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Abstract 

Long-term depression (LTD) is a widely studied form of activity-dependent synaptic plasticity, 

typically induced by prolonged low-frequency stimulation (LFS). LFS is highly effective in 

eliciting LTD in vitro, but several studies have failed to induce LTD using LFS in vivo, for 

reasons that remain unclear. The main objective of this thesis was to assess whether different 

levels of ongoing background activity in the primary visual cortex (V1) alter the effectiveness of 

LFS to induce LTD under in vivo conditions, using urethane anesthetized rats. LFS applied to the 

lateral geniculate nucleus resulted in LTD of field postsynaptic potentials (fPSPs) recorded in the 

primary visual cortex (V1). Pairing LFS with stimulation of the brainstem (pedunculopontine) 

reticular formation resulted in the appearance of faster, more complex activity in V1 and 

prevented LTD induction. Reticular stimulation alone (without LFS) had no effect on cortical 

fPSPs. Application of scopolamine and mecamylamine did not restore LTD or prevent the 

complex oscillatory activity seen in V1. These results show that excitation of the brainstem 

activating system blocks the induction of LTD in V1. Thus, higher levels of neural activity may 

inhibit depression at cortical synapses, a hypothesis that could explain discrepancies regarding 

LTD induction in previous in vivo and in vitro work.   
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Chapter 1 

Introduction 

Synaptic plasticity refers to the ability of synapses to undergo activity-dependent 

modifications of the efficacy of synaptic transmission, encompassing changes lasting 

milliseconds to months (perhaps years) and that utilize an assortment of underlying molecular 

mechanisms. The study of synaptic plasticity facilitates our understanding of how experience 

can lead to quantitative, physical changes in the central nervous system (CNS). More than forty 

years of comprehensive research has brought a number of advances in our understanding, and 

has resulted in the widely accepted view that synaptic plasticity constitutes the biological basis 

of learning and memory in mammals.  

Understanding learning and memory then requires us to study long lasting 

modifications of synaptic transmission, including the molecular and developmental factors that 

influence synaptic plasticity processes. To accomplish this, we investigate synaptic plasticity 

phenomena such as long-term potentiation (LTP) and long-term depression (LTD), with LTP 

and LTD referring to long-lasting changes in the efficacy of synaptic transmission (synaptic 

strength) following specific patterns of electrical activity. These changes in synaptic strength 

are capable of persisting for hours to months, and are thought to use mechanisms identical (or 

at least similar) to those used in memory formation (Martin and Morris, 2002; Malenka & Bear, 

2004). LTP is an increase in synaptic strength following the application of brief bursts of high-

frequency stimulation (HFS), and LTD is a decrease in synaptic strength following prolonged 

application of low-frequency stimulation (LFS). In most cases, the induction of LTP and LTD 

is associative (correlated or de-correlated activity of the pre- and postsynaptic neuron is 
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required, respectively) and input-specific (only the synapses activated during the induction 

undergo changes in synaptic strength) (Dudek & Bear, 1992). This is consistent with Donald 

Hebb’s postulate, which states that “when an axon of cell A is near enough to excite a cell B 

and repeatedly or persistently takes part in firing it, some growth process or metabolic change 

takes place in one or both cells such that A’s efficiency, as one of the cells firing B, is 

increased” (Hebb, 1949).   

After four decades of synaptic plasticity research, relatively little has changed in terms 

of the techniques used to induce LTP and LTD. Typically, extracellular recording and 

stimulating electrodes are inserted into the brain or into a brain slice at a site or pathway of 

interest (e.g., hippocampus, neocortex, amygdala, striatum, and cerebellum) and are used to 

elicit and record field postsynaptic potentials (fPSPs) before and after H/LFS has been applied. 

The strength of fPSPs is then compared to measure the magnitude of change in synaptic 

transmission. This can be accomplished in freely-behaving and anaesthetized animals, as well 

as in slice preparations maintained in vitro (Swcatt, 2010).  

Investigators have given a great deal of attention to LTP research (a PubMed search of 

“long term potentiation or LTP” yields over 13000 publications), which has led to the 

elucidation of a number of relevant neuromodulators and molecular mechanisms mediating 

plasticity in excitatory and inhibitory synapses, and improved our understanding of these 

phenomena. It is of importance to note that the majority of experimental work to date has 

focused on LTP and LTP-like changes, despite the fact that LTD has also been shown to play 

an important role as a mechanism mediating learning and memory encoding in some neural 

circuits (Massey & Bashir, 2007; Smith et al., 2009).  
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1.1 LTD Mechanisms 

Several forms of LTD have been observed, involving distinct induction and 

maintenance mechanisms in synapses throughout the brain. LTD can be input-specific 

(homosynaptic LTD) or input-nonspecific (heterosynaptic LTD). Further, LTD can be induced 

in naive synapses (de novo LTD) and also in synapses that have previously undergone LTP 

(depotentiation) (see Bliss & Collingridge, 2007 for review of these different forms of LTD). 

LTD can be produced using different induction methods, such as LTD induced by application 

of paired stimulation protocols (used during whole-cell recording, wherein a constant 

“baseline” stimulation is paired with a depolarizing stimulation; Feldman et al., 1998), or by 

timing backpropagating action potentials from the postsynaptic cell body to spike at within <40 

ms prior to an excitatory post-synaptic potential (EPSP; Banerjee et al., 2014), or by 

introducing specific receptor agonists (chemical LTD) (Collingridge et al., 1983). Finally, 

various types of LTD are also differentiated by the type of receptors involved in the induction 

and/or expression of LTD. The most common form of LTD requires the activation of N-methyl 

D-aspartate receptors (NMDAR) and is induced using LFS (Collingridge et al., 2010). 

The NMDA receptor is an ionotropic glutamate receptor that plays an important role in 

synaptic transmission and is highly expressed throughout the mammalian CNS (Bliss and 

Collingridge, 1993). It is permeable to sodium (Na+), potassium (K+), and most importantly to 

calcium (Ca2+). At resting potential (approximately -70mV), the NMDA receptor channel pore 

is sufficiently blocked by extracellular magnesium ions (Mg2+) and requires the simultaneous 

presence of glutamate, glycine, and a depolarized membrane to clear the path for calcium influx 

(Mayer & Armstrong, 2004). Dudek & Bear (1992) first demonstrated that LTD was inhibited 

by blocking NMDAR activation in hippocampal CA1 neurons, establishing that the receptor 
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was necessary for LTD induction.  Similar studies have used NMDAR antagonists to inhibit 

LTP (Larson & Lynch, 1988; Murphy et al., 1997), and it is well established that NMDARs are 

a key component of many forms of synaptic plasticity (Collingridge et al., 2010). 

In addition to NMDARs, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptors (AMPA receptors, AMPARs) are also instrumental to LTD. The AMPA receptor is 

an ionotropic glutamate receptor that mediates the bulk of excitatory synaptic transmission 

throughout the CNS. Upon binding of glutamate to the receptor, a large influx of Na+ and a 

small efflux of K+ ions permeate the channel pore to depolarize the postsynaptic neuron 

(Dingledine et al., 1999; Mayer & Armstrong, 2004). During the induction of LTD, glutamate 

diffuses over the synaptic cleft and binds to AMPARs, which depolarizes the postsynaptic 

membrane and activates NMDA receptors, releasing the Mg2+ blockade from the NMDA 

channel pore. The open channel pore allows for an influx of Ca2+, which triggers a cascade of 

intracellular protein signaling (most notably the activation of calcium/calmodulin-dependent 

protein phosphatase (calcineurin), influencing the phosphorylation state of several proteins 

involved in synaptic transmission, including AMPARs (Lisman et al. 1989; Mulkey et al, 

1994).  

The signaling cascades involved in the expression and maintenance of synaptic 

plasticity are extremely complex, and have yet to be fully elucidated. Pharmacological and 

genetic experiments have shown that in addition to calcineurin, serine/threonine protein 

phosphatase 1 (PP1) is also central to LTD generation, and that inhibiting either of these 

protein phosphatases blocks the generation of LTD, but investigators continue to report 

additional mechanisms whose contributions are not yet understood (Lisman 1989; Mulkey et al, 

1994; Zhuo et al., 1999; Zeng et al., 2001; Lüscher & Malenka, 2012). This process results in 
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the dephosphorylation and internalization of AMPARs into the postsynaptic membrane. Carroll 

et al. (1999) used immunocytochemistry to show that this AMPAR internalization is triggered 

by glutamate signaling, and that in cases where glutamate signaling is more modest (i.e. LTD), 

AMPAR internalization is inhibited by D-APV (an NMDAR antagonist), indicating that 

NMDAR activation plays a key role. This point was further supported by Beattie et al. (2000), 

who showed that NMDAR activation or calcineurin alone were suitable to trigger AMPAR 

endocytosis. Ultimately, this complex transduction process leaves the postsynaptic cell less 

responsive to glutamate release, thereby depressing synaptic transmission (Carroll et al. 2001).  

The properties of the NMDA receptor make it an ideal mechanism for triggering the 

induction of synaptic plasticity. In particular, the NMDA receptor functions as a form of 

coincidence detector, such that it triggers synaptic plasticity only when glutamate has bound to 

the postsynaptic membrane and that cell has become depolarized (Collingridge et al., 2010). 

Furthermore, several of the key features of LTD result from the properties of the NMDA 

receptor.  NMDAR-dependent LTD demonstrates Hebbian associativity, as the pre- and 

postsynaptic cells must be simultaneously active to drive synaptic depression (Hebb, 1949). 

Finally, experiments have shown that synapses undergoing NMDAR plasticity often do not 

produce the same effects in neighbouring synapses, since only synapses involved in the 

induction are affected (Matsuzaki et al. 2004). 

NMDAR-independent forms of LTD have also been observed (e.g. metabotropic 

glutamate receptor (mGluR)-dependent LTD (Ito, 1989; Bolshakov & Siegelbaum, 1994)), 

though NMDAR plasticity has been the most clearly characterized, particularly at synapses in 

hippocampal and cortical pyramidal cells (Collingridge et al., 2010). Given the variety of forms 

of LTD and LTP, it is useful to view these plasticity mechanisms as a general property of 
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excitatory (and also inhibitory) synapses throughout the mammalian CNS, capable of altering 

their efficacy through a number of potential mechanisms (Malenka & Bear, 2004). Unless 

otherwise specified, however, the remainder of this paper will focus specifically on NMDAR-

dependent LTD induced via LFS. 

1.2 Synaptic Plasticity Induction 

Protocols used for the induction of LTD and LTP consist of specific patterns of 

electrical stimulation that vary in the frequency of stimulation pulses that are applied. Most 

protocols used for the induction of LTD use LFS, such as single pulses applied at 1 Hz, with 

pulses repeated over a prolonged duration (often 15 minutes, i.e., 900 stimuli at 1 Hz) (Dudek 

& Bear, 1992; Mulkey & Malenka, 1992; Kirkwood & Bear, 1994). Conversely, standard 

protocols for inducing LTP use bursts of HFS (ranging from 50 –200 Hz), applied over short 

durations (typically in the range of seconds). HFS serves to strongly depolarize the postsynaptic 

cell and trigger a large Ca2+ influx, inducing LTP, as described above; conversely, LFS 

repeatedly excites the presynaptic neuron with relatively little activation of the postsynaptic 

neuron, triggering activation of NMDARs and subsequent influx of Ca2+, though at more 

modest levels than those observed in LTP. Presumably, the strength of evoked activity, levels 

of NMDAR activation, and subsequent Ca2+ influx determine whether a synapse will undergo 

LTP or LTD (Lisman, 1989), although there are several reports of LTP being induced by LFS 

(Lanté et al, 2006a, b; Habib & Dringenberg, 2009). Recent work by Taniike et al. (2008) 

showed that the duration of sustained NMDAR activity and increased Ca2+ were key to 

determining whether LTP or LTD would be induced, concluding that brief durations of high 

intracellular Ca2+ activity are necessary for LTP, while prolonged activity of Ca2+ at modest levels 

is necessary for LTD. 
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1.3 Plasticity in the Visual Cortex 

The visual cortex is a well-known site of experience-dependent plasticity that has long 

been of interest to researchers investigating synaptic plasticity, perception, and brain 

development. The study of visual cortex plasticity has received much attention and has yielded 

important insights into the general principles of postnatal brain development and plasticity, 

work that started with the classic experiments by David Hubel and Torsten Wiesel. Hubel and 

Wiesel used visual deprivation methods in kittens to elucidate the physiological and functional 

properties of the cat visual cortex, including the effects of deprivation on cortical development. 

Through a series of experiments using binocular deprivation (both eyes deprived of visual 

input), monocular deprivation (MD; a single eye is deprived of visual input), and strabismus 

(squinting), Hubel and Wiesel were able to show that visual processing degenerates after 

deprivation, with the form of deprivation determining how cells of the visual cortex would be 

altered. MD resulted in a decrease of visual cortical cells responding to inputs from the 

deprived eye, leading to ocular dominance plasticity (OD), that is, a shift of ocular dominance 

columns favoring the non-deprived eye (Wiesel & Hubel, 1965). Binocular deprivation led to a 

loss of specificity and orientation tuning in the receptive fields of cortical cells, as well as 

severe visual-perceptual deficits (Wiesel & Hubel, 1965), while strabismus was followed by a 

decrease in visual cortex cells responsive to binocular inputs (Hubel & Wiesel, 1965). In every 

case, a number of cells remained unresponsive to visual input from either eye, deprived or not. 

Hubel and Wiesel also found that the visual cortex of newborn kittens showed only a 

rudimentary level of functional organization and that the development of normal binocular 

vision requires early visual experience (Hubel & Wiesel, 1963). Compared to kittens visually 

deprived from birth, those who received visual deprivation after two months of normal visual 
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experience showed a lesser degree of change in ocular dominance organization, and visual 

cortex neurons did not become completely unresponsive to visual stimulation (Hubel & Wiesel, 

1963).   

At the time of Hubel and Wiesel's groundbreaking work, the phenomena of LTP and 

LTD had not yet been described. However, it is of interest to note that the work on visual 

cortex plasticity and these physiological plasticity types (LTP, LTD) has now become 

integrated, with recent work demonstrating that LTP and LTD can, at least in part, account for 

the physiological changes observed by Hubel and Wiesel in their deprivation experiments. In 

simple terms, it appears that the expansion of ocular dominance columns representing the 

functional eye involves LTP-like processes, while the retraction and shrinkage of columns 

responding to the deprived eye is mediated by mechanisms similar or identical to those 

operating in LTD (Cooke and Bear, 2014).  

Early reports demonstrated that application of LFS to slices of primary visual cortex 

(V1) induced strong homosynaptic LTD, which could be prevented by the NMDAR antagonist 

APV, confirming that LTD in V1 is NMDAR-dependent (Kirkwood & Bear, 1994). Several 

reports have since shown a number of congruencies between LTD and MD: both phenomena 

require the activation of NMDARs (Sawtell et al., 2003), a depression of fPSP amplitude 

following LTD induction in the lateral geniculate nucleus (LGN) has also been shown to occur 

after MD (Cooke & Bear, 2014), and postsynaptic endocytosis of AMPARs has been observed 

after MD, as in LTD (Yoon et al., 2009). Finally, genetic manipulations to abolish AMPAR 

internalization in mice not only blocks LTD induction in V1 slices, but also ocular dominance 

shifts in monocularly deprived mice (Yoon et al., 2009), providing strong evidence for the 

overlap in mechanisms between LTD and OD.  
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OD is classically thought to apply to cortical development within the context of critical 

development periods (Hofer et al., 2006). However, several recent studies have reported that 

OD can be induced in visual cortex of adult mice and (under certain conditions) rats using 

numerous experimental preparations (Sawtell et al., 2003; Smith, Heynen, & Bear, 2009), 

though a longer duration of MD is generally needed (Hofer et al., 2006). This suggests that, 

while LTD may play a more prominent role during the development of the juvenile visual 

cortex, it remains present throughout the lifespan.  

In summary, the improved understanding of plasticity mechanisms in the visual cortex, 

as well as the links between LTP, LTD, and other forms of V1 plasticity induced by visual 

experience (or the lack thereof) make the visual cortex an ideal site for further experimental 

work on the subject of LTD. 

1.4 Failure to Induce LTD In Vivo 

It is well established that HFS readily induces LTP at excitatory synapses throughout 

the CNS (Heynen et al., 1996; Abraham et al., 2001; Malenka and Bear, 2004), including V1 

(Artola & Singer, 1987; Hager et al., 2015; Kimura et al., 1989; Kirkwood & Bear, 1994a). The 

use of LFS to induce LTD is also widely accepted and documented (Dudek & Bear, 1992; 

Kirkwood & Bear, 1994b; Mulkey & Malenka, 1992). However, investigators have reported 

that LFS protocols (1 – 5 Hz) that effectively induce LTD under in vitro conditions have failed 

to do so in vivo (Abraham et al., 1996; Doyle et al, 1997; Errington et al., 1995; Hager & 

Dringenberg, 2010; Jiang et al., 2003; Thiels et al., 1994). 

A potential explanation for the resistance of the intact brain to express LTD has been 

advanced by Benuskova (2012), who suggests that the successful induction of LTD is 
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dependent upon ongoing background activity, and that the discrepancy between in vivo and in 

vitro LTD induction could be the result of increased background activity present in vivo. In vivo 

preparations under deep urethane anesthesia have reduced background activity relative to the 

non-anesthetized (waking) state (Tian et al., 2012). However, whether background activity 

influences LTD induction remains unclear. Furthermore, if background activity does influence 

LTD, the direction of change is also unknown. Benuskova (2012) suggested that, in accordance 

with spike timing-dependent plasticity (STDP) rules, increases in background activity should 

increase the likelihood of LTD induction, as the number of spikes preceding the single pulse of 

LFS would increase (STDP states that LTD is induced when pre-synaptic spikes occur in a 

brief window after a post-synaptic spike, indicating that signals between cells are uncorrelated 

(Markram et al, 2012)). Alternatively, it may be the case that increased background activity 

suppresses LTD induction by overriding LFS pulses, reducing their signal strength. 

1.5 EEG Activation 

Background activity refers to the level of ongoing activity present in neural circuits, 

which cannot be attributed to a specific task or stimuli, and is controlled and maintained by 

neural pathways associated with the regulation of sleep and wakefulness, in particular 

structures in the brainstem, thalamus, and basal forebrain (Steriade & McCarley, 2005). 

Background activity in sleeping and anesthetized mammals is characterized by synchronized, 

high-amplitude, low-frequency electroencephalogram (EEG) patterns, or slow waves (see top 

EEG trace depicted in Figure 1). 

When the neocortex becomes ‘activated’, either by an external stimulus or through 

electrical or chemical manipulations, EEG activity becomes more desynchronized, increasing 
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in frequency and decreasing in amplitude (Figure 1, bottom trace). Detailed analysis of cortical 

activation began in 1949 with the work of Giuseppe Moruzzi and Horace Magoun, who showed 

that electrical stimulation of the brainstem reticular formation in cats would result in cortical 

activation, that is, increased EEG desynchronization. Subsequent work identified several 

activation systems in the brainstem and other, subcortical structures including the thalamus, 

hypothalamus, and basal forebrain (Brown et al., 2012). Of these cortical activation systems, 

the ascending reticular activating system and basal forebrain activation system are of particular 

relevance to the current work. The ascending reticular activating system (ARAS) consists of a 

dorsal and ventral pathway, each ascending from the brainstem reticular formation. The dorsal 

pathway is composed of glutamatergic neurons originating in the midbrain, pontine, and 

medullary reticular formation, and cholinergic neurons of the pedunculopontine and 

laterodorsal tegmental nuclei (PPT/LDT) reticular formation. These neurons innervate 

projections ascending to the midline and the intralaminar nuclei of the thalamus, which, in turn, 

diffusely innervate several areas of the neocortex (Brown et al., 2012; Hallanger & Wainer, 

1988; Steriade et al, 1988).  

 

Figure 1. 30 sec EEG trace taken from urethane anesthetized rat before (top) and after (bottom) EEG 

activation. All samples are shown in filtered (0.1Hz – 0.5Hz) format. 
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The ventral pathway also originates in the pontine and midbrain reticular formation, and 

consists of glutamatergic, serotonergic, and noradrenergic neurons that project to other 

glutamateric, histaminergic, and orexinergic neurons of the posterior/lateral hypothalamus, 

before finally converging onto the glutamatergic, GABAergic, and cholinergic neurons of the 

basal forebrain, which then activate the neocortex (Brown et al., 2012; Semba et al., 1988). 

Stimulation of the brainstem reticular formation has been shown to induce widespread 

acetylcholine (ACh) release in the cortex, coinciding with EEG desynchronization (Buzsaki et 

al., 1988). Anatomical studies using acetylcholinesterase and choline acetyltransferase markers 

reported no widespread cholinergic projections originating in the thalamus or reticular 

formation (Mesulam et al. 1983), indicating that the reticular formation produces cortical ACh 

release and EEG activation by means of relays in the basal forebrain. In fact, it was shown that 

the cortical ACh release originated in the cholinergic neurons of the basal forebrain, located in 

the ventral pallidum, magnocellular basal nucleus, substantia innominata, and the horizontal 

limb of the diagonal band of Broca (Bigl et al, 1982; Woolf, 1991). Indeed, direct stimulation 

of the basal forebrain elicits both cortical ACh release and EEG activation (similar to the 

effects of stimulation of the reticular formation), while lesioning of the basal forebrain reduces 

these effects (Casamenti et al, 1986; Buzsaki et al, 1988). For the present work, it is important 

to note that the mammalian V1 receives several cholinergic projections from the basal 

forebrain, primarily from the ventral pallidum, substantia innominata and the horizontal limb of 

the diagonal band of Broca (Kang et al 2014). We can therefore expect stimulation of the 

reticular formation to activate the visual cortex via cholinergic signaling. 
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1.6 Present Study 

LTD is an important mechanism of synaptic plasticity that has a role in learning, 

memory, and sensory development. However, prior work has repeatedly demonstrated that it is 

difficult to induce LTD under in vivo conditions, possibly as a result of different levels of 

ongoing background activity between in vivo and in vitro preparations.  In fact, it is not known 

how different levels on background activity may influence the plastic response of synapses in 

response to LFS. It is possible that increasing background activity will override 1 Hz single 

pulse stimulation, that is, spontaneous activity may act as background "noise" that overrides the 

signaling provided by the low-frequency pulse stimulation (although it has also been suggested 

that an increase to background activity will enhance LTD; Benuskova, 2012). 

Based on the reasoning outlined above, the main objective of this thesis was to assess 

whether different levels of ongoing background activity in the primary visual cortex (V1) alter 

the effectiveness of LFS to induce LTD under in vivo conditions, using urethane anesthetized 

rats. I chose to focus on layer II/III synapses of V1 as this site has been used to successfully 

induce LTD using strong LFS burst-stimulation (Hager & Dringenberg, 2010), despite 

investigators reporting failure to induce LTD in V1 synapses using LFS (Jiang et al., 2003). 

Furthermore, several LFS protocols that have had success in vitro have failed to induce LTD in 

V1 in vivo (Hager & Dringenberg, 2010). These synapses are also of interest as they are 

thought to have an important role in experience-dependent plasticity processes, including 

ocular dominance shifts (Yoon et al., 2009; Smith et al., 2009).  

To examine the effect of increased spontaneous activity on LTD induction in vivo, I 

attempted to induced LTD in V1 using 1 Hz LFS, while simultaneously activating (increasing 
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background activity) V1 by electrical stimulation of the brainstem reticular formation. The 

brainstem reticular formation provides an indirect pathway for the activation of the neocortex 

by exciting cholinergic and other neurons of the basal forebrain via the ventral pathway of the 

ARAS, resulting in widespread ACh release throughout the neocortex, including V1. To better 

understand the effects of ACh release on LTD induction, I also used systemic application of the 

cholinergic-muscarinic receptor (mAChR) antagonist scopolamine, and the cholinergic-

nicotinic receptor (nAChR) antagonist mecamylamine. 
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Chapter 2 

 

Methods 

2.1 Subjects 

The experiments were conducted on adult (250–500g) male Long-Evans rats, obtained 

from Charles River Laboratories, Inc. (St. Constant, Quebec, Canada). Animals were housed in 

a colony room with a 12/12-h reversed light cycle and had free access to food and water. All 

experiments were conducted in accordance with published guidelines of the Canadian Council 

on Animal Care and approved by the Queen's University Animal Care Committee. 

2.2 Surgery 

All surgical and experimental procedures were carried out under deep urethane 

anesthesia (2.0 g/kg, administered intraperitoneally in four 0.5 g/kg doses every 20 min; 

supplements were administered when necessary). Following anesthesia induction, the animal 

was mounted in a stereotaxic apparatus (David Kopf, Tujunga, CA, USA), and a local 

anesthetic (Marcaine, 5 mg/ml) was also administered to the skin along the incision line (2–3 

subcutaneous injections totaling 5mg/kg), fifteen minutes prior to incision.  

During surgery, the skull was exposed and three skull holes were drilled above V1 

(anterior– posterior -7.6 mm, lateral +3.6 mm, ventral −0.8 to −1.2 mm; all measurements 

taken from bregma and the midline), the ipsilateral lateral geniculate nucleus (LGN; anterior-

posterior -4.1 mm, lateral +4.1 mm, ventral −4.8 to−5.1 mm), and the contralateral reticular 

formation (RF; anterior-poster -8.0 mm, lateral -2.0 mm, ventral – 7.0 mm; Paxinos & Watson, 

1998). Two additional skull holes were drilled over the prefrontal cortex for the placement of a 
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ground and reference connection. A concentric bipolar stimulation electrode (250μm diameter 

Rhodes Medical Instruments, Series 100, David Kopf, Tujunga, CA, USA) was then lowered 

into the LGN and RF, and a monopolar recording electrode (125μm diameter Teflon-insulated 

steel wire) was lowered onto the surface of V1. Ventral depths of the LGN and V1 electrodes 

were adjusted to yield fPSP recordings with maximal amplitude. 
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Figure 2. Schematic representation of electrode placements in a) V1 (AP -7.6 mm, L +3.6 mm, V −0.8 to −1.2 mm), 

b) LGN (AP -4.1 mm, L +4.1 mm, V −4.8 to−5.1 mm), and c) RF (AP -8.0 mm, L -2.0 mm, V – 7.0 mm).  Images 

adapted from Paxinos & Watson, 1998. 
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2.3 Electrophysiology 

Stimulation of the LGN and RF was applied using 0.2 ms pulses via the LGN and RF 

stimulation electrodes, respectively. Both electrodes were connected to a stimulus isolation 

unit, providing a constant current output (PowerLab 4/25T system with ML 180 Stimulus 

Isolator ADInstruments, Toronto, Canada for LGN stimulation; A-M Systems Isolated Pulse 

Stimulator, Model 2100 for RF stimulation). The fPSPs (evoked by single-pulse LGN 

stimulation) and spontaneous background EEG activity in V1 were differentially recorded 

against the reference connection, amplified (AD Instruments BioAmp), digitized (10 kHz for 

fPSP, 100 Hz for EEG; AD Instruments PowerLab system), and stored for subsequent offline 

analysis.  

Following final electrode adjustments, animals were left to stabilize for approximately 

20 min. Subsequently, an input/output curve was then established by stimulating the LGN at 

intensities of 0.1–1.0 mA, in 0.1 mA increments, and the stimulation intensity found to produce 

50–60% of maximal fPSP amplitude was used for the remainder of the experiment. fPSPs in V1 

were recorded every 30 s until a stable baseline was established (between 95% and 105% of 

average fPSP amplitude over three consecutive 10-min intervals). Upon establishing a stable 

baseline, animals received a stimulation protocol consisting of low frequency stimulation (LFS, 

900 stimulation bursts delivered at 1 Hz, with each burst consisting of 3 pulses delivered at 20 

Hz) of the LGN, paired with stimulation of the reticular formation (20 pulses at 100 Hz over 

900 bursts at 1 Hz; Figure 3). Control animals received LFS of the LGN without paired RF 

stimulation. Once the stimulation protocol concluded, recordings of fPSPs (taken every 30 s) 

and EEG continued for 90 min.  
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Figure 3. LFS stimulation bursts delivered at 1 Hz (black), with each burst consisting of 3 pulses 

delivered at 20 Hz (red). 

2.4 Histology 

Upon completion of the experiment, animals were perfused through the heart with 0.9% 

saline (~50mL), followed by 10% formalin (~100mL). The brains were harvested and stored 

for a minimum of 24 h in 10% formalin, after which they were sectioned via a cryostat (40 μm 

slices). The slices were used to verify electrode placements, using a digital microscope and rat 

brain atlas (Paxinos & Watson, 1998). The accuracy of electrode placements was decided upon 

by an experimenter who was blind to the results of the experiment. Data from inaccurate 

placements were omitted from the results.  

2.5 Antagonist Experiments 

 In animals receiving scopolamine (1.0 mg/kg; n = 6), mecamylamine (0.5 mg/kg; n = 

6), or a combination of both drugs (10.0 mg/kg scopolamine; 5 mg/kg mecamylamine; n = 4), 

all drugs were administered intraperitoneally, 20 minutes prior to the onset of baseline 

recordings. Doses were chosen based on published data demonstrating CNS effects for 

systemic administration routes (Dringenberg & Vanderwolf, 1996; Gagolewicz & Dringenberg, 
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2009). Scopolamine and mecamylamine, and the combination of both drugs, were dissolved in 

saline only. All drugs were obtained from Sigma Chemicals (Oakville, Ontario, Canada). 

2.6 Data Analysis 

Single-pulse stimulation of the LGN consistently evoked fPSPs in the ipsilateral V1, 

with these fPSPs consisting of a large-amplitude, negative component (Figure 4), similar to 

those seen in previous work using similar electrode configurations (Heynen & Bear, 2001; 

Hager & Dringenberg, 2010). This negative component had a latency to peak of approximately 

15-18 ms, and is thought to reflect current sinks originating in layers II/III of V1 (Heynen & 

Bear, 2001). fPSP amplitude was acquired and analyzed using SCOPE software (v. 3.6.5: AD 

Instruments), which measured differences between maximal fPSP negativity and a baseline 

epoch sampled immediately prior to the stimulation artifact. These amplitude values were then 

averaged over 10-min intervals, and normalized by dividing them by the average baseline 

amplitude of each animal. 

 

Figure 4. Example of baseline (red) and post-LFS (blue) V1 fPSPs.  
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Chapter 3 

Results 

3.1 Histological Analysis 

Figure 5 shows the typical electrode placements used for stimulation of the LGN and 

RF, as well as the recording electrode placement for V1.  
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Figure 5.  Typical electrodes placements showing examples of a) V1 recording electrode, b) LGN stimulating 

electrode, and c) reticular formation stimulating electrode. V1 and LGN placements are shown -1.0 mm 

ventral of final recording placements. Atlas images adapted from Paxinos & Watson (2006).  

3.2 EEG Analysis 

Figure 6 shows a sample of background activity under the effects of deep urethane 

anesthesia; high frequency waves are diminished and a small number of high amplitude slow 

waves are observed. 

RF stimulation elicited a strong increase in background activity throughout the 

stimulation protocol and (to a lesser extent) for several minutes after. Samples of EEG activity 

taken from before and after RF stimulation show that RF stimulation reduces the number of 

high amplitude slow waves and increased activity of higher frequency waves (Figure 6). In rats 

that did not receive RF stimulation, this change is not observed. Spectral analysis showed RF 

stimulation resulted in increased power of higher frequencies (2 – 5Hz) compared to rats that 

received LFS exclusively (Figure 6).  
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Figure 6. 30 sec EEG samples of a) background activity in a urethane anaesthetized rat, b) during the 

stimulation protocol (LFS only), c) during paired LFS + RF stimulation, and d) paired RF LFS stimulation in a 

scopolamine treated rat. All samples are shown in raw (top) and filtered (0.1Hz – 0.5Hz; bottom) format. 
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Systemic application of the cholinergic-muscarinic receptor (mAChR) antagonist 

scopolamine (1.0 mg/kg; n = 6), the cholinergic-nicotinic receptor (nAChR) antagonist 

mecamylamine (0.5 mg/kg; n = 6), or a combination of both drugs (10.0 mg/kg scopolamine; 5 

mg/kg mecamylamine; n = 4) resulted in no major changes from non-drug rats.  Decreased 

slow wave activity and increased high frequency waves persisted in each drug condition 

following RF stimulation. These results indicate that cholinergic receptor antagonists were 

unable to block the effects of RF stimulation. Figure 6 illustrates the similarities between 

scopolamine and non-drug conditions before and after RF stimulation. This result is further 

supported by spectral analysis, which showed that a similar pattern of EEG power (increased 

power at frequencies ranging 2 – 5 Hz following RF stimulation) across conditions (Figure 7). 
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Figure 7. EEG power spectrum analysis of a) LFS rats, b) RF+LFS, c) RF, d) scopolamine, e) mecamylamine, 

and f) Scop (scopolamine) and Mec (mecamylamine) combined. All EEG power values are normalized to the 

maximal average baseline EEG power value per group.  
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3.3 Effects of Reticular Formation Stimulation on LTD 

Following LFS, fPSPs showed an immediate decrease of up to 25% magnitude, lasting 

approximately 30 min before returning to baseline. When LFS was paired with stimulation of 

the brainstem RF, subsequent fPSPs showed no such decrease in magnitude (Figure 8). 

We first asked if we could reduce LTD by increasing background activity in V1 via 

stimulation of the brainstem RF. An ANOVA comparing LTD control rats (n = 8) with rats that 

received paired brainstem RF stimulation (n = 8) showed a significant effect of group (F1,14 = 

5.566, p < .05), and a significant group x time interaction (F11,154 = 2.32, p = .043, Huynh-Feldt 

correction). An analysis of simple effects confirmed that fPSP amplitude of LTD rats had 

significantly decreased at 10 min (p = .025), 20 min (p = .009), and 30 min time points (p = 

.029) relative to LTD+RF rats, following induction.  

To assess whether RF stimulation alone (i.e., in the absence of LFS) exerted any effects 

of fPSPs, we examined the effect of RF stimulation in the absence of LFS delivery. fPSPs 

following the RF stimulation protocol showed no changes from baseline. An ANOVA 

comparing rats receiving RF stimulation (n = 8) to rats receiving RF without paired LFS (n = 6) 

showed that RF stimulation itself had no significant effect on V1 fPSP amplitude. (F1,12 = 

0.328, p = ns).  
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Figure 8. Amplitude of negative-going peak of field postsynpatic potentials (fPSPs) in V1 following LFS of the 

lateral geniculate nucleus (at arrow). Application of LFS resulted in the induction of LTD. Application LFS and 

paired reticular formation stimulation (n = 8) blocked the induction of LTD (F1,14 = 5.566, p = .033), and 

application of RF stimulation exclusively did not significantly differ from LFS + RF paired stimulation . fPSP 

trace (top right) depicts typical fPSPs before (red) and after (blue) LFS stimulation. Error bars show standard 

error of the mean. * indicates significant difference (p < 0.05) between LFS and LFS+RF groups.  

 

Together, these experiments indicate that LTD can be successfully induced in the deeply 

anesthetized rat, and that this effect is abolished when the delivery of LFS is paired with 

stimulation of the RF.  

 

 



28 
 

3.5 Effects of RF on LTD Induction Were Not Reversed by Muscarinic or Nicotinic 

Acetylcholine Antagonists 

Next, we asked if we could reverse the blocking effects of RF stimulation by systemic 

application of scopolamine (1.0 mg/kg; n = 6), mecamylamine (0.5 mg/kg; n = 6), or a 

combination of both drugs (10.0 mg/kg scopolamine; 5 mg/kg mecamylamine; n = 4). All drugs 

were administered intraperitoneally, 20 min prior to the onset of baseline recordings.  

 

Figure 9. Application LFS and paired reticular formation stimulation (n = 8) blocked the induction of LTD. 

Application of LFS and RF stimulation with systemic scopolamine (n = 6; F1,12 = 850, p = ns), and systemic 

mecamylamine (n = 6; F1,12 = 0.003, p = ns) did not significantly differ from LFS + RF paired stimulation. fPSP 

trace (top right) depicts typical fPSPs before (red) and after (blue) paired LFS+RF stimulation. Error bars show 

standard error of the mean. * indicates significant difference (p < 0.05) between LFS and LFS+RF groups. 
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The results of ANOVA tests showed no significant differences between non-drug rats 

(receiving LFS and RF stimulation) and those receiving scopolamine (F1,12 = .850, p = ns), 

mecamylamine (F1,12 = 0.003, p = ns), or both (F1,10 = 0.423, p = ns), showing that the effects 

of RF on LTD induction were not reversed by muscarinic or nicotinic acetylcholine receptor 

antagonists (Figure 9).  
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Chapter 4 

Discussion 

The results of the present study show that LFS reliably induced thalamocortical LTD in 

V1 of urethane-anesthetized rats, and that LTD induction could be blocked by increasing 

background activity using stimulation of the pedunculopontine tegmentum of the brainstem RF.  

Furthermore, the effects of RF stimulation could not be reversed by systemic application of the 

cholinergic antagonists scopolamine and mecamylamine, suggesting that cholinergic signaling 

is not necessary for RF stimulation to block LTD induction, and that other (or additional) 

receptors may be responsible. Here, LFS + RF stimulation caused profound changes to 

background ECoG activity, resulting in suppressed frequency activity below 1 Hz and the 

generation of complex oscillatory activity in V1, characterized by the appearance of several 

novel peaks in the power spectrum (between 1 and 3.5 Hz). Muscarinic and/or nicotinic 

receptor blockade was effective in reducing the suppression of low (<1 Hz) frequency power in 

the ECoG, but did not prevent the emergence of complex oscillatory activity in V1. Together, 

these data suggest that spontaneous background activity may function as a gateway to LTD 

induction, where higher levels of ongoing background activity serve to impede LTD induction 

(possibly by overriding LFS pulses) and lower levels provide a more permissive state for LTD 

induction. 

There is a growing consensus that, similar to LTP, LTD plays an important role in 

mediating learning and memory encoding (Cooke & Bear, 2013; Malenka & Bear, 2004; 

Martin & Morris, 2002; Massey & Bashir, 2007; Neves, Cooke, & Bliss, 2008), as well as other 

forms of experience dependent plasticity, such as ocular dominance shifts induced by MD 
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(Smith, Heynen & Bear, 2009). However, several attempts to induce LTD at forebrain synapses 

in vivo have failed (Abraham et al., 2007; Errington et al., 1995; Hager & Dringenberg, 2010; 

Jiang et al., 2003), leading investigators to propose a number of possible mechanisms to 

account for the resistance of these synapses against the induction of LTD. For example, Jiang et 

al. (2003) failed to induce LTD in layer-IV of rat visual cortex in vivo after applying LFS (1 

Hz, 15 min), yet successfully induced LTD using the same LFS protocol after inhibiting brain-

derived neurotrophic factor (BDNF) signaling, suggesting that BDNF may be a potent inhibitor 

of LTD induction in the intact brain. In another example, Benuskova (2012), using 

computational models based on experimental data on LTD induction in dentate gyrus granule 

cells, suggested that a specific level of ongoing, spontaneous spiking activity is required to 

elicit LTD. This is consistent with experimental observations wherein heterosynaptic LTD 

could not be induced in dentate gyrus granule cells when spontaneous background activity was 

not present. Applying tetanic stimulation to the medial perforant path (MPP) is expected to 

produce heterosynaptic LTD in the lateral perforant path (LPP) and vice versa, however this 

did not occur when background activity was blocked in the LPP by the anesthetic procaine 

(Abraham et al., 2007). Thus, different levels of spontaneous background activity may perform 

important gating functions for the induction of LTD at forebrain synapses. 

To examine this problem, I induced deep levels of anesthesia, leading to a burst-

suppression pattern of ECoG activity in V1 (Figure 6). During this activity pattern, synaptic 

and spiking activity is strongly reduced, leading to the appearance of prolonged (up to 1 s) 

pauses in firing and strongly hyperpolarized (“down-state”) membrane potentials of cortical 

neurons (Albrecht & Davidowa, 1989; Devonshire et al., 2010; Erchova, Lebedev, & Diamond, 

2002). Under this level of deep anesthesia, LFS elicited stable (for >90 min) LTD in V1. At 
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lower anesthetic doses (1.5 g/kg versus 2 g/kg here), Hager & Dringenberg (2010) achieved 

only transient (approximately 20 min) depression, despite using the same LFS protocol. These 

observations suggest that a stronger suppression of cortical activity by a larger anesthetic dose 

can produce a state more suited to the induction of LTD. 

To observe the effect of higher levels of background activity, I directly stimulated the 

brainstem RF, a major activating system of the forebrain (Dringenberg & Olmstead, 2003; 

Moruzzi & Magoun, 1949; Steriade & Buzsaki, 1990; Steriade, 1995). Combined LFS + RF 

stimulation potently altered ECoG activity, and thalamic LFS became ineffective in eliciting 

LTD. ECoG fluctuations largely reflect synchronized excitatory and inhibitory synaptic 

currents that summate in the extracellular space and give rise to local field potential that can be 

detected by extracellular recording electrodes (Pedley & Traub, 1990; Buzsaki et al., 2012; da 

Silva, 2013). This suggests that the induction of LTD in V1 described here may have been 

hindered by the enhanced synaptic activity of cortical networks during RF stimulation by 

effectively reducing the ratio of signal-to-noise for LFS pulses. However, patterns of spiking 

activity may also play an important role in gating LTD induction, given that spiking activity of 

neocortical neurons is closely linked to rhythmic oscillations of extracellular (synaptic) currents 

(Pedley & Traub, 1990; Buzsaki et al., 2012; da Silva, 2013). 

The widespread release of ACh following activation of the brainstem RF is well 

established (Kanai & Szerb, 1965; Rasmusson, Clow, & Szerb, 1994; Szerb, 1967). To 

determine the role of cholinergic signaling in blocking LTD, I tested whether blockade of 

cholinergic (muscarinic and/or nicotinic) receptors would reverse or alter the effects of RF 

stimulation on LTD induction in V1. Systemic injection of the cholinergic antagonists 

scopolamine and/or mecamylamine effectively reduced the suppression of low (<1 Hz) 
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frequency power in the ECoG, but did not inhibit the appearance of complex oscillatory 

activity in V1 or permit the induction of LTD. This suggests other (or additional) receptors may 

have been involved in blocking LTD induction, and that changes in very slow activity may not 

be a critical contributor to the effect of RF stimulation on LTD induction. Furthermore, these 

data strengthen the proposed relation between synaptic activity levels and the probability of 

LTD induction, in that both the appearance of faster, cortical activity and the inhibition of LTD 

by RF stimulation were preserved during cholinergic receptor blockade. 

The findings reported in this thesis are consistent with prior investigations using in vivo 

and in vitro preparations. For example, Crochet et al. (2006) found that the probability of 

eliciting shorter-term (4 – 24 min) synaptic plasticity was strongly modulated by background 

activity in neocortical networks in vivo. Under low levels of background activity (10 Hz), the 

probability of synaptic depression increased, while the probability of inducing potentiation 

increased under higher levels of background activity (40 Hz, 100 Hz). Similarly, Reig et al. 

(2006) found that cortical slices ‘activated’ by an elevated-potassium medium to elicit 

spontaneous activity were more resistant to the induction of short-term depression of V1 

synapses by paired-pulse stimulation than ‘silent’ cortical slices that elicited no spontaneous 

background activity (Reig & Sanchez-Vives, 2007). Together, these experiments demonstrate 

that lowered neural activity may be permissive to the induction of synaptic depression across a 

variety of experimental preparations and time scales (from seconds to hours). This explanation 

may also account for the increased effectiveness of LFS to induce LTD in vitro, where slice 

preparations typically exhibit relatively little or no spontaneous activity (e.g., Reig et al., 2006). 

The data and interpretations presented above appear to contradict the model by 

Benuskova (2012), which proposes that higher spontaneous activity is required to elicit LTD. 
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However, recordings of V1 activity from the present work show that the delivery of thalamic 

LFS enhanced synaptic activity to a range of approximately 0.3–2 Hz compared to spontaneous 

(pre-LFS) activity. This suggests that this activity level may be within the permissive range 

required to elicit LTD at neocortical synapses. When spontaneous activity is increased (i.e. by 

LFS + RF stimulation) or decreased (see Benuskova, 2012) to levels outside this “permissive 

window,” LTD is inhibited. A possible explanation for this effect might be that synaptic and 

spiking activity elicited by relatively infrequent (∼1 Hz) LFS is now embedded in a more 

active network. Under these conditions, LFS may lose the ability to relay information about the 

relative timing of firing of individual pre- and postsynaptic neurons, the main determinant of 

plasticity induction and direction (i.e., potentiation versus depression), according to STDP rules 

(Caporale & Dan, 2008; Dan & Poo, 2004; Feldman, 2012). 

4.1 Future Directions 

The results of the present work suggest that decreases in spontaneous background 

activity promote the ability of LFS to elicit LTD, provided that spontaneous activity levels 

remain within a range permissive to LTD induction. Several possible methods for manipulating 

cortical activity could be used to extend the ideas presented here. For example, here rats 

underwent deep urethane anesthesia that resulted in decreased background activity. This effect 

was noted, but not systematically measured and quantified. Systematically altering the urethane 

dosage and level of anesthesia would provide an experimental strategy to examine the success 

of LTD induction under varying levels of background activity under in vivo conditions.  

Similarly, a pharmacological approach could be used to determine the respective roles 

of spontaneous pre- and postsynaptic firing on LTD induction in thalamocortical sensory (and 
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other) pathways under in vivo conditions. This was my rationale when targeting mAChRs and 

nAChRs, which are densely expressed throughout the forebrain (Riekkinen et al., 1991), with 

the antagonists scopolamine and mecamylamine. However, stimulation of the brainstem RF is 

known to increase the release of several additional neurotransmitters, including glutamate, 

serotonin, GABA, dopamine, norepinephrine, and histamine (Brown et al., 2012), all of which 

play important roles in the regulation of cortical ECoG activity and synaptic plasticity 

processes at neocortical synapses (Clem & Huganir, 2013; Lovinger, 2010; Mathur et al., 

2011). Pharmacologcial manipulations can also be used in order to alter levels of spontaneous 

pre- and postsynaptic activity in thalamocortical sensory system. For example, recent work has 

shown that the concurrent application of a GABAA-receptor agonist and a GABAB-receptor 

antagonist results in the inhibition of postsynaptic responses, while largely preserving the 

activity of presynaptic inputs (Hogsden, Rosen, & Dringenberg, 2011; Liu et al., 2007). Thus, 

this approach could be used to assess the relative importance of spontaneous pre- and 

postsynaptic activity in gating the induction of LTD between the LGN and V1.  

Lastly, future work could use more naturalistic sensory stimulation, rather than 

electrical or chemical means of manipulating neural activity. If background activity does, 

indeed, exert the gating function proposed here, then visual stimuli (e.g., full-field flashes or 

moving, sinusoidal gratings) and dark exposure should inhibit and facilitate, respectively, LTD 

induction in V1. At present, this hypothesis remains speculative and requires criticathe 

experimental procedures in the present study, raising the possibility that the lack of visual input 

contributed to the successful LTD induction in rats that received LFS without coupled RF 

stimulation. 
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4.2 Conclusions 

The experiment described here investigated the effect of increased spontaneous 

background activity on the induction of thalamocortical LTD in V1 in urethane-anesthetized 

rats. Results indicate that the induction of thalamocortical LTD in V1 can be blocked when 

LFS to induce LTD is combined with stimulation of the brainstem reticular formation, which 

also caused a suppression of low-frequency activity below 1 Hz and the emergence of complex 

oscillatory activity in V1. Application of scopolamine and mecamylamine was effective in 

reducing the suppression of low (<1 Hz) frequency power in the ECoG, but did not restore 

LTD or prevent the complex oscillatory activity seen in V1. These results suggest that higher 

levels of spontaneous background activity impede LTD induction while lower levels provide a 

suitable state for LTD, indicating that spontaneous neural activity may perform important 

gating functions for the induction of LTD. It is suggested that future work should examine this 

effect using other chemical and naturalistic means of manipulating neural activity. 
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