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Abstract

Androgens have profound effects on hippocampal structure and function, including induction of 

spines and spine synapses on the dendrites of CA1 pyramidal neurons, as well as alterations in 

long-term synaptic plasticity (LTP) and hippocampally dependent cognitive behaviors. How these 

effects occur remains largely unknown. Emerging evidence, however, suggests that one of the key 

elements in the response mechanism may be modulation of brain-derived neurotrophic factor 

(BDNF) in the mossy fiber (MF) system. In male rats, orchidectomy increases synaptic 

transmission and excitability in the MF pathway. Testosterone reverses these effects, suggesting 

that testosterone exerts tonic suppression on MF BDNF levels. These findings suggest that 

changes in hippocampal function resulting from declining androgen levels may reflect the 

outcome of responses mediated through normally balanced, but opposing, mechanisms: loss of 

androgen effects on the hippocampal circuitry may be compensated, at least in part, by an increase 

in BDNF-dependent MF plasticity.
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Introduction

Over the past 15 years, a considerable body of information has emerged indicating that 

androgens modulate the structure and functions of the hippocampus. Effects on 

hippocampal-dependent behavior, long-term potentiation (LTP), dendritic spine and spine 

synapse density, patterns of dendritic arborization, as well as hippocampal neuronal survival 

have all been reported. In many respects, these effects resemble those of the principal 

ovarian estrogen, 17β-estradiol, in females (Harte-Hargrove and others 2013; MacLusky and 

Reprints and permissions: sagepub.com/journalsPermissions.nav

Corresponding Author: Neil J. MacLusky, Department of Biomedical Sciences, Ontario Veterinary College, University of Guelph, 
50 Stone Rd, Guelph, Ontario, Canada N1G 2W1. nmaclusk@uoguelph.ca. 

Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.

HHS Public Access
Author manuscript
Neuroscientist. Author manuscript; available in PMC 2016 August 27.

Published in final edited form as:
Neuroscientist. 2016 February ; 22(1): 46–60. doi:10.1177/1073858414558065.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://sagepub.com/journalsPermissions.nav


others 2006b). However, although the majority of studies have shown that estradiol action in 

females is associated with increases in hippocampal excitability, as well as in behaviors that 

depend on hippocampal function, this is not true for androgens. Responses to androgens, in 

fact, appear to be mixed. For example, although testosterone appears to induce formation of 

excitatory spine synapses on the dendrites of hippocampal pyramidal neurons (MacLusky 

and others 2006b), the effects of testosterone on brain-derived neurotrophic factor (BDNF) 

and measures of hippocampal excitability, such as LTP in the mossy fiber system, appear to 

be inhibitory rather than stimulatory (Skucas and others 2013).

The goal of this brief review is to sort through this apparently conflicting set of data and 

suggest possible mechanisms to explain how androgens may regulate hippocampal function. 

Much of the data on the hippocampal effects of androgens has been reviewed elsewhere and 

this will not be repeated in extenso here. Our emphasis will be to highlight recent 

developments and, in particular, to focus on the possible role of BDNF as a mediator of 

androgen responses.

Evidence for Androgen Effects on Hippocampal Function

Evidence for androgen effects on hippocampal function comes from a number of different 

fields: from studies of the effects of changing androgen levels on cognitive behavior in 

people, from correlations between androgen levels and the incidence of neurodegenerative 

disorders, and finally from studies in experimental animals of the effects of androgen 

administration. All three lines of evidence point to the same overall conclusion: whereas 

androgen clearly affects hippocampal function, the responses are complex and include both 

positive and negative components.

A number of studies suggest that testosterone supplementation may improve cognitive 

function, in particular spatial memory, in men (Cherrier and others 2001; Driscoll and 

Resnick 2007; Janowsky 2006; Sherwin 2003). However, the magnitude of androgen effects 

remains controversial. Although androgen deprivation during hormone ablation therapy for 

treatment of prostate cancer has been reported by some authors to impair both verbal (Beer 

and others 2006) and spatial (Jenkins and others 2005) memory performance, other studies 

have reported mild to insignificant cognitive deficits in such patients (Alibhai and others 

2010; Joly and others 2006; Matousek and Sherwin 2010; Nelson and others 2008).

Men exhibit a steady age-related decline in circulating testosterone levels, with a 

concomitant increase in sex hormone-binding globulin production (Feldman and others 

2002; Morley and others 1997). A decline in the production of the major adrenal androgen, 

dehydroepiandrosterone (DHEA) is also observed with age (Labrie and others 1997). 

Reduced levels of free circulating testosterone have been postulated to contribute in men to 

diseases that increase with age, such as Alzheimer’s disease (Barron and Pike 2012; 

Drummond and others 2009; Fuller and others 2007), epilepsy (Harden and MacLusky 

2004; Herzog 1991; Reddy 2004), and Parkinson’s disease (Johnson and others 2010). This 

hypothesis is teleologically attractive in view of the neurotrophic and neuroprotective effects 

of testosterone (Hammond and others 2001; Kurth and others 2014), as well as the effects of 

this steroid on other mechanisms that may indirectly contribute to neurodegenerative 
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disease, including inflammatory responses (Butchart and others 2013) and cerebral blood 

flow (Moffat and Resnick 2007). However, studies suggest that the contribution of changes 

in androgen levels to Alzheimer’s disease may be relatively modest—particularly in women 

(Hogervorst and others 2005). With respect to cognitive deficits associated with Alzheimer’s 

disease, circulating testosterone levels do not appear to be predictive of neuropsychological 

outcome (Seidl and Massman 2014). Testosterone replacement therapy has also been 

reported to have no significant effect on motor and nonmotor symptoms of Parkinson’s 

disease (Okun and others 2006) although, as is the case for many clinical studies, 

interpretation of the results is limited by sample size.

A similar, inconclusive picture emerges from data obtained in animals. Androgens 

significantly influence working and spatial memory in male rodents, although the direction 

and magnitude of effect varies across studies. For instance, nonspatial working memory, as 

measured by spontaneous novel-object recognition, has been shown to be worse in 

gonadectomized (GDX) male rats than in either GDX males implanted with testosterone or 

in sham-GDX controls (Aubele and others 2008). Positive effects of androgens have also 

been detected using various spatial working memory tasks, including the Y-maze (Hawley 

and others 2013) and the Morris water maze (Khalil and others 2005). However, these 

studies contrast with others that report either impairment or no effect on learning (Goudsmit 

and others 1990) and memory (Naghdi and others 2001) in response to androgen treatment. 

A similar degree of variation is seen in studies that use nonspatial operant tests, such as the 

Sidman avoidance task to measure the impact of androgens on learning in rats (Milner 

1976). Electrophysiological studies, likewise, suggest that the effects on the hippocampus of 

manipulating androgen levels are mixed. Testosterone application to hippocampal slices of 

adult male rats potentiates Schaffer collateral transmission in area CA1 (Smith and others 

2002). However, testosterone depletion via prepubertal orchidectomy has been reported to 

facilitate LTP in the CA1 region of adult male rats, suggesting that androgens act to reduce 

CA1 plasticity (Harley and others 2000).

How Do Androgens Exert Their Effects? The Critical role of Local Steroid 

Metabolism

The complexity of androgen action at least in part reflects the fact that circulating androgens 

are converted to metabolites that have a wide range of biological activities, in different 

regions of the brain. This extensive metabolism provides mechanisms for both control, in 

terms of regulating the cellular responses that can be obtained via modulation of the activity 

of the relevant rate-limiting enzymes, as well as for diversification of the cellular effects of 

the circulating hormones.

Testosterone is converted to estradiol in several areas of the brain, including the 

hippocampus (Naftolin and others 1975; Tabatadze and others 2014; Yague and others 

2010). It is also metabolized, in both neurons and glia, to the powerful androgen, 

dihydrotestosterone (DHT). In type 1 astrocytes, DHT is reversibly converted to 5α-

androstane-3α,17β-diol (Melcangi and others 1993), which is a weak ligand for nuclear 

androgen (AR) and estrogen (ER) receptors, but a potent modulator of the effects of GABA 
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on GABAA receptors (Reddy 2004). The 3β isomer of androstandiol, 5α-androstan-3β,17β-

diol, is also synthesized in the brain: whereas this steroid is not an agonist at either the 

androgen or GABAA receptor, it is a ligand for ERβ (Handa and others 2011). Thus, in both 

sexes, exposure of the brain to testosterone potentially exposes the hippocampus to a range 

of biologically active metabolites, all of which may contribute to the observed responses 

(reviewed in MacLusky and others 2006b; Scharfman and MacLusky 2014b).

Morphological Effects of Androgen in the Hippocampus

Effects of androgen on the morphology of the hippocampus have been known for more than 

30 years. Much of the initial work focused on the developmental effects of androgen in the 

context of sexual differentiation. In some strains of mice, males have more granule cell 

neurons in the dentate gyrus than females (Wimer and Wimer 1989). Male rats have a larger 

and more asymmetric dentate gyrus than females (Roof 1993; Roof and Havens 1992) 

whereas sex differences have also been demonstrated in the apical dendritic structure and 

dendritic branching patterns of CA3 pyramidal neurons, consistent with the observation that 

males exhibit a significantly higher density of mossy fiber synapses (Parducz and Garcia-

Segura 1993).

Responses to androgen are not confined to early development. Male mice exhibit a 

pronounced increase in the density of dendritic spines on the apical dendrites of CA1 and 

CA3 neurons at approximately the time of puberty, a response that is abrogated by 

prepubertal orchidectomy, suggesting that the changes in dendritic spine density may be a 

response to the pubertal rise in circulating testosterone levels (Meyer and others 1978). 

Given the pronounced positive effects of estradiol on both CA1 spine (Gould and others 

1990) and spine synapse (Leranth and others 2000) density, it seemed possible that, in 

males, testosterone might exert effects on hippocampal structure analogous to those of 

estradiol in females. Numerous studies have since provided data consistent with this 

hypothesis, in rodents as well as nonhuman primates (Kovacs and others 2003; Leranth and 

others 2003; Leranth and others 2004b; Li and others 2012; MacLusky and others 2004). 

Indeed since, as indicated above, testosterone is converted to estradiol in the brain, it seemed 

reasonable to suppose that the effects of testosterone might be at least partially mediated via 

local estradiol formation, within the hippocampus itself. Whereas this does indeed appear to 

be the case in females (Fester and others 2012; Leranth and others 2004a; Vierk and others 

2014) in males other mechanisms are clearly involved. In ovariectomized adult females, 

CA1 pyramidal cell spine synapse density increases after treatment with either estradiol or 

testosterone (Leranth and others 2004a), but in adult males estradiol has no significant effect 

(Leranth and others 2003). Treatment with the aromatase inhibitor letrozole, which blocks 

estradiol synthesis, decreases hippocampal synapse numbers in females but not in males 

(Fester and others 2012). Effects of orchidectomy on spine synapse density in area CA1 can 

be reversed by replacement with either testosterone or the non-aromatizable androgen, DHT 

(Leranth and others 2003), further supporting the view that synaptic responses to androgen 

in males do not require intermediate estrogen biosynthesis. Other experimental data also 

suggest that responses to androgen may differ fundamentally from those to estrogens. For 

example, in the original study of Meyer and others (1978) while there was a substantial 

increase in spine density in all segments of the dendritic tree in CA1 pyramidal cells over the 
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period leading up to and including puberty (25–45 days of age), only 10 days later (at 55 

days of age) the effect had almost disappeared. Circulating testosterone levels do not drop 

significantly in male rats between 45 and 55 days of age (Lee and others 1975), suggesting 

either that the effects of androgens are age-dependent or that normal adult male levels of 

testosterone do not elicit a sustained response in terms of dendritic spine density—even 

though there is a markedly higher density of spine synapses in the CA1 of intact males 

(Leranth and others 2003). Preliminary data from our own laboratories are consistent with 

the hypothesis that the effects of testosterone on hippocampal spine density in adult rats are 

in fact much more limited than those of estradiol, in females (Mendell and others, 

unpublished observations).

Androgen Effects on Hippocampal Neurogenesis

The effects of androgens on the hippocampus include changes in neurogenesis in the 

subgranular zone of the dentate gyrus. Like the effects of gonadal steroids in hippocampal 

spine synapse density, this response is sexually differentiated. Thus, estradiol modulates 

hippocampal neurogenesis and cell death in adult female rodents but not males (Galea 2008; 

Galea and others 2013). In contrast, testosterone enhances the survival of new dentate gyrus 

neurons in adult males, via an androgen receptor-dependent mechanism (Hamson and others 

2013). Interestingly, the effects of androgens on neuronal survival may be mediated at a site 

other than in the dentate gyrus itself (Hamson and others 2013), which hints at the potential 

involvement of other regions of the brain in androgen responses (discussed further, below).

Glial Responses

The effects of androgens on hippocampal structure include changes in glia, in particular 

astrocytes. These effects are important not only because of the role of glia in neurosteroid 

biosynthesis (Melcangi and others 1993) but also because glia mediate some of the neuronal 

effects of steroid hormone action, responding to gonadal steroids by producing neurotrophic 

factors (Azcoitia and others 2010).

Several studies indicate that androgens have important effects on astroglia. Using 

immunocytochemistry for glial fibrillary acidic protein, astrocyte numbers were found to be 

significantly higher in androgen insensitive (Tfm) and hypogonadal mice when compared 

with normal males (McQueen and others 1992b). In wild-type mice, castration nearly 

doubled the expression of GFAP in CA1 and dentate gyrus, whereas with testosterone 

replacement, cell numbers returned to normal (McQueen and others 1992a). Similarly, 

Leranth and others (2008) found that administration of the environmental contaminant 

bisphenol-A, which has antiandrogenic properties, to male rats not only reduced spine 

synapse density but also increased the density of astroglial processes in the hippocampus 

and prefrontal cortex. Taken together, these observations suggest that whereas circulating 

androgens promote synapse formation in the hippocampus, they elicit a concomitant 

decrease in astroglial process density, which may be important in terms of the maintenance 

of long-term changes in synaptic plasticity (Bernardinelli and others 2014).
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Mechanisms of Androgen Action

Local Mechanisms

Receptors for androgens and estrogens are present in hippocampal neurons. Androgen 

receptors as well as both the α and β subtypes of the ER are found in hippocampal neurons 

in both cell nuclei (Kerr and others 1995; Menard and Harlan 1993; Sar and others 1990; 

Shughrue and Merchenthaler 2000; Tabori and others 2005) and at extranuclear sites in the 

cell including the plasma membrane, mitochondria, and synaptic vesicles (Tabori and others 

2005). Oligodendrocytes and astroglia (Finley and Kritzer 1999; Jung-Testas and Baulieu 

1998) also appear to express androgen receptors and ER, indicating that they are direct 

targets for steroid action. The existence of these receptor systems is consistent with the 

hypothesis that the actions of androgens are, at least in part, mediated via actions within the 

hippocampus itself.

How these receptor systems may mediate effects of androgen on the hippocampus is not, 

however, well understood. There is substantial evidence that at least as far as androgen 

effects on hippocampal spine synapse density are concerned, the receptor systems involved 

may involve mechanisms different from those found in nonneural androgen target tissues. 

Treatment with comparable doses of DHEA, DHT, or testosterone induces almost identical 

CA1 spine synapse levels in adult males (Leranth and others 2003; MacLusky and others 

2004), despite the fact that these steroids have very different androgenic potencies on 

androgen target tissues outside the central nervous system. Treatment with the androgen 

receptor antagonist, flutamide, which completely blocks the effects of androgens on the male 

reproductive tract, does not block the effects of DHT in male CA1 spine synapse density. In 

fact, flutamide has stimulatory effects of its own on hippocampal spine synapse density, 

which sum with those of co-administered androgens (MacLusky and others 2004). 

Consistent with these observations, flutamide and the structurally unrelated steroidal 

androgen receptor antagonist, cyproterone acetate, both also exert neuroprotective effects 

like those of DHT in cultured hippocampal neurons (Nguyen and others 2007). In adult male 

Tfm rats, which express a defective androgen receptor and therefore have greatly reduced 

sensitivity to testosterone in peripheral tissues, the effects of DHT and hydroxyflutamide on 

CA1 dendritic spine synapse density are indistinguishable from those observed in wild-type 

normal males (MacLusky and others 2006a). That the mutated androgen receptor found in 

Tfm rats remains capable of supporting some central androgen responses has also been 

demonstrated with respect to reinforcement behavior induced by anabolic-androgens (Sato 

and others 2010).

These findings suggest that the mechanisms mediating the effects of androgens on 

hippocampal structure and function may be different than those found in “classical” 

nonneural androgen target tissues. Although the precise mechanisms involved have yet to be 

established, one hypothesis is that the effects may be mediated via receptors acting outside 

the cell nucleus rather than via the transcriptional mechanisms that mediate many of the 

effects of gonadal steroids elsewhere in the body. Immunoreactivity for androgen receptors 

is found in spines on pyramidal and granule cell dendrites, associated with the synaptic 

vesicles of preterminal axons and axon terminals, particularly in the stratum lucidum of the 
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CA3 (Tabori and others 2005). Activation of membrane-associated androgen receptors 

initiates kinase cascades that are known to be involved in CA1 pyramidal cell spine 

formation (Zadran and others 2009). Kinase-mediated effects of androgen also have been 

shown to be resistant to blockade with conventional antiandrogens. Thus, for example, in 

both breast (Zhu and others 1999) and prostate (Lee and others 2002) cancer cell lines, 

androgen activation of mitogen-activated protein kinase appears to be mimicked, rather than 

blocked, by flutamide. If similar response mechanisms operate in the brain, this could at 

least in part explain why flutamide exerts additive effects with those of DHT on CA1 

pyramidal cell spine synapse formation.

Effects Mediated via Afferent Hippocampal Input

Whereas much of the work on androgen effects so far has focused on mechanisms intrinsic 

to the hippocampus, responses in other regions of the brain probably also play a role. In 

females, fimbria-fornix (FF) transection (Leranth and others 2000) or selective lesions of the 

basal forebrain cholinergic neurons via local injection of 192 IgG-saporin (Lam and Leranth 

2003) essentially abolish the effects of estradiol on CA1 spine synapse density, ipsilateral to 

the site of the lesion (Fig. 1), suggesting that the effects of estradiol on spine synapse density 

are dependent on sub-cortical cholinergic input. Noncholinergic mechanisms could also be 

involved. GABAergic afferents originating from the septum innervate inhibitory 

interneurons in the hippocampus (Freund and Antal 1988), suggesting that hormonal 

activation of subcortical afferent inhibitory pathways could lead to rapid disinhibition of 

pyramidal neurons (Rudick and others 2001). Since, as mentioned above, androgens DHT 

and other natural androgens are converted in the brain to metabolites that potentiate GABAA 

mediated responses (Melcangi and others 1993; Reddy 2004), it seems possible that the 

effects of the androgens could be mediated in a similar fashion, via enhancement of GABA 

action on GABAergic interneurons—leading to disinhibition of the pyramidal cells. Such a 

mechanism could also contribute to the effects of high-dose flutamide, as flutamide has 

weak benzodiazepine-like activity (Ahmadiani and others 2003).

The available evidence, however, suggests that CA1 structural plasticity in response to 

androgen administration in males may be less dependent on afferent subcortical input than is 

the case for estradiol in females. FF transection reduces the spine synapse density response 

to testosterone administration by only 50%, compared to control unoperated rats (Kovacs 

and others 2003). The magnitude of the effect also appears to be dependent on the androgen 

replacement used. Thus, if DHEA is administered instead of testosterone, FF transection in 

males has no significant effect on the resultant spine synapse density, ipsilateral to the 

surgery (Mendell and others 2013). This contrasts with the situation in ovariectomized 

females, in which FF transection completely abolishes the increase in spine synapse density 

observed after DHEA administration (Fig. 1). A reasonable hypothesis to explain these 

observations is that, unlike females in which subcortical estrogen-sensitive afferents play a 

critical role, in males there may be a greater contribution from intrahippocampal androgen-

dependent mechanisms to the observed neurotrophic responses.
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BDNF as a Mediator of Androgen Responses

Over the past few years, an increasing body of evidence has accumulated to suggest that 

BDNF may contribute to the effects of circulating gonadal steroids on the brain. In both 

central and peripheral androgen target tissues, numerous studies have demonstrated effects 

of androgen on BDNF expression, as well as actions of BDNF that appear to play a role in 

mediating the effects of changing androgen levels (reviewed in Scharfman and MacLusky 

2014a). Given that hormone-sensitive pathways in the hippocampus, as well as afferent 

projections to the hippocampus from such regions of the brain as the entorhinal cortex may 

both contribute to intrahippocampal BDNF expression (Falkenberg and others 1993; 

Scharfman and Chao 2013), the control of BDNF synthesis and release clearly represent 

possible targets for the effects of circulating testosterone on hippocampal function.

A potential model for the effects of androgens on the hippocampus comes from studies of 

testosterone action in the spinal nucleus of the bulbocavernosus (SNB). SNB motorneurons 

in the lumbar spinal cord innervate muscles required for male copulatory behavior. BDNF 

has been implicated in the supportive role of androgen on SNB motorneurons, testosterone 

maintaining BDNF levels in the motorneuron dendrites (Ottem and others 2007). As up-

regulation of BDNF has been shown to enhance hippocampal dendritic spine formation 

(Bennett and Lagopoulos 2014), one hypothesis to explain the trophic effects of androgen on 

hippocampal dendritic spines might be that androgen also induces BDNF in the 

hippocampus. Studies using hippocampal slices prepared from adult male mice have, indeed, 

provided data consistent with this hypothetical mechanism, with orchidectomy resulting in a 

significant decrease in the levels of BDNF protein in CA1 (Li and others 2012).

In rats, however, the regulation of hippocampal BDNF appears to be very different from that 

in either mice, or SNB motorneurons. Although local intrahippocampal levels of estrogens 

and androgens are high in intact males (Ooishi and others 2012), immunohistochemistry 

revealed very low intrahippocampal BDNF expression in male rats (Scharfman and others 

2003). Orchidectomy did not decrease, but instead increased BDNF immunoreactivity in the 

mossy fiber pathway, examined 2 weeks or 2 months later (Fig. 2). As increases in BDNF 

have previously been shown to increase mossy fiber transmission, in both males and females 

(Scharfman and Maclusky 2005; Scharfman and others 1999; Scharfman and others 2003) a 

logical prediction from these observations was that orchidectomy might increase mossy fiber 

synaptic transmission. Indeed, mossy fiber transmission was enhanced in GDX rats 

compared to sham-operated controls (Skucas and others 2013). In addition, short-and long-

term plasticity were also affected, paired pulse facilitation and mossy fiber LTP and post-

tetanic potentiation (PTP) both increasing in orchidectomized animals (Fig. 3). The role of 

BDNF in these responses was supported by pharmacological blockade of the TrkB receptors 

mediating BDNF action, which reversed the orchidectomy-induced increase in mossy fiber 

transmission and LTP. That the effect of gonadectomy was indeed because of the removal of 

androgen was demonstrated in hippocampal slices from orchidectomized males, because 

addition of DHT normalizing mossy fiber transmission (Skucas and others 2013). 

Significantly, however, in view of the evidence cited above for actions of androgens 

mediated via conversion to neuroactive metabolites, mossy fiber transmission was not 
affected by addition of the GABA-active metabolite of DHT, 5α-androstane-3α, 7β-diol, 
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suggesting that the effect was not mediated via enhancement of GABAA mediated responses 

(Skucas and others 2013).

The increased neuroplasticity induced by orchidectomy was not limited to increases in the 

magnitude of the field potentials recorded in CA3: it also included effects on the specificity 

of mossy fiber innervation of the CA3 pyramidal neurons. The first indication of this was 

seen in the electrophysiological data. In intact males, there is usually one specific, easily 

identifiable site in stratum lucidum where the largest field EPSP is observed after activation 

of mossy fiber axons. In orchidectomized males, however, mossy fiber–evoked fEPSPs 

could be recorded at multiple locations in stratum lucidum, stratum pyramidale, and stratum 

oriens (Skucas and others 2013). Given that BDNF has been reported to induce sprouting of 

the mossy fibers (Lowenstein and Arsenault 1996), we considered the possibility that this 

apparent spreading of the signal recorded in CA3 might be associated with mossy fiber 

outgrowth following removal of the testes. Immunocytochemistry for dynorphin (which 

specifically labels the mossy fibers) established that this was indeed the case. Sprouting 

increased in GDX rats compared to sham controls, particularly in stratum oriens (Fig. 4), 

suggesting that after gonadectomy, the increase in mossy fiber BDNF expression may lead 

to diffusion of the normal afferent specificity of the mossy fiber pathway (Scharfman and 

MacLusky 2014a; Skucas and others 2013).

Physiological and Pathophysiological Implications

Age-related androgen deficiency is increasingly recognized as a clinically significant 

problem. Free circulating androgen levels decline substantially with age, in both men 

(Feldman and others 2002) and women (Davison and others 2005; Labrie and others 1997), 

which has led to an increase in the use of androgens in treatment of the effects of aging 

(Basaria 2013; Pluchino and others 2013). Whereas there are undeniable beneficial effects of 

such treatment, the long-term effects on the brain remain poorly understood. The data 

summarized above raise the possibility that, at least as far as the brain is concerned, 

androgen supplementation in the aging population may represent a mixed blessing. Whereas 

raising testosterone levels may enhance androgen-mediated changes in synaptic plasticity in 

the hippocampus, the downside could be a simultaneous reduction in BDNF-mediated 

neuroplasticity in the mossy fiber pathway.

Mood disturbances and aggressive behavior are an area of potential concern. Such problems 

are commonly reported in males abusing anabolic androgenic steroids (Oberlander and 

Henderson 2012). This may be related to the suppressive actions of androgens on BDNF 

expression in the mossy fibers (Skucas and others 2013), because of the known role of 

intrahippocampal BDNF in aggression and the maintenance of normal mood state. 

Conditional BDNF knockout mice, in which BDNF levels are selectively depleted in the 

dentate gyrus and CA3, exhibit enhanced aggressive behavior (Ito and others 2011) and 

reduced levels of hippocampal BDNF have been linked to depression (Duman and Li 2012). 

Thus, supraphysiological levels of androgens in men that abuse anabolic androgenic steroids 

may suppress the expression of BDNF in the mossy fiber plexus, leading to an adverse effect 

on mood and aggression. These effects could be exacerbated by other factors, such as 

physical inactivity (Cotman and Berchtold 2002) or stress (Smith and others 1995), both of 
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which negatively affect hippocampal BDNF expression. Conversely, age-related increases in 

the incidence of epilepsy, in men, may in some cases be reversed by raising circulating 

androgen levels, because of the fact that increased BDNF expression causes 

hyperexcitability in the mossy fiber system, an effect that is opposed by testosterone (Skucas 

and others 2013).

Age-related androgen deficiency is not, however, a simple phenomenon. Over time, other 

endocrine changes as well as compensatory events within the brain itself may modulate the 

pattern of responses to androgen deprivation. As discussed previously, the experimental 

evidence does not provide a clear-cut indication that blocking the effects of androgen on the 

brain leads to significant deficits in cognitive function (Alibhai and others 2010; Joly and 

others 2006; Matousek and Sherwin 2010; Nelson and others 2008). It seems possible that 

potentially deleterious effects of declining androgen levels during normal ageing may at 

least in part be ameliorated by compensatory changes in BDNF expression, declining free 

testosterone reducing the dampening effect of androgens on mossy fiber transmission. 

However, the endocrine changes associated with ageing are complex and it may be naïve to 

assume that there is a simple relationship between BDNF and any individual circulating 

hormone in ageing subjects. Ageing in men is associated not only with a decline in free 

testosterone but also declining adrenal DHEA–cortisol ratio (Guazzo and others 1996; 

Labrie and others 1997). The overall effects on hippocampal function of age-related changes 

in free testosterone may thus reflect the outcome of a number of different mechanisms: loss 

of direct testosterone and DHEA-mediated effects on hippocampal neurons, positive effects 

on BDNF arising from reduced testosterone-mediated inhibition, as well as increased 

glucocorticoid-mediated inhibition of BDNF synthesis (Suri and Vaidya 2012). Other 

factors, besides circulating hormone levels, could also contribute to the central regulation of 

androgen-mediated hippocampal responses. Androgens are synthesized in the brain (Mukai 

and others 2006) where they have been implicated in the maintenance of normal 

hippocampal spine synapse density (Ooishi and others 2012) as well as normal behavioral 

responses to changing circulating hormone levels (Remage-Healey 2014; Soma and others 

2014). Although there is currently very little information about how central nervous system 

androgen biosynthesis may change with age, there are hints that steroidogenesis in the brain 

may be age-dependent. StarD6, a member of the steroidogenic acute regulatory protein 

family that is expressed in the brain and appears to enhance de novo steroidogenesis, was 

recently reported to decrease in the cerebrum, but slightly increase in the hippocampus, of 

aged male rats, raising the possibility of age-related regional changes in 

neurosteroidogenesis (Chang and others 2014).

Future Directions

A central question that remains to be resolved is how androgens can apparently exert such a 

diversity of effects on different parameters of hippocampal neuroplasticity. Normal male 

circulating levels of testosterone promote spine (Li and others 2012; Meyer and others 1978) 

and spine synapse (Kovacs and others 2003; Leranth and others 2003) formation on the 

dendrites of pyramidal neurons in CA1 and CA3, as well as in other regions of the brain 

(Danzer and others 2001; Hajszan and others 2007; McGinnis and others 2007). At the same 

time, at least in rats, orchidectomy enhances BDNF expression in the mossy fiber system of 
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CA3, leading to increased excitability and LTP (Skucas and others 2013). This contrasts 

with other regions of the brain and spinal cord, in which testosterone appears to induce 

BDNF. How can these apparently discordant results be reconciled? Is the regulation of 

BDNF in the brain region-specific? Are there species and/or age-dependent differences in 

the androgen regulation of hippocampal BDNF expression? Most important, to what extent 

can the observed changes in BDNF explain the morphological and functional consequences 

of androgen exposure in the hippocampus, as opposed to other potential mechanisms of 

androgen action?

At least in rats, the available evidence suggests that BDNF may indeed be regulated 

differently in the hippocampus than in other areas of the brain. Hill and colleagues (2012) 

studied serum androgen levels, BDNF mRNA (by Western blot), and BDNF protein (by 

ELISA) in the hippocampi of developing rats and found that while androgen levels increased 

with age, there was no change in BDNF mRNA or protein. In contrast, both BDNF mRNA 

and protein increased in striatum and frontal cortex. The results are consistent with the idea 

that effects of androgens on BDNF expression may vary regionally within the brain: in 

extrahippocampal sites, serum androgen levels correlate with BDNF expression, which is 

not the case in the hippocampus (Hill and others 2012).

Effects on tissue BDNF levels must, however, be interpreted carefully because, like the 

actions of testosterone itself, the consequences of changes in BDNF expression may be 

extensively modulated by local regulatory mechanisms. BDNF is synthesized as a precursor 

(pre-pro BDNF), which is processed initially to pro-BDNF and then to BDNF itself in the 

mossy fibers (Dieni and others 2012). Pro-BDNF has very different biological effects than 

BDNF, negatively regulating neuronal remodeling, synaptic transmission, and synaptic 

plasticity (Yang and others 2014). Cleavage of pro-BDNF in the brain involves tissue 

plasminogen activator (Pang and others 2004; Rodier and others 2014), an enzyme that is 

induced in endothelial cells by the action of testosterone (Jin and others 2007). Thus, 

changes in circulating testosterone levels may not only affect the rate of BDNF synthesis, 

they may also affect the ratio of pro-BDNF to BDNF, which could dramatically alter the 

nature and direction of the response. The effects of BDNF may be subject to local regulation 

at the receptor level and may include both positive and negative effects, depending on factors 

such as the relative expression of full-length and truncated trk-B receptors, as well as levels 

of other neuropeptides and neurotransmitters (reviewed in Scharfman and MacLusky 

2014a). BDNF powerfully regulates the expression of NMDA receptor subunits in the 

hippocampus, potentially affecting both glutamate sensitivity (Kim and others 2012; Martin 

and Finsterwald 2011) and spine density (Murphy and others 2014; Woolley and McEwen 

1994).

Within the context of the hippocampal circuitry, the overall effects of BDNF on the CA3 

pyramidal neurons and mossy fiber mediated neurotransmission may be highly dependent on 

where, and how, BDNF is released. A large proportion of mossy fiber boutons terminate on 

GABAergic interneurons, where BDNF potentiates pre-synaptic GABA synthesis (Ohba and 

others 2005) rather than directly onto pyramidal cells (Acsady and others 1998). At low 

mossy fiber firing rates, increased BDNF expression in the mossy fiber system would be 

predicted to preferentially activate GABAergic interneurons, resulting in an overall negative 
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effect on the pyramidal cell dendrites. Under circumstances of dramatically increased neural 

activity (e.g., during tetanic stimulation), however, local GABA-mediated inhibitory effects 

may be overwhelmed by the release of dense core vesicles (preferentially released in 

response to high frequencies of afferent input), frequency-facilitation of glutamate release 

from large mossy fiber boutons (Salin and others 1996), and up-regulation of BDNF in the 

giant boutons of the mossy fibers (Danzer and McNamara 2004). These giant boutons 

preferentially innervate pyramidal cells, not GABAergic neurons (Fig. 5).

Such a mechanism could potentially explain the apparent contradiction, noted above, of 

testosterone inducing hippocampal spine and spine synapse formation, while decreasing 
hippocampal BDNF expression and mossy fiber transmission. Increased BDNF expression 

following orchidectomy may activate GABAergic interneurons in Ammon’s horn, thereby 

decreasing activity-dependent spine and spine synapse formation on the pyramidal neurons 

(Murphy and others 1998; Skucas and others 2013). Conversely, the suppression of mossy 

fiber BDNF expression observed in response to testosterone could contribute to the 

increased spine density induced by this steroid, via a reduction in GABA interneuron-

mediated inhibition, combined with increased postsynaptic NMDA receptor levels (Romeo 

and others 2005). However, plasticity in the mossy fiber pathway in response to an 

electrophysiological challenge (such as LTP) is simultaneously reduced, because of the 

testosterone-mediated reduction in BDNF synthesis (Skucas and others 2013). If this 

hypothesis is correct, physiological levels of testosterone may provide an overall stabilizing 

influence on the dentate gyrus-CA3 pathway, increasing the basal tone in the system, while 

reducing the likelihood of aberrant mossy fiber activation. Following orchidectomy, the 

dynamic range of hippocampal responses is increased, from tonic inhibition when activity in 

the mossy fibers is low, to powerful activation under conditions of increasing afferent 

stimulation, but at the cost of increased BDNF-mediated hippocampal instability (Scharfman 

and MacLusky 2014a) (Fig. 5).

A great deal more experimental work will need to be done before these proposed 

mechanisms can be accepted. Much of the above discussion remains speculative, with 

insufficient experimental evidence to determine whether key elements are anything more 

than hypothetical. We do not yet know how testosterone suppresses BDNF expression in the 

mossy fiber system or, indeed, whether this effect is in fact associated with increased 

activation of GABAergic interneurons in CA3. It remains to be demonstrated experimentally 

that what we predict in terms of an increased range of mossy fiber responses in 

orchidectomized, as compared to intact males, actually takes place. Nevertheless, the data so 

far provide tantalizing hints of possibilities yet to come, in terms of understanding how 

androgens may affect the brain, under both physiological and pathophysiological states. 

Androgens have been implicated in an extraordinary range of neurological disorders, 

ranging from developmental problems, such as autism (Baron-Cohen and others 2011), to 

epilepsy and depression (Herzog 1991; Seidman and Weiser 2013), and neurodegenerative 

disorders (Alsemari 2013; Barron and Pike 2012; Drummond and others 2009; Fuller and 

others 2007; Johnson and others 2010). Some of these androgen-sensitive conditions have 

been hypothesized to involve decreases in hippocampal neuroplasticity—for example, 

depression and schizophrenia, which have both been linked to abnormalities in tPA activity 

(Hoirisch-Clapauch and Nardi 2013; Hou and others 2009), raising the possibility that 
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testosterone regulation of the relative amounts of pro-BDNF and mature BDNF in the brain 

(Jin and others 2007; Pang and others 2004; Rodier and others 2014) may contribute to sex 

differences in the incidence of these disorders. Unraveling the complex interplay between 

circulating and locally synthesized androgens, BDNF and neural activity in the hippocampus 

will be critical for development of a full understanding of how these steroids may affect 

hippocampal function, as well as the mechanisms underlying sex differences in response to 

changes in circulating androgen levels.
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Figure 1. 
Effects on synapse formation in response to gonadal steroid administration of unilateral 

transection of the subcortical afferents to the hippocampus, by cutting the right fimbria/

fornix (FF), are dependent on sex, as well as the nature of the gonadal steroid treatment. (A) 

Morphometric estimation of the density of spine synapses in the ipsilateral (red bars) and 

contralateral (black bars) CA1 stratum radiatum of unilaterally fimbria/fornix transected 

female rats. Rats were either ovariectomized (OVX) or OVX and treated with estradiol 

benzoate (2 × 10 μg, 24 hours apart, s.c.). FF transection had no effect on CA1 synapse 

density in OVX rats, but completely abolished the increase in synapse density induced by 

estradiol ipsilateral to the transection. *Significantly different from results on the 

contralateral side of the brain. (B) Density of pyramidal cell spine synapses in the CA1 

stratum radiatum of intact male, orchidectomized (ORCH) and ORCH testosterone (T)-

treated rats. Approximately equal spine synapse densities are present in the hippocampi of 

control males, ORCH T replaced males, and FF-transected T-replaced males contralateral to 

the FF transection. The spine synapse response to T is partially inhibited ipsilateral to FF 
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transection. *Significantly different from control, intact males; †Significantly different from 

both intact and ORCH males. (C) Spine synapses in the CA1 stratum radiatum of 

gonadectomized female and male rats after unilateral and dehydroepiandrosterone (DHEA) 

treatment. FF transection abolished the synaptic response to DHEA treatment ipsilateral to 

the transection in female, but not male, rats. In contrast to the results for T replacement, 

DHEA replacement in males was able to completely restore spine synapse density ipsilateral 

to FF transection. *Indicates a significant difference between the synapse densities in the 

ipsilateral and contralateral CA1. (D) Schematic illustration of the possible underlying 

mechanisms. In females, FF transection completely abolishes the ability of estradiol or the 

aromatizable androgen DHEA to increase CA1 spine synapse density, whereas in males the 

effects of androgen are only partially impaired by the elimination of subcortical afferents 

(adapted from data in Kovacs and others 2003; Leranth and others 2000; Mendell and others 

2013).
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Figure 2. 
Gonadectomized male rats exhibit increased immunoreactivity for BDNF protein in mossy 

fibers. Comparison of sham and gonadectomized male rats that were perfused and processed 

for immunocytochemistry using either a rabbit polyclonal BDNF antibody (a; antibody from 

Amgen Regeneron Partners), or a mouse monoclonal antibody to BDNF (b-d; antibody from 

Sigma). Arrows point to mossy fiber staining. DG = dentate gyrus; MOL = molecular layer; 

GCL = granule cell layer; HIL = hilus; SLM = stratum lacunosum moleculare; SR = stratum 

radiatum; SL = stratum lucidum; SP = stratum pyramidale; SO = stratum oriens. Calibration 

bars: a, b: 250 μm; c, d: 100 μm. Data from Skucas and others (2013).
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Figure 3. 
Male gonadectomized rats exhibit increased mossy fiber transmission, paired pulse 

facilitation, and LTP. (A) Increasing stimulus strength to the mossy fibers produced field 

EPSPs (fEPSPs) with increasing slope and amplitude, recorded in stratum lucidum. 

Responses to stimuli are plotted for all sham (black circles) and gonadectomized (white) 

rats. Repeated-measures ANOVA showed that there was a significant effect of gonadectomy, 

and post hoc tests showed that most individual comparisons were significantly different 

(asterisks above the symbols). (B) Responses are shown for sham and gonadectomized rats 

with the recording electrode positioned in the pyramidal cell layer. Population spike 

amplitude was significantly larger in gonadectomized rats. (C) Recording electrodes were 

placed in stratum lucidum to examine paired pulse facilitation. Analysis of paired pulse 

facilitation with a range of interstimulus intervals from 20 to 200 ms showed that there was a 

significant effect of gonadectomy at intermediate intervals. (D) Comparison of LTP in 

gonadectomized (white circles) and sham rats (black circles) illustrates greater LTP in 

gonadectomized rats. Insets: representative examples of fEPSPs before and after LTP 

induction, with LTP evident only in the slice from the gonadectomized rat. Data from 

Skucas and others (2013).

Atwi et al. Page 23

Neuroscientist. Author manuscript; available in PMC 2016 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Gonadectomized male rats exhibit mossy fiber sprouting. Examples of dynorphin 

immunocytochemistry in sham operated (A) and gonadectomized (B) male rats illustrate a 

novel band of immunoreactivity in stratum oriens (arrows) in gonadectomized rats. For 

abbreviations, see legend to Figure 2. Calibration bars: 500 μm (1); 100 μm (2), and 25 μm 

(3, 4). From Skucas and others (2013).
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Figure 5. 
A schematic of the mossy fiber synapse shows a large bouton innervating a thorny 

excrescence of a CA3 pyramidal cell proximal apical dendrite. The large boutons have dense 

core vesicles that contain BDNF. A filamentous extension from the large bouton makes a 

smaller synaptic contact on a GABAergic neuron. Under normal conditions in the adult male 

rat, the mossy fiber system exerts a strong inhibitory tone because of the relatively low 

concentrations of BDNF (which normally facilitates glutamate release), the abundance of 

connections to the GABAergic interneurons, and high levels of the neurosteroid metabolite 

of testosterone, 5α-androstane-3α, 17β-diol, which facilitates GABA action at GABAA 

receptors. After gonadectomy, the mossy fiber pathway becomes more excitable, for two 

main reasons. First, there is a reduction in the effects of 5α-androstane-3α, 17β-diol at the 

GABAA receptor, because serum levels of its precursor (testosterone) fall. In addition, 

BDNF synthesis is increased while axonal sprouting occurs, so that more mossy fibers 

innervate area CA3 pyramidal cells (Skucas and others 2013).
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