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Abstract 

Plasticity of synapses is not static across the lifespan. As the brain matures and ages, the ability of 

neurons to undergo structural and functional change becomes more limited. Further, there are a 

number of modulatory factors that influence the expression of synaptic plasticity. Here, three 

approaches were taken to examine and manipulate plasticity in the auditory thalamocortical 

system of rats. Using an in vivo preparation, long-term potentiation (LTP) and paired pulse (PP) 

responses were used as measures of long- and short-term plasticity, respectively. First, the effect 

of intracortical zinc application in the primary auditory cortex (A1) on LTP was examined. 

Following theta burst stimulation (TBS) of the medial geniculate nucleus (MGN), juvenile and 

middle-age rats, but not young adults, showed greater levels of LTP with zinc application relative 

to age-matched control animals. Next, PP responses were examined between rats reared in 

unaltered acoustic conditions and those reared in continuous white noise (WN) from postnatal 

day (PD) 5 to PD 50-60 (i.e., subjected to patterned sound deprivation). Rats reared in WN 

demonstrated less PP depression relative to controls, indicating that WN rearing alters short-term 

thalamocortical synaptic responses. Furthermore, control males showed no change in PP response 

following LTP induction, indicating a postsynaptic locus of LTP, whereas increased PP 

depression following LTP induction was seen in WN animals, suggestive of a presynaptic 

involvement in LTP. Finally, differences in plasticity between male and female rats were 

investigated, and the result of early WN exposure on both sexes was examined. Males and 

females did not show consistent differences in LTP expression; however WN exposure appeared 

to affect LTP of females less than their male counterparts. PP responses were then compared 

between WN-reared males and females, and no difference was found. This indicates that short-

term plastic properties of auditory thalamocortical synapses between the sexes do not differ, even 

though plasticity on a longer time scale following sensory deprivation does indicate some 

difference. Together, the experiments summarized here identify some of the important factors that 

contribute to the regulation of short- and long-term synaptic plasticity in the central auditory 

system of the mammalian brain.  
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Chapter 1 

General Introduction 

1.1 Cortical Plasticity 

The nervous system was once believed to be a fixed entity in adulthood. The dogma was 

that once fully developed, both structural and functional changes of the brain were impossible 

(Gross, 2000). Over 60 years after Hebb and Konorski first outlined the framework for synaptic 

plasticity, we have come to realise that this idea of permanence of the nervous system is far from 

reality. In fact, we now know that the brain is indeed quite capable of change from the molecular 

to the behavioural level, well past early development and even into adulthood. 

Neuroplasticity is the ability for neurons and their functional connections to adapt and 

change in response to aging, experience and even trauma. The brain constantly undergoes 

structural and functional changes in response to changing environments whether these changes 

are adaptive, such as in the strengthening of synapses in memory formation, or maladaptive, as 

seen in the development of disorders such as tinnitus.  

In the case of the sensory cortices, the focus of this thesis, we see the emergence and 

refinement of areas that are optimally tuned for processing touch, sight and sound with normal 

development and maturation. Although research has historically focused on how visual 

experience can radically shape the retinotopic maps of the visual cortex (e.g., Wiesel & Hubel, 

1963), much recent progress has been made in understanding how acoustic input shapes the 

functionality of the auditory cortex. 
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1.2 Developmental Plasticity in the Auditory Cortex 

Prior to the onset of hearing, the computations required by auditory circuits are largely 

unknown. In humans, for example, it is nearly impossible for these circuits to anticipate what 

languages will be spoken by an individual prior to early experience. Thus, sensory experience-

dependent plasticity is essential for efficient processing of sound during the lifespan, especially 

around the onset of hearing.  

As in other sensory systems, the functional development of the auditory cortex is strongly 

influenced by the input it receives in early life, particularly during the “critical period” of 

heightened neural plasticity (Hensch, 2004). During this period, auditory experience has its 

greatest influence on cortical map organization, and neural circuits are able to form optimal 

connections suited to the individual’s environment (Barkat, Polley, & Hensch, 2011).  

The critical period, however, is only a brief epoch of enhanced plasticity, and its closure 

is accompanied by a maturing cortex that becomes increasingly resistant to change. In adulthood, 

modifications of receptive fields do not come easily, and typically require additional stimulation, 

such as behaviourally-relevant training, in order to demonstrate synaptic plasticity (Keuroghlian 

& Knudsen, 2007). Although the mechanisms underlying the loss of plasticity in adulthood are 

not fully understood, many factors from the molecular to the systems level have been identified as 

either driving forces or byproducts of these changes, and thus offer multiple avenues to further 

our understanding of dynamic cortical plasticity. 

1.3 The Current Thesis 

This thesis is aimed at exploring some of the factors contributing to auditory 

thalamocortical plasticity, and how they can be used to manipulate the normal developmental 

trajectory of cortical plasticity. The thalamocortical pathway is of particular importance in the 
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auditory cortex, as it is the primary pathway that sends frequency-specific information directly to 

the cortex (Liu, Basavaraj, Krishnan, & Yan, 2011). Each of the three projects presented here 

outlines a unique method of examining plasticity of the thalamocortical pathway that may help us 

understand and potentially counteract the internal and external factors that shape the expression 

of plasticity. The first project took a pharmocological approach by observing how cortical zinc 

application modulates long-term potentiation (LTP) across the rat lifespan.  

Next, the effects of sensory deprivation on the thalamocortical pathway were investigated 

by analyzing the changes that occur in LTP with white noise exposure. Furthermore, the 

characteristics of short term plasticity in normal and sensory-deprived animals were examined for 

basic differences. Particular emphasis was also placed on short-term plasticity and its role in 

understanding the mechanistic differences in expression of long-term potentiation in normal and 

sensory-deprived animals.  

Finally, the expression of both long- and short-term plasticity were compared between 

the sexes. In addition to analyzing how both forms of plasticity may vary between normal and 

sensory-deprived males and females, we also examined whether changes in short-term plasticity 

may relate to possible sex differences in LTP expression. The relevant background literature will 

be reviewed in the introduction of each respective project.  
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Chapter 2 

Zinc and the Facilitation of Long-Term Potentiation at Different Ages 

2.1 Introduction 

2.1.1 Long-Term Potentiation 

In 1949, Donald Hebb postulated one of the earliest theoretical models for synaptic 

plasticity. He proposed that, with repeated and persistent stimulation of a postsynaptic neuron by 

a presynaptic neuron, the efficiency of the synapse would increase. This theory is commonly 

summarized as “cells that fire together wire together”. Although recognized as a theory of 

associative learning, it was initially met with some criticism and had limited impact. It was not 

until over 20 years after Hebb’s theory was proposed that the first experimental evidence 

supporting his notion emerged.  

In 1973, Tim Bliss and Terje Lømo found that following repeated stimulation of the 

perforant path fibres into the rabbit dentate gyrus, the amplitude of excitatory field postsynaptic 

potentials showed long-lasting increases (Bliss & Lømo, 1973). This was the earliest reported 

example of synchronised electrical activity leading to an increase in synaptic efficiency and, 

perhaps most importantly, provided strong evidence for Hebb’s postulate for learning at the 

cellular level. In addition to LTP, the subsequent discovery of long-term depression (LTD) that 

results in the weakening of synapses, has further contributed to our understanding of cellular 

mechanisms that likely mediate processes of learning, memory and forgetting.  

More recently, research examining LTP has expanded from the hippocampus and into 

other cortical areas, including sensory cortices where, along with LTD, it has been implicated in 

the creation, maintenance and shifting of topographically organized maps, such as the retinotopic 
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map of the visual cortex and tonotopic map of the auditory cortex (Buonomano & Merzenich, 

1998). Although the majority of LTP research is conducted in slices of brain tissue, it is also 

readily observed in vivo. For example, theta burst stimulation (TBS) of the thalamus has been 

reliably found to induce LTP in thalamocortical pathways in both the visual and auditory systems 

(Heynen & Bear, 2001; Hogsden & Dringenberg, 2009a).  

2.1.2 	MDA Receptors 

Excitatory neurotransmission in the brain activates both α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) and -methyl-D-aspartate (NMDA) receptors, but it is the 

NMDA receptor (NMDAR) that is primarily responsible for the early stages of LTP induction. 

Simultaneous binding of glutamate and depolarization of the postsynaptic membrane is required 

to relieve the Mg2+ block of the ion channel of NMDAR, thus allowing for influx of Na+ and 

Ca2+, as well as the efflux of K+. This unique feature of requiring correlated pre- and postsynaptic 

activation allows NMDARs to function as Hebbian-like “coincidence detectors” of synaptic 

activity. Furthermore, the Ca2+ permeability allows for activation of kinases such as αCaMKII 

(Gardoni et al., 2001) which in turn increase AMPA receptor sensitivity (Barria, Muller, Derkach, 

Griffith, & Soderling, 1997) and ultimately strengthen the synapse (Benke, Lüthi, Isaac, & 

Collingridge, 1998). 

NMDARs are heterotetramers composed of at least one GluN1 and one GluN2 subunit. 

The other two subunits may be any of the eight GluN1 subunits, four GluN2 subunits (A-D) or 

two GluN3 subunits (A-B) that are expressed in the mammalian genome (Paoletti & Neyton, 

2007). It is the relative expression of GluN2 subunits, however, that have garnered the greatest 

interest in the modification of synaptic plasticity (Liu, Murray, & Jones, 2004). 
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In the rat primary auditory cortex, the relative expression of GluN2B-containing 

NMDARs is highest in juveniles and decreases slightly into adulthood, whereas populations of 

receptors containing the GluN2A subtype are low at birth and increase with age (Bi et al., 2006; 

Hsieh, Chen, Leslie, & Metherate, 2002). This changing profile of NMDAR properties with age 

has been suggested as a mechanism for the observed decrease in synaptic plasticity with age 

(Flint, Maisch, Weishaupt, Kriegstein, & Monyer, 1997). Specifically, the ratio of 

GluN2A:GluN2B expression is thought to mediate this effect, with a lower relative ratio 

facilitating LTP (Kopp, Longordo, & Lüthi, 2007; Quinlan, Philpot, Huganir, & Bear, 1999). 

2.1.3 Zinc and Synaptic Plasticity 

Zinc is an essential trace element that is found in many parts of the body including the 

liver, bones, muscle and the brain, and has been implicated in normal functioning of many areas 

from apoptosis to vision (see Bitanihirwe & Cunningham, 2009 for review). Zinc is necessary for 

stabilizing the structure of RNA and DNA and contributes to normal function of hundreds of 

enzymes (Nakashima & Dyck, 2009). 

In the central nervous system, zinc is mostly bound to proteins, but approximately 20% is 

localized within vesicular pools (Frederickson, 1989). Glycinergic and gamma-aminobutyric acid 

(GABA)-ergic neurons can both contain zinc within their vesicular pools, however most vesicular 

zinc is localized within glutamatergic neurons (Frederickson, Suh, & Silva, 2000). Given that 

zinc is often co-localized with glutamate, there is good reason to believe that zinc plays an 

important role in neuroplasticity (Nakashima & Dyck, 2009). In fact, a number of studies have 

shown that zinc acts as a potent modulator of LTP in the hippocampal formation, with a large 

body of work suggesting that exogenous zinc application not only potentiates LTP (Kim, Hwang, 

Yun, Jung, & Koh, 2002), but that zinc chelation and even dietary restriction can attenuate LTP 
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(Budde, Minta, White, & Kay, 1997; Lu et al., 2000). Zinc can act as a neuromodulator of 

calcium channels, among many other ion channels, thereby directly influencing LTP (Takeda, 

Fuke, Ando, & Oku, 2009). Most importantly to the current study, zinc is known to inhibit the 

GluN2A subunit at nanomolar concentrations (Bidoret, Ayon, Barbour, & Casado, 2009; Paoletti, 

Ascher, & Neyton, 1997), and is considered to be efficient in distinguishing between GluN2A- 

and GluN2B-containing NMDARs (Neyton & Paoletti, 2006). 

2.1.4 The Current Project 

Although the focus of study in cortical LTP has been centered primarily on the primary 

visual cortex, recent work has extended into the auditory cortex as well. Hogsden and 

Dringenberg (2009a) characterized levels of thalamocortical LTP that can be achieved using 

theta-burst stimulation and found an age-related decline, reminiscent of that seen in other cortical 

areas (Kirkwood, Lee, & Bear, 1995). Interestingly, sensory deprivation in early life through 

white noise rearing has been found to maintain high levels of juvenile-like LTP in the rat A1, 

perhaps by extending the naturally occurring critical period of development characterized by high 

levels of LTP (Hogsden & Dringenberg, 2009b). Subunit antagonism using ifenprodil or Ro 25-

6981 demonstrated this effect to be critically dependent on GluN2B subunits, illustrating their 

importance in heightened levels of plasticity during early life (Hogsden & Dringenberg, 2009b) 

and providing supporting evidence that experience can alter the molecular structure of NMDARs 

to promote or hamper LTP (Kopp et al., 2007).  

Further work showed that cortical application of zinc in rats older than postnatal day (PD) 

200 restored levels of LTP to those normally seen in much younger animals (PD 50-60; 

(Hogsden, Rosen, & Dringenberg, 2011). Given the high-affinity antagonism of GluN2A subunits 

by zinc (Low, Zheng, Lyuboslavsky, & Traynelis, 2000), it is possible that this facilitation of LTP 
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is mediated by a suppression of GluN2A subunits that effectively restores a more “juvenile-like” 

ratio of subunits (i.e., in favour of GluN2Bs). In order to test this hypothesis, this study addressed 

two main objectives. 

Firstly, in order to confirm the presence of an age-related decline in LTP, three groups of 

rats were tested: juvenile (PD 30-40), young adulthood (PD 100-110) and middle-age (PD 200+). 

Previous work by Hogsden and Dringenberg (2009a, b) demonstrated a decline in LTP with age; 

rats between PD 30-40 show the greatest levels of LTP after induction of a theta-burst stimulation 

protocol, whereas rats PD 200+ demonstrate little or no LTP.  

Secondly, the effect of zinc on LTP was examined across a large section of the lifespan. 

The local application of zinc (GluN2A antagonist) to the auditory cortex has previously been 

demonstrated to increase the levels of LTP that can be elicited with theta-burst stimulation in 

middle-age rats (PD 200+) that normally do not demonstrate any LTP (Hogsden et al., 2011). 

Whether zinc also acts to enhance LTP in younger brains is currently not known. If the 

facilitative effect of zinc on LTP is mediated by the developmental switch in GluN2A:GluN2B 

expression, zinc will likely have less of a potentiating effect on LTP in younger animals. In other 

words, we would hypothesize that zinc-mediated modulation of LTP occurs in an age-dependent 

manner, which mirrors the endogenous state of GluN2A:GluN2B subunits seen at different 

developmental stages. 

2.2 Methods 

2.2.1 Animals 

All animals were cared for under the experimentation guidelines established by the 

Canadian Council on Animal Care, and all experimental procedures were approved by the 

Queen’s University Animal Care Committee. Male Long-Evans rats were obtained from Charles 
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River (St. Constant, Québec) at either PD 20-25 or PD 81-90 and housed in a colony room until 

they reached the age for experimentation (PD 30-40, PD 100-110 or PD 200+). Animals were 

housed as four per cage with food and water available ad libitum. The colony room was kept on a 

12-12hr reverse light cycle (lights on at 19:00 h) and kept at a temperature of 20-25oC and 

humidity of 40-70%.  

2.2.2 Surgical Preparation 

Rats were placed under deep urethane anesthesia (1.5 g/kg, i.p., administered in 3 x 0.5 

g/kg doses every 15 min, with supplements provided as necessary) and positioned in a stereotaxic 

apparatus (David Kopf, Tujunga, CA, USA). A local anesthetic, Marcaine (2 mg/kg, s.c.) was 

applied to the skull 15 min prior to incision. Small holes were drilled above the MGN (AP -5.5, L 

+4.0, V -5.4 to -6.4) and ipsilateral A1 (AP -4.5, ML + 8.0, V -3.2 to -5.4). For the juvenile 

group, coordinates were adjusted as follows: MGN (AP -5.5, L +3.8, V -5.4 to -6.4) and A1 (AP -

4.5, ML + 7.5, V -3.2 to -5.4). Holes were also drilled above the contralateral parietal cortex and 

contralateral frontal cortex for the ground and reference electrode screws, respectively. Body 

temperature was maintained between 36-37oC for the duration of the experiment using an electric 

heating pad and cotton blankets.  

2.2.3 Electrophysiology 

A concentric, bipolar electrode (SNE-100, Rhodes Medical Instruments, David Kopf, 

Tujunga, CA) connected to a stimulus isolation unit (ML 180 Stimulus Isolator, AD Instruments, 

Toronto, ON, Canada) was used to stimulate the MGN with 0.2 ms pulse durations and provide 

constant current output. A stainless steel wire recording electrode (125 µm diameter, insulated 

with Teflon) was lowered into the middle cortical layers (IV-V) of A1, approximately 400-600 

µm deep. Final ventral placements for both the stimulating and recording electrodes were 
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adjusted to achieve maximum fPSP amplitude from A1 with a single pulse stimulation of the 

ipsilateral MGN.  

For drug application, the electrode was placed immediately next to a dialysis probe (Mab. 

2.14.4; 2 mm active polyether sulfone membrane, 35 kDA cut-off, S.P.E. Limited, North York, 

ON, Canada), with the electrode tip approximately 1 mm above the tip of the probe. The probe 

was connected to a 2.5 mL Hamilton airtight microsyringe driven by a microdialysis pump 

(CMA/102, CMA Microdialysis, Solna, Sweden).  

The recording electrode was connected first to a pre-amp, which connected to an 

amplifier (Model 1800, A-M Systems, Inc., Calsborg, WA) with filter settings at 0.3 Hz to 1 kHz. 

The amplifier was then connected to an A-D converter (PowerLab/4s system, running Scope 

software v. 4.0.2, AD Instruments, Toronto, ON) that digitized the recorded signal at 10 kHz and 

stored it for offline analysis. 

2.2.4 Data Collection 

Following brain stabilization (approximately 45 min), the MGN was stimulated in 0.1 

mA increments to create the initial input-output curves (0.1 – 1.0 mA). Stimulation for the 

experiment was carried out using the intensity that elicited a fPSP between 50-60% of the 

maximal amplitude. Baseline fPSPs were recorded every 30 s until a total of 60 stable fPSPs were 

obtained. Three episodes of TBS were then administered; each followed by 60 min of single pulse 

MGN stimulation every 30 s. TBS was applied in 4 trains of 10 bursts/train (bursts repeated at 5 

Hz, each burst containing 5 pulses at 100 Hz), with trains repeated every 10 s. 

2.2.5 Pharmacological Procedure 

Drug application began immediately prior to the start of baseline recordings and 

continued for the entire duration of the experiment. Drugs were applied locally to A1 via reverse 
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microdialysis, allowing the molecules to reach neural tissue by means of concentration-driven 

diffusion across the dialysis probe membrane.  Perfusion was set to a continuous flow rate of 1.0 

µL/min. With this technique, the drug concentration outside the probe membrane is estimated to 

reach approximately 10% of the concentration contained in the perfusion medium, i.e. artificial 

cerebrospinal fluid; aCSF (Oldford & Castro-Alamancos, 2003). The aCSF consisted of 124.0 

mM NaCl, 4.4 mM KCl, 1.2 mM MgSO4, 1.0 mM NaH2PO4, 2.5 mM CaCl2, 26.0 mM NaHCO3, 

and 10.0 mM glucose.  

To test the effect of intracortical zinc on LTP, rats received 1 mM zinc chloride (ZnCl2) 

dissolved in aCSF containing the heavy metal chelator tricine (10 mM) and applied locally to A1. 

Tricine is commonly used to control free zinc ion (Zn2+) concentration, as physiological solutions 

are known to contain contaminating concentrations of Zn2+ (Amar, Perin-Dureau, & Neyton, 

2001; Paoletti et al., 1997; Wilkins & Smart, 2002). The amount of free Zn2+ in the brain using 

the above concentrations of zinc and buffered by 10 mM tricine is estimated to be in the range of 

1 - 500 nM (Chu et al., 2004). Previous work determined that tricine alone has no effect on 

thalamocortical LTP (Hogsden et al., 2011).  The controls for zinc animals received continuous 

aCSF application throughout the experiment. All drugs were obtained from Sigma-Aldrich 

(Oakville, Ontario). 

2.2.6 Histology 

Rats were perfused through the heart with 0.9% saline and 10% formalin following all 

experiments. Brains were extracted, and standard histological techniques were used to verify 

stimulation electrode and recording electrode/electrode-dialysis probe placements. Data from 

experiments with inaccurate placements were excluded from analysis. 
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2.2.7 Data Analysis 

Amplitudes of the two negative-going cortical fPSP peaks (approximately 5-7 and 13-15 

ms after the stimulation artifact) were computed offline by calculating the voltage difference 

between activity just prior to stimulation and the amplitude of the peaks. Peaks were averaged 

over 10 min intervals and normalized by dividing by the average baseline fPSP for each animal. 

The fPSPs in the current study were analyzed by measures of amplitude, consistent with the 

majority of previous work on fPSPs or evoked potentials at neocortical synapses, including those 

in A1 (e.g. Eggermont, Munguia, Pienkowski, & Shaw, 2011; Hogsden & Dringenberg, 2009a; 

Kajikawa & Schroeder, 2011; Speechley et al., 2007). One reason for using amplitude over 

alternative measures (e.g., fPSP slope) is the fact that fPSP slopes often contain antidromic 

currents that contaminate slope measurements of field potential recordings in neocortical areas 

(Rioult-Pedotti, Donoghue, & Dunaevsky, 2007). Statistical comparisons were made using a 

mixed-model ANOVA, with post-hoc tests performed when necessary. All data are reported as 

means ± standard error of the mean (SEM). 

2.3 Results 

Typical placements of a stimulation electrode in the MGN and a recording electrode-

dialysis probe assembly in A1 are shown in Fig. 2.1. Figure 2.2 illustrates a typical fPSP, with 

two negative peaks, typical amplitudes of 0.2 mV and 0.1 mV and latencies of 7 ms and 15 ms for 

the first and second peaks, respectively. The fPSPs elicited in this preparation have previously 

been shown to be sensitive to CNQX application, with a concentration of 1mM resulting in a 

significant reduction of fPSP amplitude and thus illustrating AMPA currents as critical 

components of auditory thalamocortical synaptic transmission (Hogsden & Dringenberg, 2009a). 

Furthermore, previous current-source density experiments have reported an initial current sink in 
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Figure 2.1 Electrode Placements

in A1 (A) and stimulation electrode in MGN (B).
approximately 1 mm above the tip of the microdialysis probe. Line drawings are adapted from 
Paxinos and Watson (1998).
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layers followed by a later, superficial (500-600 µm) sink, thereby 

the first fPSP peak component represents activation of direct, thalamocortical synapses whereas 

the second fPSP peak reflects activation of intracortical synapses (Hogsden & Dringenberg, 

harmacological analyses demonstrating greater sensitivity of the second peak to a 

SCH 50911 application further support these results (Hogsden et al., 2011)

Electrode Placements. Location of a typical electrode-microdialysis probe placement 
in A1 (A) and stimulation electrode in MGN (B). Note that the tip of the recording electrode is 
approximately 1 mm above the tip of the microdialysis probe. Line drawings are adapted from 
Paxinos and Watson (1998). 

thereby suggesting 

cal synapses whereas 

the second fPSP peak reflects activation of intracortical synapses (Hogsden & Dringenberg, 

harmacological analyses demonstrating greater sensitivity of the second peak to a 
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Figure 2.2 Typical A1 field postsynaptic potential. Typical fPSPs elicited in A1 following a 
single pulse stimulation of the MGN. The black and red traces represent fPSPs before and after 
LTP induction, respectively. 

2.3.1 The Effect of Age on LTP 

A comparison of three age groups was conducted in order to create a developmental 

profile of age-related differences in LTP that can be elicited following TBS of the MGN (Fig. 

2.3). All animals were tested with constant perfusion of aCSF into A1. Consistent with previous 

findings, an overall effect of age was found on levels of LTP in the rat A1 (first peak: effect of 

group, F(2, 18)=6.727, P<0.01; group by time interaction, F(40, 360)=3.829, P<0.01; second peak: 

effect of group, F(2,18)=2.489, P=0.11; group by time interaction F(40, 360)=1.896, P<0.01).  

Animals aged PD 200+ (n = 8) showed relatively little LTP following TBS, with 

amplitude of the first and second field postsynaptic potential (fPSP) peaks increasing 2 and 12% 

over baseline, respectively in the last 30min of the 3rd hour of recording. As expected, these levels 

of potentiation were significantly less than those observed in the young adult (first peak: effect of 

group, F(1, 12)=20.758, P<0.01; group by time interaction F(20, 240)=11.679, P<0.01; second peak: 

effect of group, F(1, 12), P=0.04; group by time interaction, F(20, 240)=2.287, P<0.01)   

0.05 mV 

10 ms 
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Figure 2.3 The effect of age on LTP in A1. The effect of age on LTP levels of the 1st (A) and 2nd 
(B) A1 fPSP peak following TBS (indicated at arrows) of the MGN. The juvenile (PD 30-40, n = 
7) and young adult (PD 100-110, n = 6) animals showed higher LTP in both thalamocortical 
(Peak 1) and intracortical (Peak 2) synapses compared to the middle-age (PD 200+, n = 8) 
animals. 
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and juvenile groups (first peak: effect of group, F(1, 13)=2.781, P=0.12; group by time interaction, 

F(20, 260)=2.103, P<0.01; second peak: effect of group, F(1, 13)=3.480, P=0.09; group by time 

interaction, F(20, 260)=2.878, P<0.01).  

The young adult group (PD 100-110; n = 6) exhibited moderate levels of LTP, with 

amplitudes of fPSPs for the first and second peak increasing 41 and 28% over baseline, 

respectively. For animals aged PD 30-40 (n = 7), fPSP amplitude increased by 19 and 27% of 

baseline for the first and second peak, respectively. The level of LTP observed in the young adult 

group was therefore slightly higher than that seen in the juvenile group (first peak: effect of 

group, F(1, 11)=2.922, P=0.11; group by time interaction, F(20, 220)=1.782, P=0.02; second peak: 

effect of group F(1, 11)=0.100, P=0.76; group by time interaction, F(20, 220)=0.788, P=0.73). 

2.3.2 The Effect of Zinc on LTP at Different Ages 

The effect of zinc on LTP was tested in juvenile (PD 30-40), young adult (PD 100-110) 

and mature adult (PD 200+) rats by applying ZnCl2 (dissolved with tricine in aCSF) locally in A1 

and comparing results to age-matched controls receiving only aCSF. The fPSPs of rats aged 

between PD 30-40 that received ZnCl2 (n = 8) reached 44% for the first peak and 28% above 

baseline for the second peak, demonstrating facilitation of LTP of the first, but not the second 

fPSP peak compared to age-matched controls (first peak: effect of group F(1, 13)=14.656, P=0.03; 

group by time interaction, F(20,260)=2.716, P=0.01; second peak: effect of group, F(1, 13)= 0.005, 

P=0.95; group by time interaction, F(20, 260)=0.738, P=0.79; Fig. 2.4).  

With application of ZnCl2, fPSPs of rats aged PD 100-110 (n = 9) reached 35 and 33% 

above baseline amplitude following TBS, levels of potentiation that did not differ significantly 

from those in age-matched controls (first peak: effect of group, F(1,13)=0.199, P=0.66; group by 

time  
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Figure 2.4. The effect of cortical Zn application on LTP levels in juvenile rats. The effect of 
cortical Zn application on LTP levels of the 1st (A) and 2nd (B) A1 fPSP peak of rats age PD 30-
40 following TBS (indicated at arrows) of the MGN. Rats that received Zn (n = 8) had increased 
LTP of thalamocortical synapses (Peak 1) compared to age-matched controls (aCSF, n = 7), yet 
Zn had no effect on LTP of intracortical synapses (Peak 2). Asterisks represent statistical 
significance P<0.05. 
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Figure 2.5. The effect of cortical Zn application on LTP levels in young adult rats. The effect 
of cortical Zn application on LTP levels of the 1st (A) and 2nd (B) A1 fPSP peak of rats age PD 
100-110 following TBS (indicated at arrows) of the MGN. Rats that received Zn (n = 9) showed 
no difference in LTP of thalamocortical synapses (Peak 1) or intracortical (Peak 2) synapses 
compared to age-matched controls (aCSF, n = 6). 
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Figure 2.6. The effect of cortical Zn application on LTP levels in middle-age rats. The effect 
of cortical Zn application on LTP levels of the 1st (A) and 2nd (B) A1 fPSP peak of rats age PD 
200+ following TBS (indicated at arrows) of the MGN. Rats that received Zn (n = 8) had 
increased LTP of thalamocortical synapses (Peak 1) compared to age-matched controls (aCSF, n 
= 8), yet Zn had no effect on LTP of intracortical synapses (Peak 2). Asterisks represent statistical 
significance P<0.05. 
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interaction, F(20, 260)=0.546, P=0.94; second peak: effect of group, F(1, 13)=0.146, P=0.71; group by 

time interaction, F(2, 260)=0.539, P=0.95; Fig. 2.5).  

In rats aged PD 200+, those that received ZnCl2 (n = 8) showed greater levels of LTP of 

the first, but not the second peak following TBS of the MGN as compared to age-matched 

controls, with the first and second peak reaching 11 and 3% above baseline, respectively (first 

peak: effect of group, F(1, 14)=3.616, P=0.08; group by time interaction, F(20, 280)=1.957, P<0.01, 

second peak: effect of group, F(1, 14)=0.370, P=0.71; group by time interaction, F(20, 280)=1.477, 

P=0.09; Fig. 2.6).  

In summary, zinc application in A1 resulted in a facilitation of LTP in juvenile and 

middle-age rats, an effect that was specific to the first peak of the fPSP, thought to reflect currents 

associated with activation of direct, thalamocortical synapses between MGN and A1 (Hogsden & 

Dringenberg, 2009a). 

2.4 Discussion 

The current experiment examined the effect of intracortical zinc application on levels of 

LTP in rats across a section of the developmental spectrum. Zinc was found to potentiate LTP of 

thalamocortical, but not intracortical synapses of juvenile and middle-age rats, but had no effect 

on LTP of young adult rats. As a result, zinc does not appear to affect plasticity in a strictly 

developmental-dependent manner in this preparation.  

An important factor in interpreting the observed relation between zinc-induced LTP 

enhancement and age is the fact that the age-related decline of LTP noted previously (and using 

similar methodology) was not entirely replicated. Previous work has shown a clear, age-related 

decline of LTP in rats aged between PD 30 to 200 (Hogsden & Dringenberg, 2009a; Hogsden et 

al., 2011). Relative to this work, the current experiment found greater levels of LTP in young 
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adult rats and decreased levels in juvenile animals. At present, it is unclear why the age-related 

decline in LTP was not replicated in the current experiments. However, given the considerable 

evidence for a reduction of LTP with increasing age in A1 and other sensory modalities (Hogsden 

& Dringenberg, 2009a; Kato, Artola, & Singer, 1991), it is possible that the pattern of results 

observed here does not reflect (for reasons currently unknown) the true relation between levels of 

synaptic plasticity and age. Also, for future work, it would be advantageous to include a group of 

rats at an even younger age than those used here and in previous work on LTP in A1, given that 

the critical period for heightened plasticity in A1 is beginning to close by PD 30 (Zhang, Bao, & 

Merzenich, 2002). Thus, the PD 30-40 range may not be optimal for capturing the differences in 

LTP between early postnatal and adolescent life.  

Although the levels of LTP seen in the young adult group exceed those seen in 

developmental studies using the same preparation (Hogsden & Dringenberg, 2009a), they do fall 

within the range of other studies that used similar methodologies (e.g., Speechley, Hogsden, & 

Dringenberg, 2007). This illustrates the wide variability of LTP expression even in studies using 

similar preparations, and highlights the challenges in forming inferences on how zinc application 

alters the normal developmental trajectory of LTP expression. As a result, the potentiation of LTP 

by zinc in the current study will not be discussed on a developmental basis. 

2.4.1 Facilitation of plasticity by zinc 

The present experiments reveal that zinc has the ability to facilitate LTP in the rodent A1, 

particularly in juvenile (PD 30-40) and older (> PD 200) rats. The enhancement of LTP in this 

older group confirms previous work, which showed enhanced LTP at thalamocortical, but not 

intracortical A1 synapses (Hogsden et al., 2011), a pattern of results replicated with the current 

experiments and which may possibly be explained by layer-dependent differences. For instance, 
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levels of endogenous zinc in the adult barrel cortex have been found to be low or nearly absent in 

the thalamorecipient layers IV and VI, compared to the relatively high concentrations in other 

layers (Land & Akhtar, 1999) and suggest that these synapses may be more sensitive to zinc 

application. Furthermore, the relative expression of GluN2A:GluN2B subunits is much lower in 

the deep layers of A1 and ventral MGN compared to the superficial layers (Hsieh et al., 2002). It 

is therefore conceivable that the thalamus and deeper cortical layers are more sensitive to changes 

in the GluN2A:GluN2B ratio than the superficial layers. 

The facilitation of LTP at thalamocortical synapses noted here is also consistent with the 

majority of studies on LTP modulation by zinc in other brain regions. It appears that most work 

investigating the effect of zinc on synaptic plasticity has been conducted in the hippocampus. For 

example, in the hippocampal CA1 area, an NMDAR-dependent form of LTP induced by high-

frequency (100 Hz) stimulation is facilitated by zinc at micromolar concentrations (Takeda et al., 

2010). Interestingly, the same authors also found that zinc does not facilitate NMDAR-

independent LTP in CA1, further providing evidence that the NMDAR is a critical target for the 

modulation of LTP by zinc. 

Similar effects have also been observed at other hippocampal synapses, such as those in 

the CA3 area, where zinc administration has consistently been found to increase LTP (Li, Hough, 

Frederickson, & Sarvey, 2001; Xie & Smart, 1994). In addition, zinc blockade by dietary 

deficiency or via extracellular chelation has been found to result in inhibition of LTP in CA3 (Lu 

et al., 2000). A critical role of synaptically released zinc has also been demonstrated in the 

induction of the cortico-amygdalar connections involved in auditory fear conditioning (Kodirov 

et al., 2006). 
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There is some evidence against zinc chelation having any effect on LTP; however the 

differing methodologies likely influence these results. For example Vogt, Mellor, Tong, & Nicoll 

(2000) were unable to detect any differences between LTP of wild-type and the mocha mutant 

mouse that lacks chelatable zinc in the mossy fiber pathway. It is difficult, however, to draw clear 

conclusions from this experimental approach, as the mocha mutant exhibits reduced levels, but is 

not completely devoid of all vesicular zinc (Paoletti, Vergnano, Barbour, & Casado, 2009).  

Overall, it does appear that the general trend in the literature is that zinc potentiates LTP, 

and that the findings from the current study are in concordance with the majority of work that has 

examined the role of zinc in LTP modulation. 

2.4.2 Potential mechanisms 

The present thesis did not attempt to identify the mechanisms responsible for the 

enhanced plasticity noted after zinc application in A1. However, there are several candidate 

mechanisms that have been identified in previous work.  

 

Zinc as an Glu2A Antagonist 

As mentioned, one potential target of zinc in the nervous system is the GluN2A subunit 

of the NMDAR, where it acts as a highly selective antagonist. Zinc may be potentiating LTP in 

adult animals via GluN2A blockade as suggested by Hogsden et al. (2011), given the high 

prevalence of this subunit in the mature cortex (Cull-Candy, Brickley, & Farrant, 2001), whereas 

potentiation in juveniles could be mediated by one of the mechanisms outlined below. An 

important methodological concern is that the spatial ubiquity and functionally vast range of 

effects that zinc has in the central nervous system do not make it an ideal candidate for purely 

pharmacological analysis.  
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In comparison with other commonly used drugs with a GluN2A antagonist profile, zinc is 

in fact the most suitable candidate for a GluN2A antagonist to date. Although their range of 

effects on the nervous system is far smaller than zinc, other GluN2A antagonists typically exhibit 

quite poor subunit selectivity. For example, NVP-AAM077 is widely used as a GluN2A-

preferring antagonist, even though is only exhibits a 9-12 fold high affinity for GluN2A over 

GluN2B subunits (Neyton & Paoletti, 2006). Furthermore, NVP is a competitive antagonist, and 

its inhibition of GluN2As is therefore dependent on the levels of glutamate present in the 

experimental preparation. The use of NVP as a GluN2A antagonist in early hippocampal studies 

indicated that, in fact, GluN2A subunits favor LTP induction, while GluN2Bs were believed to be 

responsible primarily for the generation of LTD (Liu et al., 2004; Massey et al., 2004). However, 

given that pharmacological agents used in this work are now known to lack clear subunit 

selectivity, these results have now been brought into question (Neyton & Paoletti, 2006). Zinc not 

only acts as a noncompetitive antagonist of GluN2A-containing NMDARs, but it is also 

estimated to have a selectivity for the GluN2A subunit that is 2000 fold higher than for GluN2B 

subunits, making it far more reliable for this purpose than the commonly used NVP (Chen, 

Moshaver, & Raymond, 1997). 

 

Zinc and BDF 

Zinc has also been found to increase levels of brain-derived neurotrophic factor (BDNF) 

mRNA, which itself greatly influences cortical plasticity (Nowak et al., 2004). BDNF is 

synthesized and released from glutamatergic neurons (Lessmann, Gottmann, & Malcangio, 2003), 

and its receptor (TrkB) is localized both pre- and postsynaptically which has made it a likely 

candidate in the modulation of plasticity (Bekinschtein & Cammarota, 2008). BDNF prevents 
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synaptic fatigue (i.e., the reduction of EPSP amplitude in response to rapid, consecutive stimuli in 

a burst), thereby enhancing the ability for synapses to respond to high frequency stimulation, and 

facilitating LTP induction (Figurov, Pozzo-Miller, Olafsson, Wang, & Lu, 1996). In addition to 

exerting permissive effects on LTP, BDNF also modulates LTP by means that are independent of 

reducing synaptic fatigue (Bramham & Messaoudi, 2005). Synaptic consolidation, the protein-

synthesis dependent strengthening of synapses, is believed to be triggered in part by BDNF 

signaling via regulation of mRNA translation of genes that are required for LTP formation 

(Soulé, Messaoudi, & Bramham, 2006). Therefore, it is possible that zinc facilitates the induction 

and development of LTP via its ability to increase levels of BDNF. 

 

Other Potential Mechanisms 

Given that zinc application does not appear to facilitate LTP in a manner that perfectly 

mimics the NMDAR subunit ratio changes, it is possible that the potentiating effects of zinc in 

the juvenile and middle-age groups act by one or more of the mechanisms outlined here. It is 

furthermore possible that the facilitation of LTP by zinc in the juvenile and middle-age groups 

may be operating by means of differing combinations of these mechanisms that, for reasons 

currently unknown, do not appear to act on young adult rats.  

Zinc can act as a neuromodulator that increases intrinsic membrane excitability of the 

CA1 region in the rat by augmenting spontaneous firing and enhancing the rate of evoked action 

potentials (Tian, Yang, & Zhang, 2010). Increased excitability has been found to prime LTP 

(Cohen, Coussens, Raymond, & Abraham, 1999), and could therefore be another means by which 

zinc could facilitate LTP. 
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Zinc has also been found to inhibit glutamate uptake transporters and prolong 

glutamatergic transmission (Vandenberg, Mitrovic, & Johnston, 1998) and, as a result, NMDA-

dependent plasticity (Frederickson, Koh, & Bush, 2005). 

Finally, further to its action as a neuromodulator, zinc is recognized as a signaling ion 

similar to calcium in that it can penetrate the postsynaptic membrane (Li, Hough, Suh, Sarvey, & 

Frederickson, 2001) to influence a multitude of target proteins, of which many have unknown 

functions (Frederickson & Bush, 2001). 

It is important to note that endogenous zinc concentrations in the brain increase from 

early postnatal to adult life and remain stable throughout adulthood (Markesbery, Ehmann, 

Alauddin, & Hossain, 1984). Thus, it appears that the increase in LTP by simply supplementing a 

developmental loss in the trace element is unlikely.  

In brief, the many known effects of zinc on plasticity through both direct and indirect 

means further illustrate potential mechanisms underlying the facilitation of LTP by zinc in the 

current study. 

2.4.3 Further Considerations and Future Directions 

MDAR Subunits 

One direct extension of the current hypothesis would be to assess how further 

manipulation of NMDAR subunits might alter LTP and perhaps provide evidence for a 

mechanism by which GluN2A antagonism enhances LTP. For example, if the increased LTP seen 

in this experiment is due in part to a lowered GluN2A:GluN2B ratio, then any potentiating effects 

of an GluN2A antagonist on LTP should be eliminated with simultaneous administration of an 

GluN2A and GluN2B. To test this, the effects of simultaneous zinc and Ro 25-6981 (GluN2B 

antagonist) application could be examined, and the degree of LTP reduction could be measured. 
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Further, given the absence of a potent GluN2A antagonist, is would also be possible to alter the 

NMDAR subunit ratio by over-expressing GluN2Bs. This technique has already indicated a 

potentiating effect of increased GluN2B on LTP in the prefrontal cortex of mice (Cui et al., 

2011).  

In order to further examine the developmental component of the current hypothesis, 

testing a wider range of ages might tease apart developmental differences more clearly. The 

majority of changes in GluN2A:GluN2B subunit expression occur by PD 20 in A1 (Hsieh et al., 

2002), and peak expression of GluN2B occurs during the auditory critical period, approximately 

2-3 weeks post birth (Bi et al., 2006), in keeping with evidence that the GluN2A:GluN2B subunit 

switch is responsible for bringing the critical period to a close (Nase, Weishaupt, Stern, Singer, & 

Monyer, 1999).  

A potentially valuable complement to future studies would be a direct measure of 

specific, receptor-associated proteins, such as a Western blot, of receptor expression at the ages 

tested. Currently, analyses of GluN2A and GluN2B proteins in the auditory cortex are largely 

performed on very young tissue, with such analyses extending mostly into adolescents (e.g. 

Petralia & Wenthold, 2008). Levels of GluN2B mRNA have been assessed in monkeys from 6-26 

years old, and a decrease was found in the prefrontal cortex and caudate from the young to old 

animals (Bai et al., 2004), providing evidence that GluN2B continues to decrease in mammals in 

later life. Although the exact levels of expressed proteins may differ slightly from mRNA 

expression (Magnusson, 1998), this additional information would be a worthwhile extension to 

evaluating hypotheses that are based on NMDAR subunit expression. 
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A Sliding Threshold for LTP 

The history of postsynaptic activity is also an important factor in LTP expression, and 

this relationship is explained in the Bienenstock, Cooper, and Munro (BCM) theory. Named for 

its authors, the BCM theory suggests a sliding threshold for synaptic plasticity that is based not 

only on Hebbian principles, but also brings into account temporally-averaged postsynaptic 

activity. The BCM theory was built upon previous work that proposed a modification threshold 

for synapses, θm, which determines whether synapses are strengthened or weakened if 

postsynaptic activity falls above or below the threshold, respectively (Cooper, Liberman, & Oja, 

1979). Furthermore, the theory states that recent synaptic activity can slide the threshold 

bidirectionally, with recent increases in activity shifting θm to the right, and decreases in activity 

shifting θm to the left (Bienenstock, Cooper, & Munro, 1982). In order to gain a better 

understanding of how both activation patterns and subunit expression interact to slide the 

threshold for LTP, future studies could employ a number of stimulation protocols in combination 

with subunit manipulation to see whether a higher expression of GluN2As, for example, shifts the 

synaptic threshold in favour of LTD. 

Cho and colleagues (2009), for example, examined how NMDAR ratios affect 

bidirectional plasticity in the visual cortex of the mouse. They found that the LTP/LTD threshold 

was directly proportional to levels of GluN2A expression, and shifted further to the left with 

increasingly lower GluN2A expression. As a result, stimulation frequencies that would normally 

result in LTD instead produce LTP with decreasing levels of GluN2A (Cho et al., 2009), 

consistent with the BCM theory of synaptic modification. Whether zinc acts to shift the LTP/LTD 

threshold in the auditory cortex is a potential question for future studies. 
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2.4.4 Concluding Remarks 

In summary, the inability to replicate a normal age-related decline in LTP in the above 

experiment restricts the conclusions that can be drawn regarding the effects of zinc on modulating 

developmental declines in LTP via GluN2A subunit antagonism. The potentiation of LTP in A1 

of juvenile and middle-age rats indicates that this facilitation likely acts by more than one of the 

many diverse effects zinc has on the nervous system, and prompts the need for further study to 

fully understand the underlying mechanisms of the results seen here. Furthermore, there remain 

unanswered questions regarding the effects of changing NMDAR subunit expression on plasticity 

in the auditory cortex. Until the development of appropriate pharmacological tools, however, we 

can only speculate about how subunit expression controls, or is driven by, age-related changes in 

plasticity. 
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Chapter 3 

Sensory Deprivation by White 	oise Exposure and the Effects on Short- 

and Long-Term Plasticity 

3.1 Introduction 

3.1.1 Sensory Deprivation and Plasticity 

Sensory experience exerts a great influence on the development of cortical networks. 

This work was pioneered by Wiesel & Hubel (1963), who found that when one eye is visually-

deprived, its cortical representation shrinks in favour of the intact eye (i.e. ocular dominance 

plasticity). The changes that sensory experience may exert on the brain do, however, have 

temporal limits. Neural susceptibility to activity-dependent change is highest during the critical or 

sensitive period of development in early life (Hensch, 2004). Following the closure of the critical 

period, synapses become progressively resistant to change into adulthood (Keuroghlian & 

Knudsen, 2007). In the rat A1, the temporal limit of the critical period is no later than PD 30, 

after which continuous exposure to an altered acoustic environment fail to cause changes in 

cortical maps (Zhang et al., 2002).  

Interestingly, rats reared in continuous white noise (WN) from the onset of hearing 

express a delay in tonotopic organization, effectively extending the critical period (Chang & 

Merzenich, 2003). Evidently, in the absence of normal acoustic input, the cortex remains in an 

immature state of organization. This finding also extends to the thalamocortical pathway, as WN 

rearing also delays strengthening of synapses beyond the normal critical period. As a result, levels 

of LTP in adults that have been reared in WN are maintained at a juvenile-like state, and are 

therefore much higher than those seen in age-matched controls exposed to unaltered sound 
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conditions (Hogsden & Dringenberg, 2009b; Speechley et al., 2007). Although the effects of WN 

on thalamocortical LTP in the rat A1 have been studied, there is no work that has examined the 

characteristics of the short-term plasticity of local field potentials. 

3.1.2 Short-Term Plasticity and the Paired-Pulse Ratio 

Synaptic plasticity can exhibit different time courses and durations, varying from 

milliseconds to hours, days, and months (Feldman, 2009). In electrophysiological studies, the 

duration of short-term plasticity is generally considered to cover a range from a few milliseconds 

to several seconds or minutes (Zucker & Regehr, 2002). Understanding the characteristics of 

neural responses on a short timescale is of particular importance in the auditory cortex, where the 

perception of many biologically and behaviourally-relevant sounds (e.g., birdsong, rodent 

vocalizations, human speech) hinge on the ability to compute brief and repetitive sounds (Bartlett 

& Smith, 2002).  

Two widely studied forms of short-term plasticity are paired pulse facilitation (PPF) and 

paired pulse depression (PPD). Here, the application of two single pulse stimulations (typically 

delivered with an interstimulus interval (ISI) between 10 to 1000 ms) results in two postsynaptic 

potentials (PSPs) that can be directly compared. The paired pulse ratio (PPR) is determined by 

dividing the amplitude of the second PSP by the first, and serves as an index of change from the 

initial to the second PSP elicited by a stimulation pair (Fortune & Rose, 2001). Thus, short-term 

synaptic plasticity can be quantified by demonstrating enhancement or depression of the second 

PSP relative to the first, indicative of a short-lasting facilitation or inhibition, respectively, of 

synaptic coupling between neuronal populations. A paired-pulse ratio (PPR) with a value greater 

than 1.0 is indicative of PPF, while a PPR of less than 1.0 represents PPD of synaptic 

transmission (Pan, Yang, Han, & Xie, 2004).  
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Although there is some debate regarding the precise mechanisms involved, the site of 

short-term enhancement in transmission is generally believed to occur at the presynaptic terminal. 

The most accepted hypothesis for short-term facilitation is the residual Ca2+ hypothesis, proposed 

by Katz & Miledi in 1968. They found that by increasing the concentration of available Ca2+ at 

the neuromuscular junction, they could elicit a far greater response to stimulation than if Ca2+ had 

been depleted (Katz & Miledi, 1968), a hypothesis that has received consistent support by 

experimental work conducted over the last decades (Zucker & Regehr, 2002). 

Two successive stimulations may, however, result in a PSP that is smaller than the first, 

i.e., PPD. The mechanisms of PPD are somewhat less well understood than that of PPF, and an 

involvement of both pre- and post-synaptic mechanisms has been postulated, depending in part on 

the specific anatomical region under study (Shin, Kato, & Mikoshiba, 2001). Nevertheless, the 

most widely accepted mechanism of PPD involves a decrease in the readily releasable pool of 

vesicles in the presynaptic cell (i.e., a reduction in available neurotransmitter; Chen, Harata, & 

Tsien, 2004). At high levels of stimulation or activity, PPD may also result in even greater 

depression due to depletion of external calcium (Zucker & Regehr, 2002).   

Whether a synapse expresses PPF or PPD is often attributed to the probability of 

transmitter release of a given synaptic terminal. In A1 and other forebrain neurons, excitable 

synapses generally fall into two broad categories: strong synapses with a high probability of 

release, or weak synapses with a low probability of release (Atzori et al., 2001). Cells with a high 

probability of release display higher PPD, likely as a result of the depleted vesicle pool (Percaccio 

et al., 2005). Conversely, synapses with a low probability of release exhibit less PPD or even PPF 

(Atzori et al., 2001; Percaccio, Pruette, Mistry, Chen, & Kilgard, 2007). Consistent with this 

model, a similar relationship may also exist between EPSP amplitude and PPF and PPD, as 
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synapses displaying larger EPSPs tend to exhibit PPD, whereas synapses with smaller, initial 

EPSPs appear to favor PPF (Thomson, Deuchars, & West, 1993). 

3.1.3 The Paired Pulse Ratio and Mechanisms of Long-Term Potentiation 

In addition to facilitating our understanding of neural activity on smaller timescales, 

measures of short-term plasticity can also aid with the interpretation of mechanisms mediating 

longer-lasting changes, such at LTP. Although the function and general properties of LTP have 

been extensively studied, there continues to be an active and polarizing debate regarding some 

mechanisms underlying the initial induction and subsequent, long-lasting maintenance of LTP.  

One important and controversial question is whether cellular and molecular changes resulting in 

LTP are due primarily to modifications of the pre- or post-synaptic cell (Lauri et al., 2007). 

Presynaptic mechanisms of LTP include an increase in release sites, number of vesicles released 

per stimulation, concentration of glutamate stored in the vesicle, and an increase in release 

probability (Bliss et al, 2006). Possible postsynaptic mechanisms are insertion of new receptors, 

modifications to the receptors already present, and changes further downstream from glutamate 

receptors such as alterations to voltage-gated channels (Bliss et al, 2006).  

Although it cannot help uncover the exact mechanisms of LTP expression, the paired 

pulse ratio can play a key role in uncovering the site of expression. Changes in the paired pulse 

ratio following LTP induction are almost universally accepted to indicate a presynaptic change, 

likely due to an increased release probability (Kullmann & Lamsa, 2007). 

3.1.4 The Present Study 

In the following experiments, there were three main objectives. First, the effects of 

sensory deprivation in the form of white noise rearing were examined and compared to previous 

findings showing that white noise rearing generally leads to an increase in LTP (Speechley et al., 
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2007). Next, the expression of paired pulse responses in the thalamocortical pathway of both 

normal and sensory-deprived animals were characterized using a variety of interstimulus 

intervals, and the differences in PPRs between these two experimental groups were noted. 

Potential changes in the PPR before and after LTP induction in both groups were also examined 

and discussed in the context of possible pre- vs. postsynaptic mechanisms mediating LTP in the 

thalamocortical auditory system. 

3.2 Methods 

3.2.1 Animals  

For experiments using animals that received WN exposure, pregnant female Long-Evans 

rats (untimed, ~19 days) were obtained (same supplier as above). Upon arrival, rats were housed 

singly in cages until they gave birth. Before the onset of pups’ hearing, the mother and pups were 

moved into one of two sound-attenuated chambers (each 114 × 61 × 66 cm, aluminum-lined 

plywood, fitted with a time-controlled light, fan, and two equally spaced speaker boxes mounted 

on the ceiling of the box; sound attenuation across the chamber wall was about ~27 dB for 

measurements immediately outside the box containing an ~80 dB WN signal). Offspring were 

housed with the mother until weaning (PD 21) when the mother was removed from the chamber, 

and pups were separated into cages by gender, with no more than 4 rats per cage and only one 

gender per chamber. For age-matched control offspring, mothers gave birth in the same colony 

room (as above). After weaning, males and females were separated into gender-specific colony 

rooms. 
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3.2.2 White 	oise Exposure 

Mounted inside each speaker box were two speakers (one 3.25 inch tweeter and one 8 

inch woofer; 2 – 35 kHz and 45 Hz – 5 kHz, respectively; American Legacy Series 2 Speakers, 

Legacy Audio, Brooklyn, NY, USA). Both speakers were connected to a white noise generator 

(Electronics Workshop, Department of Psychology, Queen’s University). Previous spectral 

analyses of the WN generated by this set-up and recorded inside the sound-attenuated chamber 

showed that the signal covers a frequency range up to about 35 kHz, with power gradually 

declining between the 30 - 37.5 kHz range (Speechley et al., 2007).  

Continuous WN exposure began at PD 5, approximately 5-6 days prior to the onset of 

low-threshold hearing in rats (de Villers-Sidani, Chang, Bao, & Merzenich, 2007). The sound 

volume was increased incrementally over 5 days from ~70 to ~80 dB sound pressure level (SPL), 

and thereafter maintained at 80 dB SPL until electrophysiological procedures were carried out. 

Continuous WN rearing of rats using these or similar parameters is known to delay tonotopic 

development of A1 (Chang & Merzenich, 2003) and alter properties of cortical LTP (Speechley 

et al., 2007). 

3.2.3 Surgical Preparation and Electrophysiology 

Both the surgical preparation and electrophysiological procedures were carried out as 

outlined in Chapter 2. 

3.2.4 Data Collection and Analysis 

Data collection and analysis for LTP were carried out as outlined in Chapter 2, with the 

addition of the paired pulse protocol following creation of the input-output curves. Using the 

intensity that elicited a fPSP between 50-60% of the maximal amplitude, ten episodes of two 

successive single-pulse stimulations (paired pulses) were delivered, with a 5000ms interval 
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between each episode. Paired pulses were delivered at intervals of 25, 50, 75, 100, 125, 250, 500 

and 1000 ms. The paired pulse protocol was run again immediately following the third hour of 

recording in the LTP induction protocol (see section 2.2.4).  

For the analysis of paired pulse responses, only the first negative-going cortical fPSP 

peak was analyzed. As previously outlined, peak amplitudes were computed offline by 

calculating the voltage difference between activity just prior to stimulation and the amplitude of 

the peaks. Peaks were averaged for each ISI before and after LTP induction (Pre-LTP and Post-

LTP, respectively). Paired pulse ratios were calculated by dividing the peak amplitude (relative to 

baseline) of the second waveform by the amplitude of the first. Statistical comparisons were made 

using a mixed-model ANOVA, with post-hoc tests performed when necessary. All data are 

reported as means ± S.E.M. 

3.3 Results 

3.3.1 The Effect of White 	oise Rearing on Long-Term Potentiation 

The levels of LTP in WN-reared male rats (n = 10) was tested between PD 50-60 (Fig. 

3.1). Rats that were subjected to WN exposure from PD 5 to PD 50-60 showed significantly more 

LTP of the first fPSP peak (average amplitude in the last 30 min of recording 32% above 

baseline) following TBS of the MGN when compared to age-matched controls (n = 9; maximal 

amplitude 12% above baseline) raised in unaltered acoustic conditions (effect of group, F(1, 

17)=6.222, P=0.02; group by time interaction, F(20, 340)=4.637, P<0.01). There was, however, no 

effect of WN on levels of LTP of the second fPSP peak (effect of group, F(1, 17)=1.306, P=0.27; 

group by time interaction, F(20,340)= 0.903, P=0.58) with amplitudes of control and WN animals 

reaching 22 and 34% above baseline, respectively. 
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Figure 3.1. The effect of W	 rearing on LTP levels. The effect of WN rearing on LTP levels of 
the 1st (A) and 2nd (B) A1 fPSP peak of rats age PD 50-60 following TBS (indicated at arrows) of 
the MGN. Rats that were reared in WN from PD 5 to PD 50-60 (n = 10) had increased LTP of 
thalamocortical synapses (Peak 1) compared to age-matched controls (n = 9), yet WN had no 
effect on LTP of intracortical synapses (Peak 2). Asterisks represent statistical significance 
P<0.05. 
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3.3.2 Characterization of the Paired Pulse Response 

The typical responses to a variety of paired pulse stimulation intervals were examined 

both before and after LTP induction in animals reared in an unaltered acoustic environment (n = 

4). Figure 3.2 illustrates two successive fPSPs in response to paired pulse stimulation. Prior to 

LTP induction, paired pulse stimulation of the MGN resulted in a depression of the second fPSP 

relative to the first. The greatest levels of depression were seen with stimulation intervals of 50-

75ms (effect of interval, F(7, 21)=4.828, P<0.05). Levels of PPD were not altered after LTP 

induction (effect of LTP, F(1, 6)=0.088, P=0.78; LTP by interval interaction, F(7, 42)=0.537, P=0.80; 

Fig. 3.3). 

 

Figure 3.2. Typical fPSPs elicited in A1 following paired pulse stimulation. Typical fPSPs 
elicited in A1 following a paired pulse stimulation of the MGN. Only the paired pulse ratio of the 
first peak is used for analysis. The trace depicted was elicited with an interstimulus interval of 
100ms, and illustrates an example of paired pulse depression with the amplitude of the second 
waveform smaller than the first. 
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3.3.3 The Effect of White 	oise Rearing on Paired Pulse Ratios 

Interestingly, and in sharp contrast to control rats, animals reared in WN (n = 4) did not 

show the same pattern of PPD before LTP induction (Fig. 3.4). In fact, at stimulation intervals of 

250 and 500ms, there was some level of facilitation of the second fPSP in a stimulation pair. 

Further, the overall response to paired pulse stimulation was significantly different between WN 

animals and age-matched controls (effect of group, F(1, 6)=4.435, P=0.08; group by interval 

interaction, F(7, 42)=2.489, P=0.03). Surprisingly, the paired pulse responses changed significantly 

after LTP induction in WN rats (effect of LTP, F(1, 6)= 6.030, P<0.05; LTP by interval interaction, 

F(7, 42)= 2.154, P=0.06), and the second of the paired peaks showed depression at all stimulation 

intervals that was no different from age-matched controls (effect of group, F(1, 6)=0.498, P=0.51; 

group by interval interaction, F(7, 42)=0.316, P=0.94; Fig. 3.5). Thus, in WN rats, induction of LTP 

appeared to reverse the effect of WN rearing on PP ratios, resulting in a normalization of these 

responses to levels seen in adult rats reared under unaltered acoustic conditions. 
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Figure 3.3. The effect of LTP induction on the paired pulse ratio of control males. The effect 
of LTP induction on paired pulse ratio responses at various interstimulus intervals. Normally-
reared males (n = 4) did not exhibit any change in paired pulse responses following LTP 
induction by TBS of the MGN. 
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Figure 3.4. The effect of LTP induction on the paired pulse ratio of W	 males. The effect of 
LTP induction on paired pulse ratio responses at various interstimulus intervals. Males reared in 
WN (n = 4) showed a marked increase in the degree of paired pulse depression following LTP 
induction by TBS of the MGN. Asterisks represent statistical significance P<0.05.  
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Figure 3.5. Paired pulse responses before and after LTP induction in control and W	-

reared males. A comparison of paired pulse responses before and after LTP induction in control 
(n = 4) and WN-reared (n = 4) males. Prior to LTP induction, WN animals show either less paired 
pulse depression, or even paired pulse facilitation compared to age-matched controls. Following 
LTP induction via TBS of the MGN, the paired pulse responses of WN animals are not 
significantly different from controls. 
 

3.4 Discussion 

3.4.1 W	 Exposure and LTP 

The current study was conducted firstly in order to verify that WN rearing leads to 

increased LTP in the auditory thalamocortical system (Speechley et al., 2007). The results 

supported this hypothesis; however, a statistically significant effect of WN on LTP was only seen 

in thalamocortical, and not intracortical synapses, while previous work using a similar 

methodology found enhanced LTP at both types of synapses (Hogsden & Dringenberg, 2009b). 

In addition, both control and WN animals showed less LTP than that seen at PD 50-60 in 
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previous work (Hogsden & Dringenberg, 2009b; Speechley et al., 2007). This difference may be 

attributable to some level of variability in LTP levels seen using in vivo preparations. 

3.4.2 An Analysis of Paired Pulse Responses 

Next, an exploratory analysis of PP responses at eight ISIs was conducted before and 

after LTP in both control rats and in rats reared in WN. The control males showed slight PP 

depression at all ISIs, with the ratio approaching 1 at longer intervals. This result fits with the 

literature, which states that thalamocortical neurons projecting to layer 4 of the cortex produce a 

depression response to paired stimulation (Castro-Alamancos & Connors, 1997).  

In addition, the responses observed in the control males match work performed by 

Percaccio et al. (2005) in the rodent auditory cortex. The authors found that the presentation of 

paired stimuli with an ISI of 50ms produces more depression compared to ISIs longer than 

200ms. Blundon, Bayazitov, & Zakharenko (2011) examined whole-cell responses in A1 slices 

by stimulating the ventral division of the MGN, and in fact used the expression of PPD of EPSCs 

as an indication that thalamic afferents were being stimulated. Thus, it appears that the PPD seen 

in this experiment fit closely with the current literature.  

Interestingly, the WN animals showed a different PP response profile compared to 

animals reared under unaltered acoustic conditions, demonstrating only slight depression at 

shorter intervals (ISIs 25-125 ms), and facilitation of the second EPSP in a pair at intervals 

between ISI 250 and 500.  

In general, it is assumed that synapses that exhibit PPD have a relative high probability of 

transmitter release from the presynaptic terminal, which shows depletion with repeated 

stimulation. In contrast, synapses showing PPF are thought to have a lower release probability, 

which can be facilitated by the accumulation of Ca2+ in the presynaptic terminal (Atzori et al., 
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2001). The pattern of results obtained here would suggest that A1 synapses in rats reared under 

unaltered acoustic conditions may have undergone activity-dependent strengthening, which 

includes heightened transmitter release probability and expression of PPD. This maturation 

process likely was inhibited in WN animals showing PPF, indicative of reduced release 

probability.  

Other factors that can influence the PPR include GABAergic inhibitory transmission, 

with GABAB antagonism by phaclofen resulting in inhibition of PPD (Huang & Gean, 1994). The 

normal expression pattern of GABA receptors in A1 has been found to be disrupted by WN 

rearing (Xu, Yu, Cai, Zhang, & Sun, 2010), which could lead to lower levels of inhibition in the 

A1 of WN animals. The clear reduction of PPD in WN rats is consistent with this mechanism, as 

WN synapses may demonstrate increased facilitation due to disinhibition. Future research is 

required to critically assess both of these hypotheses. 

3.4.3 The Relationship between the PPR and Underlying Mechanisms of LTP 

In addition to helping understand the neural underpinnings of rapid, repetitive 

stimulation, the PPR can provide evidence for the localization of LTP. The results found here did 

not demonstrate a change in PPR before and after LTP in the control males, which is indicative of 

a postsynaptic locus of LTP (Kullmann & Lamsa, 2007). Conversely, WN animals (exhibiting 

preferential PPF prior to LTP induction) showed greater levels of PPD following LTP induction, 

with the PP responses now being very similar to those seen in control rats. These significant 

changes in PPRs in WN rats would be suggestive of a role of presynaptic changes in LTP at 

thalamocortical synapses in A1.  

There is some controversy surrounding whether LTP induction results in changes in the 

PPR that appears to be closely tied to the preparation used. Studies of PP responses in vitro more 
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often report a change in the PPR following LTP induction that, in some cases, is related to the 

magnitude of LTP in a linear fashion (Alle, Jonas, & Geiger, 2001; Schulz, Cook, & Johnston, 

1995). Conversely, studies using an in vivo preparation appear to find no change in PP responses 

following LTP induction (Cazakoff & Howland, 2010; Izaki, Takita, Nomura, & Akema, 2003).  

The stimulation protocol used to induce LTP has also been linked to whether or not a 

change in the PPR is observed. For instance, a study directly comparing PPRs following LTP 

induction by a 2 Hz and 100 Hz tetanus found a change in the PPR following LTP that had been 

induced using the lower frequency stimulation protocol that was correlated with the amplitude of 

LTP that had been induced. Following LTP induction by the high frequency tetanus, the PPR did 

not, on the other hand, show any change (Pan et al., 2004). Indeed, the type of LTP that is 

induced has found to be altered by using different patterns of stimulation (Bliss et al., 2006), and 

could be partly responsible for some of the discrepancies in PPR changes between some studies. 

The results from the current experiment do fit with the literature that LTP induction in vivo using 

a high frequency stimulation protocol does not result in a change in the PPR, and likely signifies a 

postsynaptic locus of LTP. 

3.4.4 Limitations 

A major limitation to interpreting the PP data is the small number of subjects included in 

each experimental condition. Although some differences were sufficiently large to yield statistical 

significance between WN and control animals, a larger number of experiments is required to 

confirm the precise pattern of PP responses observed here. Furthermore, the trend of PP responses 

before and after LTP in the WN animals suggests that, with larger subject numbers, the increase 

in PPD may become statistically significant at the longer ISIs. Further, drawing subjects in each 
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experimental condition (i.e., control and WN) from more than a single litter (which was done 

here) might increase the validity and generalizability of the results obtained in this experiment. 

3.4.5 Future Directions 

Using the local field potential, it is unfortunately difficult to isolate all the contributing 

pieces that result in the expression PPF and PPD. A number of factors can influence paired pulse 

responses, including levels of residual calcium, GABAergic inhibition, AMPAR desensitization, 

balance of excitatory and inhibitory neurons, and intrinsic membrane oscillations (Bartlett & 

Smith, 2002; Buzsáki, Anastassiou, & Koch, 2012), each of which could be investigated to better 

understand the mechanisms that contribute to PPF and PPD. For instance, in vivo calcium 

imaging has been used to examine synaptic processing in the cerebellum (Sullivan, Nimmerjahn, 

Sarkisov, Helmchen, & Wang, 2005) and could potentially be used in A1 to verify the residual 

calcium hypothesis. 

As with the previous chapter, an interesting extension to the current study would be to 

examine a wider range of the synaptic plasticity spectrum. For example, we do not know from the 

current results whether LTD occurs pre- or postsynaptically, and whether this changes with 

sensory deprivation in early life. Similarly, it would be interesting to examine the effects of 

sensory enrichment, and how its effects on short- and long-term plasticity differ from those seen 

as a result of sensory deprivation. For instance, rats exposed to an enriched auditory environment 

demonstrated increased PPD of auditory evoked potentials (Percaccio et al., 2007). Whether this 

is a response pattern that would also be seen in the LFP, and if such a response occurs on a 

continuum between enrichment and deprivation increasing depression and facilitation, 

respectively, is unknown. The results could, however, further indicate some of the underlying 

mechanisms in experience-dependent short term plasticity. 
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A further avenue for future research could be a developmental aspect to PP responses. 

For example, the expression mechanisms involved in LTP are believed to differ based on an 

animal’s stage of development (Bliss et al, 2006). This would be especially interesting to 

investigate, given that WN exposure is known to alter the developmental maturation of 

thalamocortical synapses (Speechley et al., 2007). If PP responses in rats much younger than PD 

50-60 show responses similar to the WN animals seen in this experiment, this would provide 

further evidence that sensory deprivation delays the emergence of not only the long-term, but 

short-term properties of cortical plasticity as well.  

Furthermore, examining PP responses during different phases of LTP (i.e. early LTP vs. 

late LTP) may provide evidence for another factor contributing towards diverse mechanisms of 

LTP expression (Bliss et al, 2006).  

A major question left unanswered by this experiment is whether behavioural correlates of 

LTP (i.e., learning and memory encoding) are affected by WN exposure. An interesting future 

direction would be to examine whether the learning curve on an auditory task is altered by WN 

rearing. Moreover, future studies could examine how PP responses may predict the ability for rats 

to process rapid, temporal stimuli such as conspecific vocalizations or sounds in a learning task. 

3.4.6 Concluding Remarks 

In summary, WN rearing was demonstrated to affect not only long-term, but short-term 

plasticity. Due to the exploratory nature of the experiment outlined above, there are many 

avenues for future research surrounding how early sensory experience affects short-term 

plasticity and the processing of rapid stimuli. 
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Chapter 4 

The Role of Sex in Modulating Short- and Long-Term Plasticity 

4.1 Introduction 

4.1.1 Sex Biases and Misconceptions 

Research on non-human mammals has long been heavily biased towards the use of male 

subjects. A survey conducted in 2009 of sex biases in 10 biological fields including physiology, 

pharmacology and behavioural psychology revealed that 8 out of 10 disciplines used a 

disproportionate number of male subjects (Beery & Zucker, 2011). Papers published in 

neuroscience journals were among the most skewed, with studies citing the use of only males 

compared to those using only females as 5.5:1 (Beery & Zucker, 2011).  

There are a number of contributing factors to this bias, some of which are long-standing 

assumptions that were made with little or no supporting evidence. One of the most common 

misconceptions is that the inclusion of female subjects can increase within-group variability due 

to cyclical sex hormones and, thus, confound the results of experimental manipulations 

(Wizemann & Pardue, 2001; Zucker & Beery, 2010). The basis of this assumption appears to date 

back as far as the early 20th century, when variations in female locomotor activity in rats were 

found to be linked to the estrous cycle (Wang, 1923). Since then, there has been little evidence 

suggesting that female variability is so great as to warrant the exclusion of females in animal 

studies (Zucker & Beery, 2010). A more recent meta-analysis of pain studies in mice revealed 

that intra-sex variability was in fact the same in males and females, leading the investigators to 

suggest a re-evaluation of the assumption that the estrous cycle increases variability in data sets 

(Mogil & Chanda, 2005).  
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Another common misconception is that sex differences in the brain are too unpredictable 

or even too small to warrant examining them as independent variables (Cahill, 2006). In fact, 

there are many known and reliable sex differences, aside from the obvious gross anatomical 

differences, present in many domains including memory processes (Seidlitz & Diener, 1998) and 

even the volume of specific brain regions (Goldstein et al., 2001). What may be unclear to some 

researchers is that sex differences are broad in scope and can manifest in a variety of ways. 

4.1.2 Types of Sex Differences 

McCarthy and colleagues (2012) claim that sex differences can be operationally 

categorized into three types. However, the lines dividing these categories of sex differences are 

not completely clear, and a number of differences fall partially between multiple categories. 

Sexual dimorphism encompasses the most extreme variations, with traits being present in one 

sex, but not another. Examples include bird song, courtship displays, and certain copulatory 

behaviours. Sex differences, conversely, exist on a continuum with the average expression of a 

given trait being different between females and males. The pain threshold, amount of food intake, 

levels of anxiety, and even memory are all believed to lie on such a continuum between the sexes. 

The third category of differences includes sex convergence and divergence. These traits may 

appear the same in males and females, but the neural substrates are distinct, such as in the case of 

problem solving strategies and certain aspects of parental behaviour, or they may appear the same 

at baseline level and only diverge in response to stress, such as responses to exposure to toxins 

(McCarthy et al., 2012). In the neurosciences, it is therefore extremely important to note that an 

absence in behavioural differences does not necessarily rule out the possibility of neural 

differences (Cahill, 2006). For the purposes of this chapter, the term ‘sex differences’ is used in 

the general sense, encompassing each of the three categories together.  
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4.1.3 Sex Hormones and the Brain 

One of the most intuitive and commonly held beliefs is that all sex differences can be 

attributed to the sex hormones. Indeed, estrogen has effects on cortical lateralization (Diamond, 

1991), responses to anesthetics (Maren, De Oca, & Fanselow, 1994), and performance on verbal 

tasks (Halpern & Tan, 2001). Some sex differences can even be predicted based on the stage of 

the female estrous cycle, however, the presence of sex hormones such as estrogen and 

testosterone cannot fully account for the observed behavioural and anatomical differences 

between males and females (Cahill, 2006). Some apparent sex differences may be entirely due to 

genetic factors distinguishing males and females. For instance, dopaminergic neurons have been 

found to develop functional and morphological differences between the sexes even in the absence 

of sex hormones (Reisert & Pilgrim, 1991). 

Developmental differences between the sexes are also important to consider when 

studying a phenomena such as LTP that is known to be influenced by stages of development (e.g., 

Hogsden & Dringenberg, 2009a), regardless of whether such differences are under direct genetic 

or epigenetic control. Female rats undergo synaptic overproduction, myelination and synaptic 

pruning earlier during development than males (Brenhouse & Andersen, 2011). Further, between 

the ages of 7-10, girls show accelerated synchronization of auditory event-related potentials 

relative to boys (Nanova, Kolev, & Yordanova, 2011). It is therefore important to account for 

normal developmental differences between the sexes when examining sex differences under 

conditions that are already known to alter the normal developmental trajectory (i.e., WN rearing). 

4.1.4 Sex Differences and Synaptic Plasticity 

The majority of work investigating sex differences in synaptic plasticity has been 

conducted in slices, with particular emphasis placed on the hippocampus and amygdala. Like 
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many investigations into other sex differences in the brain, there appears to be no clear consensus 

as to whether sex exerts a clear influence on levels of synaptic plasticity. For instance, while 

estrogen has been reported to promote synaptic plasticity in the hippocampus (Woolley, 1998), 

there are also a number of studies which claim that males express greater LTP than females in 

this area. Not only have males been reported to have more LTP in the hippocampus in both 

anesthetized (Maren, 1995) and awake (Bronzino & Kehoe, 1996) preparations, but estrogen has 

been found to decrease the amount of population spike LTP in the dentate of animals that 

underwent hormone treatment (Gupta, Sen, Diepenhorst, Rudick, & Maren, 2001).  

Females have been shown to express more LTP in the amygdala after theta burst or high 

frequency stimulation (Drephal, Schubert, & Albrecht, 2006; Schubert, Drephal, & Albrecht, 

2008). The magnitude of these differences has been linked to the estrous cycle, with females 

exhibiting more LTP in the lateral amygdala during the proestrus or estrus stages when compared 

to those in the diestrus stage (Schubert et al., 2008). In sharp contrast to these findings, Kaschel et 

al. (2004) report an absence of any difference in amygdalar plasticity between the sexes. It is 

evident from this review of the available literature that a clear consensus regarding sex 

differences (or the absence thereof) in synaptic plasticity has not yet emerged. 

4.1.5 The Current Experiment 

Due to the misconceptions outlined above, many neuroscience studies have previously 

avoided the use of female subjects. Unfortunately, this has resulted in a sparse and contradictory 

literature on sex differences in the brain, which may further perpetuate some of the prevailing 

misconceptions. 

  The current experiment examines whether long- and short-term plasticity in A1 differ 

between males and females, and if sensory manipulations (i.e., WN rearing) affect the sexes 
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differently in terms of auditory plasticity. Given the conflicting evidence surrounding sex 

differences in plasticity, it is difficult to form predictions on how both long- and short-term 

auditory plasticity may differ between males and females. Homogeneous results between the 

sexes could have a positive ethical impact, as this would allow for the inclusion of subjects of 

both sexes in future studies, thus eliminating the common practice of culling subjects (typically 

females) in developmental studies of brain plasticity. Conversely, evidence of sex differences 

would clearly point to yet another important domain that can contribute to modulating short- and 

long-term auditory plasticity. 

4.2 Methods 

All methods were carried out as outlined in Chapter 3; however, for the current 

experiment, age- and experience matched females were also included in the experimentation and 

data analyses. Males and females from each litter were reared under the same condition (i.e. 

normal acoustic environment or WN). 

4.3 Results 

4.3.1 Sex Differences in LTP Expression 

Differences in the levels of LTP after TBS of the MGN were examined between male (n 

= 9) and female (n = 3) rats reared in normal, unaltered acoustic conditions. As shown in Fig. 4.1, 

very little, yet statistically significant LTP was observed in these experiments (males: first peak 

effect of time, F(20,160)=6.050, P<0.01; second peak effect of time F(20, 160)=8.612, P<0.01; 

females: first peak effect of time, F(20, 40)=4.096, P<0.01; second peak effect of time, F(20, 

40)=4.029, P<0.01). The statistical analysis indicated significant gender differences for both fPSP 

peaks during specific time-points of the experiment (first peak: effect of group, F(1, 10)=1.561,  
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Figure 4.1. The effect of sex on LTP levels of control animals. The effect of sex on LTP levels 
of the 1st (A) and 2nd (B) A1 fPSP peak following TBS (indicated at arrows) of the MGN. Females 
(n = 3) express LTP of thalamocortical (Peak 1) synapses in a manner that is significantly 
different from their male counterparts (n = 9), showing increased LTP at a small number of time 
points. No significant differences were found in LTP of intracortical (Peak 2) synapses between 
the sexes. Asterisks represent statistical significance P<0.05. 
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P=0.24; group by time interaction, F(20, 200)=2.022, P<0.01; second peak: effect of group 

F(1,10)=0.164, P=0.69, group by time interaction, F(20, 200)=2.022, P<0.01). As shown in Fig. 4.1, 

however, these significant interactions appear to be driven by greater levels of LTP in females at 

a small number of time points during the experiment, with no clear differences in overall levels of 

potentiation emerging between the two groups. 

4.3.2 Sex Differences in LTP of White 	oise Reared Animals 

Gender differences in the amount of LTP elicited following TBS of the MGN were also 

examined between males and females raised in WN (n = 10 and n = 4, respectively) from PD 5 to 

PD 50-60 (Fig. 4.2). The results of these experiments indicate that WN-reared males and females 

did not demonstrate any differences in fPSP amplitude after LTP induction (first peak: effect of 

group, F(1, 12)=0.469, P=0.51; group by time interaction, F(20, 240)=0.986, P=0.48; second peak: 

effect of group, F(1, 12)=0.722, P=0.41; group by time interaction, F(20, 240)=0.574, P=0.93). 

4.3.3 The Effect of White 	oise Rearing on LTP in Females 

The effect of WN rearing on LTP was also tested in females (Fig. 4.3) by comparing 

WN-exposed animals (WN, n = 4) to gender-matched controls maintained under unaltered 

acoustic conditions (n = 3). Surprisingly, and unlike the males in Chapter 3, no statistically 

significant differences were found between the two groups for either fPSP peak, although a group 

by time interaction closely approached significance for the first peak (first peak: effect of group, 

F(1, 5)=0.124, P=0.74; group by time interaction F(20, 100)=1.650, P=0.06; second peak: effect of 

group, F(1, 5)= 0.165, P=0.70; group by time interaction, F(20, 100)=1.035, P=0.43). 
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Figure 4.2. The effect of sex on LTP levels of W	-reared animals. The effect of sex on LTP 
levels of the 1st (A) and 2nd (B) A1 fPSP peak following TBS (indicated at arrows) of the MGN in 
WN-reared animals. No significant differences were found in LTP of either thalamocortical (Peak 
1) or intracortical (Peak 2) synapses between females (n = 4) and males (n = 10). 
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Figure 4.3. The effect of W	 rearing on LTP levels of females. The effect of WN rearing on 
LTP levels of the 1st (A) and 2nd (B) A1 fPSP peak of female rats age PD 50-60 following TBS 
(indicated at arrows) of the MGN. Rats that were reared in WN from PD 5 to PD 50-60 (n = 3) 
showed no difference in LTP of thalamocortical (Peak 1) or intracortical (Peak 2) synapses 
compared to age-matched controls (n = 4). 
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4.3.4 Paired Pulse Responses: Sex Differences 

In order to determine whether gender had an effect on short-term plasticity, differences in 

paired pulse responses were examined in male and female rats raised under WN conditions (Fig. 

4.4). The response to paired pulse stimulation prior to LTP induction did not differ between 

female (n =3) and male WN-reared animals (effect of group, F(1,5)=0.133, P=0.73; group by 

interval interaction, F(7, 35)=0.498, P=0.83). Unfortunately, due to insufficient numbers for the 

control female group (n = 1), comparisons between paired pulse responses in males and females 

reared under normal acoustic conditions could not be made.  

Further, PP ratios obtained after LTP induction also did not reveal significant gender 

differences, as application of TBS restored the depression of the second fPSP normally seen with 

PP stimulation at shorter ISIs (particularly between 50-125 ms; see Chapter 3). Surprisingly, 

however, the difference in PP ratios in females before and after LTP induction did not reach 

statistical significance (effect of LTP, F(1, 4)=3.927, P=0.12; LTP by interval interaction, F(7, 

28)=1.404, P=0.243).   
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Figure 4.4. Sex comparison of paired pulse responses before and after LTP induction in 

W	-reared animals. A comparison of paired pulse responses before and after LTP induction in 
WN-reared male (n = 4) and female (n = 3) animals. There is no significant sex difference in 
paired pulse responses either prior to or after LTP induction via TBS of the MGN. 

 

For a final analysis, data from both genders were collapsed for the control (n = 5) and 

WN (n = 7) conditions (See Appendix A). Control animals do not show a change in paired pulse 

response after LTP induction (effect of group, F(1, 8)=0.697, P=0.428; group by interval 

interaction, F(7, 56)=1.608, P=0.152), consistent with data described in Chapter 3 for male rats. 

Furthermore, and again confirming the data with males summarized above, PP ratios in WN 

animals showed a statistically different change after LTP induction (effect of LTP, F(1, 12)=11.498, 

P<0.01; LTP by interval interaction, F(7, 84)=3.624, P<0.01). As with the males, the response to 

paired pulse stimulation in WN animals was significantly different from controls before, (effect 

of group, F(1, 10)=6.288; group by interval interaction, F(7, 70)=3.686, P<0.01) but not after LTP 
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induction (effect of group, F(1, 10)=2.773, P=0.13; group by interval interaction, F(7, 70)=1.400, 

P=0.219). These comparisons indicate that control and WN females likely respond to paired pulse 

stimulation before and after LTP induction in a manner that is consistent with their male 

counterparts. 

4.4 Discussion 

4.4.1 LTP in Control Animals 

The experiment outlined above first examined whether levels of LTP induced by TBS of 

the MGN differed between the sexes. The results demonstrated a statistical significance between 

males and females for the first fPSP peak. However, this difference appears to be driven by a 

small number of apparent data outliers at a few time points of the experiment and do not point to 

an overall increase of LTP in females. As previously outlined, no clear consensus has emerged in 

the literature as to whether there is a consistent sex difference in LTP expression (Maren, 1995; 

Monfort & Felipo, 2007; Schubert et al., 2008). 

There does appear, however, to be some relationship between the stimulation protocol 

that is used for LTP induction and the resulting levels in LTP in males and females. For example, 

in the lateral amygdala, TBS has been shown to induce greater LTP in females than males, while 

high-frequency stimulation results in similar levels in the two sexes (Drephal et al., 2006). Thus, 

there might be complex interactions among factors including sex, stimulation protocol, and 

anatomical region that influence levels of LTP expression and require further study for their 

elucidation.  

An important factor in interpreting these results was also touched on in Chapter 3. The 

control males in this experiment expressed less LTP than expected when compared to previous 

work (Speechley et al., 2007). It is possible that the small levels of LTP in this group mask a 
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potential sex difference; however this is unlikely given that the males and females used for this 

present study were obtained from the same litters. 

4.4.2 LTP and PP in W	 Animals 

Next, levels of LTP were examined in males and females that were reared in WN. 

Although there was no statistical significance between these two groups, the WN-reared males 

appear to have slightly more LTP than WN-reared females. Combined with the result that WN 

rearing did not appear to have an effect on LTP in females, these results suggest that LTP in 

females may be less sensitive to sensory deprivation in early life than LTP in males. These results 

fit with previous work that examined the effects of deprived environments on LTP. Hippocampal 

LTP was assessed in rats that were isolated in neonatal life, and deprivation was found to 

augment LTP in males, but not females (Bronzino & Kehoe, 1996). However, the pattern that 

LTP in males is altered more readily by exogenous factors is not entirely consistent. For example, 

in a sex comparison of lead sensitivity, females were found to have reduced LTP at much lower 

concentrations of lead application than males (Zaiser & Miletic, 2000). While lead toxicity and 

sensory deprivation are clearly distinct means of challenging the nervous system, these studies do 

indicate that LTP in females does not always exhibit greater resistance to manipulations that 

affect plasticity mechanisms of forebrain synapses.  

Due to insufficient group numbers of control females, comparisons of PP responses could 

not be made between the sexes that were reared in unaltered acoustic conditions. However, for 

WN animals, an examination of PP responses in males and females did not reveal differences 

before or after LTP induction, suggestive of a lack of any obvious sex difference. Both males and 

females demonstrated an emergence of depression responses following LTP induction that was 
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previously mentioned, even though this difference reached statistical significance only in male 

animals. 

4.4.3 Limitations 

The biggest limitation in this study was the small group numbers for females, which has 

limited the number of comparisons that could be made between the sexes, particularly in the 

investigations into differences in short-term plasticity. Future work using larger subject sets may 

uncover small, but reliable differences between the sexes and provide greater evidence for a 

potential difference, or lack thereof, in auditory plasticity.  

The current experiment did not take into account the estrus cycle of female subjects. 

Differences have previously been noted in LTP in the lateral amygdala of female rodents that 

were dependent on the specific stage of the estrus cycle, which can easily be monitored in future 

studies with a daily vaginal smear (Schubert et al., 2008). 

4.4.4 Future Directions 

For a direct analysis of sex hormones in particular on auditory plasticity, future work 

could examine the effects of estrogen application on levels of LTP or on PP responses. Estrogen 

has previously been found to promote LTP (Woolley, 1998), but whether this applies to the 

thalamocortical auditory system is unknown. As outlined in the introduction, however, studying 

the effects of estrogen on the brain does not fully encompass all the potential sex differences in 

synaptic plasticity (Cahill, 2006). Furthermore, the methodological differences in locally applying 

estrogen as opposed to relating plasticity to levels of the circulating hormones will need to be 

investigated. 

In addition to monitoring the estrus cycle, there are other factors that have been shown to 

influence plasticity and may warrant analysis in future studies of sex differences in plasticity. For 



 

62 

 

instance, oxytocin has been found to promote spatial learning in female mice with no history of 

pregnancy (Monks, Lonstein, & Breedlove, 2003).  

One area that was not examined in this experiment was the levels of sex differences that 

were observed. As outlined in the introduction, sex differences can fall into one or more of three 

main categories (dimorphism, difference, and convergence/divergence), which may manifest at 

different levels of analysis, such as the behavioural vs. cellular levels (McCarthy et al., 2012). 

Although there were no observable differences in short-term plasticity between the sexes, this 

does not guarantee that at the behavioural level, processing of rapid auditory stimuli is the same 

in both sexes. Conversely, the fact that there was no reliable difference in levels of LTP between 

control males and females does not necessarily imply that learning curves on an auditory task do 

not differ between the sexes. Including behavioural analyses of auditory perceptual and learning 

abilities in future work will significantly enhance our understanding of potential sex differences 

in the field of audition.  

A developmental analysis of sex differences in plasticity may also be of interest for future 

studies. In this case, it is important to consider the developmental stage in which experimental 

manipulations are applied, as manipulations of gonadal hormones have been found to alter 

behaviour in early life to a greater degree than during adulthood (van Haaren, van Hest, & 

Heinsbroek, 1990). Furthermore, the age-related declines in hippocampal LTP that have been 

found in males have been reported to be absent in females (Monfort & Felipo, 2007). 

Interestingly, these changes could be due to modulations of NMDAR-dependent plasticity 

directly by estrogen (Romeo, McCarthy, Wang, Milner, & McEwen, 2005). 
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4.4.5 Concluding Remarks 

Overall, there appear to be no consistent sex differences in long-term plasticity of the 

auditory cortex. Although they demonstrated a statistically significant interaction, LTP of the 

auditory thalamocortical system between normally reared males and females is likely not 

different. Further work is required to confirm this, but males and females could potentially be 

used equally in studies of LTP in control animals.  

Further, the above results indicate a potential interaction between WN exposure and LTP 

in males and females, showing that early sensory experience may affect the sexes differently in 

terms of long-term plasticity and LTP of the auditory thalamocortical system and may perhaps be 

categorized as a divergent sex difference. Interestingly, there was no evidence for a difference in 

short-term plasticity of WN-reared animals. Further work investigating whether a lack of 

difference at the neuronal level holds true at the behavioural level needs to be conducted before 

any conclusions about general lack of sex difference in the auditory thalamocortical system is 

made. 
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Chapter 5 

General Conclusion 

The experiments described in this thesis outline multiple factors that can influence levels 

of plasticity in the auditory thalamocortical system of rats. Both cortical zinc and WN rearing 

appear to increase the levels of LTP that are elicited with a TBS protocol, and short-term 

plasticity was found to be altered by WN-rearing. Prominent sex differences were not evident in 

expression of either short- or long-term plasticity in normally reared or sensory-deprived animals.  

 Future experimental work examining the effects on synaptic plasticity noted here is 

required in order to better understand the underlying mechanisms of action. Furthermore, the 

behavioural relevance of altered short- and long-term plasticity in the auditory thalamocortical 

system is still unknown and provides a major direction for future research geared towards 

understanding the factors that drive structural and functional organization of the auditory system.  
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Appendix A 

 

Figure A. Paired pulse responses before and after LTP induction in control and W	-reared 

animals. A comparison of paired pulse responses before and after LTP induction in control (n = 
5) and WN-reared (n = 7) animals, with sex excluded as a factor. Consistent with the pattern seen 
in males, WN animals show either less paired pulse depression, or even paired pulse facilitation 
compared to age-matched controls prior to LTP induction. Following LTP induction via TBS of 
the MGN, the paired pulse responses of WN animals are not significantly different from controls. 
 


