepub female **p=0.008, Adult male
**++n=0.00004). Prepubescent male and adult females showed no preference (p=0.65, p=0.97,
respectfully; N=8-11). (f) Left. Schematic of the “What” task (see Methods). Right: Sampling
times for each odor (One-way ANOVA: P>0.05 within all age groups; N=8-9/group). (g)
Sampling times for novel odor vs mean of the three familiar odors (2-tailed paired t-test:
***n<0.001, **p<0.01; N=8-9/group). Data are represented as meanSEM.
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Extended Data Figure 3.2. Exploration data for 24-hour delay Object Location Memory
in adult, non-proestrus female mice given L655,708. (a) Sampling times for displaced
(Novel) vs stationary (Familiar) for Vehicle (2-tailed paired t-test: n.s. p=0.85) and L655,708
(**p=0.009). (b) Total sampling times for training and testing were comparable for treated vs.
vehicle groups (2-tailed unpaired t-test: n.s. training p=0.95, testing p=0.98). (c) Distance
traveled was comparable (2-tailed unpaired t-test: training p=0.29, testing p=0.71) and (d)
velocity was similar between treatments (training p=0.30, testing p=0.73). For all panels,
Vehicle N=8, L655,708 N=7. Data presented as meanSEM.
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Supplemental Figure 3.1. Total sampling time during training and testing sessions and
locomotor activity for OLM, “Where”, and “What” task. (a) Prepubescent (Pre-) mice of both
sexes explored significantly less compared to the adult mice when sampling both cues during
the OLM 5-minute training (2-way ANOVA (Age effect): F 5= 63.03, p=7.75x10™"; Tukey post-
hoc: ** p=0.0002, ****p<0.0001) and (b) testing trial (Fy=46.51, p=4.4x10° post-hoc:
**p=0.0012, **** p<0.0001). (c) Distance traveled (open circles) during training (Interaction:
F10s=0.61, p=0.44) and testing (F10=0.26, p=0.61). Velocity (closed squares) during training
(F1,06=0.22, p=0.64) and testing (F;9s=0.27, p=0.61). (d) Time spent sampling all four odors in
the ‘Where’ paradigm during training session (Age effect: F;3,=4.52, p=0.04; post-hoc n.s.
P>0.05) and (e) testing session (F;3,=9.40 p=0.0042; post-hoc n.s. P>0.05). (f) Distance
traveled and velocity (Interaction: P>0.05) during training. Distance traveled and velocity during
testing (Interaction: P>0.05). (g) Time spent sampling all odors during the “What” training
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session (Age effect: F; 30=13.72, p=0.0009, post hoc: **p<0.01, n.s. P>0.05) and (h) the testing
session (Age effect: Fy3,=23.49, p=3.59x10", post-hoc: **p<0.01). (i) Distance traveled during
training and testing (Interaction: P>0.05). Velocity during training and testing (Interaction:
P>0.05). For panels (a, b), proestrus and non-proestrus females were pooled due to similar
sampling times (a; p=0.34 and b; p=0.38, 2-tailed unpaired t-test). Data are represented as
mean+SEM.
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Supplemental Figure 3.2. GABAergic-related numbers and functions are comparable in
prepubescent vs adult males, and prepubescent male and female have similar ERa-ir
density distributions. (a) Burst area normalized to initial amplitude response in male
prepubescent (N=17) vs adult (N=15) rats in voltage-clamp (p=0.068). (b) Frequency
distribution of the GABAa-a5-immunoreactivity (-ir) colocalized with gephyrin comparing
prepubescent (N=8) and adult male rats (N=7) (F10130=0.46, p=0.91). (c) L655,708 infusion to
prepubescent (N=7) and adult male (N=8) mouse slices (p=0.65). (d) Histogram of ERa-ir
comparing male vs female prepubescents (N=10/group; Fi934,=0.041, P>0.99). (e) Bar graph of
high density bins (>90) from panel d (p=0.86). Statistics performed were 2-tailed unpaired t-test
panels (a,c,e) and panels (b,d) were analyzed using 2-way RM-ANOVA (Interaction). Data
shown are mean+SEM.
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CHAPTER FOUR: Sex Differences in NMDAR Signaling Are Reflected
in Episodic Memory
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Abstract

NMDARs are generally viewed as coincidence detectors with their contributions to synaptic
plasticity being gated by voltage-dependent ion channel properties. We show here that blocking
the NMDAR channel with MK801 prevents induction of CA3-CA1 long-term potentiation (LTP) in
adult male rodents but leaves intact complex postsynaptic events (signaling, actin
polymerization) that stabilize the potentiated state. However, F-actin assembly and LTP were
both disrupted by a compound (R025-6981) that blocks the NMDAR GIuN2B subunit and
thereby suppresses non-ionic (metabotropic) NMDAR signaling. MK801 also produced the
peculiar ‘consolidation without LTP expression’ condition in females but, in contrast to males,
R025-6981 did not attenuate actin polymerization or LTP. Rather, an antagonist of estrogen
receptor alpha suppressed the LTP consolidation machinery in females. We evaluated the
functional significance of these sex differences in LTP substrates using tests for distinct
elements of episodic memory. Females were superior in encoding cue identity and temporal
order whereas males excelled in the spatial task. In accord with LTP results, Ro25-6981
interfered with acquisition in males only. We conclude that properties of an everyday, cognition
critical form of memory are linked to the type of metabotropic signaling used to stabilize synaptic

modifications.
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Introduction

NMDARSs are unusual in that opening of their channel requires both ligand binding and
prolonged depolarization. These arrangements result in a type of ‘coincidence detector’
(Seeburg et al., 1995; Dore et al.,, 2017) that is engaged by co-occurrence of presynaptic
(release) and post-synaptic (depolarization) events. This discovery was of great interest
because theorists had independently proposed the enormously influential idea that
synchronized activity by inputs and target cells strengthens the contacts between them while
uncoordinated firing reduces synaptic strength (Hebb, 1949; Lisman, 1989; Lisman et al., 2011,
Markram et al., 2011; Baldi and Vershynin, 2021). NMDARs fit naturally into this argument
because of their critical contributions to memory related synaptic plasticity. They accomplish this
by gating calcium into spines, an event that is essential for shifting synapses into their
potentiated state (Lynch et al., 1983; Paoletti et al., 2013; Volianskis et al., 2013; Park et al.,
2014; Shipton and Paulsen, 2014). However, an increasing body of work indicates that
NMDARs also signal in a metabotropic (hon-ionic) manner (Nabavi et al., 2013; Gray et al.,

2016; Dore et al., 2017; Stein et al., 2021).

Initial evidence for non-ionic signaling came from reports showing that in rodents use-
dependent dephosphorylation (Vissel et al., 2001) and internalization of the NMDARS occurs in
the absence of channel opening (Nong et al., 2003). Work by Malinow and colleagues (Nabavi
et al., 2013; Nabavi et al., 2014; Dore et al., 2015) described multiple instances of NMDAR-
driven effects that occur in the presence of the channel blocker MK801. There is now a rich
literature describing metabotropic (m) NMDAR functions (Park et al., 2022) including mediating
in excitotoxic damage (Weilinger et al., 2016) and glutamate uncaging-induced changes in spine
size (Stein et al., 2020; Stein et al., 2021), with several studies implicating the GIuN2B (NR2B)
subunit in these processes (Papouin et al., 2012; Kessels et al., 2013; Ferreira et al., 2017).

However, efforts to connect mNMDAR actions to long-term potentiation (LTP) or long-term
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depression have produced inconsistent results (Nabavi et al., 2014; Gray et al., 2016; Park et
al., 2022). Also lacking are data showing that brief, learning-related patterns of afferent activity
actually trigger mNMDAR signaling at synapses In all, while it is clear that calcium flux is
required for the production of LTP and related learning, there remains the possibility that non-

ionic signaling by the NMDARs also plays an essential but unspecified role.

Much less is known about the occurrence of mMNMDAR signaling in females than males,
an oversight that is of particular interest because of recent reports documenting surprisingly
large sex differences in LTP substrates. While female potentiation is dependent on NMDARSs, it
also requires locally produced estrogen in rats and mice (Huang and Woolley, 2012; Vierk et al.,
2012; Bender et al., 2017; Wang et al., 2018a), acting on synaptic estrogen receptors to trigger
the complex events leading to LTP consolidation (Kraméar et al.,, 2009). This mechanism
appears to be entirely absent in males (Wang et al., 2018a) and it is thus possible that sexes
employ different forms of metabotropic signaling — estrogen receptor- vs. NMDAR-mediated — to

engage the elaborate downstream signaling needed to stabilize potentiation.

Likely related to the above, the threshold for LTP induction is significantly higher in
females than males (Wang et al., 2018a; Le et al., 2022), a difference that emerges late in
postnatal development (Le et al., 2022). This can reasonably be assumed to lead to important
sex differences in hippocampus-dependent forms of memory encoding and results support of
this. Specifically, and as might be expected from the results for LTP thresholds, males
outperform females on learning spatial locations (Koss and Frick, 2017; Le et al., 2022). There
is evidence for this effect in humans but women are usually reported to be superior in verbal
learning and related elements of episodic memory (Andreano and Cahill, 2009; Koss and Frick,
2017) a form of encoding that depends on the hippocampus (Westmacott et al., 2001;
Noulhiane et al., 2007; Dede et al., 2016). Surprisingly, corresponding tests for female

advantages in episodic learning by rodents are lacking (Koss and Frick, 2017).
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The present studies addressed the question of if and how non-ionic NMDAR functions are
involved in the production of male LTP. The results prompted us to test the idea that male and
female rats use different forms of metabotropic signaling to produce stable modifications to
excitatory synapses. Finally, we investigated the possibility that sex differences in LTP

mechanisms are reflected in acquisition of spatial and nonspatial elements of episodic memory.

Materials and Methods

Animals. Experiments used 2-4 month old Sprague Dawley rats (Charles River) and 2-4 month
old sighted-FVB129 mice of both sexes. Animals were group-housed (2-4/cage for rat; 3-5/cage
for mice) in rooms (68°F and 55% humidity) with 12-hr light/dark cycle with lights on at 6:30AM,
and food/water ad libitum. Experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use for Laboratory Animals and protocols approved
by the Institutional Animal Care and Use Committee at the University of California, Irvine.
Females were estrous staged via vaginal lavage (Cora et al., 2015) prior to experimentation. For
LTP, behavioral, and phalloidin measures, females staged outside of proestrus (estrus /diestrus)
were used and pooled together for analyses. For NMDAR subunit comparisons, analyses were
exclusively performed in diestrus-females. For all electrophysiology and imaging experiments,

each N represents a slice from at least 3 animals per group.

Field Electrophysiology. Rat hippocampal slices were prepared using a Mclllwain chopper
(transverse; 370 ym) and then immediately transferred to an interface recording chamber with
oxygenated artificial cerebrospinal fluid perfusion (aCSF; 60-70 mL/hr, 31+1°C, 95% O,/5%
COy) which included (in mM): 124 NaCl, 26 NaHCO3;, 3 KCI, 1.25 KH,PO,, 2.5 CaCl,, 1.5
MgSO,4, and 10 dextrose (pH 7.4). Experiments were initiated 2 hours after sacrifice. Field
excitatory postsynaptic potentials (fEPSPs) were elicited using a twisted nichrome wire

stimulating electrode placed in CAla or ¢ stratum radiatum (SR) and recording with a glass
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pipette electrode filled with 2M NaCl, R=2-3MQ) placed in CA1b SR. Single-pulse baseline
stimulation was applied with fEPSP amplitude at approximately 40-50% of maximum population-
spike free amplitude. Responses were digitized at 20kHz using an AC amplifier (A-M Systems,
Model 1700) and recorded using NAC2.0 Neurodata Acquisition System (Theta Burst
Corporation). For LTP studies, potentiation was induced by applying 10 theta bursts (TBS: four
pulses at 100Hz, 200 ms between bursts). For LTP-threshold levels of TBS, theta burst triplets
were applied four times at 90 sec intervals (Wang et al.,, 2018a; Le et al., 2022). For drug

studies, all compounds were in the bath 1-3 hr prior to TBS.

Whole-Cell Voltage Current-Clamp Recording. Horizontal hippocampal slices (350um) from 8-
week old male mice were prepared using a Leica vibrating tissue slicer (Model: VT1000S).
Slices were placed in a submerged recording chamber with constant oxygenated aCSF
perfusion (2ml/min) at 32°C. Whole-cell recordings (Axopatch 200A amplifier, Molecular
Devices) used 4-7 MQ glass pipettes filled with (in mM): 140 CsMeSOs, 8 CsCl, 10 HEPES, 0.2
EGTA, 2 QX-314, 2 Mg-ATP, 0.3 Na-GTP. Bipolar stimulating electrodes were placed in the
CAl SR, 100-150 um from the recorded cell. EPSCs were recorded with the holding potential at
+40 mV for NMDAR amplitude (at 50ms from stimulation artifact) in the presence of 50 uM

picrotoxin.

Fluorescence Deconvolution Tomography (FDT). For measures of basal synaptic protein levels,
transverse hippocampal slices (370 pm) sectioned and promptly immersed in cold 4%
paraformaldehyde (PFA) overnight. For LTP-related experiments, stimulating electrodes were
placed on CAla and CAlc SR, and recording electrode placed in CAlb, all equidistant from the
cell layer. After a stable baseline (~5 min) was recorded, the slices were given a single train of
10 burst TBS for each polarity on each of the stimulating electrodes (pulses at 2x baseline
duration). Slices were then harvested after a specified time post-TBS (3 min for pERK (Wang et

al., 2018a), 7 min for pSrc (Chen et al., 2010a), and 15 min for pCAMKII (Cox et al., 2014)) and
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fixed overnight in 4% PFA. All slices were cyro-protected with 20% sucrose in 0.1M phosphate
buffer (PB), sub-sectioned on a sliding microtome (Leica) at 20 ym thickness, and 6-8 sections
from the top of each slice (to encompass the depth of electrode placement) were slide-mounted.
Tissue was processed for dual immunofluorescence with incubation in primary antisera (4°C, 18
hours) and secondary antisera (room temperature, 2 hours) in 0.1 M PB containing 0.3% Triton-
X and 3% normal swine serum. After the PB washes, the slides were cover-slipped with

VectaShield containing DAPI (Vector Labs).

The following primary antibodies (concentration; vendor, catalogue number, RRID) were
used: goat anti-PSD95 (1:1500; Abcam, ab12093, AB 298846) with either rabbit anti-pCaMKI|
(Thr286/Thr287) (1:500; Upstate (now Millipore), 06-881, RRID:AB_310282) or rabbit anti-
pERK1/2 (Thr202/Tyr204) (1:500; Cell Signaling 4377, AB_331775); Mouse anti-PSD95
(1:1000; Invitrogen, MA1-045, AB_325399) with rabbit anti-pSrc (Tyr419) (1:250; Invitrogen, 44-
660G, AB_2533714); Rabbit anti-GIuN1 (extracellular) (1:1000; Alamones Labs, AGC-001,
AB_2040023), anti-GIuN2A (1:500, Alamones Labs, AGC-002, AB_2040025), anti-GluN2B
(1:500, Alamones Labs, AGC-003, AB_2040028), or anti-GIuN2B Tyrl472 (1:300;
PhosphoSolutions, P1516-1472, AB_2492182) with goat anti-PSD95 (1:1500, abcam ab12093;
AB_298846). Secondary antibodies (all at 1:1000) included AlexaFluor donkey anti-goat 488
(Invitrogen, A32814, AB_2762838), donkey anti-rabbit 594 (A32754, Invitrogen, AB_2762827),
donkey anti-mouse 594 (A21203, AB_141633), and donkey anti-rabbit 488 (A21206,

AB_2535792).

FDT analyses were as described (Rex et al., 2009; Babayan et al., 2012; Seese et al.,
2014; Wang et al., 2018a). Images were captured using an epifluorescence microscope (Leica
DM6000) with a 63x PlanApo objective and CCD camera (ORCA-ER, Hamamatsu). Image z-
stacks (136 x 105 x 2 ym, 200 nm steps) were collected from the CA1 SR from 6 or more

sections per slice. All image stacks were processed for iterative deconvolution (99% confidence;
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Volocity 4.0, PerkinElmer) and then 3-dimensional (3-D) montages of each z-stack was
analyzed for synaptic labeling using in-house software (c99, Java (OpenJDK IcedTea 6.1.12.6),
Matlab R2019b, PUTTY 0.74, and Perl 5.30.0). First, each image labeling was normalized and
thresholded at a given intensity threshold, and erosion and dilation filtering was used to fill holes
and remove background pixels to reliably detect edges of both faintly and densely labeled
structures. Objects were then segmented based on connected pixels above a threshold across
each channel separately. All immunofluorescent elements meeting size constraints of synapses
and detected across multiple intensity thresholds were quantified by the system. PSD95-ir
elements were considered double-labeled for the second antigen if there was contact or overlap
in fields occupied by the two fluorophores as assessed in 3-D. Approximately 20-30 thousand
synapses were thus analyzed per z-stack. Finally, based on the maximum intensity of each
image, counts of double-labeled puncta were assigned to ascending density (fluorescence
intensity) bins and then the data were expressed as frequency distributions. Labeled puncta that
fell within bins for immunofluorescence density at 295 were considered to be densely labeled.
Individual tissue section counts of densely labeled puncta were then averaged with those from

other sections for that slice to generate the mean slice value presented.

F-actin phalloidin immunolabelling. Alexa Fluor 568-conjugated phalloidin (Invitrogen; A12380)
was prepared by diluting the concentrate to 12 pM in water as stock and then to 6 yM in aCSF
and 1% DMSO on the day of experimentation. Electrode placement and stimulation was that
same as used for FDT analyses. Beginning 3 min post-stimulation, phalloidin (6 uM) was
applied topically onto the slice (2 pl) and this was repeated three times at 3 min intervals (Lynch
et al., 2007). Three minutes after the last application, the slices were placed in cold 4% PFA and
fixed overnight. Slices were subsectioned and tissue was slide-mounted as for FDT; the slides
were washed for 10 min in 0.1 M PB, air-dried, and cover-slipped with Vectashield using DAPI

(Vector Labs).
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Image z-stacks (136 x 105 x 3 ym, 200 nm steps) of phalloidin labeling were captured as for
FDT. Because the labeling was in a single channel, images were not processed for
deconvolution prior to analyses using the in-house software described above. To quantify spine
phalloidin labeling, every image of each z-stack first received a small saturated 1x1 um
reference square to two corners of the image (Python 3.0). The global reference square was
used to define a comparable maximum intensity level for all images without significantly altering
the background or raw intensity values of each puncta; this step was added because the
software assigns the final density values for phalloidin labeling based on the maximum intensity
a given image. With the reference squares, the image z-stacks were processed for
guantification as described for FDT. Labeled puncta that fell within the density bins of =290 were
considered to have dense concentrations of F-actin. Counts of densely-labeled puncta were
then averaged across tissue sections to generate a mean value per slice. Values from

experimental groups were normalized to those of their respective control group.

Serial ‘What’ task. Mice were handled prior to the start of experimentation. Mice were first
placed into a Plexiglas arena (30x25 cm floor, 21.5 cm height) containing two empty glass jars
(5.25 cm diameter, 5 cm height) with a metal lid with a single hole (1.5 cm diameter) for 5 min.
The cups were removed and the animals were allowed to explore the chamber undisturbed for 5
min. Afterwards, the animals were exposed a series of three 3-min trials, each involving
exposure to a different identical odor pair including the following odorants dissolved in mineral
oil (final concentration in 0.1 Pascals): (A) (+)-Limonene (=297% purity, Sigma-Aldrich), (B)
Cyclohexyl ethyl acetate (297%, International Flavors & Fragrances), (C) (+)-Citronellal (~96%
Alfa Aesar). There was a 5-min delay between each odor pair. For the test trial, mice were given
an odor pair including a familiar odor from the training series (A) and a novel odor (D) Octyl

Aldehyde (~99%, Acros Organics). This task was counter-balanced by reversing the order of
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cue presentation (D, C, B, A). For the version that tests across four odors in sequence (A, B, C,

D), the test compared familiar odor (A) with novel odor (E) Anisole (~99%, Acros Organics).

Serial ‘When’ task. The task followed the same protocol the episodic ‘What’ task using 4 odor
pairs in a sequence (A:A, B:B, C:C, D:D). However, at testing the first and second odors were
presented (A vs. B; less vs. more recent). This was counter-balanced by reversing the order of

initial odor exposure (testing: B vs. A; less vs. more recent).

Simultaneous ‘What’ task. Mice were allowed to explore the plexiglas arena (60 cm x 60 cm
floor, 30-cm walls) containing four empty jars for 5 min. After a 3-min delay, they were allowed
to explore the four jars containing odor A, B, C, and D for 5 min. These odors were previously
confirmed to be equally salient in males and female mice (Le et al., 2022). They were returned
to their home-cage for 48-hours. Mice were reintroduced to the chamber with three familiar (A,
B, C) and one novel (E) odor and were allowed to explore the chamber for 5 min. For
counterbalance, some mice were initially exposed to odors E, B, C, D, with the testing novel

odor being A.

‘Where’ task. This paradigm used the same arena as that in the simultaneous ‘what’ task. Mice
sampled the four empty jars for 5 min, and after a 3-min delay, mice were allowed to sample the
four distinct odor jars for either 5 or 10 min. The jars were removed from the chamber and, 3
min later, the odors were reintroduced with the position of two odorant jars switched. The mice
were then allowed to explore the chamber for 5 min. For counter-balancing, either odor pair A-D

or B-C were switched.

Behavioral scoring. For all behavioral tasks, sessions were recorded with an overhead web
camera and scored by an observer blind to group. Cue sampling time (t) was collected as the
number of seconds the mouse’s nose was actively pointed towards the odor hole (~0.5-cm

radius). The calculation of the Discrimination Index (DI) across the tasks are as follows: ‘Where’
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DI = 100 x (tsum of switched pair — tsum of stationary pair)/(ttotal sampling); serial ‘What, and ‘When, DI = 100 x
(tnovel - tfamiliar)/(ttotal sampling); simultaneous ‘What’ DI = 100 x (tnovel - tm':-zan familiars)/(ttotal sampling)- Z-

score calculations were as follows: (mean Dlmae — mean Dlyqe)/(Standard deviationgqe).

Drug Administration. For electrophysiological recordings, compounds were infused into the
aCSF infusion line with a syringe pump (6ml/hr) for the final bath concentrations: MK801 (30uM;
Tocris, 0924), APV (100uM; Hello Bio, HB0225), DNQX (20uM, Hello Bio HB0261), picrotoxin
(30uM, Sigma-Aldrich, P1675) in water. MPP (3uM; Tocris, 1991) and R025-6981 (3uM; Hello
Bio, HB0554) were dissolved with DMSO (<0.01%). For behavior, Ro25-6981 (5mg/kg, saline)

was injected intraperitoneally 30 min prior to initial exposure to odors.

Statistics. All data are shown as mean z standard error of the mean (s.e.m.). For
electrophysiology, the magnitudes of LTP (averaged fEPSP slopes for last 5 min of recordings)
and STP (averaged over 1 min immediately after TBS) were compared via two-tailed unpaired
Student’s t-test. Two-tailed unpaired Student’s t-test were used for comparing significance
between two groups, and one-way ANOVA (Interaction) with post-hoc Tukey test was used for
comparisons of 3+ groups. TBS area analysis and STP (for threshold TBS) were analyzed with
repeated-measures two-way ANOVA (Interaction). For behavioral studies, results were
analyzed with either two-tailed unpaired t-test or two-way ANOVA (Interaction) with post-hoc

Tukey test. Significance at p<0.05 was determined via GraphPad Prism (v6.0).
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Results

Non-ionic NMDAR signaling activates LTP stabilization machinery in males.

Blocking the NMDAR channel does not disrupt actin signaling. We previously showed
that the theta burst stimulation (TBS) commonly used to induce LTP in hippocampal CA3-CAl
(Schaffer-commissural; SC) projections causes a rapid and lasting, NMDAR-dependent
increase in the density of phalloidin-labeled filamentous (F-) actin in dendritic spines (Lin et al.,
2005; Kramar et al., 2006). Latrunculin, a toxin that prevents actin filament assembly, entirely
eliminates this phalloidin effect along with LTP (Rex et al., 2009). While subsequent work
described kinase signaling pathways that link synaptic responses to actin polymerization and
stabilization (Kramar et al., 2006; Chen et al., 2007; Rex et al., 2009), we had not tested the
general assumption that calcium influx through the NMDAR channel pore is necessary for the
above cytoskeletal remodeling. We tested the point using MK801, which occludes the NMDAR
channel and resulting calcium influx. Infusion of 30uM MK801 into hippocampal slices prepared
from adult male rats produced a near complete suppression of both short-term potentiation
(STP) and LTP (vehicle vs. MK801: STP: 224.3+14.6% vs. 143.6+16.0%, p=0.0043; LTP:
151.6+6.3% vs. 114.1+9.2%, p=0.005, two-tailed unpaired t-tests; Fig. 4.1a) without evidence
for response depression. Next, we tested if these conditions affect TBS-induced actin
polymerization. Two populations of CA3 efferents converging on the apical dendrites of CAlb
pyramidal neurons were activated with (i) a train of 10 theta bursts with one of the inputs
stimulated 30 sec after the other or (i) with low frequency stimulation (LFS, control; 3/min) (Fig.
4.1b). Alexa Fluor 568-Phalloidin was then topically applied to the hippocampal slice [see
Methods] and numbers of densely labeled spines in CAl stratum radiatum (SR) counted (Fig.
4.1c,d). In accord with previous reports (Lin et al., 2005; Rex et al., 2007), TBS caused a
marked increase in the numbers of spines containing dense concentrations of F-actin, an effect

that was completely abolished by the competitive NMDAR antagonist APV (Rex et al., 2007).
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Surprisingly, the MK801 dose that eliminated LTP failed to reduce the F-actin labeling
generated by TBS (Fig. 4.1d), indicating that actin polymerization requires NMDARS but not
calcium influx mediated by those receptors. These data constitute evidence that naturalistic
patterns of afferent activity initiate non-ionic (metabotropic) NMDAR signaling in adult synapses
and describe a surprising instance in which a critical LTP stabilization event (actin
polymerization) occurs in the absence of synaptic potentiation. They also indicate that non-ionic
NMDAR-mediated operations — i.e., those blocked by APV but not MK801 — are essential for
LTP. These results accord with evidence that local glutamate uncaging-induced spine
enlargement reflects non-ionic NMDAR functions (Stein et al., 2021) although uncaging in the
absence of calcium influx led to spine shrinkage as typically associated with long term

depression. We did not observe response depression in the absence of ionic NMDAR function.

To separate the relative contributions of ionic vs. metabotropic signaling streams, we
tested the MK801 sensitivity of three NMDAR-regulated kinases that play important roles in the
production of LTP. First, slices were harvested 3 min post-TBS and processed for
immunolabeling of phosphorylated (p) ERK1/2 — a kinase involved in actin polymerization and
stabilization (Tanimura and Takeda, 2017) and LTP induction (English and Sweatt, 1997;
Cammarota et al.,, 2008) — co-localized with the postsynaptic marker PSD95. Fluorescence
Deconvolution Tomography (FDT) was used to make 3-D reconstructions of individual elements
that fell within the size constraints of synapses. The density of pERK Thr202/Tyr204-
immunoreactivity (ir) at each double-labeled element was measured and the resultant value
placed in one of an ascending series of labeling-density bins. This automated process was
repeated for 150,000-250,000 synapses per hippocampal slice and the data are expressed as a
density frequency distribution (% of the total population vs. density). Consistent with earlier
studies (Wang et al.,, 2018a), TBS markedly skewed the frequency curve of vehicle treated-

slices to the right towards greater labeling densities relative to that of control stimulation. MK801
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treatment did not attenuate this effect, and the TBS+MK801 curve was nearly superimposed
with that for TBS+vehicle (Fig. 4.1e). The percent of synapses with high-density pERK-ir, i.e.,
within greater labeling density bins, was nearly two-fold greater in the TBS vs. LFS (control)

groups, and this effect was not attenuated by MK801 (Fig. 4.1e inset).

NMDARs are also known to engage Src family kinases, which both phosphorylate the
NMDAR C-terminal domain (CTD) and activate TrkB and cortactin, two proteins centrally
involved in actin filament assembly (Weaver et al., 2001; Singh and McNiven, 2008; Chen et al.,
2010a). We confirmed earlier reports (Chen et al., 2010a; Wang et al., 2018a) that TBS elevates
postsynaptic pSrc Tyr419 and the effect is blocked by APV (Chen et al., 2010a). TBS-induced
increases in pSrc were not affected by MK801 (Fig. 4.1f). Thus, as was the case for ERK1/2,

Src activation was not dependent on NMDAR-gated calcium influx.

Lastly, we assessed calcium-calmodulin dependent protein kinase Il (CaMKIl), an enzyme
that is activated by calcium influx and widely held to be critical for the activity-driven transfer of
AMPARSs into the synapse for expression of LTP (Lisman et al., 2012). TBS increased the
percentage of postsynaptic densities associated with dense concentrations of pCaMKII

Thr286/Thr287 in vehicle-treated cases but not in slices treated with MK801 (Fig. 4.19).

Taken together, the MK801 results strongly suggest that ionic operations of the NMDARSs
are required for shifting synapses into the potentiated state but not for signaling activities and

actin remodeling critical for LTP-stabilization.
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Figure 4.1. Theta burst stimulation (TBS) elicits non-ionic NMDAR signaling and actin
polymerization. Stimulation was applied to Schaffer-commissural (SC) projections and
analyses focused on CA1 stratum radiatum (SR) in slices from adult male rats. a) Plot of SC
fEPSP slopes shows that TBS (arrow) elicits robust potentiation in vehicle (veh)-treated slices
whereas MK801 infusion (30 puM; introduced ~2 hr before TBS) almost completely blocked this
effect (% potentiation at 40 min post-TBS: t,,=3.477, p=0.0052; veh N=8, MK801 N=5). At top,
traces from before (solid) and 40 min after (dashed) TBS. b) For data shown in c-g, stimulating
electrodes (stim 1 and 2) were placed in CAla and c, and analysis focused on CAlb SR (gray
box) and responses after infusion of vehicle, MK801 (30 uM), or APV (100 puM). c) Images show
phalloidin labeling in CAlb SR of a control (con) slice and slices receiving SC TBS in the
presence of veh or APV; Arrows indicate phalloidin-labeled F-actin puncta. d) TBS increased
the number of densely phalloidin-labeled spines above values recorded after low-frequency
(con) stimulation. The TBS-induced increase was blocked by APV, but not MK801 (F;5,=15.30,
p<0.0001; N=8-24). (e-g) Fluorescence deconvolution tomography was used to access the
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effects of SC-TBS on postsynaptic signaling proteins in the presence and absence of NMDAR
antagonists. Deconvolved images from CA1 SR show immunoreactive (-ir) phosphoprotein and
PSD95; double labeling appears white (arrowheads). e) TBS caused a rightward-skew (towards
greater density) in the synaptic pERK density-frequency distribution compared to slices
receiving control stimulation (Fzgg0s= 18.50, p<0.0001; p=0.0048 post-hoc); this TBS effect was
unaffected by MK801 treatment (p>0.99 post-hoc). Inset: average numbers of densely pERK-ir
spines (=100 density units, vertical dotted line) normalized to mean control values. TBS
produced an equivalent increase in numbers of PSD95-ir synapses with high concentrations of
PERK-ir in veh- and MK801-treated slices (F;3,=10.33, p=0.0003; N=11-12/group). f) Numbers
of synapses with dense pSrc (Tyr419)-ir was increased by TBS and this effect was blocked by
APV but not MK801 (F36,=15.11, p<0.0001; N=7-32/group). g) TBS increased synaptic
pCaMKIl-ir levels and this effect was blocked by MK801 (F,2o=10.53, p=0.0004; N=8-16/group).
Scale bars: (a) 1mV, 10ms; (c) 5 um; (e, f, g) 2 um. Statistics: (a) two-tailed unpaired t-test; (e)
two-way repeated-measures ANOVA (interaction) with Bonferroni post-hoc tests; (d, e (inset), f,
g) One-way ANOVA with Tukey post-hoc tests. White asterisks inside bars denote significance
vs. con stimulation. Black asterisks above bars denote differences between TBS groups. n.s. =
not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean + s.e.m. values shown.
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An antagonist of the GIUN2B subunit blocks actin polymerization. It is widely agreed that
the long cytoplasmic tail of the NMDAR GIuN2B subunit mediates metabotropic signaling in
pathological conditions (Kessels et al., 2013; Minnella et al., 2018; Warnet et al., 2021) and that
GIuN2B is also involved in synaptic plasticity (Sun et al., 2018). We accordingly evaluated the
effects of Ro25-6981 (Ro25), a selective allosteric antagonist of GIuN2B (Fischer et al., 1997,
Karakas et al., 2011) on TBS-induced kinase activation, actin polymerization, and LTP. A first
set of experiments assessed the extent to which low concentrations of Ro25 (3uM) depress
pharmacologically isolated NMDAR-mediated responses in CALl field recordings. A combination
of AMPAR antagonist DNQX (20uM) and GABA receptor antagonist picrotoxin (30uM)
eliminated ~90% of the fEPSP amplitude (data not shown). MK801 (30uM) produced a near
complete elimination of the residual response thereby confirming that component of the fEPSPs
was mediated by NMDARs (Fig. 4.2a). Ro25 did not measurably affect these NMDAR-gated
fEPSPs (Fig. 4.2b). However, Ro25 reduced NMDAR-mediated EPSCs by ~25% in clamp
recordings with the membrane potential set to +40mV and GABAergic transmission inhibited
(p=0.027, two-tailed unpaired t-test; Fig. 4.2c¢). This value agrees with earlier work that also
confirmed the exclusively synaptic location of GIuN2B in CA1 (Miwa et al., 2008) and is
consistent with actions of Ro25 being activity-dependent (Fischer et al., 1997). Theta bursts
produce a depolarization that is considerably smaller and briefer than that elicited in the clamp
experiments. There will accordingly be substantially less relief from the voltage-sensitive
magnesium block of the NMDAR pore in field potential experiments. In agreement with this, the
composite areas of fEPSP responses elicited by single bursts in the TBS train were not affected
by Ro25 (Fig. 4.2d). This, together with slower dissociation of magnesium from GIuN2B than
GluN2A (Clarke and Johnson, 2006), helps explain why Ro25 had little if any effect on the
NMDAR component of fEPSPs. The results also accord with the suggestion that GIuN2A di-
heterodimeric and tri-heteromeric receptors are present at higher levels in CA1 synapses than
are GIuN2B di-heteromers (Rauner and Koéhr, 2011).
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There are conflicting reports of Ro25 effects on LTP, possibly due to age effects or
protocol variations (Shipton and Paulsen, 2014). In slices from adult male rats, we induced LTP
using a near-threshold stimulation consisting of four triplets of theta bursts delivered at 90-sec
intervals. The initial expression of fEPSP potentiation, measured immediately after each triplet,
was unaffected by Ro25 (F;,,=0.4174, p=0.7423; repeated-measures ANOVA, interaction of
STP vs. treatment) but responses failed to stabilize and returned to near baseline levels after 60
min (vehicle: 137.249.7%, Ro025: 106.5+1.3%; p=0.011, two-tailed unpaired t-test) (Fig. 4.2¢).
Ro025 also caused a steady decay of LTP induced by a full-length train of 10 theta bursts,
although levels were still above baseline by 60 min post-TBS (vehicle vs. Ro25: 152.8+4.3% vs.

126.5+4.8%, p=0.0015) (Fig. 4.2f).

Next, we tested if in males Ro25 affects cellular events that stabilize LTP. TBS applied to
SC projections in vehicle-treated slices again produced a nearly 2-fold increase in the
percentage of spines containing dense F-actin. This effect was entirely blocked by Ro25 (Fig.
4.2g), which accords with the drug’s actions on LTP consolidation. Unlike results obtained with
MK801, Ro25 also eliminated TBS-induced Src phosphorylation at CA1 synapses. It did not
however disrupt effects of TBS on synaptic pERK (Fig. 4.2h). Prior work showed that NMDARs
activate ERK1/2 (Sun et al., 2018) but the above findings indicate that this is not mediated by
ionic operations of the NMDARs or metabotropic actions of GIuN2B. GIuN2A-containing
NMDARSs, which are known to upregulate ERK phosphorylation (Sun et al., 2018) independent
of calcium (Li et al., 2016), could be involved perhaps with support from TrkB (Alonso et al.,
2004). Lastly, Ro25 infusion blocked TBS-driven increases in synaptic pCaMKIl (Fig. 4.2h).
This result accords with evidence that CaMKII mediates effects of non-ionic NMDAR signaling
on spine size elicited by local glutamate uncaging (Stein et al., 2020). Together our results for
Ro25 (Fig. 4.2h) and MK801 (Fig. 4.19), describe an instance in which both ionic and non-ionic

NMDAR functions are needed to engage an LTP-critical protein.
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Figure 4.2. A GIuN2B antagonist R025-6981 blocks TBS-induced kinase activation, actin
polymerization, and LTP consolidation in males. a,b) The NMDAR-mediated component of
CA1 fEPSPs was isolated using AMPAR antagonist DNQX (20 yM) and GABAAR antagonist
picrotoxin (30 uM). a) MK801 (30 uM) markedly depressed the residual (isolated) fEPSP
amplitude (N=6). b) Ro25-6981 (Ro25; 3 uM) did not reduce the isolated response (N=5). c)
Voltage-clamp recording from adult mouse CA1 pyramidal cells held at +40mV show that Ro25
infusion decreased NMDAR-EPSC amplitude (t;3=2.493, p=0.027; pre-Ro25 N=9, post-R025
N=6). d) Ro25 infusion did not reduce the area of fEPSP responses to TBS (Fg15,=0.2407,
p=0.9880; vehicle (veh) N=14, Ro25 N=9). Left: representative fEPSP responses to the first
three bursts of 10 theta bursts in veh- (black) and Ro25- (blue, dashed) treated slices. e, f)
Ro25 (horizontal bar) markedly reduced SC-CA1 LTP magnitude when delivering e) TBS at
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threshold stimulation (4 TBS triplets, 90s intervals) (ts=3.276, p=0.011; N=5/group) or f) a
conventional 10-burst TBS (t1,=3.933, p=0.0015; veh N=7, Ro25 N=9). g-h) Slices received
either control (con) low-frequency stimulation or 10 burst TBS in the presence of vehicle or
Ro25. g) Images (left, arrows indicate F-actin labeling) and quantification (right) show TBS
doubled numbers of spines with dense phalloidin, F-actin labeling in vehicle-treated slices, and
this effect was completely blocked by Ro25 (F,39=16.81, p<0.0001, N=10-22/group, values
normalized to con mean). h) Ro25 blocked the TBS-induced increase in numbers of PSD95"
synapses with dense pSrc and pCaMKIl but not pERK immunolabeling (pSrc: F;,;,=6.517,
p=0.0049; N=5-17/group, pERK: F,3=14.36; p<0.0001, N=11-17/group; pCaMKIl: F;,,=5.111,
p=0.0142; N=7-12/group). Scale bars: (a, b) 100uV, 20ms; (c) 50pA, 50ms; (d, e, f) ImV, 10ms;
(g) 5um. Statistics: (a, b, ¢) two-tailed paired t-test, (d) repeated-measures two-way ANOVA
(Interaction), (e, f) two-tailed unpaired t-test, (g, h) one-way ANOVA with post-hoc Tukey. White
asterisks inside bars refer to experimental vs. control comparisons; black asterisks refer to
comparisons between experimental groups. n.s. = not significant, *p<0.05, **p<0.01,
***p<0.001, ***p<0.0001. Mean * s.e.m values shown.
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Females do not use GIuN2B signaling for LTP stabilization.

We investigated if and to what degree ionic and non-ionic NMDAR effects described for
males are also present in female rats. Similar to the male result, in females MK801 infusion fully
eliminated STP and LTP (LTP: vehicle vs. MK801: 152.3+6.1 vs. 104.5+5.8%, p=0.0008, two-
tailed unpaired t-test; Fig. 4.3a) without evidence for depression relative to baseline.
Furthermore, TBS-induced increases in spine F-actin were unaffected by MK801 but eliminated
by APV (Fig. 4.3b,c). These results demonstrate that both sexes require NMDAR-gated calcium
fluxes for LTP expression but not for the actin polymerization needed to maintain synapses in

their potentiated state.

In striking contrast to males, Ro25 did not measurably affect TBS-induced increases in
spine F-actin. TBS increased numbers of densely phalloidin-labeled spines to 215.4+19.8% of
control values in slices infused with Ro25 (p=0.0041 vs. control), an increase comparable to that
obtained in vehicle-treated slices (Fig. 4.3c). These results predicted that the disruptive effects
of Ro25 in male LTP would be absent in female slices. In accord with this, Ro25 did not affect
the magnitude of LTP elicited by TBS (vehicle vs. drug: 132.846.7% vs. 133.12+6.0%) in slices

from females (Fig. 4.3d).

The negative results for MK801 and Ro25 effects on TBS-induced spine F-actin in
females prompted us to examine another possible triggering mechanism for actin
polymerization. Recent studies have shown that females, but not males, require estrogen
receptor alpha (ERa) for TBS-driven signaling upstream from actin filament assembly, including
phosphorylation (inactivation) of the actin severing protein cofilin (Wang et al., 2018a).
Consistent with this, infusion of ERa antagonist MPP (3uM) prevented TBS-induced increases
in F-actin enriched spines in females, but not in males (Fig. 4.3e). Possibly then females
substitute local estrogen signaling for non-ionic NMDAR operations to mobilize processes that

rapidly reorganize actin networks in mature spines.
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The failure of Ro25 to disrupt actin polymerization and LTP in females raises the
possibility of sex differences in the concentration or modulation of synaptic GIuN2B subunits.
We used FDT to evaluate the concentrations of GluN1, GIuN2A, and GIuN2B co-localized with
the synaptic marker PSD95 in CA1 SR of males and females. Synaptic GIuN1 levels were
modestly higher in females (23.7+7.4%, p<0.05, two-tailed unpaired t-test) but densities of
GIuN2A and GIuN2B subunits were comparable between the sexes (p>0.05) (Fig. 4.3f).
Tyrosine phosphorylation of the NMDAR CTDs regulates receptor operations (Chen and Roche,
2007) and we accordingly measured the density of Tyrl472 phosphorylated GIUN2B co-
localized with PSD95. This value was significantly lower in females than males (84.0+4.2% vs.
100.0£3.1% respectively, p=0.0041). Given that the phosphorylation of GIuN2B on the Tyr1472
site prevents endocytosis, thereby further increasing NMDAR-mediated current during LTP
(Salter and Kalia, 2004; Trepanier et al.,, 2012), the difference in baseline phosphorylation
suggests a plausible explanation for the more prominent role of GIUN2B in LTP stabilization in

males than is the case for females.
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Figure 4.3. The GIuN2B antagonist R025-6981 does not block TBS-driven actin
polymerization or CA1 LTP in females. a-e) Stimulation and recording arrangements were as
described in Fig 1. a) MK801 (30uM) eliminated female rat LTP induced by a 10-burst TBS train
(t,=5.563, p=0.0008; vehicle (veh) N=5, MK801 N=4). b) Representative images showing
fluorescence-tagged phalloidin labeling in CA1 SR of a control (con) slice that received low
frequency SC stimulation, and slices that received TBS in the presence of vehicle, MK801, or
Ro25 (3 pM). c) Slices that received TBS in the presence of vehicle, MK801, or Ro25 showed
robust increases in densely phalloidin labeled (F-actin enriched) spines relative to controls; this
effect of TBS was blocked by NMDAR antagonist APV (F,4,=22.88, p<0.0001; N=5-33, values
normalized to control mean). d) Ro25 (bar) did not impair TBS-induced LTP in female slices
(to=0.03626, p=0.9718; veh N=5, R0o25 N=6). Right: representative traces from before (solid)
and 60 min after (dashed) TBS. e) In vehicle-treated slices, TBS robustly elevated the number
of densely phalloidin labeled puncta above control values in both sexes; infusion of the ERa
antagonist MPP (3uM, 1-3 hr) eliminated this TBS effect in females (F,2o=16.02, p<0.0001,;
N=6-17) but not in males (F,,;=20.28, p<0.0001; N=6-12). f) Dual-immunofluorescence for
NMDAR subunits and PSD95 was quantified using FDT. Deconvolved images show the
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localization of NMDAR subunits (magenta) and PSD95 (green) in CA1 SR; arrows indicate
double-labeled profiles. In females as compared to males, percentage of PSD95" synapses had
dense GIuN1-ir (t33=2.512, p=0.0171) whereas levels of GIUN2A and GIuN2B did not differ
(N=17-20/group). Numbers of synapses with dense immunoreactivity for pGIuUN2B Tyr (Y) 1472
were lower in females than males (tz3=3.054, p=0.0041; N=17-20/group). Scale bar: (a, d) 1mV,
10ms; (b, e) 5um; (f) 2um. Statistics: (a, d) two-tailed unpaired t-test, f) two-tailed unpaired t-
test Welch’s correction, (c, €) One-way ANOVA with Tukey post-hoc tests. White asterisks
inside bars denote comparison to controls; n.s. = not significant, *p<0.05, **p<0.01, ***p<0.001,
***++n<0.00001. Mean * s.e.m values shown.
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Sex differences in episodic learning.

Multiple lines of evidence indicate that the hippocampus plays a central role in the
acquisition and retrieval of human episodic memory (Westmacott et al., 2001; Noulhiane et al.,
2007; Dede et al., 2016). This also appears to be the case for encoding the basic elements of
an episode by rodents (Dere et al., 2005; Eacott et al., 2005; Babb and Crystal, 2006). It is likely
then that sex differences in NMDARs and hippocampal LTP will have consequences for
acquisition of episodic information particularly given evidence that male rodents outperform
females in remembering cue locations in an unsupervised episodic ‘where’ task (Le et al.,
2022). Human studies point to the same conclusion but also suggest that women are superior to
men in verbal learning and number of items remembered (Andreano and Cahill, 2009; Koss and
Frick, 2017). Thus, sex differences in LTP thresholds may result in relative advantages and
disadvantages with regard to encoding ‘what’, ‘where’, and ‘when’ components of episodic
memory. We tested if female mice outperform males on one or more of these elements; to avoid
effects of higher circulating estrogen, females were evaluated in stages outside of proestrus

(Mukai et al., 2010) as was the case for the electrophysiological experiments.

To assess the cue identity (‘what’) element, we used a paradigm in which mice were
presented with a sequence of 3 different odors (A-B-C; presented in paired jars with identical
odors), followed by a test trial that paired one cue from the original series with a novel odor (A
vs. D). Rodents have a strong proclivity for investigating novel stimuli and typically spend more
time with a new relative to a previously sampled cue (Wang et al., 2018b; Cox et al., 2019). As
with human episodic memory, there are no rewards or practice sessions in this paradigm. Both
sexes preferred the novel odor and had similar retention scores (discrimination indices (DI) of
male vs. female: 40.9+7.2 vs. 41.8+7.8; p=0.94; two-tailed unpaired t-test) (Fig. 4.4a, left).
When presented with an additional 4™ odor in the initial sequence, females maintained high

retention scores but males did not (DI male vs. female: 7.3£4.2 vs. 35.3+4.5; p=0.0003, Fig.
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4.4a, right). These results constitute the first evidence in a species other than humans for a
robust adult female advantage in a fundamental component of unsupervised episodic memory.
Next, we compared the sexes in a simultaneous ‘what’ paradigm in which the mice were given a
single five-minute session with free access to four equally salient odors (A-B-C-D) in a large
arena. One of the four cues was replaced with a novel odor in the retention trial (A-B-C-E).
Females but not males exhibited a strong preference for the novel odor in tests conducted 48

hours after the initial encounter with the cues (Fig. 4.4b).

We then compared the sexes with regard to retaining information about the temporal
order in which odors had been sampled (episodic ‘when’). A previous study showed that male
mice that had been presented with four series of odors (A-B-C-D) spent more time investigating
the less recently experienced B than C in a subsequent test (Cox et al., 2019). This result was
obtained when the odors were separated by 30 sec or 5 min during the initial sampling period,
suggesting that the mice had acquired information about the sequence in which the cues had
been presented (Cox et al., 2019). In the present study, the retention trial test cues were pushed
further back in the original sequence to A vs. B. Under these conditions the males had no
evident odor preference. In contrast, females spent more time with A than B and thus

outperformed males in discriminating the less recent cue (Fig. 4.4c).

Finally, we tested the encoding of spatial relationships in an episode (i.e., episodic
‘where’) by allowing the mice to sample four odors for 5 min (as in panel B) and then testing if
they recognized the odors switched to novel locations in the retention trial. Males investigated
the relocated odors to a much greater degree than those left in their original positions. Females
did not behave as though they remembered the initial positions of the cues (Fig. 4.4d). We
summarized the results from the four behavioral tests by expressing retention for each male and
female mouse as a z-score difference from the mean of the male group. This provided a relative

advantage-disadvantage estimate for females for each assay. The group effect was highly
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significant (F32;=49.11, p<0.0001; One-way ANOVA) with females exhibiting a strong
advantage in the simultaneous ‘what’ test (p<0.015 or greater vs. the other tests, post-hoc
Tukey) and a marked disadvantage in the ‘where’ problem (p<0.0001 vs. the other tests) (Fig.
4.4e). It is noteworthy that the same initial sampling period, used in the ‘simultaneous what’ and
‘where’ tasks, yielded the greatest sex differences depending on which aspect of learning — cue

identity vs. spatial location — was tested.

There were no consistent systematic, cross-paradigm sex differences in the time spent
sampling cues during initial exposure or retention test sessions. Similarly, speed of movement
and distance traveled in the test arena during these two phases showed no consistent effects

between sexes (Supplementary Fig. 4.1a-d).

The LTP results predict that blocking non-ionic NMDAR signaling will impair episodic
encoding in males to greater degree than in females. We tested this by intraperitoneally
injecting mice with vehicle or Ro25 (5mg/kg) 30 min prior to the start of the 3-odor serial ‘what’
and episodic ‘where’ paradigms, two tasks in which males have high retention scores. Episodic
‘what’ was modified to use a 10-minute initial sampling period so that females would also have
positive, and comparable to male, retention scores. The GIuN2B antagonist produced a
profound encoding deficit for ‘what’ information by males without effect on performance in
females (Fig. 4.4f). A similar result was obtained in the ‘where’ paradigm: vehicle-injected male
mice spent considerably more time investigating the relocated odors compared to the stationary
odors while Ro25-treated males did not. The antagonist had no effect on female performance in
the ‘where’ paradigm (Fig. 4.4g). Ro25 treatment had no consistent effects on sampling times;
although it increased locomotor activity in both sexes in the ‘what’ but not the ‘where’ episodic

task (Supplementary Fig. 4.1e-h).
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Figure 4.4. Females outperform males in tests for episodic ‘what’ and ‘when’ encoding
without GIuN2B signaling. a) Left: Schematic of serial ‘what’ task involving presentation of a
series of 3 or 4 odor pairs before testing with a novel odor paired with the first cue in the
sequence. Right: In the 3-odor task, mice preferentially explored the novel (D) vs. familiar (A)
odor in the retention trial with no sex difference (t,,=0.0777, p=0.9392; male N=6, female N=10).
The presence of four odors in the test sequence severely degraded performance in males but
not females (t,3=4.526, p=0.0003; male vs. female, N=10/group). b) Simultaneous ‘what’ task:
mice were exposed to four odors for 5 min, and returned to the chamber 48-hrs later with one
odor exchanged for a novel odor. Females, but not males, distinguished the novel from the
previously experienced odors (t;=5.725, p=0.007; male N=4, female N=5). ¢) ‘When’ task: mice
were given a series of 4 odor pairs, and then presented with the initial odor A versus more
recent odor B. Females preferentially explored the least recently sampled odor whereas males
did not (ty=4.815, p=0.0021; male N=5, female N=6). d) ‘Where’ task: mice were given 5-min to
sample four odors in an arena; after a 5-min delay they were tested with the positions of two of
the odors switched. Males spent more time interacting with the novel-location odors whereas
females did not (ts=5.101, p=0.0022, N=4/group). €) Female performance expressed as a z-
score difference (diff.) from the mean for the male group. The female advantage for
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simultaneous ‘what’ was greater than for the other tests (F;,,=49.11, p<0.0001; * p<0.15 Tukey
post-hoc; N=4-10/group) and ‘where’ differed from the other three scores (# p<0.0001). f,9)
Mice received Ro25 (5mg/kg) or vehicle 30 min before initial odor exposure in the 3 odor ‘what’
task and a version of the ‘where’ paradigm (10 min of initial sampling and 5 min delay to testing)
in which females perform at a high level. f) Ro25 severely impaired male retention scores on the
‘what’ task but did not affect female performance (F;»;=2.215, p=0.15; N=6-7/group). g)
Vehicle-treated mice of both sexes performed well on the ‘where task’, but Ro25 markedly
reduced retention scores in males but not females (F;,;=4.375, p=0.0488; N=5-7/group).
Statistics: (a, b, ¢, d) two-tailed unpaired t-test; (e) One-way ANOVA, post-hoc Tukey; (f, g)
two-way ANOVA (interaction), post-hoc Tukey. n.s. = not significant, *p<0.05, **p<0.01,
***n<0.001). Mean + s.e.m. values shown.
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Discussion.

LTP stabilization passes through multiple stages, the most rapid of which begins within
minutes of induction and involves reorganization of the spine actin cytoskeleton. Much of the
machinery involved in this — integrins, multiple small GTPases, downstream effectors, actin
polymerization and treadmilling (Krucker et al., 2000; Fontinha et al., 2008; Rex et al., 2009;
Babayan et al., 2012; Yang and Liu, 2022) — is common to adhesion junctions. The synaptic
variant includes specialized features such as the release and binding of the neurotrophin BDNF
(Rex et al.,, 2007), various types of adenosine signaling (Rex et al., 2009), and glutamate
release onto calcium permeant NMDARs (Rex et al.,, 2010; Lynch et al., 2013; Wang et al.,
2018a; Gall et al., 2021). The present studies lead to the surprising conclusion that this complex
collection of events, while dependent on NMDARs, can be completed without calcium flux
through those receptors (Fig. 4.5a). Thus, in both males and females, blocking the NMDAR
channel entirely eliminated SC LTP without disrupting the complex actin regulatory machinery

required for stabilization of the potentiated state (‘consolidation without potentiation’).

There are many aspects of consolidation beyond the actin polymerization step (Kramar
et al., 2006; Chen et al.,, 2010b; Lynch et al., 2013), including stabilization of newly formed
filaments (Rex et al., 2009) and recovery of integrin signaling (Babayan et al., 2012), that are
needed to maintain the potentiated state. Moreover, we cannot assume that F-actin assembly
alone suffices to expand postsynaptic densities (Chen et al., 2007; Bosch et al., 2014) and
indeed there are reasons to suspect that the transient increase in spine calcium required for
LTP induction is required for this operation (Lynch et al., 1983; Malenka et al., 1988). At least
two LTP-related effects have been linked to the cation: proteolysis of cytoskeletal anchoring
proteins by calcium dependent proteinases (calpains) (Lynch and Baudry, 1984, 2015; Zhu et
al., 2015) and CaMKII activation (Lisman et al., 2002; Cox et al., 2014). Proteolysis is thought to

relax constraints on spine morphology, which could be a prerequisite for shape change,
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whereas CaMKIl is important for AMPAR movement into the synapse (Hayashi et al., 2000).
The present studies confirmed that TBS activates synaptic CaMKII and this effect is reduced by
MK801. In all, it seems likely that contributions by the ionic side of NMDAR operations are

largely restricted to expression of LTP via expansion of the synaptic AMPAR pool.

The long CTD of GIuN2B interacts with multiple factors that are critical for LTP
stabilization (Shipton and Paulsen, 2014; Ishchenko et al., 2021) and numerous studies have
implicated the subunit in metabotropic functions of the tetrameric receptor (Kessels et al., 2013).
We found that, in males, the selective GIUN2B antagonist R025-6981 disrupted TBS-induced
actin polymerization and stabilization of SC LTP. The antagonist had minimal effects on
NMDAR-mediated fEPSPs which accords with recent arguments that GIUN2B di-heteromeric
receptors are outnumbered within individual synapses by GIuN2A-containing receptors (tri-
heteromers and di-heteromers) (Rauner and Koéhr, 2011). The present studies did not identify
links between GIUN2B and actin management but there are several likely possibilities. The
subunit associates with the Ras/Rap GTPase activating protein SynGAP, which controls the
activity of the small GTPase Ras and thereby regulates cofilin phosphorylation and actin
polymerization (Carlisle et al., 2008). SynGAP also potently influences the activity of Rap
(Krapivinsky et al., 2004), a GTPase that is intimately involved in integrin activation (Ortega-
Carrion et al., 2016). The integrins regulate the actin cytoskeleton at many types of adhesion
junctions and play a central role in initiating TBS-induced actin polymerization in hippocampus

(Kramar et al., 2006; Wang et al., 2008).

Past studies showed that female rodents have a higher threshold for LTP induction than
do males without significant differences in theta burst responses or their NMDAR mediated
component (Wang et al.,, 2018a; Le et al.,, 2022). In striking contrast to its effects in males,
R025-6981 had no detectable effect on TBS-induced actin polymerization or LTP in females.

Our studies used gonadally intact females in lower estrogen phases of the estrous cycle (Mukai
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et al., 2010) and it will be of interest to repeat the analyses when levels of the hormone are high
(proestrus). In ovariectomized rats, estradiol effects on NMDAR EPSCs and LTP are reported to
be mediated by GIUN2B (i.e., are blocked by Ro25) (Smith and McMahon, 2006; Smith et al.,
2009; Nebieridze et al., 2012). Whether estrogen effects on NMDAR-gated synaptic currents

are accompanied by greater metabotropic signaling is unknown.

In all, our results indicate that NMDAR channel operations during theta bursts are
comparable between the sexes but a fundamental difference exists in metabotropic signaling.
As in males, TBS-induced spine actin polymerization in females was unaffected by the channel
blocker MK801 but eliminated by APV, a competitive antagonist for glutamate binding to the
NMDARSs. These results, and the absence of an effect of Ro25, indicate that in females TBS-
driven increases in F-actin assembly require non-ionic NMDAR signaling but not that mediated
by the GIuUN2B subunit. One possibility is that GIuUN2A to a significant degree substitutes for
GIuN2B in females. This is not implausible given that the GIuN2A CTD associates with multiple
guanine exchange factors, along with other signaling molecules known to initiate actin-related
signaling pathways (Sun et al., 2018). However, such a GIUN2A effect is clearly not of itself
sufficient to produce actin polymerization and LTP stabilization because in females these
processes also require local estrogen signaling, as confirmed here with the ERa antagonist
MPP. These arguments imply that there are sex differences in the status of NMDARS, and in
accord with this we found higher levels of GIUN2B Tyrl472 phosphorylation in males than
females. The Tyr1472 residue is targeted by Src family tyrosine kinases, which are known to up-
regulate NMDAR functions (Scanlon et al., 2017). The mechanisms responsible for differential
phosphorylation are not known but there is evidence that estrogen can reduce phosphorylated
GIuN2B Tyr1472 (Waters et al.,, 2019), raising the possibility that the same local estrogen
signaling needed for consolidation of female LTP tonically influences the operational state of

GIuN2B (Fig. 4.5b).

151



MK801 Ro25-6981

Ligand-bound, No ligand, Ligand-bound, inactive Ligand-bound,
Ca?* influx no Ca?* influx no Ca?* influx Ca?* influx
g D *® ) > > 2 *®
Q > ® ) > > 3 p >

actin polymerization

b male female
1
O glutamate

Ca2t
ER
v O glycine

Ca®* == CTD
\ r CAMKII docking site
1
v integrins, TrkB v ionotropi
integrins, TrkB, lonotropic __
_AMPAR actin polymerization .AMPAR >
|nstlart|on insertion
1

metabotropic

v v v
{ LTP induction LTP LTP induction |
. & expression consolidation & expression

Figure 4.5. Sex differences in the contributions of non-ionic NMDAR signaling to memory
related synaptic plasticity. a) The effects of three selective agents on ion flux through the
NMDAR and observed consequences for actin polymerization, a critical late stage in LTP
consolidation. The channel of the NMDAR opens and admits calcium into the cell when
glutamate binds to the GIUN2A or GIuN2B subunits. Glutamate also triggers actin
polymerization (chevrons) in both sexes. APV competes for the glutamate binding sites and
prevents opening of the NMDAR ion pore. It also prevents actin polymerization (‘X’) in both
sexes. MK801 binds within the channel and blocks calcium influx during transmission.
Nevertheless, TBS drives actin polymerization in both sexes despite that absent calcium signal.
R025-6981 binds to the interface between GIuN1 and GIuN2B. This does not significantly affect
ion flux but does reduce actin polymerization in males but not females. b) Together the APV and
MKB801 results indicate that both sexes use non-ionic signaling to trigger actin polymerization
and LTP consolidation. The actions of R025-6981 point to GIuN2B as the NMDAR subunit
subserving these non-ionic functions in males, presumably via the C-terminal domain (‘CTD’).
Females do not use the GIuN2B mechanism to generate stable LTP. Rather they rely upon
locally released estrogen and activation of synaptic estrogen receptors (‘ER’) to engage the
same effectors as males. We hypothesize that the ERs tonically suppress GIuN2B activities by
reducing phosphorylation of the Tyr1472 site. As noted, the APV / MK801 results suggest that
females use some type of non-ionic signaling from NMDARs to engage LTP consolidation
machinery, likely via the GIUN2A subunit.
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The use in females of a complex synaptic signaling system of the type proposed here is
plausibly related to why SC LTP threshold is higher in adult females relative to adult males. The
observed sex differences also raise the question of whether there are adaptive advantages to a
higher threshold for learning-related plasticity. While this is not intuitively likely, a higher
threshold process for induction of LTP could serve to reduce the probability of acquiring
irrelevant information in the noisy circumstances that characterize everyday life. People deal
with the continuous flow of complex experience by constructing memories of episodes that
minimally include information about the identities of multiple cues or events, their location, and
the order in which they happened. Importantly, these elements are encoded routinely, along
with contextual information, during a first-time encounter without practice, rehearsal, or explicit

rewards (Tulving, 2002; Dede et al., 2016).

We compared males and females on hippocampus-dependent episodic-like memory and
obtained results consistent with the idea that there are advantages to a higher encoding
threshold. Female mice outperformed males on tests for acquiring the identities of multiple cues
and the order in which cues were encountered (episodic ‘what’ and ‘when’). While this result is
unprecedented for rodent studies, it does have correspondences in work with humans, including
the observation that woman outperform men when dealing with extended lists (Youngjohn et al.,
1991; Kramer et al., 1997; Rehnman and Herlitz, 2007). We found that female mice are similarly
able to encode more cues than males. In the human case, there are necessary questions about
whether sex differences in performance arise from other variables including experience and
societal expectations for the two sexes (Cabhill, 2014; Koss and Frick, 2017). Our results show
that the female advantage is present when such considerations are absent, as was the male
advantage in the episodic ‘where’ (Le et al., 2022) task. Indeed, the magnitude of male versus

female differences described here, relative to those reported for humans, suggests that
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education and related variables tend to minimize the consequences of sex differences in

memory related plasticity (Voyer and Voyer, 2014; Voyer et al., 2017).

The GIuN2B antagonist R025-6981 blocked episodic memory in males but not in
females, a result that to our knowledge constitutes a first instance of drug not related to
androgens disrupting episodic memory in males only. In previous work we obtained the opposite
results using antagonists of estrogen receptors: severe episodic memory impairments in
females with no detectable effect in males. The similarity between the effects of the treatments
on LTP vs. episodic memory suggests that the synaptic events are contributors to the
behavioral outcomes. If so, then the sex differences described here are likely to have a
profound influence on the manner in which information is organized and used in higher cognitive

operations.
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Supplementary Figure 4.1. Detailed locomotor activity and sampling times in the
behavior tasks. a) Serial 3-odor ‘what’ task (presented in Figure 4a). Left: Sampling time of
odors in the serial training (A-B-C) and test trials are similar across groups (interaction: p>0.05;
two-way ANOVA). Right: Distance travelled (DT, squares) and velocity (circles) during each trial
were also similar (interaction: p>0.05). b) Sampling and locomotor data for Serial 4-odor ‘what’
task (Fig 4a) (p>0.05). ¢) Sampling times and locomotor data during training for simultaneous
‘what’ and ‘where’ (from Fig 4b,d) were pooled together due to having the same initial (training)
trial (p>0.05). d) Sampling and locomotor activity for ‘when’ task (from Fig 4c) (p>0.05). e) Serial
‘what’ (from Fig 4f) task sampling times were unaffected with the Ro25-6981 (Ro25) treatment
during training trials within each sex or during testing. f) Distance travelled and velocity during
the trials were increased in all animals receiving Ro25 (p<0.05). g) ‘Where’ task (from Fig 49):
Ro25 treatment did not affect sampling times or h) locomotor activity (note that the male Ro25
data are superimposed on the male vehicle data). For all panels, N=4-10/group.
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Work in this dissertation has identified sexually dimorphic features of the cellular
cascades that produce the lasting, activity-driven synaptic modifications required for the
encoding of episodic memory. Females, like males, utilize ion flux through NMDARSs to shift
synapses into their potentiated (LTP) state but then employ sex-specific, local estrogen
signaling to generate the cytoskeletal adjustments needed to stabilize the changes. Males
depend on newly discovered non-ionotropic (metabotropic) functions of NMDA receptors rather
than steroids to reorganize the subsynaptic actin networks so as to consolidate LTP. The results
also establish that earlier studies have over-estimated the role of calcium in LTP and that much,
and likely most, of the machinery required for long term changes to synaptic strength is

triggered by metabotropic actions.

The dramatic sex differences in substrates had were accompanied by clear differences
in LTP thresholds: lasting potentiation in males was induced by a fewer number of theta bursts
than is the case for females(Wang et al., 2018). This physiological effect was associated with
rather surprising effects on episodic memory. Females were outclassed by males in spatial
memory (episodic ‘where’) but acquired longer lists of cue identities (‘what’) and their temporal
order (‘when’). In all, there are profound differences in how the two sexes produce learning-
related adjustments to their hippocampal synapses and these have major consequences for that

form of memory routinely used to organize the flow of everyday experience.

Contributions of Estrogen Receptors (ERs) to LTP Are Sex-Specific

We will first consider how ERs are integrated into synaptic plasticity in female rodents,
and how this additional machinery elevates the threshold for LTP induction and spatial encoding
in females. Studies from our laboratory showed that stimulating the CA3-CA1 projections with
theta bursts (TBS) activates signaling kinases that promote memory-related actin polymerization
and stabilization(Gall et al., 2021). Much of the LTP-related substrate map overlaps with the
actin cytoskeletal changes elicited by exogenous (infused) estrogen, an effect that appears to
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be mediated by ERp in both sexes(Kramar et al., 2009; Wang et al., 2016). Despite this, ERp is
not the primary trigger for female LTP, a role that is instead filled by membrane-associated ERa
(see Chapter Two). Relatedly, females have greater density of synaptic ERa levels in the CA1
lamina than males. Outside of the estrogen-ER requirement in females, the downstream
signaling pathways towards reorganization of the actin cytoskeleton are conserved in both
sexes. Nonetheless, and of considerable functional significance, a higher threshold for induction

accompanies the added, local estrogen step for LTP induction.

LTP expression shifts with puberty

If estrogen pools and ERs promote LTP in females, then the threshold for potentiation
should be much higher prior to the estrogenic surge that occurs during puberty. But our studies
produced the opposite result (see Chapter Three). As expected, prepubescent females (3-4
weeks old) had a reduced density of synaptic ERa in CA1 and lower circulating estrogen levels
than sexually developed females (8+ weeks old). But in a startling negation of the above
prediction, the immature animals --- though already dependent on ERa for induction --- had
remarkably large LTP compared to young adult males or females. A search for factors that
might produce the puberty related loss of function for plasticity led to an unexpected conclusion:
a pronounced increase in both a5-containing synaptic GABA, receptors and related
feedforward, shunting inhibition. The latter effect reduced depolarization during theta burst
stimulation and thus the response of voltage-sensitive NMDARSs. Inhibiting a5-containing

GABA,Rs restored LTP and spatial memory in adult females to levels found before puberty.

Puberty caused a marked decrease in the threshold for male LTP but this was not due to
an opposite version of the events seen in females. Pre- and post-pubescent males had similar
levels of shunting inhibition and synaptic a5-GABAAR and were not different in this regard than
adult females. Why the a5-GABAAR puberty effect is restricted to females is unknown, but a
study previously demonstrated that estrogen-induced enhancement of a5-GABA4R localization
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is female-specific in the spinal cord (Franco-Enzastiga et al., 2020). Future work should verify if
this action is consistent in the hippocampus and regulated by the surge of circulating estrogen
or a DNA modification triggered by puberty. Another developmental question of primary
importance concerns the factors responsible for the dramatic gain of function for plasticity that
occurs across male puberty. The size of the theta burst responses is similar during this period,
which suggests that downstream factors are responsible for the enhanced LTP. Further
information could be gained by a pre- vs. post-puberty analysis of the complex signaling events

leading to the cytoskeletal adjustments that stabilize the potentiated state.

Two additional questions left unanswered by the work described in Chapter Two concern
sex differences in thresholds: (i) why are female-NMDARs not sufficient to trigger LTP, thereby
creating a need for co-activation of ERa, and (ii) why don’t males utilize estrogen signaling
during TBS despite having synaptic ERs (Chapter 2) and high levels of locally synthesized
estradiol (Mukai et al., 2010)? We hypothesized that male LTP is not dependent on ERs
because it employs a more efficacious form of NMDAR signaling than is found in females. In
this scenario, the use of ERs allows females to compensate for weaker signaling by the

glutamate receptors.

Non-canonical, LTP related signaling via metabotropic NMDARs

Work in Chapter Four suggested that the additional NMDAR-to-cytoskeleton link in
males involves non-ionic (metabotropic: m-) signaling by the receptors, a feature that had been
controversially connected to excitotoxicity and long-term depression (Park et al., 2022). A
pivotal discovery from the early years of LTP research showed that calcium influx through
NMDARSs enables the response enhancement that defines LTP (Lynch et al., 1983; Larson and
Lynch, 1988; Lin et al., 2005; Rex et al., 2009). It was tacitly assumed that the ionotropic feature
of the NMDARSs was in fact the primary initiator not only for LTP expression but also for the
synaptic remodeling that consolidates the potentiated state. Specific pharmacological
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manipulations of the NMDA receptors allowed us to parse the contributions of ionotropic and
metabotropic NMDA operations to TBS-induced cytoskeleton reorganization. LTP is fully
suppressed by an agent (MK801) that occludes the channel pore, but NMDAR-dependent actin
polymerization and kinase activation persisted. The downstream signaling is engaged by ligand-
bound NMDA receptors but not the accompanying calcium influx, hence ‘metabotropic
signaling’. We then traced this metabotropic feature to the GIUN2B subunit which is known to
have a long cytoplasmic tail domain (CTD) used as a docking site for several LTP-related
effectors (e.g., CAMKII and Src) (Chen and Roche, 2007). Notably, infusion of the GIuN2B
antagonist, Ro25-6981, which prevents GluN2B-containing heterodimeric NMDARSs from
twisting into an active conformation, blocked calcium-independent activation of Src kinase, actin
polymerization, and LTP consolidation in males. Conversely, GIuN2B did not disrupt ERK
activation by TBS, indicating a potential contribution from GIuN2A or other receptors (e.g., TrkB)
(Sun et al., 2018). Thus, it is evident that non-ionic signaling toward activity-induced actin

cytoskeleton remodeling is mediated through the GIuN2B subunit in adult male rat.

While we substantially enriched our understanding of the calcium-independent signaling
set in motion by TBS, it remains the case that calcium influx is fundamental for LTP expression.
We found that blocking the NMDAR channel prevents activation of CaMKII, a kinase that plays
an essential role in LTP expression likely by promoting the addition of AMPARS to the
postsynaptic pool (Lisman et al., 2012; Cox et al., 2014). There is also evidence that NMDAR-
gated calcium influx activates the protease calpain, an event that appears to contribute to

structural remodeling (Lynch and Baudry, 1984; Zhu et al., 2015).

In contrast to the male results, the GIuN2B antagonist Ro25-6981 had no detectable
effect on TBS-induced actin polymerization of LTP consolidation in young adult females. But as
noted a compound that blocks ERa eliminated both effects. These results accord with the

hypothesis that the estrogen receptors substitute for the metabotropic functions of the NMDAR
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in females. However, the competitive antagonist APV disrupted both polymerization and LTP
stabilization, two effects that as noted were left intact by suppression of ionic flux through the
receptors. Accordingly, we propose that females employ two forms of metabotropic signaling,
one via ERa and the other through GIuN2A, which is known to have overlapping CTD sites with
the GIUN2B (Sun et al., 2018). Increased complexity is an evident disadvantage of the female
system; its advantages are not obvious. An interesting possibility is that the combination of
estrogen and glutamate signaling produces female-specific LTP effects of a type that were not
detected in our studies to date. Work with male rodents has identified an array of LTP
phenomena that have not been tested in females. These include delayed consolidation stages
(Babayan et al., 2012) and a ‘spaced trials’ effect (Kramar et al., 2012) that appear to be
involved in basic aspects of learning. Accordingly, the sex differences in LTP machinery
described here could serve to influence behavior in ways yet to be examined. There is also the
possibility that tying plasticity to estrogen generates a relationship between the estrous cycle
and type of encoding. Such an effect could allow females to adjust learning to according to likely

situational demands.

These points raise the question of whether there are benefits with regard to everyday
learning associated one or the other of the two modes of producing LTP. The following section

addresses this issue.

Sex differences in LTP thresholds and Episodic Memory Encoding

As described in Chapter Two, males outperform females on spatial memory problems
when using a standard 5-min sampling period, a result that accords with their lower LTP
threshold. Females learned the spatial problem with certain conditions when in the presence of
high circulating estrogen (proestrus) or allowed to sample the cues for 10 minutes. The former
condition links acquisition to the estrogen-ER mechanism because exogenous (to brain) E2
potently enhances LTP (Frick et al., 2018). It will as well be of interest to test the possibility that
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high E2 phosphorylates the Src binding site on the GIuN2B CTD to levels found in males and
thereby engages the male metabotropic NMDAR signaling system. An intriguing prediction from
this argument is that Ro25-6981, while ineffective during most of the estrous cycle, will disrupt
female LTP during proestrus. In any event, the data so far collected for spatial learning accord
with the assumption of a relatively simple relationship between LTP thresholds in CA1 and this
form of encoding. But whether the male advantage extends to other forms of memory, and
especially the everyday variants that are critical to cognition, is a question that has received
surprisingly little attention. Work with humans strongly suggests that women outperform men on
verbal problems, especially those involving sizeable numbers of items, and perhaps on certain
aspects of episodic memory. Interpreting such results with regard to substrates is difficult
because of differences in way the two sexes are treated during development and training —
notably, the sex difference in spatial learning is common to mammals and so is assumed to
have a neurobiological origin. The studies described in Chapter Four provided the first evidence
from rodent studies for a female advantage in tests of episodic memory and thereby suggest
that observed sex differences in humans for this type of encoding are biological rather than

social in nature.

Female mice were able to acquire the identities of a series of four odors whereas males
could only do three odor problems. The females were also able handle a larger number of cues
in the episodic problem that required memory of the order in which these had been sampled.
These results bear some resemblance to those for list learning by humans. But how does a
higher LTP threshold in CA1 of females relate to better performance on the episodic ‘what’ and
‘when’ problems. One possibility is that rapid production of an LTP signal by CA1 terminates
sampling and induction of synaptic changes at other sites in hippocampus. While formal
comparisons have not been made, one has the strong impression that the CA3-CA1 connection

has the lowest threshold for potentiation of any site within hippocampus. Perhaps then the
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higher threshold in females ensures that cue sampling will continue long enough for synaptic
changes to occur in, for example, field CA3 as well as in CAl. An equally speculative possibility
is the conjoint ER-NMDAR used by females goes beyond the typical LTP fingerprint to produce
adjustments that are favorable for the processing of large numbers of items. It should be

possible in future studies to collect data pertinent to these ideas.

Males and females share a similar blueprint in activating the downstream kinases
towards actin polymerization required for memory-related synaptic plasticity, but the critical
initiators are clearly different between the sexes. These features and the changes that occur
across puberty could provide insight on the etiology of various cognitive disorders including the
critical question of why post-pubertal depression is so much more prevalent in girls than boys
(Eid et al., 2019). The experiments also led us to reinterpret how low vs. high threshold LTP
relate to different aspects of episodic memory, a finding that could have significant implications

for learning theory.

The sexual dichotomy of hippocampal plasticity may reflect evolutionary pressures
towards optimizing group level learning in real-world environments. Assuming guidance roles
are freely exchanged between the sexes, then having ‘specialists’ for different types of
circumstances will likely result in a more successful population. A lower threshold for spatial
navigation would be advantageous for foraging males while slower acquisition by females could
be advantageous in situations in which the signal-to-noise ratio for critical cues is low. If as we
suggest these features are the shared inheritance of mammals, then it is interesting to
speculate on how they may have influenced human society. As sometimes noted, the male
advantage for episodic ‘where’ could have led men to likely prioritize the spatial awareness to
hunt and return food to the community. Women, with their strong performance on episodic
‘what’ and ‘when’, could enhance socialization via complex stories and in general use

cautionary tales to ensure the success of future generations. More broadly, psychologists have
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described how episodic memories are used for deriving inferences thinking and in imaginative
thinking (Beaty et al., 2020). The sex differences reported in Chapter Four thus raise the
possibility of corresponding cognitive differences, something that again could prove to be of
great value for group survival. Relatedly, it would be fascinating to consider how history would
appear to us if it had been written by women. Comparing histories of the same era as written by
women vs. men might be one way to gain insight into the human consequences of sex

differences in synaptic plasticity.
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