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ABSTRACT
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CHOLINERGIC SIGNALLING IN THE MEDIAL PREFRONTAL CORTEX OF MALE CD1 MICE
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University of Guelph, 2015

Advisor:
Professor Neil J. MacLusky

This thesis investigates the modulatory effects of androgens on local GABA- and
cholinergic signalling within the medial prefrontal cortex (mPFC). Androgens play an
integral role in cognition; however, specific effects in the mPFC are not well defined.
Furthermore, hormone replacement therapies to treat various age-related diseases are
increasingly more common, the full implication of which are not entirely understood.
Androgens are already shown to affect dendritic morphology in the mPFC. Here, the
influence of dihydrotestosterone (DHT) and androstanediol (3α-diol) on local signaling in
the

mPFC

are

evaluated

using

electrophysiological experiments.

pharmacological

interventions

in

various

Neither DHT nor 3α-diol directly influenced

cholinergic signalling in layer VI pyramidal cells.

However, both DHT and 3α-diol

significantly decreased GABAergic responses, possibly through AR-dependent means.
The work in this thesis serves to better define the effects of androgens in the mPFC by
showing a decrease in sensitivity of layer VI pyramidal cells to GABA.
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CHAPTER 1: GENERAL INTRODUCTION

The Medial Prefrontal Cortex
The medial prefrontal cortex (mPFC) is a brain area with multiple important
functions. While its most important and distinguishing roles involve executive function
(D'Esposito et al., 1995), decision making (Hampton & O'Doherty, 2007) and attentional
processing (Boussaoud & Wise, 1993), these functions are complimented by its
involvement in oculomotor and visceromotor control (Buchanan & Powell, 1982;
Terreberry & Neafsey, 1987), goal directed behaviour (Ostlund & Balleine, 2005),
working memory (Granon et al., 1994; Murphy et al., 1996) and memory consolidation
(McGaughy et al., 2002). This wide array of function is made possible by the network of
connections that exist with other areas of the brain and locally within itself. Compromise
of this network can lead to a host of neurodegenerative and neuropsychiatric disorders
(Krawitz et al., 2011; Kulijewicz-Nawrot et al., 2012; Chisholm et al., 2013). These
connections can be formed, broken down and reformed through a process broadly
referred to as synaptic plasticity (Pattwell et al., 2012). Although processes involved in
synaptic plasticity are not entirely understood, some contributing factors have been
identified, which include experience (Hofer et al., 2009), stress (Izquierdo et al., 2006),
sex hormones (Hajszan et al., 2007) and inputs from other brain regions (Baskerville et
al., 1997).

Organization and Composition
The mPFC is located bilaterally on the medial aspect of the frontal lobes within
the medial longitudinal fissure. It can be separated into three main sub-regions which,
from dorsal to ventral, are known as the dorsal anterior cingulate (ACd), the prelimbic
2

(PL) and the infralimbic (IL) areas, known as area 24, 32 and 25 (Fig. 1; van Eden &
Uylings, 1985; Gabbott & Bacon, 1996b; Markham et al., 2007). Generally, each subregion contributes to the general functions of the mPFC, however there are some subtle
trends; dorsal regions contribute more to its involvement in motor function (Grippa et al.
1999), while the more ventral regions contribute more to emotional and cognitive
processes (Ragozzino et al., 1998).

These roles are dictated by both the inputs

(afferent projections) they receive and the areas to which they project (efferent
projections) and therefore influence, both of which will be discussed in more depth later.
As part of the neocortex, the mPFC has a laminar organization composed of six layers,
each defined by the population of cells that comprise it (Ven Eden & Uylings, 1985;
Gabbott & Bacon, 1996). They are numbered superficial to deep, layer I to layer VI and
referred to as the molecular layer, external granular layer, external pyramidal layer,
internal granular layer, internal pyramidal layer and the multiform/fusiform layer,
respectively (Fig. 2).

3

Figure 1: A coronal section of a
single hemisphere from a rat
brain where the sub-regional
organization of the mPFC is
shown. The sub-regions of the
mPFC are organized, from dorsal
to ventral: dorsal anterior cingulate
(ACd),
prelimbic
(PL)
and
infralimbic (IL) area. While there
are some subtle trends to the roles
for which each region contributes
to mPFC function, there is a large
amount of overlap. The left side of
this image is the medial pial
surface which forms one side of
the medial longitudinal fissure.
WM=white matter (adapted from
Markham et al., 2007)
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Pyramidal Cells
The largest and most prevalent type of cell within the mPFC is the pyramidal
neuron – an excitatory glutamatergic population of cells which release the amino acid
glutamate as their primary neurotransmitter (Giuffrida & Rustioni, 1989).

Pyramidal

cells are recognized by their extensive dendritic arbour consisting of a large apical
dendrite which projects toward the pial surface of the cortex, and numerous basal
dendrites which project radially from the soma (Kim & Connors, 1993). Furthermore,
they possess long axons which, from the larger deeper pyramidal cells, extend out of
the mPFC to other brain areas forming the efferent fibers which are the primary output
of the neocortex (Giuffrida & Rustioni, 1989). With the exception of layer I, pyramidal
cells are present throughout the depth of the cortex, but are predominant in layer III and
V known as the external and internal pyramidal cell layers (Fig. 2; Gabbott & Bacon,
1996b).
While pyramidal cells are similar as a group, there is some heterogeneity that
exists among them in the cortex. Regular spiking (RS) cells are the most common type.
They respond with a single spike (action potential; AP) when a threshold potential
stimulus is applied and have a slow repolarisation rate (McCormick et al., 1985). As the
magnitude of the stimulus increases, the interval between subsequent APs decreases.
RS cells are found across the various layers of the cortex and constitute the greatest
proportion of pyramidal cells in layer VI (McCormick et al, 1985). Conversely, intrinsic
bursting (IB) cells respond to a single threshold stimulus with clustered spikes that have
decreasing magnitudes. These neurons are found mainly in deeper layers of the cortex
and most commonly in layer V (McCormick et al., 1985).
5

Interneurons
Also prominent within the mPFC are the non-pyramidal granule cells, or
interneurons. They are physically smaller than pyramidal neurons with axons that only
project locally and are generally responsible for local modulation within their immediate
vicinity (Kawaguchi & Kubota , 1993; Kawaguchi, 1995). Although they can exist as
both excitatory and inhibitory neurons, 25% of cells within the mPFC are found to be
GABAergic (Gabbott & Bacon, 1996b; Kawaguchi & Kubota, 1997). These cells produce
the inhibitory neurotransmitter γ-aminobutyric acid (GABA) at synapses. GABAergic
cells represent the predominant population of inhibitory neurons in the central nervous
system (CNS). In the PFC, the majority of them are located in layer II and III (Gabbott &
Bacon, 1996b) where they can influence dendrites of deeper pyramidal cells. While it is
easy to consider all GABAergic interneurons as one homogenous population, some
variation exists among them, as discussed by Kawaguchi & Kubota (1997).

For

example, they vary with respect to their morphological structure, chemical classes and
firing responses. While the differences between GABAergic interneurons are important
to the overall function of the mPFC, no distinctions are made within the context of this
work. Unlike pyramidal cells, which are primarily oriented to project vertically down from
the pial surface (Kim & Connors, 1993), GABAergic interneurons also project laterally
(Kawaguchi & Kubota 1997).

Including the different GABA receptors as discussed

below, the various GABAergic cell types are suggested to contribute to the nuances of
inhibitory control of the GABAergic system on the brain, including the mPFC.

As

inhibitory circuitry, this local GABAergic control constitutes the main source of
opposition against excessive excitation.

This is exemplified by individuals who
6

experience seizures (Frye & Reed, 1998; Reddy, 2004). This is the case not just in
animals, but in human brains as well (McCormick, 1989). The importance of these cells
in modulating circuitry of the mPFC is further illustrated by the large number of inputs
from other brain areas that synapse principally with interneurons (Houser et al., 1985;
Kuroda et al., 2004; Henny & Jones, 2008). Interneurons are more numerous in layer II
and IV, which are known as the external and internal granular layer (Fig. 2).

Other Cell Types
While pyramidal and granule cells comprise a majority of the neuronal population
in the mPFC, there are other cell types that make up the overall cell population. These
include Cajal-Retzius (horizontal) cells, present in the superficial most layers of the
cortex in adults (Martin et al., 1999), but are more prevalent in the developing brain as
they differentiate as the brain develops (Verney & Derer, 1995). Martinotti cells are
another unique cell type within the cortex. They comprise a larger proportion of the
multiform layer than they do in others, but are found as superficial as layer II (Wang et
al., 2004). What makes them unique is that they project axons superficially to the
molecular layer (layer I) where they modulate pyramidal cell excitability by interacting
with distal apical dendrites of deep pyramidal cells (Fig. 2; Wang et al., 2004).
Astrocytes, a form of glia, also represent a proportion of cells within the mPFC and
function as support cells (Halassa et al., 2007). Embodied in their role as support cells,
they actively participate in stabilizing synapses, metabolic processing and signal
propagation (Bezzi et al., 1998; Liu et a, 2004).
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Furthermore, while not directly

pertaining to this work, astrocytes play an essential role in the blood brain barrier
(Armulik et al., 2010).
As discussed, neurons are generally larger in deeper layers of the mPFC with
dendrites that project superficially. It should be noted that in contrast to deeper layers,
layer I or the molecular layer is relatively acellular. It is composed primarily of the distal
portions of the apical dendritic arbour of pyramidal cells in the deeper layers (Kim &
Connors, 1993). In addition, there are also granule cells and glia that make up the
cellular population in layer I (Fig. 2; Gabbott & Bacon, 1996b).

Furthermore, it is

important to note that rodents and other small mammals lack a discernible layer IV
(internal granular layer) in this region of the cortex (Rose & Woolsey, 1948; Gabbott &
Bacon, 1996; Markham et al., 2007) and, because of this, it is considered an agranular
region of cortex, where primates have a slim yet present layer IV (Gabbott & Bacon,
1996b).

8

Figure 2: The laminar organization of the cerebral cortex. A simplified schematic
representation of the laminar organization and local circuitry within the cortex is shown here
which includes the various cell types, their dendritic arbors, and axonal projections. Layer I
(Molecular layer): composed mainly of the dendritic arbour of deeper cells as well as horizontal
cells; Layer II (external granular layer): composed mainly of non-pyramidal cells, including
interneurons and glia (not shown here), but also contains smaller pyramidal cells; Layer III
(external pyramidal layer): composed primarily of medium pyramidal cells, but also interneurons;
Layer IV (internal granular layer): identical organization to layer II, however slightly larger
pyramidal cells are present – note this layer is indiscernible in rodent mPFC; Layer V (internal
pyramidal layer): the largest pyramidal cells in the cortex reside in this layer with dendritic
arbours that extend to layer I; Layer VI (the multiforme/fusiform layer): a heterogeneous
population of medium sized pyramidal cells and pyramidal-like neurons with various
morphologies exist in this layer. Pyramidal cells (P; pink) constitute the greatest proportion of
cells within the cortex. Also represented here are interneurons (stellate cells (S), and basket
cells (B)), horizontal cells (H), fusiform cells (F), Martinotti cells (M) and ascending (afferent)
projections from other brain regions (blue). (Adapted from Standring: Gray's Anatomy 39e,
2005)
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Afferent Projections of the mPFC
The mPFC receives a number of projections (afferent projections) from and is the
origin of projections (efferent projections) to various brain regions. This connectivity
contributes to the mPFC's ability to integrate information conveyed by areas from which
afferent projections arise, thus allowing it to execute its many tasks. While the focus of
this work will be on cholinergic afferent projections (Henny & Jones, 2008) and their
interaction with local networks, it is important to note that the mPFC also receives other
ascending inputs including noradrenergic (Morrison et al., 1979), serotonergic (MartinRuiz et al., 2001), dopaminergic (Aubele & Kritzer, 2012), glutamatergic (Kuroda et al.,
1993; Gabbott et al., 2002; Gritti et al., 2003; Parent et al., 2010), and GABAergic
afferents (Carr & Sesack, 2000; Gritti et al., 2003), each of which contribute either
excitatory or inhibitory influences. The molecules released by these terminals can act
either directly at a synapse with a post-synaptic cell eliciting its effects, or they can have
a neuromodulatory effect by releasing these neurotransmitters from terminals not
directly associated with a synapse, which can influence the likelihood of neurons firing
in response to other inputs (Umbriaco et al., 1994; Henny & Jones, 2008).
Noradrenergic afferent projections of the mPFC arise from the locus ceruleus,
which provides noradrenergic projections to the rest of the brain as well (Morrison et al.,
1978; Sakaguchi & Nakamura 1987), releasing noradrenaline post-synaptically.
Typically noradrenaline acts locally on the post-synaptic neuron making it function
mainly as neurotransmitter.

The mPFC is also influenced by serotonin, which is

released by afferent projections that originate from the raphe nuclei, located in the brain
stem (Azmitia & Segal, 1975). Dopaminergic projections, which secrete dopamine, also
10

innervate the mPFC and arise from the ventral tegmental area (VTA) (Aubele & Kritzer,
2012).

Glutamatergic afferent projections which release glutamate, an excitatory

neurotransmitter, synapse not only with pyramidal cells, but smaller inhibitory
(GABAergic) interneurons as well (Kuroda et al., 1993, 2004; Bacon et al., 1996;
Gabbott et al., 2006). A rich population of glutamatergic afferent projections arise from
the thalamus (Kuroda et al., 1993), which relays sensory and motor information. Other
sources of glutamatergic input include limbic structures, such as the hippocampus
(Gabbott et al., 2002; Parent et al., 2010) and amygdala (Bacon et al., 1996; Gabbott et
al., 2006), which are involved with emotion as well as memory consolidation and
processing. Each half of the mPFC also receives glutamatergic association fibers from
the other cortical regions (Beckstead, 2004). Finally, GABAergic afferent projections
which release GABA, a neurotransmitter with an inhibitory role, provide an opposing
influence on neurons regulating the excitatory influences received from other brain
areas. These projections arise mainly from parts of the basal forebrain, and thalamus
often projecting with other types of axons, such as cholinergic or dopaminergic afferent
projections (Gritti et al., 1997, 2003; Carr & Sesack, 2000; Henny & Jones, 2008).

Cholinergic Afferent Projections
As previously discussed, the mPFC plays a central role in attention, learning,
memory consolidation and executive function. Cholinergic signalling is fundamental to
these processes (McGaughy & Sarter, 1998; McGaughry et al., 2002; Thienel et al.,
2009). Because of this essentiality of cholinergic signalling, disruption of the cholinergic
system, and a subsequent decrease of acetylcholine (ACh) and ACh signalling,
11

contributes to a number of neuropsychiatric disorders such as schizophrenia and drug
addiction, but also age-related disorders, such as Alzheimer's disease (AD)
(Whitehouse et al., 1982, 1986; Pang et al., 1993). Ascending cholinergic projections to
the neocortex and hippocampus arise from the basal forebrain (BF), where their cell
bodies are diffusely interspersed, and innervate the entire cortex (Kitt et al., 1994;
Henny & Jones, 2008). More specifically however, those which terminate in the mPFC
originate in the nucleus basalis magnocellularis in rodents and nucleus basalis of
Meynert in primates (NBM) (Pang et al., 1993).
Cholinergic afferent projections of the mPFC are found to terminate in all three
sub-regions, the ACd, PL are and IL, and in all layers, with stronger localization in layer
I and VI, constituting about 19% of the BF terminals terminating in the IL (Lysakowski et
al., 1989; Henny & Jones, 2008). The influence on pyramidal cells within the mPFC is
found to be much greater in the deeper layers of the cortex (V and VI) compared to that
of more superficial layers (II/III) (Henny & Jones, 2008; Poorthuis et al. 2013).
Ascending cholinergic projections to the mPFC lack collateralization, and compared to
other afferent projection systems, innervate a relatively small area of the cortex (Price &
Stern, 1983; Walker et al., 1985; Koliatsos et al., 1988). In both rats and humans,
cholinergic terminals within the mPFC are found to work through a wired means,
synapsing with local circuitry (Turrini et al., 2001; Smiley et al., 1997).

However,

evidence also suggests that the cholinergic system works through volume transmission
(Hill et al., 1993; Jones & Wonnacott, 2004) with a majority of terminals that do not
necessarily form direct connections with post-synaptic cells (Umbriaco et al., 1994;
Henny & Jones, 2008).

Work by Poorthuis et al. (2013) describes an effect of
12

potentiation of excitatory inputs into the mPFC in both layers V and VI, but not in layers
II and III, which is suggested to be a result of pre-synaptic modulation due to nicotinic
ACh receptors (nAChRs) located on axon terminals (Fig. 4). Furthermore, cholinergic
afferent projections in the mPFC augment inhibitory post synaptic current (IPSC)
frequency and amplitude in mPFC pyramidal cells of layer II/III and V, but not VI
(Poorthuis et al., 2013). Overall, the greatest influence of ACh is seen in layer VI
(Poorthuis et al., 2013). These concepts are important to understanding the full impact
of cholinergic circuitry in the mPFC. Cholinergic terminals are found across all layers of
the mPFC, which allows them to influence inputs from other brain areas, and also
efferent projections exiting the mPFC from the deeper layers to other brain areas.

Efferent Projections of the mPFC
As illustrated by the complex organization of circuitry received from different
brain regions, the mPFC is responsible for managing a large amount of input. After
assimilating the information received, it then executes its tasks through outputs to
different brain regions, known as efferent projections. As stated earlier, the primary
outputs of the mPFC are large pyramidal cells located across different layers of the
mPFC, but preferentially located in the deeper layers, which give rise to long axons
projecting out of the cortex (Giuffrida & Rustioni, 1989; Hurley et al., 1991; Gabbott et
al., 2005).

This is in addition to the smaller more superficial pyramidal cells and

interneurons which project locally (Kawaguchi, 1995).
Cortico-cortical fibers are efferent projections of the mPFC which terminate in
other cortical regions. These connections are maintained with different parts of the
13

ipsilateral cortex, but also with contralateral cortical areas, including homotopic regions
of the contralateral mPFC (Sesack et al., 1989). These contralateral projections cross
hemispheres via the corpus callosum. Connections also exist between the sub-regions
of the mPFC (Vertes, 2004). However, the cortex is not the only brain region that
receives innervation from the mPFC. Cortico-hypothalamic projections arising from the
PL and IL terminate in the hypothalamus where they can influence hormonal signalling
(Vertes, 2004).

These constitute slightly greater than 10% of layer VI projections

(Gabbott et al., 2005).

Descending fibers also project to the brainstem, which is

involved in autonomic function and visceromotor activity (Terreberry & Neafsey, 1987;
Sesack et al., 1989); these efferent projections arise mainly from the IL, but also from
the PL.

Important to the mPFC's involvement in memory consolidation are its

connections to limbic brain areas, such as the hippocampus and amygdala, which
receive cortico-limbic fibers that originate mainly from layers II and layer V, but also
layer VI, of the PL and IL (Vertes, 2004; Gabbott et al., 2005).

The mPFC also

modulates BF nuclei (Vertes, 2004) from where it receives ascending input discussed in
the previous section (Henny & Jones, 2008); these fibers originate mainly from the IL.
Of particular importance are the cortico-thalamic fibers which originate from layer VI
pyramidal cells of all three sub-regions (Vertes, 2004; Zikopoulos & Barbas, 2006),
terminating in the thalamus where they influence sensory and motor information in the
medial dorsal nucleus (MD) (Gabbott et al., 2005), as well as attentional processing
(Zikopoulos & Barbas, 2006; 2012) through the thalamic reticular nucleus (TRN)
(Bourassa et al., 1995).
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Ion Channels and Receptors
Neurons within the mPFC express a number of different membrane receptors in
their cell membrane. Each receptor interacts with a certain ligand, or binding molecule,
which binds to its receptor site, subsequently either opening ion channels directly
associated with them or activating signalling pathways through a secondary messenger
system which can then open ion channels indirectly. This exists as a form of signal
transduction from neuron to neuron permitting cell to cell communication and a form of
message propagation as an AP (Magee & Carruth, 1999). Included here are ionotropic
receptors (Dingledine et al., 1999), metabotropic receptors (Conn & Pin, 1997), voltagegated ion channels (Stuhmer et al., 1989) and leak channels (Baker et al., 1987), each
of which play a role in movement of ions, Na+, K+, Ca2+ and Cl-, across the neuronal
membrane. The balance and movement of these ions across the membrane are what
dictate the resting potential of the cell and what control its depolarization. There are
some very important, physiologically relevant differences, outlined below, which are
essential to understanding the implication of each channel and receptor type in normal
mPFC function.

Ionotropic Receptors
Ionotropic receptors are ligand-gated receptors, meaning when one or more of
their binding sites are bound by an agonist ligand, their channel becomes active (Jones
et al., 2002).

Ionotropic receptors exist as transmembrane molecules with multiple

individual protein subunits and specific binding sites (Wollmuth and Sobolevsky, 2004).
When bound by a neurotransmitter, a conformational change occurs resulting in the
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molecule opening a channel that allows the passage of ions (Yelshanskaya et al.,
2014). In ionotropic receptors, this conformational change occurs immediately when the
binding site is occupied. As such, ionotropic receptors have a rapid response and a
short duration.

Included here are the ionotropic glutamate receptors: N-methyl-D-

aspartate (NMDA) (Popescu & Auerbach, 2003), α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) and kainate receptors (Zhou & Hablitz, 1998), as well
as serotonin receptors (Maricq et al., 1991). Also considered ionotropic receptors, and
of significant importance to this work, are nAChRs (McGehee & Role, 1996) and GABAA
receptors (Huntsman & Huguenard, 2006).

Glutamatergic Receptors
Generally speaking, glutamatergic receptors are non-specific cation channels
involved in excitatory neurotransmission that are stimulated in the presence of
glutamate (Patneau & Mayer, 1990; Burnashev et al., 1992; Mahanty & Sah, 1993) and
have a tetrameric structure (Wollmuth and Sobolevsky, 2004).

However, there are

some differences among them. AMPA and kainate receptors have much more rapid
kinetics than NMDA receptors.

They are also primarily responsible for synaptic

transmission in the brain for this reason.

NMDA receptors differ from AMPA and

kainate receptors due to the presence of an Mg2+ or Zn2+ ion plug within the channel
which blocks the passage of other ions (Mayer et al., 1989; Paoletti et al., 1997). In
order for the Mg2+ to be displaced from the channel, localized membrane depolarization
must occur around the receptor, making it voltage-gated as well (Mayer et al., 1989).
This is in addition to NMDA receptors' requirement for a coactivator, glycine (Kleckner &
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Dingledine, 1988; Patneau & Mayer, 1990). NMDA receptors are primarily known for
their role in long-term potentiation.

Generally, these receptors can be found co-

localized at synapses where they hold complementary functions. The rapid effects of
both the AMPA and kainate receptors provide sufficient membrane depolarization for
nearby NMDA receptors to then depolarize, providing the most profound depolarizing
influence (Watt et al., 2004). Each is present throughout the brain and is critical to the
normal function and development of neurons within the mPFC (Brose et al., 1993).

Nicotinic Acetylcholine Receptors
Essential to cholinergic signalling within the mPFC are nAChRs which, as
discussed earlier, is critical to its normal function (Hahn et al., 2003; Howe et al., 2011).
As ionotropic receptors, they allow the passage of ions across the neuronal membrane
when bound by their ligand, ACh. In particular, nAChRs are non-selective cation
channels that can be activated by rapid increases in ACh (Parikh et al., 2007; Sarter et
al., 2009). However, they are different than glutamatergic receptors in that they exist as
a pentameric structure with different combinations of sub-units, each of which contribute
to the characteristics of the particular receptor.
Five sub-units make up each nAChR, the specific combination of which varies
with the location of the receptor across the body and area of the brain (Reviewed here:
Lukas et al., 1999; Gotti et al., 2006). Both homomeric (all sub-units are identical)
(Drisdel & Green, 2000) and heteromeric (different sub-units with varying numbers of
each) isoforms of nAChRs exist (Kuryatov et al., 2008), composed of α1-10, β1-4, γ, δ
and ε subunits (Reviewed here: Millar & Harkness, 2008; Fig. 3). Specific to the central
17

nervous system (CNS) and the most common form found in the mPFC are the
heteromeric α4β2* (Kassam et al., 2008) and homomeric α7 (Poorthuis et al., 2013)
nAChR (Fig. 3). These subunits, organized symmetrically, form the channel of the
nAChR through which ions pass. The number of binding sites on each nAChR changes
with the type of receptor.

The α4β2* receptor contains two binding sites situated

between both α-β junctions (Fig. 3); while the accessory subunit (indicated by the
asterisk) is not directly involved with ligand binding, it can alter the receptors sensitivity
to ACh (Moroni et al., 2006; Kuryatov et al., 2008). Conversely, in the α7 receptor,
there are five binding sites at the junction of each subunit (Palma et al., 1996; Fig. 3).
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Figure 3: Organization of the heteromeric α4β2* and homomeric α7 nAChRs. Illustrated in
this figure is the subunit composition of both the α4β2* and α7 nAChR. Also depicted are the
interfaces between the subunits which form the ACh-binding sites. α7 nAChRs have five AChbinding sites located at each of the subunit junctions; the receptors are formed by opposite ends
of identical subunits. α4β2* receptors contain two ACh-binding sites located between adjacent
α and β receptors; α4 subunits contribute the primary component (P), while β2 subunits
contribute the complementary component (C). The accessory subunit is indicated by the
asterisk (Adapted from Gotti et al., 2006)
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The α4β2* receptor is referred to as such for the subunits of which it is made.
They are composed of two α4 subunits, two β2 subunits and a fifth variable subunit
represented by the asterisk (Fig. 3). While primary subunits can also act as accessory
subunits, those such as the α5 subunit exist exclusively as accessory subunits (Wada et
al., 1990; Salas et al., 2003; Winzer-Serhan and Leslie, 2005).

α5 subunits are

suggested to play a critical role in attention (Bailey et al. 2010; Guillem et al., 2011), in
addition to conveying Ca2+ conductance (Kuryatov et al., 1997), and are usually found
with β2*-containing nAChRs on pyramidal neurons of layer VI in the mPFC (Kassam et
al., 2008). Antagonist and knockout experiments using dihydro-β-erythroidine (DHβE), a
β2-containing nAChR antagonist, and β2-null mice show that ACh responses in layer VI
pyramidal cells of the mPFC are dependent on β2-containing nAChRs (Poorthuis et al.,
2013), which suggests a role of α4β2* nAChRs in this layer. Layer V also contains β2*
nAChRs, however these receptors are primarily found presynaptically on afferent
glutamatergic terminals in the mPFC (Lambe et al., 2003; Kassam et al., 2008),
illustrated in figure 4. This allows for the modulation of incoming glutamatergic circuitry
by ACh. This finding is further refined by Poorthuis et al (2013), who found evidence
that this modulation occurs more proximal on the axon, indicating a non-terminal, more
proximal location of these receptors. The influence of nAChRs in layer V pyramidal
cells has been shown to be inhibitory (Couey et al., 2007), however this is likely due to
nAChRs located on perisomatic GABAergic interneurons (Poorthuis et al., 2013; Fig. 4);
in the presence of ACh, these receptors augment IPSC frequency and amplitude in
post-synaptic pyramidal cells. They found this to be the case in layers II/III and V, but
not layer VI, suggesting a less significant role of nAChR-driven inhibition in this layer.
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As discussed earlier, evidence supports the idea that cholinergic signalling can act
through volume transmission (Hill et al., 1993; Jones & Wonnacott, 2004) and that
increases in ACh can occur over a matter of minutes (Parikh et al., 2007).
The α7 nAChR is named so because it is exclusively made up of five α7 subunits
forming the channel, illustrated in figure 3 (Drisdel & Green, 2000). Contrary to the
α4β2* receptors, α7 nAChRs primarily influence layer II/III and V of the mPFC
(Poorthuis et al., 2013). nAChR effects in layer II/III are limited as they are not found on
the pyramidal cells, but perisomatic interneurons (Fig. 4).

Their effect in layer V

however, is greater as they are the main nAChR found on the pyramidal cells in this
layer (Poorthuis et al., 2013). α7 nAChRs are also present in layer VI pyramidal cells,
albeit in small numbers, as the α4β2* predominates here (Poorthuis et al., 2013).
Similar to the α4β2* nAChR, α7 nAChRs are implicated in attentional processes, as
demonstrated in mice using 5-choice serial reaction-time task (Young et al., 2007). The
nAChR response in layer V pyramidal cells of the mPFC after ACh application are
described as rapid inward currents (Poorthuis et al., 2013).
In the mPFC, nAChRs have a mixed distribution. In layer II/III, nAChRs are
present in low numbers and are predominantly α7 nAChRs which are summarized in
figure 4. Layer V pyramidal neurons are predominantly influenced by postsynaptic α7
nAChRs and some presynaptic β2* containing nAChRs (Fig. 4). The interneurons of
these two layers contain a mixed population of α7 and β2* nAChRs (Fig. 4). In layer VI
of the mPFC, pyramidal cells contain a high number of β2* containing nAChRs,
complimented by a smaller presence of α7 nAChRs (Poorthuis et al., 2013; Fig. 4).
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Figure 4: The distribution of nAChRs in the rat mPFC. α7 nAChRs are the primary nAChR
involved in directly regulating pyramidal cells in layer V, while α4β2 and α4β2α5 nAChRs
directly regulate pyramidal cells in layer VI. α4β2 nAChRs are also involved in modulating
interneurons throughout all layers, while α7 nAChRs modulate interneuron firing in layer I-V.
Additionally, ascending glutamatergic fibers from the thalamus (MDT) are modulated
presynaptically in layer V by α4β2 nAChRs (reproduced from Bloem et al., 2014).
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GABAA Receptors
GABA receptors are critical to the proper function of the brain and are widely
distributed throughout the body.

GABA, the inhibitory neurotransmitter discussed

earlier, is the primary agonist at these receptors. GABAA receptors in particular are the
main source of fast-acting inhibition in circuits throughout the brain; the slower,
metabotropic GABAB receptor will be discussed in brief later.

Similar to nAChRs,

GABAA receptors are composed of five subunits which form their channel, as shown in
figure 3 (Nayeem et al., 1994); however, different from the nAChRs, they are permeable
to the anion, Cl-, which hyperpolarizes the cell by moving inward, preventing the cell
from achieving its threshold potential. GABAA receptors are found on the surface of
various cell types, including pyramidal cells and GABAergic interneurons (Kisvarday et
al., 1993; Gao & Fritschy, 1994).
Originally, GABA receptors were thought to be a single receptor type (Haring et
al., 1985). Over time, however, a number of GABAA receptor subunit variants were
identified, including six α, three β, three γ, δ and two ρ subunits; their occurrences vary
across species and brain regions (Wisden et al., 1992; Fritschy & Mohler, 1995).
Wisden et al. (1992) found that, in rats, all subunits are present with the exception of α6
with a stronger presence of α3, β2/3 and γ2 in layer V/VI (Benke et al., 1991; Fritschy &
Mohler, 1995). It is important to note that the subunit composition of each GABAA
receptor is critical to its function; only GABAA receptors that contain α-, β- and γsubunits maintain full functionality (Sigel et al., 1990; Angelotti & Macdonald 1993; Fig.
5).
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GABAA responses in the presence of GABA alone occur in seconds. However,
there are a number of other molecules that can influence the GABAA receptor and its
response to GABA.

Among these is ethanol (Wafford et al., 1990), anesthetics

including barbiturates and benzodiazepines (Pritchett et al., 1989), picrotoxins (Galindo,
1969) and steroids, including sex hormones such as androgens (Woodward et al., 1992;
Reddy & Jian, 2010).

Each of these molecules not only acts to augment GABA

currents, some as positive allosteric modulators (binding the receptor, and potentiating
the influence of GABA), but at certain concentrations some can spontaneously stimulate
the GABAA receptor in the absence of GABA (Reddy & Jian, 2010; Fig. 5). Just as the
overall functionality of the receptor depends on subunit composition, so too do the
specific effects of each modulator. For example, benzodiazepine effects are conferred
by the presence of a γ2 subunit while different α-subunits further augment the specific
reactivity to them (Pritchett et al., 1989b; Angelotti & Macdonald, 1993).

Similarly,

specific binding sites are identified for sex hormones in the brain (neurosteroids) as
described by Hosie et al. (2006, 2009), on the α-subunit of the GABAA receptor to
potentiate the GABA response.

However, spontaneous activation of the GABAA

receptor can be achieved by neurosteroids through binding both the potentiation site on
the α-subunit and the activation site, located between the α- and β-subunits on the
transmembrane domains (Hosie et al., 2006, 2009; Fig. 5); those which contain δsubunits as well are found to be most sensitive to neurosteroid influences (Wohlfarth et
al., 2002). These receptors are found on pyramidal cells and interneurons, including
GABAergic inhibitory interneurons themselves (Kisvarday et al., 1993; Gao and
Fritschy, 1994), which suggest the potential for auto-regulation and a disinhibition of
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post-synaptic cells. A large component of this work focuses on the positive allosteric
modulation of GABAA receptor responses by neurosteroids in the mPFC.
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Figure 5: Subunit organization and binding sites of the GABAA receptor. Functional
GABAA receptors in the mPFC contain α-, β- and γ- subunits. The activation site is located
between the M1 and M3 domain of α and β subunits, respectively, while the steroid potentiation
site is located on the α subunit between the M1 and M4 domain. GABA is capable of activating
the GABAA receptor by binding only the activation site. Steroids, such as 3α-diol, are capable of
potentiating the effects of GABA by binding the potentiation site or, at high concentrations, can
stimulate the opening of the GABAA receptor on their own by occupying both the activation site
and the potentiation site. Benzodiazepines can also modulate GABA responses through
binding a separate site located between the α and γ subunit. (Reproduced from Hosie et al.,
2006, supplementary figures).
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Metabotropic Receptors
Metabotropic receptors differ from ionotropic receptors for a number of reasons
which carry with them physiological implications. They do not have a channel-forming
transmembrane molecule as ionotropic receptors do. Instead, when bound by a ligand,
the receptor then activates a G-protein located intracellularly (Pin et al., 2003). This Gprotein subsequently activates secondary messengers, such as adenylyl cyclase, which
can activate further downstream molecules, such as cAMP, or act by opening ion
channels which are not directly linked to the receptor itself (Evans et al., 1985).
Because of the complexity of activation, metabotropic receptors have a longer onset
and duration than that of ionotropic receptors which exists on the order of seconds to
minutes.

Included in this group are dopaminergic (Enjalbert & Bockaert, 1982),

serotonergic (Andrade et al., 1986), noradrenergic receptors (Ghanouni et al., 2001)
and glutamatergic (Sladeczek et al., 1985), each of which is found within the mPFC.
Also included here are the muscarinic ACh receptor (mAChR) and GABAB receptor
(Andrade et al., 1986) which contribute to the overall cholinergic and GABAergic tone,
respectively, in the brain; while the former can excitatory or inhibitory, the latter is only
inhibitory and both are located pre- (Kimura & Baughman, 1997; Santiago et al., 1993)
and post-synaptically (Mrzljak et al., 1993; Karlsson & Olpe, 1989) within the cortex.

Voltage-gated, Leak and Exchange Channels
Neurons throughout the mPFC also contain basic ion channels which are most
commonly specific to a particular ion; for example, Na+ channels only allowing the
passage of Na+. Some are voltage gated channels which respond to local changes in
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membrane potential (Stuhmer et al., 1989), while others are leak channels allowing
passive diffusion (at much slower rates) based on a concentration gradient (Baker et al.,
1987); these channels generally play a role in AP propagation and resting potential
maintenance, respectively.

Furthermore, while not technically considered channels,

Na+-K+ pumps also found in neuronal membranes (McGrail et al., 1991) play a role in
restoring resting membrane potential by moving ions against their gradients; this
process is not passive however and requires energy.
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Androgens
Androgens are best known for their role in sexual differentiation (Renfree et al.,
2009) and function (Bagatell et al., 1994) in males and are therefore recognized as sex
hormones. However, they also have effects on other aspects of the body such as
promoting muscle development and nitrogen retention (Katznelson et al., 1996) as well
as influencing numerous other body systems including the skeletal system (Venken et
al., 2006), cardiovascular system (Marsh, et al., 1998) and gastrointestinal system
(Albayrak et al., 2011), among others.

While androgens are implicated in various

processes systemically, their role in the brain is not as well characterised. As such,
their modulation of brain physiology and function has been of significant focus over the
previous two decades where they have been shown to alter not only behavioural, but
cognitive function (Frye et al., 2008; Leonard & Winsauer, 2011) and memory (Bussiere
et al., 2005).

Production and Metabolism
Androgens are a family of steroid hormones that are derived from cholesterol; as
such, they all have a primary four-ringed structure (Fig. 6A). The most notable of the
androgens is testosterone, which in addition to its physiological effects, serves as a
substrate to produce other downstream androgen metabolites that hold varying
physiological implications. The main source of androgens in the male is the testes
which produce and secrete testosterone. Androgens are also produced by the adrenal
glands and released as dihydroepiandrosterone (DHEA), which can be metabolized to
form testosterone (Fig. 6B) in tissues of the body, including the brain. These processes
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are

heavily

regulated

through

the

hypothalamic-pituitary-gonadal

(HPG)

and

hypothalamic-pituitary-adrenal (HPA) axes, respectively. Finally, a smaller source of
androgen is via de novo synthesis within the brain itself (Zwain & Yen, 1999).
In the brain, testosterone can be metabolized a number of different ways,
including aromatization via the cytochrome p450 aromatase enzyme, to estradiol (an
estrogen; Lieberburg & McEwen, 1977; Fig. 6B), but can also be reduced by the
enzyme 5α-reductase to 5α-dihydrotestosterone (DHT) (Fig. 6A & B; Lieberburg &
McEwen, 1977). DHT can be further metabolized reversibly to 5α-androstane-3β, 17βdiol (3β-diol, an estrogen; Pak et al., 2005) or 5α-androstane-3α, 17β-diol (3α-diol;
Chetyrkin et al., 2001) via 3β-hydroxysteroid dehydrogenase (3β-HSD) and 3α-HSD,
respectively (Fig. 6B); DHT and its metabolites together represent the 5α-reduced
metabolites of testosterone. These metabolites and the enzymes mentioned are found
in many tissues of the body, including within neurons of the brain (Lisciotto & Morrell,
1994). It is also important to understand that neither DHT nor its downstream molecule
3α-diol can be aromatized due to changes in their A-ring (Fig. 6A). The actions of the
various metabolites of testosterone all contribute to its overall influence on the body.
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A.

B.

Figure 6: The synthesis and metabolism of androgens. A: Represented here is the process
through which testosterone is metabolized to the non-aromatizable, 5α-reduced metabolites,
DHT then 3α-diol by 5α-reductase and 3α-HSD, respectively. DHT and 3α-diol are found in the
brain at concentrations between 10nM and 100nM. (Adapted from Jin & Penning, 2001) B:
Illustrated here is the process through which androgens are synthesized and metabolized in
various tissues throughout the body, including the brain. The enzymes required for carrying out
each step from cholesterol to testosterone, DHT and 3α-diol are present within neurons of the
brain where they act to form steroid hormones as needed. (Grey: Cholesterol and
progesterones; Pink; estrogens; Blue: androgens; Orange: 5α-reduced, non-aromatizable
androgens)
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Modes of Action
AR-dependent Mechanisms
The classical way in which androgens achieve their effects is through binding the
androgen receptor (AR), which can be found throughout the brain (Bakker et al., 1997;
Lu et al., 1998). When bound, ARs have the ability to modulate gene transcription (Sar
& Stumpf, 1977; Lu et al., 1998). Due to their structure, androgens such as testosterone
and DHT are able to diffuse across the cell membrane into the cytoplasm where they
encounter and bind the AR; this binding causes a conformational change and
dimerization of the receptor (Michels & Hoppe, 2008). The androgen-AR complex then
translocates to the nucleus where it binds to the DNA and alters gene transcription
(Shang, 2002).

Additionally, AR can also influence transcription indirectly through

interaction with a number of co-activator and co-repressor proteins (Vlahopoulos et al.,
2005) and, through these mechanisms androgens regulate the transcription of various
genes, increasing the amount of mRNA and specific proteins, thereby eliciting some of
their effects on the cell.
Androgens do not work exclusively through regulation of gene transcription. A
growing body of evidence suggests that rapid effects of androgens may be independent
of genomic interaction and are suggested to be due to ARs located at extra-nuclear
locations (Tabori et al., 2005). In addition, ARs have been localized to pre- and postsynaptic sites, along axons and dendrites, and around the soma (DonCarlos et al.,
2003). Rapid effects include swift activation of kinase-signaling cascades, G-protein
coupled membrane ARs and sex hormone-binding globulin receptors, but also direct
influences on ion channels (Michels & Hoppe, 2008). The rapid onset occurs with a
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latency of seconds to minutes versus that of genomic effects, which carry a latency of
30-45 minutes before gene transcription takes place (Shang, 2000 & 2002; Michels &
Hoppe, 2008).

AR-independent Mechanisms
Androgen metabolites can also modulate cells independently of the AR.

Of

particular focus here is the 5α-reduced metabolite, 3α-diol, which has a much lower
affinity for the AR than its oxidized counterparts (Bauman et al., 2006), DHT and
testosterone (Wilson & French, 1976). In fact, evidence suggests that it acts mainly as
a positive allosteric modulator at the GABAA receptor and, at supra-physiological levels,
an agonist which can independently activate the GABAA receptor (Hosie et al., 2006;
Reddy & Jian, 2010; Fig. 5). Conversely, its 3β-epimer, 3β-diol, does not share the
same capability to augment the GABAA responses (Reddy & Jian, 2010). Because
GABAA receptors are involved in rapid inhibitory signalling; androgens have been
proposed to play a role in modulation of seizure susceptibility through augmentation of
GABA transmission (Reddy, 2004; Reddy and Jian, 2010).
As discussed above, testosterone can be aromatized to estradiol and DHT can
be metabolized to 3β-diol (Pak et al., 2005). Indeed the cerebral cortex of the male also
possesses estrogen receptors α (ERα) and β (ERβ; Zhang et al., 2002); estradiol binds
both receptor types while 3β-diol only works through ERβ. The receptors are implicated
in alterations in male-typical behaviours such as sexual behaviour, aggression (Ogawa
et al., 1997) and urine marking (Nyby et al., 1992) and an increase in female-like sex
behaviours (Kudwa et al., 2005), but estrogenic effects do not contribute significantly to
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cognitive function (Leonard and Winsauer, 2011). While their presence suggests a role
in normal development and physiology, their effects do not directly pertain to this work.

Androgen Effects in the mPFC
After development, the nervous system was once considered to be a set
structure, incapable of change. However, over the years, this consideration has been
modified to one of dynamics and malleability. Many areas of the brain, including the
mPFC, have been shown to have the capacity to dissociate, rebuild and even generate
new connections into adulthood (Goto et al., 2010). This is referred to as synaptic
plasticity and is also what is thought to be the physiological cornerstone of learning and
memory and the basis of cognition (Goto et al., 2010). The mPFC and associated brain
areas experience a decline in plasticity with advanced age which has been associated
with a number of neurodegenerative disorders (Yates et al., 2008; Bloss et al., 2011;
Chisholm et al., 2013). Interestingly, however, sex steroids have been shown to play a
considerable role in the function and connectivity in the mPFC (Hajszan et al., 2007).
The majority of previous work on the effects of sex hormones on neuroplasticity
has focused on the limbic brain where they have been demonstrated to have trophic
effects on dendritic projections and a regulatory role in excitability in both males and
females (Woolley & McEwen, 1993; Leranth et al., 2003; Skucas et al., 2013).
Additionally, they also have been demonstrated to improve performance in memory
tasks dependent upon the hippocampus (Luine et al., 1998; Jones and Watson, 2005),
while estrogen in females induces a disinhibition of excitatory input on pyramidal cells
(Rudick et al., 2003). However, less attention has been paid to their effects in the
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mPFC where androgens specifically have been evidenced to play a role in working
memory and executive function (D'Esposito et al., 1995), and promote synaptic plasticity
(Hajszan et al., 2007). These effects may be partially explained through androgen's
influences on neurotransmitter turnover in the mPFC (Handa et al., 1997) and increase
in resting neurotransmitter levels (Kritzer, 2000). This is thought to, at least partially, be
a function of androgen-sensitive neurons in the mPFC which send descending
projections to deeper brain areas which in turn project back to the mPFC (Aubele &
Kritzer, 2011).

Androgens are also involved in cell survival as they alter cell

susceptibility to oxidative stress (Ahlbom et al., 2001).
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Rationale
Androgens are the most common sex hormone in males and play a critical role in
various processes across the body, including the nervous system. They have been
demonstrated to influence the morphology of (Hajszan et al., 2007), and behaviours
related to (Boussaoud et al., 1993; Morris et al., 1993; Murphy et al., 1996; Dalley et al.,
2004), the mPFC and have also been shown to increase neurotransmitter levels in this
brain region (Kritzer, 2000). Furthermore, declining levels of androgens seen in older
men has been associated with age-related cognitive decline and neurodegenerative
disease states. It is also suggested that a decline in connectivity within the mPFC may
underlie, at least in part, the cognitive decline frequently observed with age (Hajszan et
al., 2007).

Increasingly over the years, hormone replacement therapy has become

common-place for management of the various disorders resulting from declining
hormone levels in aging, but the extent of their contribution to maintenance of cognitive
function in aging men and women remains controversial.
The effects of estrogen on neuronal plasticity in females have been extensively
investigated, forming the model for most current work on the actions of gonadal steroids
on the adult brain.

The effects of estrogens on synapse formation, behaviour and

neurotransmitter levels in the brain are generally similar to those of androgens.
Interestingly, estrogens exert a transient disinhibitory effect, preceding NMDAdependent excitation, on pyramidal cells in the hippocampus (Rudick & Woolley, 2001),
as well as an overall disinhibitory influence on ascending cholinergic input to the mPFC
(Rudick et al., 2003).

This is an important concept which may lend itself to

understanding more completely the effects that androgens have in males as they may
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play a similar role in modulating ascending projections to the mPFC, modulating
synaptic plasticity, functionality and behaviour. This hypothesis is consistent with early
work on the effects of gonadal steroids on the activity of choline acetyl transferase
(ChAT), the enzyme responsible for acetylcholine synthesis in the basal forebrain.
Administration of testosterone to males was found to have similar effects on ChAT
activity as estrogen in females, suggesting analogous effects of principal gonadal
steroids in each sex (Luine et al., 1975). As a working hypothesis, it seems reasonable
to propose that androgens may, like estrogens in the female, disinhibit ascending
cholinergic projections to the mPFC, thereby augmenting cognitive function.

This

hypothesis represented the primary rationale for the studies performed in this thesis.

Hypotheses
Androgens modulate cholinergic responses in layer VI pyramidal cells of the mPFC.
Androgens modulate GABAergic tone in layer VI pyramidal cells of the mPFC.

Objectives
1. Determine the local effects of 3α-diol and DHT on cholinergic responses in
layer VI pyramidal cells of the mPFC.

2. Determine the effects of 3α-diol and DHT on GABAergic signalling in layer VI
pyramidal cells of the mPFC and elucidate the mechanisms involved.
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CHAPTER 2: METHODS AND RESULTS
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Methods
Animals
Timed pregnant CD-1 mice (14 days gestation) were obtained from Charles River
Laboratories (Quebec, Canada). Male offspring from the pregnant females were used
for all electrophysiological experiments between post-natal day 20 and 30. All
experimental animals were cared for according to the principles and guidelines of the
Canadian Council on Animal Care. All experimental procedures were carried out in
accordance to an animal use protocol approved by the animal care committee at the
University of Guelph (Guelph, ON, Canada). Animals were housed in the Central
Animal Facility (University of Guelph) on a 12 hour light:12 hour dark light-cycle where
lights were turned off at 7 AM and on at 7 PM and received standard enrichment with ad
libitum food and water.

Tissue Collection
Animals were deeply anesthetized using isoflurane and decapitated using a 2
inch X 2 inch guillotine. The brain was then extracted and chilled rapidly in ice-cold,
oxygenated (95% O2, 5% CO2) sucrose artificial cerebral spinal fluid (sACSF; Sucrose:
254 mM, D-glucose: 10 mM, NaHCO3: 26 mM, CaCl2: 2 mM, MgSO4: 2 mM, KCl: 3 mM,
NaH2PO4: 1.25 mM) for 120 – 150 seconds. After being mounted on the vibratome
stage (Leica VT1200, Leica Microsystems, Concord, ON, Canada), 400 µm coronal
slices of the mPFC were made. The slices were then divided into hemispheres and
transferred into oxygenated ACSF (NaCl: 128 mM, D-glucose: 10 mM, NaHCO3: 26 mM,
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CaCl2: 2 mM, MgSO4: 2 mM, KCl: 3 mM, NaH2PO4: 1.25 mM, pH 7.4) at 30°C where
they were allowed to recover for at least 60 minutes prior to recording.

Recording
Patch pipettes were pulled from fire-polished borosilicate glass tubes (O.D.: 1.5
mm, I.D.: 1.10 mm, Length: 10 cm; Sutter Instruments Company, CA), using a
micropipette puller (Model P-97; Sutter Instrument Company, CA), with resistances
ranging from 2.5-6 MΩ.

Before recording, patch pipettes were filled with either a

standard (120 mM K-gluconate, 5 mM KCl, 2 mM MgCl2, 4 mM K2-ATP, 400 μM Na2GTP, 10 mM Na2-phosphocreatine, and 10 mM HEPES buffer, adjusted to pH 7.3 with
KOH) or a high chloride (50 mM K-gluconate, 75 mM KCl, 2 mM MgCl2, 4 mM K2-ATP,
400 μM Na2-GTP, 10 mM Na2-phosphocreatine, and 10 mM HEPES buffer, adjusted to
pH 7.3 with KOH) patch solution which was dialyzed into the neuron from which we
were recording.
Using a microscope configured for infrared differential interference contrast
microscopy (Axioskop2 FS Plus; Carl Zeiss, Toronto, ON, Canada), neurons of the
mPFC were visualized, patched and accessed for whole-cell recording.

To ensure

recordings were collected only from neurons within layer VI, cells close to the white
matter were used. No discrimination was made between cells of the different mPFC
sub-regions. Pyramidal cells were identified by their active and passive responses to
the injection of positive and negative current steps (Fig. 7), which also allowed for the
assessment of cells' health. A voltage-clamp whole-cell recording technique was used
to measure current with a holding potential of -75 mV. A Multiclamp 700B amplifier and
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a Digidata 1440A data acquisition system controlled using Clampex software (version
10, Molecular Devices, CA) were used to record. Prior to initiating treatment recordings,
a 5-minute voltage-clamp recording was taken to assess the integrity of cell access and
also to ensure proper dialysis of the patch solution into the neuron. A single drug
treatment recording was collected per hemisphere, per brain slice.

Throughout

recording, the tissue was bathed with room-temperature oxygenated ACSF at ~4 ml/min
which fills the extracellular space of the brain slice. All ACSF solutions were made fresh
each day and all drugs and steroids were kept frozen in solution and diluted in ACSF to
appropriate concentrations on the day of recording.
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Figure 7: An example of a 100 pA current step protocol recording representative of a
typical layer VI pyramidal cell within the mPFC. Current step protocols were used to
evaluate cell type and cell health. Depicted above is a 100 pA steps protocol which is the step
wise application of current on the patched neuron starting with 200 pA (red) and decreasing by
100 pA increments each time. Typically, pyramidal cells have a resting potential of about -75
mV (illustrated above) and a threshold potential of about -55 mV.
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Objective 1: The effects of androgens on ACh responses in layer VI pyramidal cells of
the mPFC.
20-minute voltage-clamp recordings were used to assess the inward current
response of layer VI pyramidal cells to ACh (Acetylcholine chloride, Sigma-Aldrich
Canada Co., Oakville, ON) apart from and in the presence of 3α-diol or DHT (kindly
donated by Dr. James Raeside, University of Guelph, Guelph, Ontario). The 20-minute
recordings were broken down into 5-minute windows (Fig. 8): 00:00-5:00 consisted of a
baseline (30 s), immediately followed by a bath application of ACh (1mM, 15 s), and
4:15 of response; 5:00-10:00 was a 5-minute wash-in of 100nM 3α-diol or DHT; 10:0015:00 consisted of another baseline recording (30 s), a second bath application of ACh
(1mM, 15 s) and 4:15 of response; 15:00-20:00 was considered a washout period.
Magnitudes of inward current responses were measured as the difference from the
middle of the baseline holding current, to the middle of the holding current at the peak of
the ACh response (Fig. 9) using Clampfit (10.0.1).

Figure 8: Schematic representation of the pharmacological paradigm used to investigate
the influence of androgens on cholinergic signalling in layer VI pyramidal cells of the
mPFC. (Yellow: 1mM ACh applications [15 s]; red: 100nM DHT or 3α-diol)
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Figure 9: Example response to a single 15-second ACh application in voltage-clamp
mode illustrating how changes in current were measured. Magnitudes for all experiments
which use changes in current to evaluate responses were measured as illustrated in the above
image. Measurements were made from the middle of the baseline current to the middle of the
maximum response.
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Objective 2: The effects of androgens on GABAA responses in layer VI pyramidal cells
of the mPFC.
GABAergic Spontaneous Post-Synaptic Currents (sPSCs)
Since the concentration of Cl- in the extracellular ACSF and standard patch
solution results in an equilibrium potential for this ion, the experiments assessing
GABAA responses were performed using high Cl- patch solution. This adjusted the
equilibrium potential for Cl-, causing a concentration gradient.

With high Cl- patch

solution, when GABAA receptors are activated, the Cl- travels down its concentration
gradient, outward, resulting in an outward negative current that is observed as an
inward positive current.

To ensure only GABAergic sPSCs were being assessed,

inhibition of all other channels other than GABAA receptors was necessary. Control
experiments were done using 20-minute voltage-clamp recordings which were broken
down into four blocks: 0:00-2:00: baseline recording; 2:00-10:00: wash-in of 10µM 6cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris Bioscience,USA), a known AMPA
and kainate receptor antagonist; 10:00-18:00: wash-in of 10µM bicuculline (BCC), a
GABAA receptor antagonist, with 10 µM CNQX; 18:00-20:00: washout, consisting
exclusively of ACSF. Frequency and amplitude of sPSCs were calculated from a 90second window (baseline: 0:30-2:00, CNQX only: 8:00-9:30, CNQX + BCC: 16:0017:30) near the end of each block to ensure adequate time was allowed for the
inhibitors to wash-in. sPSCs were counted using MiniAnalysis software (Synaptosoft
v6.0.7, 1999).
20-minute voltage-clamp recordings were used to evaluate the effects of 3α-diol
and DHT on endogenous GABAergic sPSC amplitude as well as frequency in layer VI
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pyramidal cells. After a 5-minute baseline recording, bath applications of 10nM, 30nM
and 100nM 3α-diol or DHT were carried out at 5:00-10:00, 10:00-15:00 and 15:00-20:00
respectively (Fig. 10). All sPSC recordings were taken under the influence of CNQX
(10µM). Amplitude and frequency of sPSCs were measured using MiniAnalysis, again,
followed by manual quality control. Frequencies were calculated by dividing the number
of sPSCs by the duration of measurement (in seconds).

Figure 10: Schematic representation of the pharmacological paradigm used to
investigate the influence of androgens on GABAergic sPSCs in layer VI pyramidal cells
of the mPFC. (Purple: 1µM CNQX; light pink: 10nM 3α-diol; dark pink: 30nM 3α-diol; red:
100nM 3α-diol)

Exogenous GABA Responses
To further assess the effects of 5α-reduced androgens on GABA responses in
layer VI pyramidal cells of the mPFC, exogenous GABA was used to elicit GABAergic
responses. The first step was to determine the appropriate concentration of GABA to
use in subsequent experiments. 45-minute voltage-clamp recordings were taken to
establish a GABA-concentration response curve.

The 45-minute recordings were

broken down into 5-minute windows which consisted of a baseline (30 s), followed by a
15-second GABA (Sigma-Aldrich Canada Co., Oakville, ON) application and 4:15 of
response. This was repeated for each of the nine serial GABA concentrations (100nM,
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300nM, 1µM, 3µM, 10µM, 30µM, 100µM, 300µM and 1mM).

Magnitudes were

measured from the middle of the baseline recording to the middle of the maximum
response, as previously described for ACh experiments (Fig. 9), using Clampfit.
15-minute voltage-clamp recordings were used to assess the response of layer
VI pyramidal cells to GABA in the absence and presence of DHT or 3α-diol. The 15minute recordings were broken down into 5-minute windows (Fig. 11) where: 0:00-5:00
consisted of baseline recording (30 s), immediately followed by a 15-second bath
application of 100 µM GABA (as established in the concentration response
experiments) and 4:15 of response; 5:00-10:00 was a wash-in of 3α-diol or DHT
(100nM; 5 min); 10:00-15:00 consisted of another baseline recording (30 s), a second
GABA application (100µM, 15 s) and 4:15 of response. Magnitudes were measured as
previously described. This same paradigm was then repeated with 300µM GABA to
determine if the effects of androgens are more prominent with larger GABA responses.

Figure 11: Schematic representation of the pharmacological paradigm used to
investigate the influence of androgens on GABAA responses in layer VI pyramidal cells of
the mPFC. (Orange: 100µM GABA applications [15 s]; red: 100nM 3α-diol or DHT)
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This set of experiments tested 10nM or 30nM and 100nM concentrations of 3αdiol or DHT using 30-minute voltage-clamp recordings. The 30-minute recordings were
broken down into 5-minute windows (Fig. 12) where: 00:00-5:00 was the same as
previously described; 5:00-10:00 was a wash-in of 3α-diol or DHT (10 or 30nM, 5 min);
10:00-15:00 consisted of another baseline recording (30 s), a second bath application of
GABA (100µM, 15 s) and 4:15 of response; 15:00-20:00 was a wash-in of 100nM 3αdiol or DHT (5 min); 20:00-25:00 consisted of another baseline recording (30 s), a third
bath application of GABA (100µM, 15 s) and 4:15 of response; 25:00-30:00 was
considered a 5-minute washout period consisting only of ACSF. The magnitudes of
current change were measured as previously described (Fig. 9).

Figure 12: Schematic representation of the pharmacological paradigm used to
investigate a dose response of androgens' influence of GABAA receptors in layer VI
pyramidal cells of the mPFC. (Orange: 100µM GABA applications [15 s]; light pink: 10nM 3αdiol or DHT; dark pink: 30nM 3α-diol or DHT; red: 100nM 3α-diol or DHT)
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Pre- and post-synaptic Influences of androgens
To assess whether the androgen effects on GABA responses were pre- or postsynaptic, postsynaptic GABAA responses were isolated pharmacologically using 10µM
CNQX, 1µM tetrodotoxin (TTX: a Na+-channel antagonist) and 100µM CGP 35348 (a
GABAB receptor antagonist). 20-minute recordings were broken down into 5-minute
windows (Fig. 13) where: 0:00-5:00 was the same as previously described; 5:00-10:00
was a wash-in of CNQX (10µM), TTX (1µM) and CGP 35348 (50µM); 10:00-15:00 was
a further wash-in CNQX (10µM), TTX (1µM) and CGP 35348 (50µM) with the addition of
3α-diol or DHT (100nM, 5 min); 15:00-20:00 consisted of another baseline recording (30
s), a second bath application of GABA (100µM, 15 s) and 4:15 of response.

The

magnitudes of current change were measured as previously described.

Figure 13: Schematic representation of the pharmacological paradigm used to
investigate the pre-synaptic influences of androgens on GABAA responses in layer VI
pyramidal cells of the mPFC. (Orange: 100µM GABA applications [15 s]; green: 10µM CNQX,
1µM TTX and 100µM CGP 35348; blue: 100nM DHT)
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Inhibition of 3α-HSD
The final objective was to better define the mechanisms through which
androgens are influencing GABAA responses. This was done using indomethacin (an
anti-inflammatory agent which also inhibits 3α-HSD; Penning et al., 1984) to prevent the
conversion of 3α-diol to DHT and DHT to 3α-diol in a paradigm similar to that used in
the investigation of 100nM androgens alone. 20-minute recordings were broken down
into 5-minute windows (Fig. 14) where: 0:00-5:00 was the same as previously
described; 5:00-10:00 was a wash-in of 3α-diol or DHT (100nM) and indomethacin
(100µM; 5 min); 10:00-15:00 consisted of another baseline recording (30 s), a second
GABA application (100µM, 15 s) and 4:15 of response; 15:00-20:00 was considered a
5-minute washout.

Figure 14: Schematic representation of the pharmacological paradigm used to
investigate the impact 3α-HSD inhibition on the effects of androgens on GABAA
responses. (Orange: 100µM GABA applications [15 s]; green: 100µM indomethacin; red:
100nM 3α-diol or DHT)
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Statistics
All data in this work are presented as mean ± SEM. The electrophysiological
experiments assessing sPSC frequency and amplitude were analyzed by repeatedmeasures ANOVA. Experiments assessing cholinergic and GABAergic responses with
only 100nM androgen compared to baseline responses were assessed using two-tailed,
paired t-tests. The effects of 10nM and 30nM androgens followed by 100nM androgen
compared to baseline were assessed using repeated-measures ANOVA. Experiments
that assessed the influence of pre-synaptic, AMPA and GABAB inhibition on 100nM
androgen effects of GABA responses compared to baseline were assessed using twotailed paired t-test.

The influence of indomethacin on 100nM androgen effects on

GABA responses compared to baseline were assessed using two-tailed, paired t-test.
All statistical analyses were performed using GraphPad Software Prism 5 and Microsoft
Excel 2007, and a p value of <0.05 was required to indicate a significant difference.
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Results
Objective 1: The effects of androgens on ACh responses in layer VI pyramidal cells of
the mPFC
Androgens do not directly influence cholinergic signaling
Neither 3α-diol nor DHT had a direct effect on ACh response within layer VI
pyramidal cells of the mPFC. As illustrated in figure 15B, currents elicited by 1mM ACh
(15 s), were not significantly affected by 100nM 3α-diol when compared to the baseline
response (baseline: 86.1 ± 4.5 pA, 3α-diol: 82.5 ± 3.8 pA; mean ± SEM; two-tailed
paired t-test, p=0.5304, n=7). Similarly, 100nM DHT had no effect on ACh currents
when compared to the baseline response (baseline: 54.3 ± 8.7 pA, DHT: 52.5 ± 7.7 pA;
two-tailed paired t-test, p=0.2904, n=8), as shown in figure 15C.

To ensure

maintenance of electrical access to the cell, control experiments were run on the same
timescale that was used to assess androgen effects. Control results show no loss of
access to the cell over time between the baseline and second ACh responses (baseline:
78.9 ± 5.3 pA, second ACh application: 80.6 ± 8.7 pA; two-tailed paired t-test, p=0.8077,
n=9). These results are shown in figure 15A.
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Figure 15: Direct effects of 100nM
androgens on cholinergic responses
in layer VI pyramidal cells of the
mPFC. Representative traces are shown
above the data sets to illustrate the
relative
amplitude
of
treatment
responses compared to baseline with
ACh applications indicated over the
responses. A: Control experiments
demonstrate no effect of time or cell
access between both ACh applications
(p=0.8077).
B: 3α-diol did not
significantly influence ACh responses
(p=0.5304). C: DHT did not affect ACh
responses (p=0.2904).
(black =
reference response; white = control; red
= 3α-diol; blue = DHT) Error bars
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Objective 2: The effects of androgens on GABAA responses in layer VI pyramidal cells
of the mPFC.
3α-diol does not significantly influence GABAergic sPSCs
There was no significant effect of 3α-diol on amplitude (repeated measures
ANOVA, p=0.1841, n=6) or frequency (repeated measures ANOVA, p=0.1266, n=6) of
GABAergic sPSCs as shown in figure 16A and B when assessed in 5-minute bins. The
data were also normalized to average baseline responses to attenuate the effect of the
large variances (Fig. 16C & D), but was still not significant (repeated measures ANOVA,
amplitude: p=0.2418; frequency: p=0.7542, n=6). Despite the lack of significance in
these experiments, a small number of the cells displayed a recording such as that
depicted in figure 16E. Data was also assessed in 30-second bins which also did not
show significance for either amplitude of frequency as shown in figure 17A and B,
respectively (repeated measures ANOVA, amplitude: p=0.4482; frequency: p=0.9707,
n=6).
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Figure 16: The effect of 3α-diol on GABA sPSCs in layer VI pyramidal cells of the mPFC (5minute bins). 3α-diol did not significantly influence GABAergic sPSC amplitude (A; p=0.1841, n=6)
or frequency (B; p=0.1266, n=6) in layer VI pyramidal cells of the mPFC. Raw data is shown in 5minute bins (A & B) and normalized to the baseline average (C & D). After being normalized, data
was still not significant (amplitude: p=0.2418; frequency: p=0.7542). A small number of the cells
displayed a recording as shown in E. Error bars represent SEM. (White: baseline/0 nM, light
pink: 10 nM 3α-diol, pink: 30 nM 3α-diol, red: 100 nM 3α-diol, purple: 10µM CNQX)
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Figure 17: The effect
of 3α-diol on GABA
sPSCs in layer VI
pyramidal cells of the
mPFC (30-secomd
bins). The same data
from the previous
figure is represented
here in 30-second bins
for both amplitude (A)
and frequency (B). No
significant effects were
observed for both
amplitude and
frequency (p=0.4482;
freq: p=0.9707, n=6).
Error bars represent
SEM. (White:
baseline/0 nM 3α-diol,
light pink: 10nM 3αdiol, pink: 30nM 3αdiol, red: 100nM 3αdiol)
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Androgens decrease GABAA responses to exogenous GABA applications
The GABA concentration response experiments determined that 100µM GABA is
adequate for subsequent experiments investigating androgen effects on GABAA
responses. Example traces for 30µM, 100µM, 300µM and 1mM GABA applications are
presented in figure 18A and the data is summarized in figure 18B. This experiment also
demonstrates that at higher concentrations of GABA application, GABAB receptors may
also be activated (Fig. 18A, 1mM). Therefore, doses below 1mM would be considered.
While there was no significant effect of 3α-diol on GABAergic sPSCs, 100nM 3α-diol
significantly decreased GABAA responses to exogenous GABA applications (100µM, 15
s) when compared to baseline responses, which are shown in figure 19A and C
(baseline: 79.1 ± 19.0 pA, 3α-diol: 43.6 ± 10.8 pA; two-tailed paired t-test, p=0.0196,
n=7). DHT (100nM) also significantly decreased GABA responses as shown in figure
19B and D (baseline: 120.9 ± 29.0 pA, DHT: 50.7 ± 9.1 pA; two-tailed paired t-test,
p=0.0468, n=9).

As illustrated in figure 19E, control experiments similar to those

performed for ACh responses showed no loss of cell access between GABAA
responses (baseline: 102.3 ± 21.0 pA , second GABA application: 96.8 ± 30.8 pA; twotailed paired t-test, p=0.7820, n=11). To ensure that the vehicle which the steroids are
dissolved in (DMSO) is not confounding the effects seen by the androgens, vehicle
controls were also carried out.

DMSO (0.01%) did not affect GABA responses as

shown in figure 19F (baseline: 75.8 ± 16.9 pA, DMSO: 74.6 ± 21.5 pA; two-tailed paired
t-test, p=0.9454, n=7).

As expected, higher concentrations of GABA applications

(300µM) resulted in larger magnitude current responses and were significantly
decreased by 100nM 3α-diol, as shown in figure 20 (baseline: 495.1 ± 137.8 pA, 3α56

diol: 347.1 ± 104.0 pA; two-tailed paired t-test, p=0.0287, n=8) proving that 100µM
GABA applications are adequate to assess the influences of androgens on GABA
responses.

Figure 18: Concentration response for GABA. Concentration response experiments were
carried out with increasing concentrations from 100nM to 1mM of GABA to determine the
optimal concentration to be used for subsequent experiments utilizing exogenous GABA
applications. A: Representative voltage-clamp traces for 30µM, 100µM, 300µM and 1mM
GABA applications. B: Summarized data is shown graphically; 100µM GABA was determined
to be adequate for subsequent experiments utilizing exogenous GABA applications.
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Figure 19: 3α-diol and DHT decrease GABAA responses in mPFC layer VI pyramidal cells.
A & B: Representative traces of GABAA responses with 3α-diol (red) or DHT (blue) beside
baseline traces from their respective cells (black). GABA applications are illustrated above each
trace. C & D: 100nM 3α-diol (two-tailed paired t-test, p=0.0196, n=7) and DHT (two-tailed
paired t-test, p=0.0468, n=9) significantly decreased GABAA responses of layer VI pyramidal
cells of the mPFC. E & F: Control experiments with ACSF assessing for loss of electrical
access to the cell over time and control experiments with the DMSO vehicle had no effect on
GABA responses. Error bars represent SEM.
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Figure 20: 3α-diol decreases GABAA responses to 300µM GABA applications. 3α-diol
significantly decreases responses to 300µM GABA applications (two-tailed paired t-test,
p=0.0287, n=8) similar to its effects on 100µM GABA applications responses. A: Representative
voltage-clamp traces of baseline (black) and treatment GABAA responses. B: Data summarized
as a bar graph (Black: baseline; red: 3α-diol). Error bars represent SEM.
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We then sought to determine a concentration effect curve of androgens on
GABAA responses by first assessing the influence of low (10 nM) or medium (30 nM)
concentration of the androgen being tested followed by the effect of 100nM of the same
androgen.

The effects of 100nM 3α-diol treatments applied after 10nM 3α-diol

treatments on GABAA responses were not significant (baseline: 266.2 ± 99.7 pA, 10nM
3α-diol: 208.5 ± 80.6 pA, 100nM 3α-diol: 215.2 ± 85.1 pA; repeated measures ANOVA.
p=0.0698, n=8) as shown in figure 21A. Similarly, 100nM 3α-diol treatments applied
after 30nM 3α-diol did not significantly affect GABAA responses (baseline: 75.7 ± 17.0
pA, 30nM 3α-diol: 60.7 ± 17.7 pA, 100nM 3α-diol: 73.6 ± 27.2 pA; repeated measures
ANOVA, p=0.4444, n=7). This is illustrated in figure 21B. The data for 100nM DHT
treatments following 10nM DHT applications, shown in figure 21C, were also
insignificant (baseline: 111.2 ± 26.0 pA, 10nM: 103.1 ± 28.5 pA, 100nM, DHT: 126.7 ±
24.1 pA; repeated measures ANOVA, p=0.2303, n=11). The influence of 100nM DHT
applications on GABAA responses after 30nM DHT also did not have significant effects
(baseline: 75.2 ± 28.6 pA, 30nM, DHT: 49.4 ± 14.7 pA, 100nM DHT: 40.8 ± 9.6 pA;
repeated measures ANOVA, p=0.2586, n=9). This data is illustrated in figure 21D.
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Figure 21: The effects of exogenous androgen at low, medium and high serial
concentrations. A. GABAA responses in layer VI pyramidal cells at baseline and with the
influence of 10nM and 100nM 3α-diol (repeated measures ANOVA. p=0.0698, n=8); B. GABAA
responses in layer VI pyramidal cells at baseline and with the influence of 10nM and 100nM
DHT (repeated measures ANOVA, p=0.2303, n=11); C. GABAA responses in layer VI
pyramidal cells at baseline and with the influence of 30nM and 100nM 3α-diol (repeated
measures ANOVA, p=0.4444, n=7); D. GABAA responses in layer VI pyramidal cells at
baseline and with the influence of 30 nM and 100 nM DHT (repeated measures ANOVA,
p=0.2586, n=9). Error bars represent SEM. (Black: control; light pink: 10 nM 3α-diol; dark pink:
30 nM 3α-diol; red: 100 nM 3α-diol; pale blue: 10 nM DHT; light blue: 30 nM DHT; blue: 100 nM
DHT)
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DHT modulates GABA responses post-synaptically
The experiments here were designed to assess the effects of DHT treatments on
GABAA responses while also inhibiting AMPA receptors, GABAB receptors and presynaptic influences on the pyramidal cell being recorded. Control experiments were
performed with only the inhibitors, CNQX (10µM), CGP 35348 (50µM) and TTX (1µM),
in the treatment without androgen, to measure for potential influences that could
confound the effects seen with androgens in later experiments (Fig. 22A & C). The
experiments determined no significant effect on GABAA responses (baseline: 214.7 ±
207.1 pA, inhibitors: 162.7 ± 166.1 pA; two-tailed paired t-test, p=0.0983, n=4). Three
control experiments each were also performed with 10µM CNQX alone (baseline: 68.8 ±
34.1 pA, 10µM CNQX: 105.6 ± 69.4 pA; two-tailed paired t-test, p=0.3577, n=3) and
1µM TTX alone (baseline: 90.3 ± 66.4 pA, 1µM TTX: 79.8 ± 113.6 pA; two-tailed paired
t-test, p=0.7551, n=3), both of which had no significant effect.

Individual control

experiments were not carried out for CGP 35348. The effects of 100nM DHT however,
significantly decreased GABAA responses in layer VI pyramidal neurons (baseline:
164.1 ± 72.9 pA, 100nM DHT: 74.5 ± 39.4 pA; two-tailed paired t-test, p=0.0247, n=6)
similarly to that shown in earlier experiments that did not include the inhibition. This
data is shown in figure 22B and D. There was no effect of latency between GABA
applications, despite being a longer wash-in than that used in the previous
investigations.
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Figure 22: The influence of DHT on GABA responses with CNQX, TTX and CGP 35348. A
& B: Representative traces of GABAA responses with CNQX, TTX & CGP 35348 (grey) or DHT
(blue) beside baseline traces from their respective cells (black). C: Control experiments
assessing the influence of 10µM CNQX, 50µM CGP 35348 and 1µM TTX together on GABAA
responses determined no significant effect (two-tailed paired t-test, p=0.0983, n=4); D: Data
representing the influence of 100nM DHT on GABAA responses in with inhibitors present (twotailed paired t-test, p=0.0247, n=6). Error bars represent SEM.
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Androgens may influence GABAA responses through AR-mediated mechanisms
The final component of this study was to clarify the mechanisms through which
the effects of androgens on GABAA responses were taking place. By bath applying the
3α-HSD inhibitor, indomethacin, concurrently with either DHT or 3α-diol, we are
preventing its conversion to the other (Smithgall & Penning, 1985). Control experiments
performed with 100µM indomethacin demonstrated that 3α-HSD inhibition had no
significant effects on GABAA responses on its own (baseline: 224.0 ± 59.3 pA, 100µM
indomethacin: 365.6 ± 97.8 pA; two-tailed paired t-test, p=0.2198, n=3). This data is
shown in figure 23A and B. Interestingly, 100nM 3α-diol did not significantly influence
GABAA responses (baseline: 275.7 ± 242.6 pA, 100nM 3α-diol: 132.7 ± 126.2 pA; twotailed paired t-test, p=0.1461, n=7) with 3α-HSD inhibition by indomethacin. This data is
shown in figure 23C and D. DHT (100nM), however, significantly decreased GABAA
responses in layer VI pyramidal neurons by slightly more than 50%, as illustrated in
figure 23E and F (baseline: 208.0 ± 96.7 pA, 100nM DHT: 87.0 ± 107.8 pA; two-tailed
paired t-test, p=0.0061, n=7), with 3α-HSD inhibited.
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Figure 23: The influence of androgens on
GABAA responses with indomethacin, a 3αHSD inhibitor. A, C & E: Representative traces
of GABAA responses with indomethacin (grey),
3α-diol (red) or DHT (blue) beside baseline
traces from their respective cells (black). GABA
applications are illustrated above each trace; B:
Control experiments assessing the influence of
100µM indomethacin on GABAA responses
determined no significant effect (two-tailed
paired t-test, p=0.2198, n=3); D: 100nM 3α-diol
with 100µM indomethacin did not significantly
influence GABAA responses (two-tailed paired ttest, p=0.1461, n=7); F: Treatment with 100nM
DHT with 100µM indomethacin significantly
decreased GABAA response (two-tailed paired ttest, p=0.0061, n=7). Error bars represent SEM.
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CHAPTER 3: DISCUSSION AND CONCLUSION
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Discussion

Androgens have widespread effects throughout the body, including effects on
neuroendocrine function and behaviour.

However, the mechanisms underlying the

effects on the brain are not as well characterised as those in non-CNS tissues. The
work presented in this thesis details a significant influence of androgens on local
GABAergic tone in layer VI pyramidal cells of the mPFC, but not on cholinergic
signalling. The treatment of brain slices with 3α-diol or DHT resulted in a decrease in
GABAA responses, which were further suggested to occur through an AR-dependent
mechanism. It was also determined that neither 3α-diol, nor DHT directly influence the
response of layer VI pyramidal cells to ACh. These conclusions draw from the findings
of a number of pharmacological experiments, outlined above, that determine the effect
and mechanism of action for non-aromatizable androgens on GABAergic signalling in
layer VI pyramidal cells of mouse mPFC.

Androgens do not directly influence cholinergic signalling in the mPFC
The goal of the first objective was to assess the direct effect of the androgens,
3α-diol and DHT, on ACh responses in layer VI pyramidal cells of the mPFC. It was
determined that neither of the 5α-reduced testosterone metabolites were able to directly
affect the ACh responses in the neuronal population assessed (Fig. 15). Because of
the rapid time course through which these responses were assessed (15-s ACh
applications followed by immediate inward currents), the observed responses were
most likely mediated by nAChRs and not the much slower-acting metabotropic mAChRs
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(Tian et al., 2014). Furthermore, the ACh responses were most likely mediated by
α4β2* nAChRs because this receptor isoform is the most prominent type of nAChR
found on pyramidal cells in layer VI of the mPFC (Fig. 4; Bloem et al., 2014). Indeed,
the findings here only rule out direct influences of androgens on nAChRs. This does not
mean, however, that androgens do not influence cholinergic tone in the mPFC at all.
This is in light of the work reported by Aubele & Kritzer (2011) who found indirect
influences of androgens on ascending dopaminergic projections by modulating the
glutamatergic efferent projections of the mPFC which terminate in the ventral tegmental
area from which the dopaminergic afferent projections arise. Androgens may modulate
ascending cholinergic circuitry to the mPFC in a similar way, making this an attractive
focus for future investigations.

Furthermore, ARs are also found in the NBM, the

nucleus from which cholinergic projections arise to innervate the mPFC (FernandezGuasti et al., 2000). This suggests another potential site of influence of androgens on
the cholinergic system.

Finally, work with estrogens in females has shown down-

regulatory effects on local GABAergic circuitry in the hippocampus, yielding an overall
disinhibitory effect on ascending cholinergic projections to that region (Rudick et al.,
2002). This remains a possible consideration for cholinergic regulation in the male
mPFC and is also an explanation proposed for androgen-induced spine synapse
changes by Hajszan et al (2007).
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GABAergic sPSCs are not significantly influenced by 3α-diol in layer VI pyramidal cells
of the mPFC
Here, we assessed the effect of 3α-diol on the response of layer VI pyramidal
cells to spontaneous GABA release by evaluating GABA sPSCs. The bath application
of 100nM 3α-diol did not significantly affect the GABA sPSC amplitude (Fig. 16A & C) or
frequency (Fig. 16B & D). The data was first analyzed as raw data (amplitude: figure
16A, frequency: figure 16B). However, the data inherently displayed large variances
across cells that were recorded. With the goal of mitigating the influence of the large
variances, the data was normalized (amplitude: 16C, frequency: 16D), but was still
found to be insignificant.

It is interesting to note that a small number of the cells

displayed a clear decrease in amplitude and frequency of GABA sPSCs with increasing
androgen concentration, shown in figure 16E. It is worth noting that this data set was
comprised of six cells; given the large variances across each subset, increasing the
sample size may serve to prove or further disprove significance of androgenic influence.
Additionally, assessing GABAergic sPSCs is dependent on the number of GABAergic
terminals surrounding the pyramidal cell being recorded and the amount of endogenous
GABA that each is releasing. This physiological variability may explain the variance
observed in the data. Considering this, further investigation of androgen effects on
GABA signalling in layer VI pyramidal cells of the mPFC by applying exogenous GABA
was indicated.
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Androgens decrease GABAA responses to exogenous GABA in layer VI pyramidal cells
of the mPFC
The goal of this set of experiments was to assess the influence of androgens
directly on post-synaptic GABAA receptors. This was done using the application of
exogenous GABA which allowed more control over the GABA response, versus
spontaneous endogenous GABA release.

The concentration response experiments

done prior to the androgen work allowed us to determine the most appropriate
concentration of GABA; 100µM GABA was most fitting for the purpose of this work.
Bath application of both 100nM 3α-diol (weak androgen) and 100nM DHT (strong
androgen) decreased the GABAA responses in the same population of neurons used to
assess 3α-diol effects on GABA sPSCs. DHT (100nM) decreased GABAA responses by
58% (Fig. 19A & C) and 3α-diol decreased GABAA responses by 45% (Fig. 19B & D).
Intriguingly, the results are contrary to previous work where 3α-diol was demonstrated
to act as a positive allosteric modulator of the GABAA receptor increasing GABAA
responses (Reddy & Jian, 2010). However, the experiments performed by Reddy and
Jian (2010) used isolated hippocampal pyramidal cells. The work reported in this thesis
utilized intact slices from the mPFC. It is possible that there is a regional difference in
mechanism through which androgens mediate GABAA responses between the mPFC
and the hippocampus. Previous work indicates that the influences of androgens on
synaptic plasticity in the mPFC depend more heavily on local ARs (Hajszan et al., 2007)
than in the hippocampus (Kovacs et al., 2003), which further illustrates a potential
regional difference.

It is important to remember however, that 3α-HSD is present

throughout the brain (Krieger & Scott, 1984). This indicates that the androgens applied
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to the slice may have been actively converted from 3α-diol to DHT or from DHT to 3αdiol; therefore no conclusions can be drawn from this set of experiments alone as to
how androgens are achieving these effects.
Control experiments that assessed the maintenance of electrical access over the
course of the experiment determined there was no loss of access to the cell (Fig. 19E).
Control experiments which assessed the potential confounding influence of the DMSO
(0.01%) vehicle also determined that it did not contribute to the effects seen with
androgens (Fig. 19F). Both experiments taken together indicate that the effects elicited
by androgens are indeed the result of the androgens themselves. This experiment was
replicated using a higher concentration of GABA (300µM) with 100nM 3α-diol to
determine if the effects of androgens were dependent on the size of baseline GABA
response; the effect sizes of 3α-diol on GABAA responses were similar with 300µM
GABA applications as those with 100µM GABA (Fig. 20).
It is important to note that the concentration of androgens used in the first part of
this experiment (100nM) was at the high end of physiological levels.

Since the

physiological concentrations of both 3α-diol and DHT are between 10nM and 100nM,
the next set of experiments were designed to assess the effects of low (10nM) and
medium (30nM) concentrations androgens. This would also develop a concentration
response for androgens on GABAA responses. None of the findings from this set of
experiments for either 3α-diol (Fig. 21A & B) or DHT (Fig. 21C & D) were significant.
This is interesting since earlier experiments using 100nM androgen treatments without
pre-treating with lower concentrations (10nM or 30nM) of androgens demonstrated a
strong influence on GABAA responses (Fig. 19A and B).
71

The reasons for this

discrepancy are not clear; however it is possible that the brain slices became
desensitized to androgen influences through the 10nM or 30nM androgen treatments,
making the slices relatively unresponsive to 100nM androgens when compared to
earlier experiments. It is also possible that the number of androgen receptors in these
neurons is biological variable; this variability may account for this difference in androgen
effects on GABAA responses that were observed.

DHT modulates GABAA responses in pyramidal cells post-synaptically
The work already reported in this thesis has focused on the existence and
magnitude of effect of androgens on GABAA responses in layer VI pyramidal cells of the
mPFC. The experiments that followed were designed to assess if these effects were a
result of pre- or post-synaptic influences, or a mixture of both. By using CNQX, CGP
35348 and a holding potential of -75 mV, the influences of AMPA, kainate, NMDA and
GABAB receptors were effectively eliminated, while also eliminating pre-synaptic
influences with TTX. The effect of DHT (Fig. 22B & D) on GABAA responses was
similar to that in earlier experiments (Fig. 19B & D) where CNQX, CGP 35348 and TTX
were not applied concurrently with the androgen.

These results suggest that DHT

modulates GABAA responses post-synaptically and not pre-synaptically. Furthermore,
these effects were not a function of AMPA, NMDA or GABAB receptor modulation.
Control experiments assessing the influence of CNQX, TTX and CGP 35348 applied to
brain slices together, but without DHT, demonstrated no significant effect (Fig. 22A &
C).

Control experiments that assessed the effects of 1µM TTX and 10µM CNQX

individually on GABAA responses were not significant. While control experiments were
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performed to assess the influence of CGP 35348 on GABAA responses, its selectivity
for the GABAB receptor has been described in the literature (Olpe et al., 1990). Despite
the fact that DHT was the only androgen applied in these experiments, it still remains a
possibility that DHT may be metabolized by 3α-HSD, eliciting the observed effects as
3α-diol.

Androgens may influence GABAA responses through AR-mediated and GABAAmodulatory mechanisms
The question of whether DHT, 3α-diol or both are influencing GABAA responses
in layer VI pyramidal cells of the mPFC has yet to be answered. Using indomethacin, a
3α-HSD inhibitor, experiments were performed to answer this question. By applying
either DHT or 3α-diol concurrently with indomethacin, it is expected that they would
remain in their respective forms (DHT will not be reduced to 3α-diol and 3α-diol will not
be oxidized to DHT). Brain slices treated concurrently with 100nM DHT and 100µM
indomethacin demonstrated significantly decreased GABAA responses (Fig. 23E & F)
similar to what earlier experiments demonstrated where 3α-HSD was not inhibited (Fig.
19B & D). This indicates that indomethacin blockade of 3α-HSD does not influence
DHT's effects. This implies that conversion of DHT to 3α-diol is not necessary for its
influence on GABAA responses. Because DHT has a strong affinity for the AR (Wilson
& French, 1976), it is probable that its effects are through the AR. Conversely, 100nM
3α-diol did not significantly decrease GABAA responses when 3α-HSD was inhibited
(Fig. 23C & D). This is contrary to what was demonstrated in earlier experiments (Fig.
19A & C) when 3α-HSD was active. It is possible that the reason why 3α-diol did not
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significantly decrease GABAA responses in these experiments is because it requires
conversion to DHT to achieve its effects. This also presents a possible explanation for
the significant effects of 3α-diol demonstrated on GABAA responses in earlier
experiments.

The possibility also remains however, that indomethacin did not

completely block 3α-HSD activity. This is unlikely since indomethacin has an IC50 of
about 30µM for the conversion of DHT by 3α-HSD (Smithgall & Penning, 1985).

Implications
Implications at the GABAA receptor
The work presented in this thesis demonstrates that DHT decreases GABAA
responses considerably through a mechanism that appears to be independent of its
reduction to 3α-diol by 3α-HSD. It was also determined that 3α-diol decreases GABAA
responses significantly, however these effects appear to be dependent, at least in part,
on its metabolism to DHT by 3α-HSD. However, these effects are contrary to those
described in hippocampal neurons.

Previous work reports 3α-diol as a positive

allosteric modulator of GABAA receptors, increasing the magnitude of positive inward
GABAA currents in response to exogenous GABA application (Reddy & Jian, 2010).
Here, it was demonstrated that androgens decrease the magnitude of positive inward
GABAA currents in response to GABA application, which implies a decrease in Clmovement across the membrane when the GABAA receptor is bound by its agonist.
Extended to a living system, this decrease in Cl- ion movement from the outside of a
neuron, inward, would result in a less negative resting potential across the cell
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membrane. A resting potential closer to the threshold potential increases the likelihood
of the neuron firing.

Implications on mPFC circuitry
This work describes the ability of androgens to decrease inhibitory signalling in
layer VI pyramidal cells of the mPFC. It has already been demonstrated that these
neurons receive many different afferent projections, many of which are excitatory.
Lowering the GABAergic influence of these neurons conveys a heightened excitability.
This also means that excitatory circuitry received by these cells have a greater
probability of inducing an AP and cell firing. This pertains to inputs that may have
previously produced sub-threshold stimuli, or inputs which are already excitatory,
becoming stronger. In a living system, this may convey a stronger influence of a given
set of afferent projection fibers; for example, greater cholinergic tone may be exist in
these cells when GABAA responses are decreased. However, this theory would not be
limited to ascending cholinergic circuitry.

By increasing the excitability of layer VI

pyramidal cells of the mPFC, the brain areas to which these neurons project are
subsequently receiving a greater influence from the mPFC; in particular, the thalamus,
amygdala and hypothalamus receive over one half of the efferent projections from layer
VI pyramidal cells together (Gabbott et al., 2005).

Implications in function, behaviour and disease
By decreasing GABAergic tone in layer VI pyramidal cells, there is an overall
increase in excitability in these neurons. As a result, areas like the thalamus to which
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efferent projections of layer VI pyramidal cells project receive stronger input from the
mPFC.

As discussed, over one third of layer VI projection fibers terminate in the

thalamus, particularly the MD (Gabbott et al., 2005) and TRN (Bourassa et al., 1995).
By increasing the excitability of these cortico-thalamic projections, thalamic function
might also be altered. Since the MD is involved in executive function and cognition
(Alelú-Paz & Giménez-Amaya, 2008) and the TRN plays a considerable role in
attention, androgens may act to modulate cognitive performance and attentional
processing in this way. Furthermore, a much smaller proportion of layer VI pyramidal
cells project to the lateral hypothalamus, basolateral amygdala and dorsal striatum
(Gabbott et al., 2005).

The increased excitability of layer VI projection neurons

terminating in these regions may then alter axes controlled by the hypothalamus,
including the HPA or HPG axes, influence emotional processing (Parkinson et al., 2000)
or learning and memory processes (Packard and Knowlton, 2002)..
The influence of androgens on GABAergic tone potentially plays a role in the
pathophysiology of age related neurodegenerative and pyschological diseases. It is
well known that androgen levels decline with age (Feldman et al., 2002). AD is a
neurodegenerative disease characterized by a loss of cholinergic circuitry (Querfurth &
LaFerla, 2010). Deficits of attention and executive function, processes which involve
the mPFC, are reported in AD patients (Perry & Hodges, 1999).

Interestingly, the

development of AD may be influenced by androgen levels (Ishunina et al., 2002). The
work in this thesis suggests that androgens decrease the sensitivity of layer VI
pyramidal cells of the mPFC in mice to GABA.

However, with declining androgen

levels, increased sensitivity of these neurons to GABA can further dampen the
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cholinergic signalling reported in AD. This identifies a potential therapeutic goal for
hormone replacement regimens in aging individuals who are suffering from or
developing AD.
Conversely, supraphysiological levels of androgen may result in detriment to the
normal function of mPFC circuitry. This is illustrated in individuals who abuse anabolic
androgenic steroids (AAS). As shown in this work, androgens decrease the GABAergic
tone in layer VI pyramidal cells; however, excessive androgen levels may further
decrease the inhibitory influence on these cells, resulting in dysregulation and excessive
excitation of this circuitry. This dysregulation is exemplified by side effects of AAS
abuse, such as aggression (Steensland et al., 2005) and impulsivity (Brower, 2002).
Intriguingly, the mPFC is activated during moments of aggression (Lotze et al., 2007)
and the mPFC is implicated in decision making (Hampton & O'Doherty, 2007). It is also
interesting to note that aggressive behaviours in mice were reported to be inversely
related to GABA concentrations in the brain (Earley & Leonard, 1977).

Limitations and Future Research
The experiments and results discussed in this thesis outline the impact of DHT
and 3α-diol on GABAA currents in layer VI pyramidal neurons of the mouse mPFC.
While it was determined that DHT influences GABAA receptors probably by a postsynaptic mechanism, this same determination was not made for 3α-diol.

Further

experiments inhibiting pre-synaptic influences performed with 3α-diol, like those
performed with DHT, will better define any differences in mechanism between 3α-diol
and DHT. Additionally, DHT is a strong androgen. This suggests that the influences
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demonstrated of DHT on GABAA responses may be AR-mediated. Considering this,
and the potential that 3α-diol depends, at least partially, on its metabolism to DHT,
further experiments utilizing an AR-inhibitor, such as flutamide, may be beneficial. This
will clarify further if the mechanisms of action for both DHT and 3α-diol are ARmediated. Furthermore, it would be advantageous to investigate more thoroughly the
possible desensitization effects of 10nM and 30nM androgens applied prior to the
100nM treatments.
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Conclusion
Overall, the work included in this thesis serves to better define the effects that
androgens have on the brain and provides a greater understanding of the effects which
hormone replacement therapy may be having in the brains of patients undergoing this
type of treatment. Through this investigation it has been demonstrated that androgens
are capable of decreasing GABAergic tone in layer VI pyramidal cells of the mouse
mPFC. While it is not certain, it is likely these effects occur at least partially through an
AR-dependent mechanism.

Androgens have already been shown to influence

reciprocal projections from the BF through androgen-sensitive mPFC neurons (Aubele
& Kritzer, 2012). The decrease in inhibition shown in this work may further facilitate
excitatory influences on these neurons, including afferent cholinergic fibers projecting
from the NBM.
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