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Abstract

Numerous studies have demonstrated differences between males and females in hippocampal
structure, function and plasticity. There also are many studies about the different predisposition of
males and females for disorders where the hippocampus plays an important role. Many of these
reports focus on area CAL, but other subfields are very important also, and unlikely to be the same
as area CA1 based on what is known. Here we review basic studies of male and female structure,
function, and plasticity of area CA3 pyramidal cells of adult rats. The data suggest that the CA3
pyramidal cells of males and females are distinct in structure, function, and plasticity. These sex
differences cannot be simply explained by the effects of circulating gonadal hormones. This view
agrees with previous studies showing that there are substantial sex differences in the brain that
cannot be normalized by removing the gonads and depleting peripheral gonadal hormones.
Implications of these comparisons for understanding sex differences in hippocampal function and
dysfunction are discussed.
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l. Introduction: why consider sex differences in area CA3?

The hippocampus is a brain region that is classically considered to be critical to spatial
memory, but has also been implicated in many other functions. Numerous sex differences in
hippocampus have been described, with the majority of studies in area CA1 or the dentate
gyrus (McLaughlin et al. 2009; McEwen 2010; Duarte-Guterman et al. 2015). There have
also been a number of studies demonstrating differential effects of gonadal steroids on the
various subfields of the hippocampus, also focusing primarily on area CA1 and the dentate
gyrus (Hajszan et al. 2007; Woolley 2007; Duarte-Guterman et al. 2015). Although it is
often assumed that all subfields of the hippocampus are similar to area CA1, this may not be
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true because of the differences in the circuitry (Andersen 1975) and divergent functional
roles of the subfields (Kesner et al. 2004; Kesner 2007a; b).

Area CA3 is best known as the second station in the trisynaptic pathway that forms the
major route of information flow in the hippocampus (Andersen 1975; Amaral and Witter
1995), with area CA1 being the final synapse (Figure 1A). The trisynaptic pathway is
defined as the folllowing series of glutamatergic synapses: 1) from entorhinal cortical
projection neurons to dentate gyrus granule cells, 2) from the dentate gyrus axons to area
CAZ3 pyramidal cells, and 3) from area CA3 pyramidal cell axon collaterals to area CA1
(Figure 1A). As more information has accumulated about hippocampal circuitry, it has been
shown that area CA3 may be more than just a relay station in the trisynaptic pathway. For
example, the axons of area CA3 pyramidal cells project ‘back’ to the dentate gyrus, in the
reverse direction to the trisynaptic pathway (Figure 1B; (Scharfman 2007)). Area CA3 also
receives afferent input from other sources besides the dentate gyrus such as direct input from
the entorhinal cortex and extrahippocampal pathways such as the septum (Figure 1C; (Witter
2007). It also projects to the contralateral CA1 and CA3 region (Witter 2007). Based on this
connectivity, area CA3 could be considered as a “hub” or central station of the hippocampal
circuit, rather than a second leg of the trisynaptic pathway (Figure 1D; (Scharfman 2007).
This view underscores the importance of area CA3 and potential for it to be distinct from
area CA1. The circuitry also suggests that sex differences in area CA3 could cause - or at the
very least, influence - those in area CA1 and the dentate gyrus, placing even greater
importance on understanding sex differences in area CA3.

The major inputs to area CA3 are shown in Figure 1C. They include the entorhinal cortical
afferents from layer Il which terminate on the distal dendrites of CA3 pyramidal cells in
stratum lacunosum-moleculare. The granule cell axons (mossy fibers) from the dentate gyrus
terminate on the proximal part of the apical dendrites of CA3 pyramidal cells in stratum
lucidum (Figure 1C). These terminals and postsynaptic spines (mossy fiber synapses) are
unique within the hippocampus because they are much larger, more complex, and contain
numerous glutamatergic vesicles and postsynaptic densities (Blackstad and Kjaerheim 1961;
Chicurel and Harris 1992). Axons from neurons in the contralateral hippocampus
(commissural inputs) and cholinergic fibers innervate stratum oriens as well as other areas
(Frotscher and Leranth 1985; Witter 2007); Figure 1C).

Functions of area CA3 are diverse and in some ways they are distinct from both area CA1
and other parts of the hippocampus (area CA2, the dentate gyrus). Some of these functions
have been attributed to the recurrent collateral system of area CA3, which are the axon
collaterals of CA3 pyramidal cells that form synapses in stratum radiatum on the apical
dendrites of other area CA3 pyramidal cells (Figure 1C). These recurrent synapses are
common in area CA3 (Witter 2007; Le Duigou et al. 2014) but sparse in area CA1 and the
dentate gyrus, although there is some recurrent circuitry among the principal cells of area
CAL1 (pyramidal cells; (Thomson and Radpour 1991)) and the dentate gyrus (granule cells;
(Molnar and Nadler 1999). This has led to the idea that area CA3 is an autoassociative
network with the capacity to associate features of episodic memory such as objects and
place, and store those memories so that they can be accurately retrieved at a later time
(McNaughton 1991; Papp et al. 2007; Rolls 2013; Renno-Costa et al. 2014).
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The circuitry, taken together with ideas about an autoassociative function in CA3, has led to
the idea that memories that are generated from entorhinal cortical and mossy fiber inputs,
influenced by neuromodulators such as acetylcholine (Hasselmo 1995), are stored in the
recurrent collateral network. Retrieval also occurs by activating this network. Synaptic
mechanisms for storage are generally attributed to long-term potentiation (LTP) at recurrent
synapses (Le Duigou et al. 2014), which is promoted by overlapping activity in the
entorhinal and mossy fiber inputs (Song et al. 2000; Derrick 2007; Nolan et al. 2011).

One common phrase that captures the functions of the dentate gyrus and area CA3 is
‘pattern separation and completion.” Pattern separation is thought to be a function of granule
cells, which processes diverse patterns of entorhinal input and then presents the processed
form to area CA3 by the mossy fibers (Leutgeb and Leutgeb 2007; Kesner and Rolls 2015;
Knierim and Neunuebel 2016). In this way, the dentate gyrus is a so-called ‘pre-processor’
for area CA3 (Myers and Scharfman 2009; 2011). Pattern completion reflects the ability of
area CA3 to retrieve memories even if a partial set of the original entorhinal and mossy fiber
inputs occur (Leutgeb and Leutgeb 2007; Kesner and Rolls 2015; Knierim and Neunuebel
2016). This would be analogous to first memorizing a picture of a flower, and then recalling
the flower later even by a part of the original picture. If these ideas are correct, area CA3 has
very important functions in laying down episodic memories and retrieving them accurately.

Area CA3 is also the generator of hippocampal sharp waves (SPWs), large synchronous
discharges of CA3 pyramidal cells (Buzsaki 1986; 1989). SPWSs occur in rodents during
behavioral arrest or sleep (Buzsaki 1986).. and are associated with high frequency
oscillations called ripples (Buzsaki et al. 1992). SPWs and ripples (SPW-Rs) have been
proposed to be critical to hippocampal memory because they lead to a high frequency burst
of activity in CAL leading to LTP, and ultimately LTP in cortical structures that are
downstream of area CAL (Buzsaki 1989). This is theoretically important because it allows
short-term memory formed in hippocampal circuits to be stored long-term in downstream
(cortical) structures (Buzsaki 1989). Thus, SPW-Rs are important to the consolidation and
storage of memory. An important element of the idea that SPW and ripples contribute to
memory consolidation is based on recordings in rodents showing that the ensembles of
pyramidal cells that are active in the awake state repeat their activity patterns during SPWs
in immobility and sleep (Foster and Wilson 2006; Karlsson and Frank 2009). Notably,
almost all of the work to date about SPWs has been conducted in males.

ll. Understanding sex differences in area CA3

A. Background

There is a good reason to consider sex differences in area CA3: the receptors for gonadal
hormones are robust. In rodents, the receptor distribution has been characterized with
immunocytochemical methods. Many of these receptors are located in the layer where
mossy fiber synapses are located, or in the mossy fiber axons.

Androgen receptors are detectable immunocytochemically in an extraordinarily high
proportion (67%) of axons in the stratum lucidum of CA3. This compares to 11-13% in the
stratum oriens and stratum radiatum of CA3, and 10-12% in CA1 (Tabori et al. 2005). A
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smaller proportion (3-15%) of synapses, dendritic shafts and spines are also AR-
immunoreactive in CA3, consistent with the view that androgens may be able to affect
synaptic transmission in CA3 by acting at more than one component of the network.

With respect to estrogen, the mossy fiber pathway contains ERa and ERP immunoreactivity
(Torres-Reveron et al. 2009). ERB immunoreactivity is found in some dynorphin-labeled
mossy fiber terminals, in association with the plasmalemma and small synaptic vesicles.
Although ERa. immunoreactivity is not detectable in dynorphin-labeled mossy fiber
terminals, some dynorphin-labeled terminals appear to synapse on ERa-labeled dendritic
spines, suggesting that the pre- and post-synaptic elements of the mossy fiber-CA3 pathway
may be regulated via different ER populations (Torres-Reveron et al. 2009).

Although we and others have focused on the potential for steroid effects on the pathways
intrinsic to the hippocampus, it is also important to remember that these pathways are also
regulated by afferent inputs from elsewhere in the brain — and these inputs may be sexually
differentiated, as well as targets for the activational effects gonadal steroids. Stimulation of
neurogenesis in the dentate gyrus of female rats appears to be mediated via afferent
serotonergic input from the raphe nuclei (Banasr et al. 2001), possibly via activation of the
estrogen receptors present in these nuclei (Leranth et al. 1999). The basal forebrain
cholinergic system is also critical for the neurotrophic effects of gonadal steroids on the
hippocampus. More than 40 years ago, Luine at a/ demonstrated significant differences
between males and females in the regulation of choline acetyl transferase in the basal
forebrain of rats (Luine et al. 1975; Luine et al. 1986). Selective destruction of forebrain
cholinergic neurons using 192 IgG-saporin inhibits the effects of estradiol on both spine
synapse density in area CA1 (Lam and Leranth 2003)) and neurogenesis in the dentate gyrus
(Mohapel et al. 2005), consistent with the hypothesis that sub-cortical cholinergic afferents
may provide a critical contribution to the estrogenic regulation of hippocampal plasticity.
Intriguingly, the effects of androgen on hippocampal synaptic plasticity in the male appear to
be less sensitive to transaction of sub-cortical afferents than is the case for estradiol in
females (Kovacs et al. 2003; Mendell et al. 2013), consistent with the hypothesis that these
afferents may be quantitatively less important in the hippocampal neurotrophic effects of
androgens in males. Males may also differ from females in the mechanisms regulating
neurogenesis: in males, survival of new neurons in the dentate gyrus appears to be androgen
receptor-dependent (Hamson et al. 2013). Finally, recent work has demonstrated a sex
difference in the effects of gonadal steroids on NeuN expression in cell bodies of the
entorhinal cortex (Scharfman and MacLusky 2014c), raising the possibility that perforant
path afferent input to the hippocampus may also be sexually differentiated.

B. Physiology

To understand how males and females might differ in area CA3, we began with a simple
question: could one detect differences between females and males in intact adult rats using
recordings made in hippocampal slices prepared acutely from these animals. These studies
recorded responses of CA3 pyramidal cells to stimulation of the mossy fiber pathway
because it is a projection to area CA3 that can be fairly well isolated (i.e., activated by a
stimulating electrode without exciting other pathways) in hippocampal slices (Skucas et al.
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2013). This is important because there are few pathways that can be activated selectively in
area CA3, because axons and dendrites overlap extensively. Because of the lamination in the
hippocampus, the mossy fiber synapses are in a lamina that is separate from the cell bodies,
making it possible to use extracellular recordings to sample activity at the synapse and soma.
Recordings at the mossy fiber synapses reflect the average EPSP generated in CA3 neurons
(field EPSP), whereas recordings in the cell layer reflect the summed activity of the action
potentials generated by the EPSPs, called population spikes. Current source density analysis
of responses recorded along the CA3 somatodendritic axis can provide a verification of the
location of synapses (current sinks) underlying the field potentials, as well as information
about disynaptic pathways such as the recurrent collaterals activated after the mossy fiber
excitation of pyramidal cells (Skucas et al. 2013).

With this approach we were intrigued to find that there were sex differences in the responses
to mossy fiber stimulation and recurrent collaterals in area CA3 when adult male and female
rats were studied (summarized below). This suggests that there are sex differences in the
hippocampus even when isolated from the rest of the body and therefore the other sites of
hormone synthesis and action. They are consistent with sex differences in structure from
animals that were acutely perfused (also summarized below), supporting the idea that even
at one point in time the sex differences are sufficiently robust that they can be documented.

The first study was done only in males and only looked at the population spike (Scharfman
1997). Later studies were conducted with similar animals, breeding, housing, experimental
equipment and other conditions (Scharfman et al. 2003; Scharfman et al. 2007; Skucas et al.
2013), so they are compared here, although it is acknowledged that head-to-head
comparisons of all experimental groups were not made and this is a limitation of the
comparisons. Females were distinct from males, but the sex difference depended on the
stage of the estrous cycle (Figure 2). The comparisons included males and females that were
intact or gonadectomised (orchidectomy in males, ovariectomy in females) at 2—3 months of
age, and females that were examined mid-morning of each day of the 4-day estrous cycle
(proestrus, estrus, metestrus or diestrus 1, and diestrus 2; Figure 3). Differences were robust
when males were compared to female rats that were used mid-morning of proestrus or
estrus, stages of the cycle where circulating levels of estradiol are at their peak (proestrous
morning) or 24 hrs later, after estradiol levels have returned to baseline and the serum levels
of progesterone have just fallen from their peak (estrous morning; Figures 2, 3).

In the first studies, females showed larger mossy-fiber evoked population spikes on the
mornings of proestrous and estrous relative to males, metestrous females, and
ovariectomized females (Scharfman 1997; Scharfman et al. 2003). (Scharfman 1997; Binder
et al. 2001; Scharfman et al. 2003; Scharfman 2005). These studies suggested that there was
a sex difference that biased transmission to be higher in females than males, if the cycle
stage was proestrous or estrous morning. When studies of mossy fiber-evoked EPSPs (field
EPSPs) were made, the largest field EPSPs were evoked in males compared to females that
were evaluated on the mornings of proestrus, estrus, metestrus or diestrus 2 (Harte-Hargrove
et al. 2015).
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These data suggested that males have strong mossy fiber synapses relative to females,
meaning the peak response evoked by mossy fiber stimulation in CA3 pyramidal cell was
greater in males (Harte-Hargrove et al. 2015). However, females could show greater spike
output by pyramidal cells on proestrous and estrous mornings, presumably because of
factorssuch as disinhibition of the somata of pyramidal cells by reduced GABAergic
inhibition at these times of the estrous cycle. For example, a disinhibition of the soma by
weakened GABAergic input could allow a relatively small mossy fiber EPSP generated in a
female to reach action potential threshold. In contrast, even if the EPSP was large as it could
be in a male, an action potential might not be elicited if there was strong GABAergic
inhibition of the soma. Because estradiol, progesterone, and testosterone, as well as their
metabolites alter GABAergic inhibition in hippocampus (Smith et al. 2007; Maguire and
Mody 2009; Huang and Woolley 2012; Reddy 2014; Tabatadze et al. 2015), this mechanism
is an attractive explanation.

These experiments examined effects of single stimuli. In addition, paired stimuli were used
to examine paired-pulse facilitation, a reflection of short-term plasticity, which is
particularly large in the mossy fiber pathway (Nicoll and Schmitz 2005; McBain 2008).
Post-tetanic potentiation (PTP) is another example of short-term plasticity and lasts minutes
after a high frequency train (Zucker and Regehr 2002). Although no sex differences were
revealed in paired-pulse facilitation, males tended to have greater facilitation, and males had
significantly greater PTP (Harte-Hargrove et al. 2015). When LTP was compared, male LTP
was weak compared to females, using a protocol that showed robust LTP in proestrous
females (Harte-Hargrove et al. 2015). The robust LTP in proestrous females was in part due
to trafficking of delta opioid receptors to the mossy fiber synapses on proestrous morning
(Harte-Hargrove et al. 2015). Taken together, the data suggest that the mossy fiber synapse
of males supports greater short-term plasticity than females, but females have a lower
threshold for LTP than males. Some of these sex differences were due to the effects of
estradiol on opioid receptor distribution in CA3 pyramidal cells (Harte-Hargrove et al.,
2015).

The implications of these differences are interesting to consider in the context of theories
about pattern separation and completion. One of the prevailing views is that mossy fibers are
a “teaching input” to strengthen the ability of entorhinal input to be stored in area CA3
pyramidal cell synapses (for discussion of the ‘teaching input” see (Myers and Scharfman
2011)). This view rests on the evidence that the mossy fiber synapse is strong compared to
other hippocampal synapses, meaning it evokes a very large excitatory event in the
postsynaptic cell (Scharfman et al. 1990; von Kitzing et al. 1994; Henze et al. 2000; Jaffe
and Gutierrez 2007), The strength of mossy fiber synapses is in part because of
glutamatergic vesicles are densely concentration in the bouton, and the quantal size is large
(Henze et al. 2000). As a result, a single presynaptic action potential can lead to a large
EPSP in the postsynaptic pyramidal cell (von Kitzing et al. 1994; Henze et al. 2000; Jaffe
and Gutierrez 2007). If mossy fibers in males have the greatest ability to excite CA3
pyramidal cells, the ability of mossy fibers to strengthen entorhinal synapses would be
greater. However, if LTP of the mossy fibers has a lower threshold in females, the mossy
fibers may have a stronger effect long-term compared to the male. Here the lower threshold
in females is only on the proestrous and estrous mornings of the estrous cycle - diestrous
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females and ovariectomized females mossy fiber strength had weaker plasticity like males

(Scharfman et al. 2003; Scharfman et al. 2007; Harte-Hargrove et al. 2015). The prediction
is that female memory storage in area CA3 during proestrous and estrous mornings would

be strong relativel to males and diestrous or ovariectomized females.

These views of area CA3 are based on a relatively focused group of studies with limitations.
For example, inferences from gonadectomized rats about intact rats should be made with
caution. The effects of hippocampal-derived steroids should be considered. Many other
factors may make area CA3 more or less able to encode new memories. However, there is
evidence to support some of the predictions. For example, the opioid antagonist naloxone
was shown to decrease the preference of proestrous femals for the novel arm of the Y maze
(Farhadinasab et al. 2009). Injection of the delta opioid receptor antagonist naltriben into the
hippocampus of females impaired conditioned place preference (Billa et al. 2010).

The relatively high threshold for mossy fiber LTP of males relative to proestrous females
described above could be related to low levels of BDNF protein in the mossy fibers of males
compared to females, because BDNF is normally expressed at relatively high levels in
females on proestrous and estrous morning, and BDNF potentiates mossy fiber transmission
(Gomez-Palacio-Schjetnan and Escobar 2008; Harte-Hargrove et al. 2013; Schildt et al.
2013; Scharfman and MacLusky 2014b); Figure 2). Furthermore, the relatively strong mossy
fiber BDNF protein expression and mossy fiber-evoked responses of proestrous and estrous
mornings of the estrous cycle are reduced by adding an inhibitor of TrkB (Scharfman et al.
2003), the principal receptor for BDNF in the adult brain (Figure 2). Although the main
reason for high mossy fiber BDNF protein in females has been attributed to estradiol acting
at an estrogen-response element on the BDNF gene, or actions that increase activity-
dependent BDNF protein synthesis, progesterone may also enhance BDNF synthesis and
androgen appears to keep mossy fiber BDNF protein relatively low (Scharfman et al. 2003;
Scharfman et al. 2007; Harte-Hargrove et al. 2013; Skucas et al. 2013; Scharfman and
MacLusky 2014b). The sensitivity of mossy fiber transmission to TrkB antagonism also
increases after orchidectomy (Skucas et al. 2013).

These data suggested that while males and females differ in mossy fiber structure and
function - they are not polar opposites. However, all the studies discussed above were based
on experiments using gonadally intact animals, which meant that the observations could
have been due to intrinsic sex differences or differential effects of circulating gonadal
hormones present in each sex. To determine the effects of gonadal hormones, we performed
further studies in gonadectomized animals to ask whether gonadectomized males
(orchidectomized males) might be analagous to gonadectomize females (ovariectomized
females).

Adult male rats were orchidectomized and examined at a several times after orchidectomy,
like female rats that were ovariectomized. Housing, diet, time of day of the experiments, and
other important factors (Scharfman and MacLusky 2014a; b) were similar. Orchidectomized
male rats showed greater rather than reduced BDNF protein in the mossy fibers, higher not
lower responses to mossy fiber stimulation, and other changes suggesting enhanced
structure, function and plasticity after orchidectomy.
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C. Structural comparisons

The studies described above used electrophysiology and immunocytochemistry of the mossy
fiber pathway to understand sex differences and hormone action in area CA3. They
suggested a large expansion of the mossy fibers after Gdx in males, but not females, and
other aspects of neuronal structure were not investigated. To understand the structural
changes in males and females better, a comparison was made of males and females using
Golgi staining (Mendell et al. 2016). Many aspects of CA3 pyramidal cell structure were
examined, including the mossy fiber pathway, to ask if Golgi analysis would confirm what
had been previously shown with immunocytochemistry, that the mossy fiber pathway
expanded after orchidectomy (described above). In addition, dendritic spine density, length
and Sholl analysis of pyramidal cell dendrites were conducted. These experiments confirmed
and extended the view that males and females are very different regardless of gonadectomy -
they cannot be viewed as polar opposites regardless of the way the comparison is made
(Mendell et al. 2016).

1. Comparing Intact males to orchidectomized males—Adult male rats were
orchidectomized and compared to animals that experienced sham surgery. Golgi stained-
sections were analyzed to address possible changes in the mossy fibers, as well as spine
density and spine length of the apical dendrites, dividing the apical dendritic tree into three
equally-spaced segments. Sholl analysis was used to examine the length of the apical
dendrites in each of the divisions of the apical dendritic tree. Similar to the studies of the
mossy fiber plexus with dynorphin immunostaining (Skucas et al. 2013), mossy fibers were
significantly larger in the orchidectomized males compared to sham controls (Mendell et al.
2016). In addition, the dendritic lengths were significantly increased, especially in the
middle third of the apical dendrites where the recurrent collateral synapses are located.
These data support previous electrophysiological findings that this pathway was potentiated
in orchidectomized males (Skucas et al. 2013). In addition, the total length of the apical
dendritic tree was longer in orchidectomized males than sham rats (Mendell et al. 2016). In
contrast, dendritic spine density and spine length did not differ extensively, but there was a
significant reduction in spine density after orchidectomy (Mendell et al. 2016). These
changes are summarized in Figure 4.

2. Comparison of males to females—In parallel to the studies of males,
ovariectomized females were compared to sham females (Mendell et al. 2016). The sham
female groups included animals that were perfused mid-morning on either proestrus or
metestrus. Interestingly, the differences in ovariectomized and sham females were mostly in
spine density, not mossy fibers, nor dendritic length (Mendell et al. 2016); Figure 4).
Ovariectomized females exhibited decreased spine density compared to sham females
(Mendell et al. 2016) consistent with previous observations in females (Woolley 2007; Luine
2016). In contrast, dendritic spine length and Sholl analysis did not reveal differences in
groups (Mendell et al. 2016). Therefore, the major differences in area CA3 pyramidal cells
between intact and gonadectomized females were in pyramidal cell spine density, but the
greatest changes between intact and gonadectomized males were in the mossy fiber axons
and pyramidal cell dendritic length (Figure 4). The relatively small changes in spine density
in males are consistent with previous studies in primates (Mendell et al. 2014).
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lll. Implications

These studies suggest that there are striking structural and functional sex differences in CA3
pyramidal cells of adult rats in their response to gonadectomy. These sex differences
probably reflect fundamental differences between males and females, because
orchidectomized males and ovariectomized females were distinct. This conclusion is
supported by the striking effects of castration and testosterone replacement in early postnatal
rats on adult CA3 pyramidal cell dendritic morphology (Isgor and Sengelaub 2003). In
addition, there are also likely to be differential responses of the two sexes to circulating
gonadal steroids. While effects of gonadal steroids in gonadectomized animals need to be
tested more comprehensively, the available data suggest potential structure-function
relationships that are intriguing and potentially important to hippocampal-dependent
behavior.

A. Hormonal modulation of CA3 structure and neurotransmission

There were numerous differences in the mossy fibers between males and females. This was
demonstrated most easily by the distinct effects of gonadectomy; loss of the testes in males
led to facilitation and expansion of the mossy fiber pathway, whereas loss of the ovaries in
the female led to weaker mossy fiber transmission.

These differences are consistent with a strong influence of estradiol and testosterone on
mossy fiber physiology, with estradiol enhancing transmission and plasticity, in part because
of an increase in BDNF protein in the mossy fibers, as discussed above. In contrast,
testosterone appears to have a different effect, restricting the mossy fiber pathway to stratum
lucidum and therefore confering greater afferent specificity. These effects appeared to be due
to testicular synthesis of androgens acting at androgen receptors, because the testosterone
metabolite dihydrotestosterone reversed effects (Skucas et al. 2013) but androstanediol, a
metabolite acting at GABA receptors (Carver and Reddy 2013) did not.

Although in physiological studies, we have gone to great lengths to try to relate sex
differences in hippocampal function to normal circulating hormone levels (Scharfman et al.
2007; Scharfman et al. 2003; Skucas et al. 2013), it remains to be determined whether
replacement of the hormones removed by gonadectomy will reverse the observed effects. A
specific question that has yet to be addressed is the extent to which local steroidogenesis
may contribute to sex differences in hippocampal structure and function. This is a potentially
very important factor. Studies from other laboratories have established that local
steroidogenesis plays an essential role in the neuroendocrine regulation of reproductive
physiology in females (Micevych and Sinchak 2008) as well as in sex differences in the
control of hippocampal synapse formation (Fester et al. 2012; Fester and Rune 2015)).
Moreover, testosterone is extensively metabolized to estradiol in hippocampus (Vierk et al.
2014). The data from gonadectomized rats nonetheless suggest that testosterone normally
keeps the mossy fiber pathway restricted in space, weaker, and less plastic.

These effects may not necessarily be detrimental, in functional terms, because under some
circumstances restricted transmission may be beneficial. For example, it is important that the
mossy fiber pathway not overlap with the recurrent collateral pathways in the adjacent cell
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layer, stratum radiatum. The segregation of these pathways and others is one of the
hallmarks of hippocampal network organization, widely considered essential for normal
function. In the pyramidal cell layer the mossy fiber synapses would potentially excite CA3
pyramidal cells too much. . Indeed, in orchidectomized rats there was susceptibility to
spreading depression (Skucas et al. 2013). Different types of hyperexcitability have been
shown to impair cognition in rodents (Kleen et al. 2010; Hernan et al. 2014), and humans
(Bakker et al. 2012; Kleen et al. 2013). Drugs which reduce hyperactivity, such as
anticonvulsants, improve cognition (Bakker et al 2012)..

Regarding neuronal structure, the data suggest that dendritic spine density in females is
substantially reduced by ovariectomy, while in males the loss of testicular hormones induces
relatively little change in spine density but a much greater degree of plasticity in axonal and
dendritic structure (Figure 4). In CA3, the mossy fibers and recurrent collateral pathways
seemed most affected in the male, because there were increased numbers of fibers or
dendritic processes mainly where the recurrent collateral pathway is located (Mendell et al.
2016). Consistent with this idea, both the mossy fiber and recurrent collateral pathways were
stronger in orchidectomized males (Skucas et al. 2013).

B. Implications for function: pattern separation and completion

How gonadal steroid regulation of hippocampal structure may contribute to pattern
separation and pattern completion remains to be established. It seems likely that the effects
of gonadal steroids are significant, in view of the evidence that estradiol and testosterone
affect neurogenesis in the dentate gyrus (Galea et al. 2013). Several studies have suggested
that adult neurogenesis contributes to pattern separation (Clelland et al. 2009; Sahay et al.
2011; Johnston et al. 2016). Interestingly, a very recent study has reported subtle sex
differences in pattern separation, male spatial strategy users outperforming female spatial
strategy users when separating similar, but not distinct, patterns (Yagi et al. 2016). That adult
neurogenesis might play different roles in such tasks in males and females is suggested by
the fact that adult neurogenesis was positively correlated with performance on similar
pattern trials during pattern separation in female spatial strategy users, but negatively
correlated with performance in male idiothetic strategy users (Yagi et al. 2016). Further
work will be necessary to determine the specific effects of genetic sex, as opposed to effects
of gonadal steroids, in regulating these endpoints.

It is interesting to consider the implications of the findings described above in CA3 in
pattern separation and completion Two specific aspects of our observations are particularly
relevant: the increased transmission and plasticity of the mossy fibers in proestrous and
estrous females compared to males and the increased transmission and plasticity of the
recurrent collateral system in orchidectomized males.

Regarding the female, one would predict that on proestrous and estrous morning, when the
mossy fibers appear to synthesize the maximum BDNF protein and have both stronger
transmission as well as LTP than other cycle stages, females would exhibit a greater ability
to encode new episodic memories because of enhanced mossy fiber transmission and
recurrent collateral synapses. The larger mossy fiber excitatory effect would lead to a greater
probability of CA3 pyramidal cell spike generation, and the enhanced recurrent collateral
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transmission would make it more likely for storage to occur. However, there also would be a
risk of hyperexcitability, which would potentially be detrimental by interfering with the
network at the time memories are formed. Support for this idea comes from studies of
animals which are epileptic. In between seizures there is hyperexcitability and events which
reflect this hyperexcitability called interictal spikes interrupt cognition (Kleen et al. 2010;
Kleen et al. 2013). Therefore, for both males and females, there are aspects of the effect of
gonadal steroids that are likely to improve cognition and other aspect that are likely to
decrease its efficacy.

In males, the effects of androgens seem to improve the peak mossy fiber response but restrict
plasticity. These seemingly conflicting effects are consistent with the data available in the
literature showing relatively modest effects of androgens on cognitive behavior in
malesThese studies examinedboth androgen deprivation and testosterone treatment.
Androgen deprivation therapy for treatment of prostate cancer results in only relatively slight
alterations in cognitive function, characterized by some loss of function in terms of
visuomaotor performance, but non-significant effects on attention/working memory, executive
functioning, language, verbal and visual memory (McGinty et al. 2014). Likewise, studies
on the effects of testosterone supplementation in men with mild cognitive impairment and
low testosterone levels have revealed only modest improvements in verbal memory and
symptoms of depression (Cherrier et al. 2015). Thus the mixed effects of orchidectomy on
hippocampal structure and function in animals mirror the relatively small changes in
cognitive function observed in men in response to changing testosterone levels.

C. Implications for function: hippocampal SPWs

Taken together the results suggest that intact females would have robust CA3 SPWs during
the proestrous and estrous stages and some evidence exists to support this idea (Pearce et al.
2008; Pearce et al. 2010). This prediction would potentially facilitate memory storage in
females. The reason for the sex differences may not only be related to hippocampal
mechanisms - sex differences in the extrahippocampal regulation of sleep could play a role.
For example, there is a greater impairment in cognitive function affected by sleep in women
than men (Santhi et al. 2016). There are also pronounced sex differences in rates of insomnia
with women, who experience problems more frequently than men (Zhang and Wing 2006).

In males, there may be robust SPWs after orchidectomy because of the stronger recurrent
collateral pathway. However, there is no clear distinction of this kind in the behavioral
studies of hippocampal SPWs or behavior. Instead, there are diverse effects of sex on
behaviors that involve hippocampus. When considering CA3-dependent tasks, no systematic
studies of sex or the effects of gonadectomy and hormone replacement have been reported to
our knowledge.

D. Other implications

The results also suggest potential mechanisms that could explain changes in behavior during
puberty, given that there are rapid fluctuations in circulating gonadal steroid levels in both
sexes at puberty. One of the hallmarks of puberty is fluctuations in mood. The ventral
dentate gyrus has been suggested to be important for the stability of mood and normal
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affective function (Sahay et al. 2007). One of the prinicipal arguments is that damage to the
dentate gyrus, particularly the granule cells of the dentate gyrus that are born in adulthood
(adult-born granule cells), leads to depressive-like behavior (Sahay et al. 2007). In addition,
drugs that are used to treat depression have proliferative effects on adult-born neurons, and
the antidepressant effects of the drugs are blocked by reducing adult-born neurons (Manev et
al. 2001; Malberg and Duman 2003; Santarelli et al. 2003; Jiang et al. 2005). Given the
primary output of the dentate gyrus is the mossy fiber pathway, it is possible that the mood
fluctuations in puberty are due to the waxing and waning in dentate gyrus output resulting
from the changes in mossy fiber structure and function.

Puberty is also a time when neurological and psychiatric diseases are first manifested. For
example, obsessive-compulsive disorder often occurs first during puberty (Zohar 1999). It is
most common in women, where it first occurs during the same year as menarche in
approximately 22% of cases (Pigott 1998; Zohar 1999; Labad et al. 2005). One potential
reason is that the high levels of estrogen that initially occur at puberty leads to an increase in
BDNF and consequent alterations in the structure and function of circuits that control
behavior. It is interesting that hyperactivity has been described in OCD based on functional
neuroimaging studies (Maia et al. 2008), and one of the hallmarks of the increase in BDNF
in hippocampus after elevated estradiol is hyperactivity (Scharfman et al., 2003).

Schizophrenia is most common in pubertal males, with the sex difference resolving at older
ages (Abel et al. 2010). Also, there is evidence that the mossy fiber pathway is structurally
deficient or abnormal in schizophrenia. For example, defects in the normal formation of the
mossy fibers result from deletion of DISC1 (Faulkner et al. 2008), a gene that is defective in
a subset of individuals with schizophrenia. In chronic schizophrenia, it has been shown by
anatomical studies that there are fewer mossy fiber synapses (Kolomeets et al. 2007).
Therefore, when androgens fall during puberty, mossy fiber structure could become
critically impaired in an individual who otherwise did not yet develop deficiencies that were
substantial enough to cause changes in behavior. The changes in behavior could be reflected
by the first episode of schizophrenia. Females would be relatively resistant because their
hormonal fluctuations caused by ovariectomy do not appear to change mossy fiber structure,
at least based on the work discussed above in rodents (Mendell et al. 2016). Notably, we
have studied male rats before and after puberty to determine whether the effects we found in
postpubertal males pertained to pubertal ages. In a comparison of orchidectomized and sham
male rats, animals that were orchidectomized at 30 days of age showed a large increased in
BDNF immunoreactivity in the mossy fibers 2 months later, compared to age-matched males
that had sham surgery and were examined 2 months later. The increase in BDNF was similar
to the increase in BDNF in orchidectomized rats that had surgery at 2 months of age, after
puberty (Figure 5).

Sprouted mossy fibers in area CA3 have been found in rodent models of temporal lobe
epilepsy where there can also be robust sprouting in the dentate gyrus itself, in the inner
molecular layer (Holmes et al. 1998; Cross and Cavazos 2007; Sutula and Dudek 2007;
Buckmaster 2012). Therefore it is interesting that epilepsy often develops in puberty,
especially the type of epilepsy where the hippocampus plays a role, temporal lobe epilepsy
(IOM 2012). In acquired temporal lobe epilepsy, an early life infection or traumatic injury is
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thought to be a precipitating factor, but the epilepsy does not appear for decades later, either
during puberty or afterwards (Scharfman and Pedley 2006). For those males who develop
epilepsy in puberty, it may be that the fluctuations in androgens precipitate the first seizure
because the changes in mossy fibers may cause the underlying pathology to reach a critical
threshold of hyperexcitability. Orchidectomized rats not only showed increased mossy fibers
but also increased predisposition to seizure-like events called spreading depression (Skucas
et al. 2013), supporting the idea that falling androgens could precipitate seizures in a
predisposed individual

An obvious caveat to this discussion is that the studies we have performed to date have not
looked directly at the changes occurring during puberty, so the relationships discussed above
must still be regarded as speculative. Additional work needs to be done to determine whether
similar structural and functional relationships to circulating steroid levels exist in developing
as well as aged animals. Nonetheless, the data suggest that studies about the actions of
steroid hormones on the mossy fiber-CA3 system in experimental animals have the potential
to improve our understanding of the fundamental neurobiology and mechanisms underlying
neurological and psychiatric disorders, in both men and women.

IV. Summary and Conclusions

We have summarized several studies about area CA3 of the adult rat where we have
compared the influence of sex and gonadal steroids on structure and function of the network.
Regarding physiology, mossy fiber synapses appear to be more plastic in the female and able
to elicit more firing of pyramidal cells at proestrous and estrous cycle stages, but the peak
amplitude of the synaptic response to mossy fiber stimulation and paired-pulse facilitation is
greater in males. These differences may help explain the basis for differences in behavior in
vivo or disease.

We also found that gonadectomy of the female leads to alterations that are very different
from gonadectomy of the male. In females, dendritic spines of CA3 pyramidal cells are
remarkably altered by cycle stage and ovariectomy but in males, the mossy fiber and
recurrent collateral synapses, and dendritic arbors were greatly affected by gonadectomy.
These differences support the view that the male and female brain are differentiated at a very
early stage of brain development and gonadal steroids that are active after puberty are not
the only factor in shaping structure in area CA3.
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Signfiicance

Sex differences in the brain have been known for a long time, but there has been
increased emphasis on their importance in recent years because of new mandates to
include both sexes in research studies. Although welcome, studying sex differences in the
brain is complex. One reason is that characteristics of the male and female brain are often
not the same even if one removes the sex organs or sex hormones. A brain region where
this point is well made is the CA3 subregion of the hippocampus, the focus of this review.
We point out the ways that this subregion is influenced by sex and the potential
implications for hippocampal function.
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Figurel.
Organization of area CA3.

A. A schematic illustrates the trisynaptic circuit. The first synapses is the entorhinal cortical
projection called the perforant path which synapses on the outer two-thirds of the dentate
gyrus granule cells. The second synapses is the mossy fiber axons of granule cells which
innervate proximal dendrites of CA3 pyramidal cells. The third synapse is from area CA3
pyramidal cells which have Schaffer collateral axons that innervate the apical dendrites of
CA1 pyramidal cells. DG= dentate gyrus.

B. There is a backprojection from area CA3 pyramidal cells to the DG (red). Axon
collaterals of the pyramidal cells innervate neurons in the hilus as well as processes of cells
with somata in other parts of the dentate gyrus. In ventral hippocampus there is a projection
to granule cell proximal apical dendrites(Li et al. 1994).

C. The microcircuitry of area CA3 is shown in a simplified view. Pyramidal cells receive
input from the perforant path in their distant apical dendrites, recurrent collaterals from other
pyramidal cells in the central portion of the apical dendrite, and mossy fiber input
proximally. Mossy fiber boutons have specialized ‘giant” bouton with extension that
innervate GABAergic neurons (black cells surrounded by red). The mossy fiber boutons
contact complex spines on pyramidal cells. Additional input is from contralateral and
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cholinegic nuclei such as the septum; additional neuromodulatory input is also present. The
GABAergic neurons are only a subset of those that are present (Freund and Buzsaki 1996).
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Figure 2.

A summary of the physiological findings of rat pyramidal cells and their relationship to
mossy fiber BDNF protein expression.

Hippocampal slice physiology and immunocytochemical observations are summarized for
adult male rats, either intact or orchidectomized or females at different stages of the estrous
cycle and after ovariectomy. MF= mossy fiber. Evoked-response: response recorded in
stratum lucidum or pyramidale of area CAS3 after a stimulus to the mossy fiber pathway.
Experimental procedures were standardized as described previously (Skucas et al. 2013).
Epileptiform = whether mossy fiber stimulation evoked repetitive field potentials
(hyperexcitability) in response to a 10 second 1 Hz train of paired pulses (Scharfman et al.
2003; Scharfman et al. 2007). BDNF effect = the physiological effect on a mossy fiber
evoked-response of superfused BDNF (Scharfman 1997; Scharfman et al. 2003). BDNF
protein = Relative expression of BDNF protein by immunocytochemistry (Scharfman et al.
2003; Scharfman et al. 2007). nt = not tested. The micrographs at the bottom are from
previous studies (Scharfman et al. 2003) or are unpublished.
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The menstrual and estrous cycles.
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A. The menstrual cycle of women is illustrated schematically. Progest. = progesterone. LH =
luteinizing hormone. FSH = follicle stimulating hormone. From (Scharfman and MacLusky

2006).
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Figure 4.
Comparison of intact and gonadectomized male and female rats in area CA3. The structural

changes that have been shown in the adult rat are highlighted (Mendell et al. 2016). Note
that the recurrent collateral pathway and other aspects of structure also have not been
analyzed.

A. In the female rat, there is a decrease in spines when intact females (1) are ovariectomized
(2), but no detectable differences in mossy fiber axons or the dendritic length.

B. In the male rat, there are shorter dendrites than females in the intact condition (1), and
after gonadectomy the dendrites lengthen (2). The mossy fiber projection expands, losing
afferent specificity. The dendritic spine density declines but the total number of spines is
similar, suggesting a redistribution.
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Figure5.

Orchidectomized male rats increased BDNF immunoreactivity in the mossy fibers.

A-B. BDNF-immunoreactivity in a sham (A) and orchidectomized rat (B) using a polyclonal
antibody to BDNF (Amgen-Regeneron partners). DG, Dentate gyrus. Arrows point to the
mossy fibers. Calibration, 500 um.

C-E. The experimental protocols and quantifications of BDNF immunoreactivity show that
BDNF protein was relatively high in orchidectomized rat mossy fibers if the surgery was
postpubertal and rats were examined 2 weeks later (C), 2 months after surgery (D) or rats
were orchidectomized before puberty with a 2 month interval between surgery and BDNF
immunocytochemistry (E). Asterisks denote statistical signficance (p<0.05).
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