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Abstract 

Synaptic plasticity (long-term potentiation, LTP and long-term depression, LTD) plays an 

important role in processes of learning and memory formation. In order to provide a link between 

these neurophysiological and cognitive processes the following experiments were performed 

using behavioral, electrophysiological, and pharmacological in vivo methods in order to describe 

synaptic plasticity in the adult rat visual system after learning a simple visual discrimination task.  

Initially, a novel method is described providing a simple and noninvasive means to 

restrict visual input. Using a harness and face-mask for monocular occlusion, rats were trained in 

a monocular visual discrimination task using a Y-shaped water maze. Following learning, 

assessment of synaptic plasticity in the thalamocortical visual pathway found both general 

(changes in short-term plasticity in both cerebral hemispheres) and localized changes (greater 

LTP levels in the hemisphere contralateral to the open eye). The enhanced LTP in the primary 

visual cortex (V1) was blocked by an NR2B antagonist, suggesting that training resulted in 

changes in NMDA receptor expression or functioning.  

Next, the effectiveness of LTD stimulation protocols to elicit synaptic depression under 

in vivo conditions were assessed. Of several single-pulse induction protocols tested, only strong 

low frequency burst stimulation (SLFS) produced significant, but transient (~20 min) depression 

in V1 (not affected by blockade of NMDA or metabotrobic glutamate receptors). These data 

highlight the resistance of the thalamocortical visual system to undergo synaptic depression in 

vivo. To examine whether learning alters LTD induction, SLFS was delivered to the 

thalamocortical visual pathway or the V1-perirhinal cortex pathway following visual 

discrimination. Neither pathway exhibited changes in LTD following training, suggesting that the 

learning-induced LTP facilitation reflects an expansion of the synaptic modification range. 

 Finally, the role of different populations of NMDA receptors (cortical vs. thalamic) in 

LTP induction in naïve and visually trained rats was examined. Surprisingly, naïve rats do not 

require activation of cortical NMDA receptors to express LTP, while LTP in trained rats involved 

the activation of both thalamic and cortical NMDA receptors. In summary, this thesis provides 

novel evidence for a metaplastic, training-induced up-regulation of LTP mechanisms in the 

thalamocortical visual system of adult rats.  
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Chapter 1 

General Introduction 

 

1.1 Experience-dependent synaptic plasticity and the synaptic plasticity memory 

hypothesis 

It is widely believed that the processes of learning and memory, and indeed one’s very 

‘thoughts’, are stored in the synapses of the brain and as we learn, remember and forget different 

events and information, these synapses change. Studying how these synapses become plastic 

provides insight into the fundamental workings of the brain. This basic research is needed to 

provide a foundation on which more applied research may be conducted in the future. 

Experience-dependent synaptic plasticity is defined here as any observable change that may occur 

in a given synapse that is dependent upon some behavioral experience that has occurred. Since 

there can be a vast variety of different types and qualities of behavioral experience, it follows that 

there may be different types and qualities of experience-dependent plasticity. 

One of the first instances characterizing experience-dependent synaptic plasticity was 

through the influential work of Hubel and Wiesel (Wurtz, 2009), who examined the effects of 

monocular deprivation on the visual cortex of kittens (Wiesel & Hubel, 1963). This work 

provided a robust model to study experience-dependent synaptic plasticity in the visual cortex 

and is still widely used today, 50 years later. A more recent, theoretical formulation regarding 

experience-dependent plasticity is formulated with the synaptic plasticity and memory (SPM) 

hypothesis, which states: “activity-dependent synaptic plasticity is induced at appropriate 

synapses during memory formation, and is both necessary and sufficient for the information 

storage underlying the type of memory mediated by the brain area in which that plasticity is 
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observed.” (Martin, Grimwood & Morris, 2000, p 650). Even though this hypothesis has been 

theoretically examined in depth (Arshavsky, 2006; Bruel-Jungerman, Davis & Laroche, 2007; 

Martin & Morris, 2002), direct evidence to support it has been difficult to gather, in part as a 

result of the lack of tools available to study whole networks of neurons and multiple synapses that 

are active during learning (Neves, Cooke & Bliss, 2008). Significant evidence has been amassed 

characterizing two specific forms of synaptic plasticity: long-term potentiation (LTP) and long-

term depression (LTD), which are thought to underlie the strengthening and weakening, 

respectively, of synapses that undergo experience-dependent plasticity (Lynch, 2004; Malenka & 

Bear, 2004). While there is a large body of literature describing LTP and LTD in various, wide 

ranging experience-dependent plasticity phenomenon (including, but not limited to critical 

periods, ocular dominance plasticity, cortical map plasticity, enrichment and deprivation studies), 

the experience-dependent plasticity phenomenon discussed herein will focus on behavioral 

processes of learning and memory. 

 

1.2 LTP and LTD as synaptic mechanisms of experience-dependent plasticity 

First discovered by Bliss and Lomo in 1973, typical LTP is a relatively stable 

enhancement of synaptic transmission that follows specific patterns of electrical stimulation. This 

process is typically dependent on glutamate N-methyl-D-aspartate (NMDA) receptors and 

calcium (Ca
2+

) (Bliss & Collingridge, 1993). LTP has been found in many areas throughout the 

central nervous system and a detailed understanding of the cellular signaling events underlying 

this form of plasticity has been outlined (Bennett, 2000; Lynch, 2004). LTD can be defined as a 

long-lasting depression of synaptic transmission that can have different mechanisms depending 

on the brain area in which it is studied (Kemp & Bashir, 2001). Both LTP and LTD are attractive 

as physiological correlates of memory encoding in that they share properties of: rapid induction, 
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input specificity, and cooperativity/associativity (Bliss & Collingridge, 1993). In addition, 

memory and LTP both display varying time courses that may last from minutes (working 

memory) to months (long-term memory) and are expressed in many different neuronal systems 

(Abraham, Logan, Greenwood & Dragunow, 2002; Kemp & Bashir, 2001). While they do share 

similar properties, it is important to view LTP and LTD as separate mechanisms that may occur 

in conjunction or independently of one another.  

There is now considerable evidence suggesting that LTP can serve as a mechanism 

mediating experience-dependent plasticity (Kirkwood, Rioult & Bear, 1996; Rioult-Pedotti, 

Friedman & Donoghue, 2000; Rogan, Staubli & LeDoux, 1997; Whitlock, Heynen, Shuler & 

Bear, 2006).  For example, training rats on a skilled forelimb reaching task resulted in an increase 

in strength of synapses in the primary motor cortex (M1) in vitro, which reduced the amount of 

LTP that could subsequently be induced using electrical high frequency stimulation (Rioult-

Pedotti et al., 2000). This occurrence is often termed occlusion, as the act of learning the task 

occluded or used up the available LTP at those synapses. Similar findings have been obtained in 

vivo, showing an LTP-like increase in synaptic strength in the CA1 field of the hippocampus of 

rats after inhibitory avoidance learning (Whitlock et al., 2006). Again, this effect resulted in an 

occlusion of subsequent LTP induction, suggesting that similar plasticity mechanisms are 

engaged during learning and electrically-induced LTP phenomena.  

Similar to LTP, it is likely that LTD plays an important role in experience-dependent 

synaptic plasticity, as well as processes including memory encoding and consolidation (Malenka 

& Bear, 2004; Martin & Morris, 2002; Massey & Bashir, 2007). Massey et al., (2008) found that 

multiple-exposure, visual recognition learning resulted in the occlusion of LTD in slices of 

perirhinal cortex, indicative of the induction of an endogenous LTD process during learning. In 

V1, LTD has been implicated in ocular dominance shifts by mediating the weakening of visual 

responses of the deprived eye during monocular deprivation (Bear, 2003; Kirkwood et al., 1996). 
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In M1, enhanced LTD (and reduced LTP) is apparent after the acquisition of a skilled-reaching 

task, consistent of an upward shift of endogenous, synaptic strength during learning (Rioult-

Pedotti et al., 2000). Further, the entire plasticity-range, in other words, the finite upper (LTP) 

and lower (LTD) synaptic modification limits can be altered as a result of experience (Rioult-

Pedotti, Donoghue & Dunaevsky, 2007). These studies emphasize the role of LTD as a mediator 

of experience-induced synaptic plasticity. It is likely that LTP and LTD provide dual, 

complimentary mechanisms to adjust synaptic strength following various types of behavioral 

experiences.  

 

1.3 Adult rat visual system as a model system 

 Previously, the roles of LTP and LTD in experience-dependent plasticity have been 

studied in depth in the hippocampus (Whitlock et al., 2006) and to some extent in other systems 

including the amygdala (Maren, 2005) and the motor cortex (Rioult-Pedotti et al., 2007). The 

underlying plasticity mechanisms involved in learning and memory of visual tasks has been 

studied in less detail. The anatomical organization and physiology of the adult rodent visual 

system have been well characterized, making it a suitable model system to study experience-

induced plasticity. As a result of years of anatomical research, there is now a highly detailed 

understanding of the structural and anatomical pathways responsible for visual information 

processing. This detailed understanding of circuit pathways can be used to examine which 

synapses change and which are not affected following the learning of specific visual tasks. 

To begin a simplified overview, light is converted into electro-chemical signals by the 

five layers of retinal cells and then sent through the retinal ganglion axons. The primary pathway 

of the retinal ganglion axons sends these signals to the thalamus, specifically the lateral 

geniculate nucleus (LGN). In the rodent, the large majority (>90%) of retinal ganglion axons that 
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form the optic nerve, cross the optic chiasm to the contralateral LGN, with a small minority of 

axons projecting to the ipsilateral LGN (Cowey & Perry, 1979; Lund, Lund & Wise, 1974; 

Sefton, Dreher & Harvey, 2004; Figure 1.1). This differs from humans and other predatory 

species (whose eyes are typically at the front of the head, as opposed to the sides, as is the case in 

most rodent species), in which approximately 50% of the axons cross at the level of the optic 

chiasm.  

 

 

Figure 1.1. A schematic representation of the rodent visual system. The retina-geniculate-striate 

pathway includes (A) the retina, (B) lateral geniculate nucleus (LGN) of the thalamus and (C) the 

primary visual cortex. In rodents the large majority (>90%) of retinal ganglion axons cross to the 

contralateral LGN, with a small minority of axons projecting to the ipsilateral LGN. 

 

 

 

A secondary pathway from the retina consists of a subset of retinal ganglion axons that 

project directly to the superior colliculus for low level processing of stimuli related to eye and 

head orientation (May, 2006). The primary pathway continues from the LGN with 
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thalamocortical fibers innervating layer IV of the visual cortex. Similar to other species and 

cortical areas, the rodent visual cortex displays a typical six-layer structure with corticocortical 

connections present between layer IV and layers II/III, and layers II/III to the other cortical layers 

(Douglas & Martin, 2004; Gilbert, 1983). The output of V1 is sent to various extrastriate areas 

including the perirhinal cortex and subcortical structures. The perirhinal cortex is considered a 

transition cortex, in that it mediates information transfer between the neocortex (V1 along with 

other sensory cortices) and the hippocampus (Furtak, Wei, Agster & Burwell, 2007; Kealy & 

Commins, 2011). Neuronal pathways that involve higher level processing of information about 

stimuli identity (the ‘what’ pathway) and stimuli location (the ‘where’ pathway) have been 

identified, though little is known as to the exact functional roles of these pathways in rodents 

(Wang, Sporns & Burkhalter, 2012). 

While there is a detailed understanding of the anatomical and structural pathways of the 

visual system, the functional significance of these circuits and the role of plasticity in visual 

processing and memory remains to be elucidated. The use of mice and other rodents such as rats, 

can serve as a model system in which to further these investigations (Huberman & Niell, 2011).   

 

1.4 Visual perception in the rat 

The rat primary visual cortex has a functional organization that is designed to extract cues 

from a visual scene that are necessary for precise visual form perception with low spatial 

resolution (Girman, Sauve & Lund, 1999). Typical adult visual acuity (~1.0 cycle/degree) forms 

during development and has been shown to be weakened by early life (during the critical period) 

monocular and binocular deprivation (Prusky, West & Douglas, 2000b). In contrast, increases in 

visual acuity of adult rodents have been measured as a result of enriched living conditions 

(Prusky, Reidel & Douglas, 2000; Sale, Berardi & Maffei, 2009). While the visual acuity of rats 
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is poor in comparison to other mammals (cats, humans), rats can still be useful in studies using 

various perceptual learning tasks.  

In addition to having evolved adequate visual acuity, rats, along with many other 

mammals, have developed neurons in V1 which respond preferentially to bars of a particular 

orientation (e.g. horizontal bars or vertical bars). In rats and other rodents, the populations of 

orientation selective neurons are intermixed, similar to a salt-and-pepper type of organization that 

lacks an orientation map (Girman et al., 1999; Hansel & van Vreeswijk, 2012; Van Hooser, 

Heimel, Chung, Nelson & Toth, 2005.). Cats, monkeys and humans have a more refined 

organization to V1, whereby neurons with similar preferred orientations are anatomically close to 

each other, forming a columnar orientation map (Hubel & Wiesel, 1963; Hubel & Wiesel, 1968; 

Mountcastle, 1997). As a result of visual cortex neurons responding preferentially to particular 

orientations, the use of visual stimuli that comprise of orientation gratings is common in the study 

of visual perception learning. While there are differences in the visual cortex organization 

between species, the similarities that are present allow for the effective use of the rat visual 

system in examining experience-dependent plasticity. 

 

1.5 Experience-dependent plasticity in the adult visual system  

 Many different types of experiences may result in experience-dependent plasticity in the 

adult visual cortex (Karmakar & Dan, 2006). These experiences may be broadly divided into two 

categories: 1) those which involve general or global learning based on changes in one’s overall 

environment and 2) active learning related to a specific task. Many studies have examined the 

former experiential category and include studies of adult ocular dominance plasticity (Sato & 

Stryker, 2008), light/dark exposure (Kirkwood et al., 1996; Kuo & Dringenberg, 2009; Tsanov & 

Manahan-Vaughn, 2007), and environment enrichment studies (Mainardi et al., 2010). In 
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contrast, fewer studies to date have examined LTP and LTD-like changes after active learning of 

a specific visual memory task. These studies have included examination of LTD in the perirhinal 

cortex (Griffiths et al., 2008) and LTP and LTD in the thalamocortical visual system (Gagolewicz 

& Dringenberg, 2011; Hager & Dringenberg, 2010b).  

 Earlier experiments mentioned above have used specific learning tasks that are thought to 

rely on well-defined brain areas, which then can be examined for evidence of 

experience/learning-related changes in synaptic strength including inhibitory avoidance learning 

and CA1 of the hippocampus (Whitlock et al., 2006) or skilled forelimb reaching and M1 (Rioult-

Pedotti et al., 2000); these studies have generally found that training resulted in the occlusion of 

LTP. However, other studies have found that behavioral experiences/learning can also lead to the 

opposite effect, which is facilitation of LTP (Gagolewicz & Dringenberg, 2011; Hager & 

Dringenberg, 2010b). One specific task of visual discrimination training requires adult rats to 

discriminate two visual cues, one of which consistently indicates the location of a hidden escape 

platform in a modified, Y-shaped water maze apparatus. Control animals are exposed to the same 

visual stimuli in the absence of explicit pairing of these stimuli with the platform location. This 

learning task provides a naturalistic paradigm to assess the effect of visual experience on synaptic 

connectivity and plasticity in multiple brain areas. Following completion of the behavioral 

training, greater levels of LTP were recorded in V1 in response to theta-burst stimulation of the 

LGN. This effect required stimuli during training to carry some behavioral significance (e.g., 

indicating the platform location), since swim-control as well as task-naïve animals did not exhibit 

the facilitation. At present, the exact cellular and neurochemical mechanisms mediating the shift 

in LTP ceiling in V1 remain to be determined. Several, parallel cellular and neurochemical 

systems may be involved, including the release of trophic factors (e.g., BDNF) during training, 

changes in the subunit composition of NMDA receptors (NR2A, NR2B), or reductions in 

inhibitory, GABAergic activity, all of which have been shown to act as potent regulators of 
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plasticity at V1 synapses (Hanover, Huang, Tonegawa & Stryker, 1999; Jiang, Huang, Morales & 

Kirkwood, 2005; Karmarkar & Dan, 2006; Yashiro & Philpot, 2008). This phenomenon of 

facilitated LTP in the visual cortex following behavioral training clearly requires further 

examination. 

 

1.6 Concluding remarks 

 Here, I have provided a brief overview of the importance of studying the mechanisms 

mediating experience-dependent synaptic plasticity and the role played by LTP and LTD in the 

synaptic plasticity and memory hypothesis. I describe how LTP and LTD act as synaptic 

mechanisms underlying different forms of experience-dependent plasticity with focus on 

learning-specific behavioral experience. I describe the flow of information through the adult 

rodent visual system and how learning a simple visual discrimination task results in a facilitation 

of LTP, a phenomenon that will be investigated in more detail with the experiments contained in 

this thesis.   

 

1.7 Objectives 

 The primary focus herein was to examine experience-dependent synaptic plasticity in the 

visual system of adult rats, specifically changes that take place following the learning of a visual 

discrimination task. The general overall experimental approach focused on the intact central 

nervous system using a combination of behavioral, pharmacology and in vivo electrophysiology 

methods. Ultimately these experiments seek to provide further evidence examining the research 

question: how do neurophysiological mechanisms, specifically those involved in synaptic 

plasticity, mediate the cognitive behavioral processes of learning and memory? 
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For the first study (Chapter 2), my objective was to design a noninvasive face-mask to be 

used for monocular occlusion in rats during a visual discrimination task in order to make use of 

the rodent’s intrinsic lateralized retinal input. The goal was to study the acquisition and retrieval 

of visual cues and the hemispheric lateralization of these processes.  

The second study (Chapter 3) used monocular visual discrimination training and 

characterized its effects on LTP in the thalamocortical visual pathway in the hemispheres 

ipsilateral and contralateral to the open and occluded eye. This approach was used to assess 

whether the enhanced LTP after training was lateralized and a result of input-specific activity, or 

non-hemisphere specific and a result of more global, whole-brain activity.  

With the third study (Chapter 4), my objective was to determine an effective induction 

protocol for the induction of LTD in the thalamocortical pathway in vivo; previous work on the 

effects of training on LTD has mostly used in vitro approaches. The refinement of such LTD 

induction protocols appears to be particularly critical for intact, in vivo preparations, since only 

these maintain the complex interactions among multiple brain regions known to occur as part of 

learning and consolidation processes.  

Using the optimal induction protocol identified in Chapter 4, the fourth study (Chapter 5), 

examined LTD following visual discrimination training in both the primary visual cortex 

(thalamocortical-V1 projection system), as well as the perirhinal cortex (V1-perirhinal projection 

system). The objective of this study was to examine whether the entire synaptic plasticity range 

(potentiation and depression) was altered by visual training, and to test whether this training may 

alter plasticity not only in lower visual cortical processing centers (V1), but also in higher cortical 

areas of the extrastriate cortex, namely the perirhinal cortex, which may play an integral part in 

forming memory trace during visual discrimination training.  

The fifth and final study (Chapter 6) focused on some of the mechanisms mediating LTP 

induction in the thalamocortical pathway of naïve animals and rats trained in a visual 
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discrimination task. Specifically, my objective was to determine the contributions of NMDA 

receptors located in either the LGN or V1 to LTP induction in naïve and visually trained animals.  
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Chapter 2 

Design of a noninvasive face-mask for ocular occlusion in rats and 

assessment in a visual discrimination paradigm 

Published in its entirety in “Design of a noninvasive face-mask for ocular occlusion in rats and 

assessment in a visual discrimination paradigm” by Hager, A.M. & Dringenberg, H.C. (2012). 

Behavior Research Methods 44, 919-923. 

 

2.1 Abstract 

The rat visual system is structured such that the large (> 90%) majority of retinal ganglion axons 

reach the contralateral lateral geniculate nucleus (LGN) and visual cortex (V1). This anatomical 

design allows for the relatively selective activation of one cerebral hemisphere under monocular 

viewing conditions. Here, we describe the design of a harness and face-mask, allowing simple 

and noninvasive monocular occlusion in rats. The harness is constructed from synthetic fiber 

(shoelace-type material) and fits around the girth region and neck, allowing easy adjustments to 

fit rats of various weights. The face-mask consists of soft rubber material that is attached to the 

harness by Velcro strips. Eyeholes in the mask can be covered by additional Velcro patches to 

occlude either one or both eyes. Rats readily adapt to wearing the device, allowing behavioral 

testing under different types of viewing conditions. We show that rats successfully acquire a 

water-maze based visual discrimination task under monocular viewing conditions. Following task 

acquisition, interocular transfer was assessed. Performance with the previously occluded, 

‘untrained’ eye was impaired, suggesting that training effects were partially confined to one 

cerebral hemisphere. The method described herein provides a simple and noninvasive means to 

restrict visual input for studies of visual processing and learning in various rodent species.  
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2.2 Introduction 

In recent years, the rodent visual system has become an important model to study 

mechanisms of experience-dependent plasticity during early development, as well as adulthood.  

For example, monocular deprivation, initially shown in kittens to result in profound ocular 

dominance shifts in the primary visual cortex (V1) (Hubel & Wiesel, 1970), now provides an 

important tool to characterize molecular and cellular mechanisms of synaptic development and 

plasticity in rats and mice (Hofer, Mrsic-Flogel, Bonhoeffer & Hubener, 2006; Jiang et al., 2005; 

Smith, Heynen & Bear, 2009). Further, the development of sophisticated visual tasks allows a 

detailed analysis of the perceptual abilities of rodent species (Prusky, Alam & Douglas, 2006; 

Prusky, West & Douglas, 2000b). 

Initially, relatively long-term monocular deprivation was used to examine the effects of 

visual experience (or the lack thereof) on V1 development (Hubel & Wiesel, 1970). In addition, 

procedures to temporarily restrict input to one eye through monocular occlusion are useful to 

identify training-induced plasticity in specific, anatomically restricted parts of the rodent nervous 

system. For the latter, it is of importance to note that the anatomical organization of the rodent 

visual system displays a high degree of lateralization. That is, the large majority (> 90%) of 

retinal ganglion axons cross to the contralateral lateral geniculate nucleus (LGN) and V1 (Cowey 

& Perry, 1979; Lund et al., 1974; Sefton et al., 2004), resulting in a strongly lateralized activation 

of the contralateral hemisphere under monocular viewing conditions. Chang and Greenough 

(1982) demonstrated that rats undergoing maze training under monocular viewing conditions 

experience a greater increase in dendritic spines in the V1 contralateral to the open eye, an 

observation consistent with the high degree of anatomical lateralization of the rat visual system.   

In previous work on rodents, techniques to restrict visual input to one eye have involved 

adhesive eye patches (Adelstein & Crowne, 1991; Crowne, Forsyth & Fitzgerald, 1994), lid 
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suturing (Chang & Greenough, 1982; Prusky et al., 2006) or enucleation (Prusky et al., 2006; 

Shinohara et al., 2012). Problems with adhesive patches remaining in place have been reported 

(Adelstein & Crowne, 1991). Lid suturing and enucleation both necessitate surgical procedures 

under general anesthesia and are either nonreversible, or require a further surgical procedure to 

open the sutured eye. Given these limitations, alternative methods of restricting visual input in 

small rodent species might offer advantages over previously used techniques.  

Here, we provide a description of the construction and use of a simple, noninvasive 

harness-face mask device that allows temporary occlusion of one or both eyes in rats. Behavioral 

data for the acquisition of a water-maze based discrimination task under monocular viewing 

conditions are provided, demonstrating that rats successfully acquire visual tasks using this 

device. Further behavioral tests performed with the previously occluded, ‘untrained’ eye suggest 

that there is relative little interocular transfer of information for this type of visual discrimination 

learning in rats.  

 

2.3 Materials and methods 

2.3.1 Subjects  

Experimental procedures were conducted on 23 adult (400-700 g), male Long–Evans rats 

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

a colony room (12/12 h reversed light cycle; light on at 7:00) with free access to food and water. 

All behavioral procedures took place during the day (dark cycle), typically between the time of 

10:00 and 17:00 h. 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.  
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2.3.2 Harness and face-mask construction  

The apparatus consists of two parts, a harness and face-mask.  

Harness: The harness was constructed of 1 cm wide, synthetic cloth material (obtained from 

lanyards or shoelaces) approximate 50 cm in length, knotted in an adjustable figure-eight design 

using a simple overhand knot (Figure 2.1). The two loops fit snuggly around the rat’s upper body 

(just behind the forelegs) and neck, which allowed the harness to be adjusted to fit animals of 

different sizes.  

Face-mask: The face-mask (3 cm wide x 10.5 cm length) was cut from soft rubber material 

obtained from dishwashing gloves. Adhesive Velcro strips were attached to the mask (Figure 

2.1), allowing it to be securely wrapped around the animal’s head, leaving the eyes, ears, and 

nose unobstructed. The eye holes were approximately 1.5–2 cm in diameter, with hooked Velcro 

placed around the each holes, allowing soft Velcro eye patches (rectangular, 2 cm x 1.5 cm) to be 

attached to the mask, thereby closing the eye holes. Eye patches could easily be attached and 

removed without obvious discomfort of the animal. The face-mask attached to the harness by 

three rubber and Velcro straps (1.5 cm wide, 4-7 cm length), one on each side of the head/neck 

and one along the top of the head (Figure 2.1). Velcro was positioned so that the soft, non-hooked 

side faced the animal’s body, thus avoiding discomfort and skin irritation. Experimenters 

monitored the rat’s breathing, movement, and vocalizations to ensure that the mask and harness 

fit each animal properly. This device was worn during habituation and subsequent visual 

discrimination training.  
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Figure 2.1. The harness and face-mask designed for monocular viewing. The harness and face-

mask laid out flat (A), (scale bar = 1 cm) and being worn by a rat (B and C). (A) The small top 

loop of the harness fits around the neck and behind the ears of the rat. The large bottom loop of 

the harness fit just behind the rat’s forelimbs and around the girth region. (B and C). The face-

mask wraps around the rat’s head, attaching to itself under the chin. The three long straps of the 

mask are used to secure it to the harness, with the longest (middle) strap placed centrally on the 

top of the head and the two lateral straps placed on the sides of the head. The straps are wrapped 
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around the harness and folded back onto themselves and secured with Velcro pieces. (C) View of 

the top of the head, showing an eye patch in place, which can readily be switched between the 

two eyes.  

 

 

 

2.3.3 Visual discrimination performance under monocular viewing conditions  

Performance of rats wearing the harness-face mask device was assessed using a visual 

discrimination procedure conducted in a Y-shaped water maze apparatus described previously 

(Hager & Dringenberg, 2010b). In this task, rats are required to distinguish two distinct visual 

cues mounted at the end of the two Y-maze goal arms, separated by a central divider (50 cm in 

length). Visual cues were two white sheets of paper (28 cm × 21.5 cm) with three, equally-spaced 

black bars (length 15 cm, width 3 cm, spaced 3 cm apart, black area 135 cm
2
), in either vertical or 

horizontal orientation. Cues were mounted at the end of the goal arms 1 cm above the water 

surface and 50 cm away from the point where rats were required to enter one of the two goal 

arms. One of the visual cues was paired with the location of a hidden escape platform (P+), while 

the other indicated the absence of the platform (P-; cues and designations were counterbalanced 

across different animals). The location of the escape platform (and associated cues) changed 

randomly from trial to trial during acquisition training (Hager & Dringenberg, 2010b). All rats 

were fitted with the face-mask and one eye patch to create monocular viewing conditions (n=10 

and 13 for right and left eye occlusion, respectively).  

Prior to the start of discrimination training, rats were handled and habituated to wearing 

the harness and face-mask for five consecutive days (10 min/day). Subsequently, monocular 

discrimination training was carried out as described previously (Hager & Dringenberg, 2010b), 

with the following modifications: Habituation day one: rats swam in the Y-maze (20 trials) while 

wearing the harness and were required to find the hidden platform without the use of discrete 

visual cues to indicate platform location. Habituation day two: animals were again required to 
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swim (20 trials), but now wore the harness and the face-mask with one eye occluded. Further, 

visual cues (P+ and P-) were now present at the ends of the goal arms to indicate platform 

location.  

 Following these habituation procedures, the formal training phase was initiated, which 

occurred over multiple days (10 trials/day) and continued until a preset performance criterion was 

reached (8/10 correct trials per day for three consecutive days). During training, rats were 

required to form an association between the visual cues and platform location under monocular 

viewing conditions. For each trial, the platform (and the associated visual cues) were pseudo-

randomly placed in one goal arm, with the restriction that the platform was assigned to each goal 

arm for five out of the ten daily trials.  

 

2.3.4 Probe trial test of interocular transfer  

Following task acquisition, five additional test days were given (10 trials/day). For two of 

these trials (randomly assigned, with the stipulation that they could not occur consecutively or on 

the first of the ten daily trials), the eye patch was reversed from the previously closed ‘untrained’ 

to the open ‘trained’ eye to test for interocular transfer of the learned information. For these 

“probe” trials, the platform was removed from the maze and the first arm entered by the animal 

was recorded as their correct or incorrect choice.  

 

2.3.5 Data analysis  

Data are expressed as mean ± standard error of mean (S.E.M.) and were evaluated by 

analyses of variance (ANOVA) using SPSS software (v. 19.0, SPSS Inc., Chicago, IL). Probe 

trial data were assessed by comparing the percentage of correct responses between the open 
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‘trained’ eye and the previously closed ‘untrained’ eye within subjects and across the five probe 

trial days using repeated-measures ANOVA.  

 

2.4 Results 

2.4.1 Task acquisition  

A total of 23 rats were trained on the visual discrimination task wearing the harness and 

face-mask to create monocular viewing conditions. Rats were randomly assigned to receive 

training with either the left (n=13) or right eye (n=10). Further, visual cues were also 

counterbalanced, so that half of the animals were given vertical and horizontal bars as P+ and P-, 

respectively (i.e., indicating the platform location and absence), with the remaining rats receiving 

the opposite association. Importantly, all rats readily adjusted to wearing the mask without 

obvious signs of distress or discomfort.  

 Of the 23 trained rats, 16 successfully reached the preset training criterion (at least 8/10 

correct trails for three consecutive days). Rats that did not meet this criterion after 20 training 

days were excluded from further analysis. The average time to reach the criterion and 

successfully discriminate the visual cues was 12.1 days (range 7-18) (Figure 2.2A). Whether 

vertical or horizontal bars were used as P+ did not affect the number of days to reach the 

performance criterion for successful task acquisition, F(1, 15) = .3, p > .05, ANOVA; vertical M 

= 12.5, SD = 3.34; horizontal M = 11.6, SD = 3.34. Similarly, there was no significant difference 

between rats trained with the left (M = 12.1, SD = 4.32) or right eye (M = 12.0, SD = 2.00) on the 

number of days to acquire the task, F(1, 15) = .01,  p > .05, ANOVA.   

It is of interest to note that task acquisition under monocular viewing conditions was 

delayed relative to acquisition using binocular vision in previously published work using the 
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same apparatus and training procedure (Figure 2.2A; binocular data adapted from Hager & 

Dringenberg, 2010b). This observation indicates that binocular information appears to aid in 

visual discrimination performance assessed under the present test conditions.  

 

2.4.2 Test of interocular transfer  

Following task acquisition, five additional test days were given, each consisting of eight 

regular trials (trained eye open) and two randomly inserted probe trials, where the eye patch was 

reversed to allow testing with the previously occluded, ‘untrained’ eye. As shown in Figure 2.2B, 

performance with the ‘trained’ eye (M = 89.2%) was consistently better across the five test days 

relative to the untrained eye (M = 66.3%; main effect of eye, F(1, 60) = 16.9, p = .001). Further, 

there was no significant change in performance over the five test days (main effect of day, F(4, 

60) = 1.7, p > .05) and no interaction between test eye and probe trial day, F(4, 60) = .190, p > 

.05, ANOVA. These results indicate that there is relatively little interocular transfer for the type 

of visual information acquired under the present training conditions.  
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Figure 2.2. Monocular visual discrimination performance. (A) Visual discrimination performance 

for animals trained under binocular (n=24) and monocular (n=16) viewing conditions (average ± 

S.E.M. correct responses in the Y-maze are shown). Dashed line indicates criterion for successful 

completion of the task.  Note the faster task acquisition for binocularly trained animals (the 

binocular group is adapted from Hager & Dringenberg, 2010b). (B) Monocularly trained animals 

were administered five additional training days (10 trials/day). For two of these trials, the eye 

patch was switched to the previously non-occluded, trained eye. Note that performance was 

significantly impaired for the untrained eye, indicative of weak interocular transfer of visual 

information acquired during training (p < .05). The insert bar graph shows significantly (p < .05) 
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different averages for correct responses across the five test days for the trained (M = 89.2%) and 

untrained eye (M = 66.3%).  

 

 

2.5 Discussion 

The results summarized above demonstrate that rats readily learn to discriminate visual 

cues under monocular viewing conditions created by the harness and face-mask described here. 

However, the time to acquire the task under monocular conditions appears to be longer than that 

required with binocular training (mean of 12.1 days, range 7-18 days in the present study vs. a 

mean of 9 days, range 6-13 days in Hager & Dringenberg (2010b) for binocular training). 

Consequently, it appears that the task becomes more challenging when visual input is restricted to 

only one eye.  

An advantage of the mask designed here is the ease of switching the eye patch between 

the two eyes, thus allowing for an uncomplicated study of interocular transfer of visual 

information. The noninvasive and relatively stress-free nature of the eye patch devised here 

clearly offers advantages over alternative methods of restricting visual input, such as adhesive eye 

patches (Adelstein & Crowne, 1991; Crowne et al., 1994), lid suturing (Chang & Greenough 

1982; Prusky et al., 2006) or enucleation (Prusky et al., 2006; Shinohara et al., 2012), especially 

when quick switching of the patch between the two eyes is required during behavioral testing. In 

addition, masks to limit visual input might also be useful for investigations necessitating longer-

term ocular occlusion, for example in the context of developmental studies. While the use of such 

masks has been described for kittens (e.g., Mitchell, Kind, Sengpiel & Murphy, 2006), it appears 

that similar techniques have not been employed with rodents. Consequently, the mask described 

here may also benefit investigations requiring prolonged periods of visual restrictions.   

Interestingly, monocularly trained rats displayed only weak interocular transfer of 

previously learned information, as determined by probe trials testing the previously occluded, 
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‘untrained’ eye. This observation may suggest a high degree of hemispheric lateralization of 

learned information despite extensive training over many days. Alternatively, it could be that the 

‘untrained’ eye does not have access to the representation of the visual information that was 

clearly acquired and stored during training. Given these findings, it appears that additional, 

invasive surgeries to further disconnect the cerebral hemispheres (e.g., cutting the optic chiasm or 

corpus callosum (e.g., Adelstein & Crowne, 1991; Chang & Greenough, 1982; Crowne et al., 

1994; Shinohara et al., 2012) are not required to achieve a highly lateralized training effect, at 

least for the behavioral paradigm used in the present investigation.  

Questions of hemispheric specialization for various types of information and cognitive 

abilities have received considerable attention over the last decades (Gazzaniga, 2005). Rodents 

constitute a useful model to address at least some of these questions regarding specialized roles of 

individual hemispheres, particularly in light of the extensive crossing (and anatomical separation) 

of visual inputs between retina and V1 (Cowey & Perry, 1979; Sefton et al., 2004). Interestingly, 

there appears to be an increased use of rodents for research examining perceptual, developmental, 

and cognitive aspects of visual processing, as well as the synaptic mechanisms mediating these 

phenomena (Hager & Dringenberg, 2010b; Hofer et al., 2006; Prusky et al., 2006; Prusky et al., 

2000b; Shinohara et al., 2012; Smith et al., 2009). The apparatus described here can benefit 

studies by introducing a technique that allows the easy, inexpensive, and stress-free restriction of 

visual input in rodents in the context of behavioral training paradigms.  
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Chapter 3 

Metaplastic up-regulation of LTP in rat visual cortex by monocular 

visual training: Requirement of task mastery, hemispheric specificity, 

and NMDA-NR2B involvement 

The following experiments have been published with additional experiments in “Metaplastic up-

regulation of LTP in the rat visual cortex by monocular visual training: Requirement of task 

mastery, hemispheric specificity, and NMDA-GluN2B involvement” by Hager, A.M., Gagolewicz, 

P.J., Rodier, S., Kuo, M-C., Dumont, E.C., & Dringenberg, H.C. (2015). Neuroscience, [epub 

ahead of print] doi: 10.1016/j.neuroscience.2015.02.027. 

 

3.1 Abstract  

“Metaplasticity” is defined as an alteration of synaptic plasticity properties or mechanisms by a 

priming event without actual changes in synaptic strength. For example, prior work has shown 

that visual discrimination training of rats leads to a facilitation of the subsequent induction of 

long-term potentiation (LTP) between the lateral geniculate nucleus (LGN) and visual cortex 

(V1). Since multiple synaptic plasticity mechanisms may be engaged during behavioral 

experiences, it can be difficult to disassociate which mechanisms are involved in encoding of 

information at local circuits as opposed to ubiquitous processes relating to general brain and 

behavioral states. The rat visual system provides an anatomical design that allows for the 

preferential activation of one cerebral hemisphere under monocular viewing conditions, allowing 

for different modulating factors (local vs. global) to be examined and dissociated. Here, adult rats 

received monocular visual discrimination training in a modified water maze, with one eye 

occluded. The majority of rats (63%) learned to successfully associate visual cues with the 

location of a hidden platform (learning rats, LR) under these monocular viewing conditions. Rats 

that failed to make the association after 20 days of training were placed in a no learning (NLR) 
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group. Following task acquisition, LR rats were impaired on their ability to perform the task with 

the ‘non-viewing, untrained’ eye, assessed by probe trials. This lack of ocular transfer suggests 

that learning was partially confined to one cerebral hemisphere. Subsequent in vivo 

electrophysiological experiments were performed to assess synaptic strength (input-output curves, 

IO), short-term synaptic plasticity (paired-pulse facilitation, PPF) and long-term potentiation 

(LTP) of field post synaptic potentials (fPSPs) recorded in V1 in response to stimulation of the 

LGN. There were no differences in IO curves between LR rats and NLR rats or the two cerebral 

hemispheres (i.e. in the V1 ipsi- and contralateral to the eye open during training). However, 

significantly larger PPF ratios were found in LR animals compared to NLR animals irrespective 

of hemisphere, indicating that this effect was not directly related to the level of visual stimulation 

received by V1. In addition, LR rats showed significantly greater LTP in the preferentially 

‘viewing’ hemisphere (contralateral to the open, trained eye) relative to the ‘non-viewing’ 

hemisphere. In contrast, NLR rats did not show this lateralized plasticity enhancement and had 

similar levels of LTP in both cerebral hemispheres. Cortical application of the NMDA receptor-

NR2B subunit antagonist Ro 25-6981 (2mM) reversed the training-induced LTP facilitation in the 

preferentially ‘viewing’ V1 of LR rats without affecting LTP in the ‘non-viewing’ V1. Together 

these experiments reveal a surprising degree of anatomical (only in the hemisphere contralateral 

to the trained eye) and behavioral specificity (only in rats that mastered the task) for the effect of 

visual training to enhance LTP in V1. Further, cortical NR2B subunits appear to be directly 

involved in this metaplastic facilitation of thalamocortical plasticity, suggesting that NMDA 

subunit composition and functioning is, at least in part, regulated by the exposure to behaviorally 

significant stimuli in an animal’s sensory environment.  
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3.2 Introduction  

 Long-term potentiation (LTP) is thought to play an important role in altering the neuronal 

connectivity that is involved in processes of learning and memory (Martin & Morris, 2002). 

Visual learning or other forms of visual experience have been shown to produce changes at 

synaptic connectivity in the adult visual cortex (Karmakar & Dan, 2006; Kirkwood et al., 1996). 

One type of learning, visual discrimination learning has been shown to result in a facilitation of 

LTP in the thalamocortical visual system between LGN and V1 of adult rats (Hager & 

Dringenberg, 2010b). Evidence suggests that this facilitation is mediated by the NR2B subunit of 

NMDA receptors located in the primary visual cortex (V1) (Gagolewicz & Dringenberg, 2011). 

This phenomenon stands in sharp contrast to other data showing that training leads to a reduction 

(occlusion) of LTP in various brain regions, including the rat motor cortex (Monfils & Teskey, 

2004; Rioult-Pedotti et al., 2000), hippocampus (Whitlock et al., 2006) and slices of the visual 

cortex (Sale et al., 2011). It is possible that these apparent differences are related to whether or 

not a particular brain area is involved in the long-term storage of a memory trace, as well as 

methodological variations (e.g., in vivo vs. in vitro) among these experiments. The present study 

seeks to replicate the finding of LTP facilitation following visual discrimination learning using a 

modified training procedure and additional electrophysiological measures (input-output curves, 

paired-pulse facilitation) to allow the further examination of the underlying mechanisms of this 

experience-dependent synaptic plasticity.   

 When examining changes in synaptic plasticity that occur following learning, it can be 

difficult to establish whether these changes are a result of the learning itself or experiences that 

co-occur while the learning is taking place. For example, stress and related brain states have been 

shown to affect plasticity by reducing LTP (Artola et al., 2006), while other experiences such as 

exercise result in dramatic increases in plasticity (van Praag, Christie, Sejnowski & Gage, 1999). 
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Further, the potential influences of factors such as arousal and attention on LTP have also been 

discussed (Shors & Matzel, 1997). It can be difficult to dissociate learning-specific plasticity 

from plasticity modulated by more general brain and behavioral states. However, careful 

experimental designs may allow for some degree of separation of these different factors known to 

contribute to plasticity modulation. A particularly elegant approach is to compare the two cerebral 

hemispheres of one animal, with only one of those hemispheres receiving the required sensory 

input or motor training that is involved in learning of a particular task. In contrast, factors such as 

arousal, stress, or general activity levels can be expected to exert modulatory effects on both 

cerebral hemispheres, thus allowing an anatomical dissociation of learning-specific vs. more 

global effects on plasticity mechanisms. This powerful, within-animal control design has been 

successfully used to study increases in dendritic branching following unilateral and bilateral 

motor learning (Greenough, Larson & Withers, 1985; Rioult-Pedotti et al., 2000), as well as 

monocular and binocular visual learning (Chang & Greenough, 1982). Using a control 

hemisphere that has not received the inputs necessary for learning, but has been subjected to the 

more general factors involved in task performance allows for a more powerful experimental 

design than the use of independent animals.  

The rodent visual system has an inherent structural design that allows for the preferential 

activation of one hemisphere under monocular viewing conditions (Hager & Dringenberg, 2012). 

Greater than 90% of the retinal ganglion axons of one eye cross to the contralateral lateral 

geniculate nucleus (LGN) and V1 (Cowey & Perry, 1979; Sefton et al., 2004). This anatomical 

design allows for the comparison of the two cerebral hemispheres of the same animal following 

visual training under monocular viewing conditions, which may also allow a partial dissociation 

of various factors involved in plasticity modulation. Previous research has shown that rats 

undergoing maze training under monocular viewing conditions have an increase in dendritic 

spines in V1 contralateral to the open eye (Chang & Greenough, 1982). This lateralized effect 
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provides clear evidence that global brain states such as arousal and stress were not directly 

involved in the synaptic changes following this visual training procedure.  

The present experiments use monocular visual discrimination training to examine a range 

of electrophysiological properties of the thalamocortical visual pathway in the preferentially 

‘viewing’ and ‘non-viewing’ hemisphere (i.e., contralateral and ipsilateral to the viewing eye, 

respectively) of adult rats. Electrophysiological measures include assessment of input-output (IO) 

curves, paired-pulse facilitation (PPF), and LTP of field potentials recorded in V1 in response to 

stimulation of the LGN. This work will aid in determining if the training related enhancement of 

plasticity seen previously (Hager & Dringenberg, 2010b) is a result of sensory-related activation 

of V1 or a result of processes that involve general brain activation and related neuromodulatory 

systems. Further experiments will examine the involvement of the NR2B subunit of NMDA 

receptors in LTP induced in the hemispheres located ipsilateral and contralateral to the eye that 

was open during visual training.   

 

3.3 Methods 

3.3.1 Subjects 

Experimental procedures were conducted on adult (320 - 688 g), male Long–Evans rats 

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

a colony room (12/12 h reversed light cycle; light on at 7:00 am) with free access to food and 

water. All behavioral tests and electrophysiology took place during the day (dark cycle), typically 

between the time of 9:00 am and 5:00 pm. 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.  
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3.3.2 Monocular visual discrimination training 

 Monocular visual discrimination training procedures are identical to those stated in 

Chapter 2 and have been previously published (Hager & Dringenberg, 2012). 

 

3.3.3 Surgical Preparation 

Electrophysiology procedures were performed on task-naïve rats, rats that successfully 

acquired the monocular visual discrimination task (learning rats, LR) and rats that failed to 

acquire the task after 20 days of acquisition trials (no learning rats, NLR). Electrophysiological 

procedures took place either one day following completion of the probe trials for LR or following 

the 20
th
 day of unsuccessful training for NLR. Animals were deeply anesthetized with urethane 

anesthesia (Sigma-Aldrich, Oakville, Ontario, Canada; 2.0 g/kg, intraperitoneal [i.p.], 

administered in four 0.5 g/kg doses 20 min apart; supplements of 0.5 g/kg were given when 

necessary). This dosing regimen is sufficient to ensure that spontaneous high-frequency, low-

amplitude activation of the electrocorticogram does not occur during the experiment (Kuo & 

Dringenberg, 2008). An additional local anesthetic Marcaine (5 mg/ml, subcutaneous [s.c.], two 

or three injections; total of 5 mg/kg; Hospira Healthcare Corporation, Montreal, Quebec, Canada) 

was applied along the incision line over the skull.  

 Rats were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) 

and their body temperature was monitored throughout the experiment and maintained between 36 

and 37 °C with the use of a heating pad and insulating blankets that were wrapped around the 

animals. The skull was exposed and small holes were drilled bilaterally to access V1 (anterior-

posterior [AP] +7.5 mm, lateral [L] ± 3.5 mm, ventral [V] -0.5 to -1.0 mm) and the LGN ([AP] 
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+4.3 mm, [L] ± 3.9 mm, [V] -4.6 to -5.4 mm) in both hemispheres of the brain. Two additional 

holes were drilled in the skull over the prefrontal cortex and cerebellum for placements of ground 

and reference connections (miniature screws), respectively. A total of four electrodes were 

inserted into the brain and remained in place throughout the experiment. These consisted of two 

monopolar recording electrodes (125-um diameter Teflon-insulated steel wire; lowered onto the 

surface of V1 in both the left and right hemisphere) and two stimulation electrodes (Series 100 

concentric bipolar electrodes; Rhodes Medical Instruments, David Kopf Instruments; inserted 

into the left and right LGN). All stereotaxic measurements were based on the anatomical work of 

Paxinos and Watson (2007).   

 The LGN stimulation electrodes were connected to a stimulus isolation unit providing a 

constant current output (PowerLab 16/s system with ML 180 Stimulus Isolator, AD Instruments, 

Toronto, Canada). The recording electrodes were connected to an amplifier and A/D converter 

(PowerLab 4/s system running Scope software v. 3.6.5; AD Instruments), allowing the signal to 

be amplified, filtered (0.3 to 1 kHz), digitized (10 kHz), and stored for offline analysis.  

 

3.3.4 Input output curves and paired pulse facilitation  

Input-output curves (IO) were established for both hemispheres in each animal by 

recording fPSPs in the left and right V1 in response to ipsilateral LGN stimulation between 0.1 

and 1.0 mA (0.1 mA increments, 10 single pulses (0.2 ms duration each) for each intensity, 5 sec 

apart). The stimulation intensity eliciting 50 - 60% of maximal fPSP amplitude was used for the 

remainder of the experiment.  

To evaluate short-term plasticity in the thalamocortical visual system, paired pulse 

facilitation (PPF) was analyzed in each hemisphere of all rats. Delivery of paired-pulse 
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stimulation consisted of two identical stimuli spaced at different inter-stimulus intervals (ISI: 25, 

50, 75, 100, 500, 750 and 1000 ms, 10 paired pulses per ISI, 5 sec apart).   

Following these initial procedures, which were recorded in both hemispheres of each 

animal, analysis of LTP took place in only one hemisphere. Animals in the LR condition were 

randomly separated into different groups to receive theta burst stimulation (TBS) in either the 

preferentially ‘viewing’ or ‘non-viewing’ hemisphere. Animals in the NLR condition always 

received TBS in the hemisphere contralateral to the viewing eye that was open during training 

(note that these animals did not show a behavioral indication of learning the association between 

the platform and visual cues). Baseline fPSPs were recorded every 30 sec for 30 min, or until a 

stable baseline was established (95%-105% of average baseline fPSP amplitude). Baseline fPSP 

recording was followed by TBS of the LGN. TBS consisted of stimulation bursts (five pulses per 

burst at 100 Hz), repeated at 5 Hz for a total of 10 bursts (pulse duration and intensity same as 

above). Recordings of fPSPs (every 30 sec) continued for 1 hour after which TBS and recording 

were repeated twice more for a total of three TBS episodes and three hours of recording. 

Following the last hour of fPSP recordings, both IO and PPF were again taken from each 

hemisphere using the same procedures described above.  

 

3.3.5 Pharmacology 

 To assess the role of NR2B subunits of NMDA receptors in synaptic changes elicited by 

visual discrimination training, separate groups of rats received locally (in V1) applied [R-

(R*,S*)]- α-(4-hydroxyphenyl)-β-methyl-4-(phenylmethyl)-1-piperidinepropanol hydrochloride 

(Ro 25-6981) (2 mM; Sigma-Aldrich). Ro 25-6981 is a potent antagonist of NMDA receptors 

containing the NR2B subunit (Fischer et al., 1997). The chosen concentration has been 

demonstrated to effectively antagonize LTP at cortical synapses (Gagolewicz & Dringenberg, 
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2011; Hogsden & Dringenberg, 2009). The drug was dissolved in artificial cerebrospinal fluid 

(aCSF), consisting of: 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 2.5 CaCl2, 10.0 glucose, 

22.1 NaHCO3 (all in mM).  

The drug was applied locally in V1 by means of reverse microdialysis to either the 

preferentially viewing or non-viewing hemisphere following IO and PPF analysis (i.e., at the 

onset of baseline recordings for the LTP assessment). The recording electrode was attached to a 

microdialysis probe (Mab 6.20.2; 2 mm active polyethersulfane membrane, 15-kDa cutoff; S.P.E. 

Ltd, North York, ON, Canada), with the probe tip extending approximately 1 mm below the tip of 

the electrode. The dialysis probe was connected to a Hamilton syringe driven by a microdialysis 

pump (CMA/102, CMA Microdialysis, Solna, Sweden) and continuously perfused at a flow rate 

of 1.0 μL/min.  

At the end of the experiment, rats were perfused through the heart with saline followed 

by 10% formalin, their brains were removed and standard histological techniques were used to 

verify all electrode placements. Data obtained with inaccurate placements were excluded from the 

data analyses.  

 

3.3.6 Data analysis 

Data are expressed as mean ± standard error of mean (S.E.M.) for independent, between-

subjects analyses. Error bars are not included when repeated with-in subject analyses are used, as 

they are not informative with regard to estimating the variance.   

Electrophysiology measures of IO curves, PPF ratios and maximal fPSP amplitude were 

computed offline using Scope software (v. 4.0.2, ADInstruments). IO curves were obtained by 

subtracting the fPSP minimal amplitude of the negative-going peak (range of 15-20 ms following 

stimulation peak) from the fPSP maximal amplitude of the positive-going peak (range of 5-10 ms 
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after single-pulse stimulation), for each stimulus intensity (0.1 to 1.0 mA). PPF ratios were 

calculated by dividing the fPSP minimum amplitude of the 2
nd

 peak by the minimum peak 

amplitude of the 1
st
 fPSP for each ISI. Long-term potentiation amplitude data were averaged over 

10 min epochs and normalized by dividing them by the mean baseline (60 fPSPs, pre TBS) 

amplitude of each animal.  

Statistical analyses were performed using SPSS software (version 19.0, SPSS Inc., 

Chicago, IL, USA). Chi square analyses was used to examine trained rats to see if a relationship 

exists between which eye (left or right eye) or visual cue (vertical lines or horizontal line) 

determined whether rats learned or did not learn the task. Behavioral data of LR were examined 

comparing the number of days to reach successful completion of the task using one-way analyses 

of variance (ANOVA). Probe trial data were assessed by comparing the percentage of correct 

responses between the viewing, trained eye and the previously closed, non-viewing or untrained 

eye within subjects and across the five probe trial days using a 2 x 5 (eye [trained, untrained] x 

day [day 1, 2, 3, 4, 5]) repeated-measures ANOVA.  

Differences in fPSP amplitude obtained from IO curves were examined using a 2 x 2 x 10 

(group [LR, NLR] x hemisphere [viewing, non-viewing] x stimulation intensity [.1, .2, .3, .4, .5, 

.6, .7, .8, .9, 1.0]) mixed 3 way ANOVA. Differences in PPF ratios were assessed with a 2 x 2 x 7 

(group [LR, NLR] x hemisphere [viewing, non-viewing] x ISI [25, 50, 75, 100, 500, 1000 ms]) 

mixed 3 way ANOVA. The effects of monocular visual discrimination training on LTP and Ro 

25-6981 were examined using 3 x 21 (group [LR viewing, LR non-viewing, NLR viewing] x time 

[21 time points consisting of 30 min. baseline and 3 hours recording divided into 10 min epochs]) 

mixed 2 way ANOVAs. The effect of TBS and the application of Ro 25-6981 on PPF ratios were 

measured using a 2 x 2 x 7 (TBS [pre TBS, post TBS] x drug [Ro 256981, aCSF] x ISI [25, 50, 

75, 100, 500, 1000 ms]) mixed 3 way ANOVA. Post-hoc analyses (LSD), polynomial contrasts or 
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simple effects tests using SPSS syntax were calculated to follow up significant interactions 

between variables when appropriate. 

 

3.4 Results 

3.4.1 Monocular visual discrimination acquisition 

A total of 54 rats were trained on the monocular visual discrimination task wearing the 

harness and face-mask. During monocular training, rats were randomly assigned to receive 

training with either the left (n=27) or right eye (n=27). Visual cues were also counterbalanced, 

such that half of the animals were given vertical bars as P+ (indicating the platform location) and 

the other half horizontal bars as P+. For rats that successfully acquired the task (LR), (8/10 trials 

correct for three consecutive days; n=34), the average number of days required to reach the preset 

learning criterion was 14 (range 7-20 days), Figure 3.1. Whether the left or right eye viewed the 

cues did not affect the number of days to reach the performance criterion (F(1, 33) = 2.93, p > 

.05; left eye M = 15.1, SD = 4.74, right eye M = 12.8, SD = 2.68). Similarly, there was no 

significant difference between rats trained with the vertical or horizontal bars used as P+ on the 

number of days to acquire the task (F(1, 33) = .01, p > .05; vertical cue as P+ M = 13.9, SD = 

4.02, horizontal cue M = 13.8, SD = 3.90).  

Interestingly, not all rats that underwent monocular training successfully acquired the 

task. Approximately 1/3
rd

 (n=20) of the rats failed to associate the visual cues with the platform 

location even after extended (i.e., 20 days) training and were subsequently placed in a ‘no 

learning’ group (NLR). Chi Square analyses revealed that there was no relationship between 

which eye viewed the cues (left eye open, n=11; right eye open, n=9) or the platform cue 
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designation (P+ vertical bars, n=13; P+ horizontal bars, n=7) in determining whether or not rats 

learned the task (x
2
(1) = .32, p > .05; x

2
(1) = 1.63, p > .05; separate Chi Square tests respectively).   

 

 

Figure 3.1. Behavioral responses for monocular visual discrimination training.  

Average (± S.E.M.) number of correct swim responses in the Y maze for monocular visual 

discrimination training. Correct responses are shown for rats that successfully acquired the task 

(LR rats, n=34) and reached a performance criterion of 8/10 correct trials (dotted line) for three 

consecutive days, as well as rats that failed to associate the visual cues with the platform location 

after 20 days of training (NLR rats, n=20). 

 

 

 

3.4.2 Probe trial test of interocular transfer 

LR rats (n=34) that successfully reached the performance criterion under monocular 

viewing conditions received an additional five days of visual training with probe trials inserted to 

test for interocular transfer of the learned information. Each day consisted of eight regular trials 

(with the ‘trained’ eye open) and two randomly inserted probe trials (‘untrained’ eye open). For 
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these probe trials the eye patch was reversed to allow testing of the previously occluded, 

‘untrained’ eye. Discrimination performance with the trained eye (M = 84.2%) remained above 

criterion, while performance with the untrained eye (M = 62.7%) was significantly impaired when 

compared to the trained eye across all five days (main effect of eye F(1, 33) = 44.38, p < .01). 

Rats improved significantly across the five test days (main effect of day F(4, 132) = 2.69, p < 

.05), but there was no interaction of eye x day (F(4, 132) = .46, p > .05) indicating that they 

improved equally well when tested with the trained and untrained eye. Although rats improved 

with the untrained eye, they remained well below criterion on the 5
th
 test day, while the trained 

eye performed above criterion (Figure 3.2). Given these results, there is surprisingly little 

interocular transfer of the type of visual information acquired in this water maze visual 

discrimination task. 

 
 

Figure 3.2. Test of interocular transfer in LR rats using probe test days.    

Average number of correct swim responses of LR rats (n=34) on probe test days using the trained 

eye (open during previous training days) and the untrained eye (closed during the previous 

training days). Dotted line indicates performance criterion set at 80%. Insert bar graph indicates 



POTENTIAL FOR CHANGE   

 

37 

 

correct responses averaged over the five probe test days; * indicates a significant main effect of 

eye, p < .05.  

 

 

 

3.4.3 Effect of visual training on input-output curves  

One day following the final behavioral test session, electrophysiological procedures were 

performed in urethane anesthetized rats. Initially, IO curves were established for both 

hemispheres of rats in the LR condition (n=10) and NLR condition (n=9) to determine whether 

monocular visual discrimination training alters baseline fPSPs within animals (preferentially 

viewing and non-viewing hemispheres) and between groups (LR and NLR). Typical IO curves 

consist of successively increasing fPSPs with incremental increases in stimulation intensity (from 

0.1 to 1.0 mA). As expected, larger fPSPs were evoked with higher intensities of stimulation 

compared to low intensities (main effect of intensity F(9, 153) = 117.65, p < .01). Despite 

differences in experience between groups of LR and NLR rats and differential visual input 

received by the preferentially viewing and non-viewing hemispheres, the IO curves of these 

conditions were not significantly different (Figure 3.3): no interaction of intensity x group F(9, 

153) = .23, p > .05, no main effect of hemisphere F(1, 17) = .08, p > .05, no interaction of 

hemisphere x group F(1, 17) = 1.28, p > .05, no interaction of intensity x hemisphere F(9, 153) = 

.23, p > .05, no interaction of intensity x hemisphere x group F(9, 153) = .28, p > .05, no 

between-subjects effect of group F(1, 17) = .05, p > .05.  
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Figure 3.3. Input-output curves to assess synaptic strength of LR and NLR rats.  

Average (± S.E.M.) fPSP amplitude recorded in V1 in response to single pulse stimulation to the 

LGN at various stimulation intensities. Higher stimulation intensities produced larger fPSP 

responses. However, no significant differences were present between LR rats (black squares, 

n=10) and NLR rats (white circles, n=9) or when comparing the preferentially viewing and non-

viewing hemispheres within animals (not shown), p > .05. (Inset) Typical fPSPs in response to 

0.1 to 1.0 mA stimulation intensities (calibration is 0.3 mV and 10 ms).  
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3.4.4 Effect of visual training on paired-pulse facilitation  

 Next, the potential effects of visual discrimination training on short-term plasticity (PPF) 

were assessed. The protocol of paired-pulse stimulation employed here is often used to measure 

changes in the probability of neurotransmitter release from presynaptic terminals (Mainardi et al., 

2010; Thomson, 2000; Viaene, Petrof, & Sherman, 2011). Stimulating the LGN with two 

electrical pulses separated by various ISIs (25, 50, 75, 100, 250, 500, 1000 ms) resulted in two 

fPSPs, the second of which was larger than the first, hence facilitated. PPF ratios were calculated 

by dividing the peak amplitude of the 2
nd

 evoked potential by the peak amplitude of the 1
st
 

potential. The PPF ratios were taken from each hemisphere and compared within animals, as well 

as between groups (LR n=9, NLR n=9).   

In accordance with typical PPF analyses, ISIs of varying length produced different PPF 

ratios, with larger facilitation ratios apparent at shorter ISIs (main effect of ISI, F(6, 96) = 43.12, 

p < .001). An interaction of ISI x group resulted from the fact that LR animals exhibited larger 

PPF ratios (averaged across hemispheres) at lower ISIs compared to NLR animals, whose PPF 

ratios were smaller (Figure 3.4, interaction of ISI x group, F(6, 96) = 2.22, p < .05). Follow-up 

simple effects tests indicate differences in LR animals compared to NLR at the ISI of 50 ms, p = 

.020, while 25 ms and 75 ms approached significance, p = .081 and p = .060 respectively. Longer 

ISIs presented non-significant differences between LR and NLR animals (100, 250, 500, 1000 

ms, p > .05). Taken together the differences of PPF ratios (across ISIs) between subjects 

produced a trend, though non-significant of a main effect of group, F(1, 16) = 3.99, p = .063. 



POTENTIAL FOR CHANGE   

 

40 

 

 

Figure 3.4. Paired-pulse facilitation (PPF) ratios in LR and NLR rats. 

PPF ratios (mean ± S.E.M.) were used to examine short-term plasticity. In LR rats (n=9) PPF 

ratios were significantly larger at short interstimulus intervals (ISI) compared to NLR rats (n=9), 

interaction of group x ISI, p < .001. Simple effects tests indicated a significant difference at the 

ISI of 50 ms, p < .05 (asterisk). (Insert) Example fPSPs at the 50 ms ISI for LR rats (top) and 

NLR rats (bottom; calibration is 0.3 mV and 20 ms).  

 

 

The hemisphere in which the PPF stimulation protocol was recorded did not affect the 

PPF ratios (no main effect of hemisphere, F(1, 16) = 0.29, p > .05; no interaction of hemisphere x 

group, F(1, 16) = .09, p > .05; no interaction of hemisphere x ISI, F(9, 96) = 1.48, p > .05; no 

interaction of hemisphere x ISI x group, F(6, 96) = .90, p > .05), Figure 3.5.  
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Figure 3.5. PPF ratios of LR and NLR rats in the preferentially viewing and non-viewing 

hemispheres. 

Paired-pulse facilitation ratios did not exhibit significant differences between the two cerebral 

hemispheres of LR rats (n=9) or NLR rats (n=9), p > .05.  

 

 

3.4.5 Effect of monocular visual discrimination training on LTP  

 Following IO curves and PPF, LR animals were divided into separate groups to receive 

TBS in either the preferentially viewing hemisphere (n=6) or the preferentially non-viewing 

hemisphere (n=6). Previous work has shown that TBS of one cerebral hemisphere can alter fPSPs 

recorded in the contralateral cortex (Kuo, Rasmusson & Dringenberg, 2009), which makes it 

difficult to concurrently use the two cerebral hemispheres for studies on cortical LTP. 

Consequently, for LTP experiments, all analyses were conducted in independent groups of 

animals.  
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 In task-naïve animals (n=6), application of TBS resulted in successful LTP induction, 

with fPSP amplitude reaching 133% of baseline during the last 30 min of the experiment. NLR 

animals that failed to learn the monocular discrimination task (n=8) showed levels of LTP in the 

preferentially viewing hemisphere (132%) not different from those seen in task-naïve rats (Figure 

3.6; main effect of time F(20, 240) = 10.97, p < .001; no interaction of time x group F(20, 240) = 

.54, p >.05; no main effect of group F(1, 12) = .01, p > .05) and, as a consequence, these two 

groups were combined to form a control group (n=14) for all subsequent LTP analyses. 

 

 

Figure 3.6. Levels of long-term potentiation (LTP) in NLR rats was no different from LTP seen 

in task-naïve animals. 

Amplitude of fPSPs (mean ± S.E.M.) before and after TBS (indicated by arrows) of the LGN in 
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task-naïve (n=6) and NLR rats, recorded from the preferentially viewing hemisphere (n=8). No 

significant differences occurred between task-naïve and NLR animals following 30-minute 

baseline period and 3 hours of recording, p > .05. Normalized amplitude during the final 30 

minutes of the experiment for each group was: task-naïve: 133%; NLR rats 132% of baseline.      

 

 

 Animals that successfully learned the monocular visual discrimination task (LR) and 

received TBS in the preferentially viewing hemisphere (n=6), produced significantly higher 

levels of LTP (170% of baseline) compared to LR animals that received TBS in the preferentially 

non-viewing hemisphere (n=6, 156%) or control animals (n=14, 132%) (main effect of time F(20, 

460) = 30.92, p < .05; main effect of group F(2, 23) = 8.29, p < .05; interaction of time x group 

F(40, 460) = 2.78, p < .05). Follow-up post hoc tests revealed significant differences between the 

LR viewing and LR non-viewing hemisphere, p < .05, and when comparing LTP in control rats 

and the preferentially viewing hemisphere of LR rats p < .001, while there was no significant 

difference between control rats and the non-viewing hemisphere of LR animals, p > .05. 

Amplitudes of fPSPs produced in the preferentially viewing and non-viewing hemisphere were 

significantly different at the following time points, as determined by t-tests: 10, 50, 60, 90 and 

110 min, p < .05. Non-significant time points were as follows: 20, 30, 40, 70, 80, 100, 120, 130, 

140, 150, 160, 170 and 180 min, p > .05, Figure 3.7.  
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 Figure 3.7. Long-term potentiation in the preferentially viewing and non-viewing hemisphere of 

learning rats (LR) and the preferentially viewing hemisphere of non learning rats (NLR). 

Amplitude of fPSPs (mean ± S.E.M.) before and after TBS (arrows) of the LGN in three 

independent groups: the preferentially viewing hemisphere of LR rats (n=6), the non-viewing 

hemisphere of LR rats (n=6) and the preferentially viewing hemisphere of NLR rats (n=14). A 

significant interaction of time x group and follow-up post-hoc tests indicate that fPSPs of the 

viewing hemisphere in LR rats are significantly larger than those from the non-viewing 

hemisphere, p < .05, as well as NLR animals, p < .001. No significant differences were present 

between the non-viewing hemisphere of LR rats and NLR rats, p > .05. The specific time points 

at which LR viewing hemisphere fPSPs are significantly different than LR non-viewing 

hemisphere fPSPs are indicated by asterisks, as assessed using simple effects tests, p < .05. 

Normalized amplitude during the final 30 minutes of the experiment for each group was: LR 

viewing hemisphere 170%, LR non-viewing hemisphere 156% and control animals 132% of 

baseline. (Inserts) Example fPSPs before (black) and after (red) TBS from the viewing 

hemisphere of a LR rat (top), the non-viewing hemisphere of a LR rat (middle) and the viewing 

hemisphere of a NLR control rat (bottom; calibration is 0.3 mV and 10 ms).       
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3.4.6 Hemisphere-specific potentiation mediated by NR2B subunits of NMDA receptors 

 In order to assess the effect of blockade of NR2B containing NMDA receptors, on the 

enhanced potentiation found in the preferentially viewing hemisphere of LR rats, the antagonist 

Ro 25-6981 was applied locally in V1 of the LR viewing hemisphere (n=5), the LR non-viewing 

hemisphere (n=4) and the preferentially viewing hemisphere of NLR rats (n=6). Local application 

of Ro 25-6981 reversed the enhancement of LTP in the LR viewing hemisphere (133% of 

baseline), that is, LTP decreased to levels similar to those found in the non-viewing hemisphere 

of LR and the viewing hemisphere of NLR animals (main effect of time F(20, 240) = 12.76, p < 

.001; no main effect of group F(2, 12) = .03, p > .05; no interaction of time x group F(40, 240) = 

.89, p > .05). In contrast, drug application had no effect on LTP magnitude when applied to the 

preferentially viewing hemisphere of NLR animals (n=6, 135%) or to the non-viewing 

hemisphere of LR rats (n=4, 122%) compared to NLR animals that received aCSF (n=2) (main 

effect of time F(20, 180) = 6.95, p < .05, no interaction of time x group F(40, 180) = .99, p > .05, 

no main effect of group F(2, 9) = 1.65, p > .05), Figure 3.8. 

These results indicate that hemisphere-specific facilitation of LTP occurs following 

monocular visual discrimination training. Further, this change relies on alterations in the 

composition or functioning of NMDA receptors, and specifically on NR2B subunits in V1.  
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Figure 3.8. Effect of the NR2B antagonist Ro 25-6981 on long-term potentiation. 

Amplitude of fPSPs  (mean ± S.E.M.) before and after TBS (arrows) with local infusion of the 

NR2B antagonist Ro 25-6981 (2 mM) in V1 in the following three groups: LR rats, preferentially 

viewing hemisphere (n=5), LR rats, preferentially non-viewing hemisphere (n=4) and the 

preferentially viewing hemisphere of NLR rats (n=6). No significant differences were present 

with 30-minute baseline recording followed by 3 hours of recording and three episodes of TBS, p 

> .05. The final 30 minutes of the experiment for each group indicated normalized amplitudes of: 

LR, viewing hemisphere 133%, LR, non-viewing hemisphere 122% and NLR, viewing 

hemisphere 135% of baseline. 

 

 

 

3.4.7 Effect of TBS on short-term plasticity assessed by PPF 

 In order to examine the effects of high frequency TBS on short-term pre-synaptic 

changes, PPF was induced before TBS and at the end of the experiment after maximal LTP was 
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induced following three hours of recording in NLR animals (n=6). An additional subset of NLR 

animals received local application of Ro 25-6981 (n=5) or aCSF (n=2) in V1 during TBS and 

subsequent recording in order to examine if an interaction of TBS and Ro 25-6981 affected PPF. 

As described previously, the PPF protocol incorporated multiple ISIs (25, 50, 75, 100, 250, 500, 

1000 ms) always stimulating and recording from the preferentially viewing hemisphere of NLR 

rats. Analyses comparing PPF ratios before and after TBS, with or without Ro 25-6981, and 

across seven different ISIs produced only a significant effect of ISI (no main effect of TBS F(1, 

10) = 4.14, p > .05; no interaction of TBS x Ro F(1, 10) = .56, p > .05; main effect of ISI F(6, 60) 

= 22.81, p < .001; no interaction of ISI x Ro F(6, 60) = .69, p > .05; no interaction of TBS x ISI 

F(6, 60) = 2.00, p > .05; no interaction of TBS x ISI x Ro F(6, 60) = 1.22, p > .05; no main effect 

of drug Ro F(1, 10) = 2.92, p > .05). These results indicate that TBS of the LGN to induce 

thalamocortical LTP does not affect short-term plasticity in this projection system.  

 

3.5 Discussion 

The present set of experiments demonstrates that monocular visual discrimination 

training results in a hemisphere-specific enhancement of LTP in the preferentially viewing V1 

contralateral to the open, trained eye. Levels of LTP in the preferentially viewing hemisphere are 

greater than those seen in a) the preferentially non-viewing hemisphere of trained rats; b) in 

untrained, task-naïve rats; and c) in the preferentially viewing hemisphere of rats that failed to 

acquire the visual discrimination. The training-induced LTP facilitation was reversed by local, 

cortical application of Ro 25-6981, an antagonist of the NR2B subunit of NMDA receptors. 

Importantly, this NR2B antagonist did not affect LTP in the non-viewing hemisphere of rats that 

acquired the task, or in the preferentially viewing hemisphere of rats that failed to learn the task. 

These data provide evidence for an experience-induced, metaplastic up-regulation of plasticity 
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mechanisms in the mature V1 that shows a surprising degree of lateralization, requires 

preferential exposure to visual input (as opposed to processes related to global brain activation), 

and occurs only in animals that have successfully mastered the behavioral task. 

The majority of animals that underwent training with monocular viewing conditions 

successfully acquired the task. However, the monocular discrimination task appears to be more 

difficult for rats to master than discrimination learning under binocular viewing conditions. LR 

rats that received monocular training took an average of 14 days to acquire the task, compared to 

an average of 9 days to reach the same performance criterion under binocular conditions 

(Gagolewicz & Dringenberg, 2011; Hager & Dringenberg, 2010b). Despite the increased average 

training time, as well as the extended training of the 5 additional probe test days, rats displayed 

similar levels of enhancement of LTP in the preferentially viewing hemisphere to levels that have 

been previously demonstrated in rats undergoing binocular training. Thus, the present 

experiments are in good agreement with other work demonstrating training-induced facilitation of 

plasticity in the adult thalamocortical visual system.   

Rats that acquired the discrimination task showed little evidence for an interocular 

transfer of visual information, as assessed by the probe trial performance when the eye patch was 

switched from the open, trained eye to the eye previously occluded during training (the untrained 

eye). This lack of interocular transfer is consistent with previous observations using this task 

(Hager & Dringenberg, 2012) and likely reflects the high degree of anatomical lateralization of 

the rodent visual system, with over 90% of retinal ganglion cells projecting to the LGN and V1 of 

the contralateral hemisphere (Cowey & Perry, 1979; Sefton et al., 2004). Nevertheless, the lack of 

interocular transfer is somewhat surprising given that additional surgical procedures were not 

taken to isolate the two cerebral hemispheres, as was done in previous work (e.g., transection of 

the splenium; Chang & Greenough, 1982). Future work using monocular training and unilateral 

lesions of sites implicated in visual information storage (e.g., perirhinal and postrhinal cortex, 
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hippocampus; Epp et al., 2008; Prusky, Douglas, Nelson, Shabanpoor, & Sutherland, 2004; 

Zhang et al., 2010) will be useful to confirm the degree of lateralization of visual information 

acquired in this behavioral paradigm.  

 Following behavioral training, electrophysiology experiments were carried out to assess 

synaptic strength and plasticity parameters in the thalamocortical visual system using IO curves. 

Though rats responded differently to the monocular visual discrimination task (LR and NLR) and 

each hemisphere processed different levels of visual input (preferentially viewing and non-

viewing), the IO curves assessing synaptic strength were virtually identical between these 

conditions. This indicates that the preferential visual stimulation of the hemisphere contralateral 

to the open eye during behavioral training had no effect on net synaptic coupling between LGN 

and V1. The experiences associated with simply viewing the cues and learning the task did not 

affect the synaptic strength of the thalamocortical-V1 pathway. In contrast, Sale et al., (2011) 

showed that visual perceptual learning (improvement in spatial frequency discriminations) results 

in an enhancement of fPSP amplitude in V1 slices. More surprisingly, repeated, passive exposure 

(i.e., not linked to any learning requirement or behavioral response) to visual stimuli can lead to a 

stimulus-specific facilitation of visual evoked potentials in V1 under in vivo conditions (Cooke & 

Bear, 2010; Frenkel et al., 2006). It is possible that differences in the behavioral paradigms used 

account for some of these discrepancies. Visual perceptual learning relies heavily on synaptic 

modifications in the early sensory cortex pathway (Bao, Yang, Rios, He, & Engel, 2010; Frenkel 

et al., 2006; Sale et al., 2011; Watanabe et al., 2002), while the storage of visual patterns acquired 

during associative discrimination learning appears to depend on higher-order cortical areas, 

including perirhinal and postrhinal cortex, as well as the hippocampal formation (Epp et al., 2008; 

Prusky et al., 2004; Zhang et al., 2010). It is important to note that the monocular visual 

discrimination task used here constitutes an associative learning task (associating visual cue with 

platform location) or skill learning task, rather than a perceptual learning task. 
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In addition, differences in IO curves at LGN-V1 synapses have been reported in adult rats 

housed in enriched living conditions (Mainardi et al., 2010). Enrichment has been shown to result 

in significant changes in the brain including neurochemical effects (e.g., increases in BDNF) and 

behavioral effects (e.g., increases in visual acuity) that could affect synaptic strength and IO 

curves (Sale, Berardi & Maffei, 2009). Given that monocular visual discrimination training did 

not result in changes of IO curves, the training and swimming procedures associated with the task 

used here can be viewed as a separate type of experience from enrichment.  

In order to assess the effects of monocular visual discrimination training on short-term 

plasticity, PPF ratios were examined in each hemisphere of LR and NLR animals. It is of interest 

to note that, in the present experiments, paired-pulse stimulation consistently produced a 

facilitation of the second fPSP in a stimulation pair relative to the first fPSP at ISI’s between 25-

500 ms. This pattern of response enhancement appears to conflict with a previous report 

demonstrating depression of fPSPs in V1 using similar ISIs (Mainardi et al., 2010). The 

placement of the recording electrode in V1 likely accounts for this discrepancy.  Mainardi et al. 

(2010) obtained fPSP recordings from the border of deep layer III and surface of layer IV, which 

likely reflect currents of direct, monosynaptic inputs from the LGN to V1. In contrast, the 

recordings obtained here from the surface of V1 are driven mostly by polysynaptic current sinks 

in layers II/III, as shown by means of current-source density analysis (Heynen & Bear, 2001). 

Previous work has shown that thalamocortical synapses are much more likely to produce 

depression during paired-pulse stimulation, while subsequent, intracortical synapses (between 

layers IV and II/III) often exhibit facilitation (Rosen & Dringenberg, unpublished observations; 

Viaene, et al., 2011). Thus, the facilitation observed here is consistent with the electrode 

configuration used and fPSPs that reflect the activity of intracortical synapses in the more 

superficial layers of V1.  
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The PPF data revealed clear differences between LR and NLR, with LR exhibiting larger 

PPF ratios compared to NLR rats, an effect that was more pronounced at shorter ISIs. Further, 

these differences in PPF ratios occurred in both the preferentially viewing and non-viewing 

hemispheres, suggesting that differences in direct, visual sensory stimulation did not influence 

patterns of short term plasticity in either of the two experimental conditions. The group 

differences in PPF ratios indicate that there might be a change in the probability of 

neurotransmitter release, likely from presynaptic cells in layer IV projecting and synapsing at 

layers II/III. However, due to the polysynaptic nature of the fPSPs recorded here, it is also 

possible these short-term plasticity changes could be driven by alterations in feed forward 

inhibition. A reduction in feed forward inhibition by means of GABAergic inter-neurons would 

result in larger PPF ratios. Further studies under in vitro conditions would allow greater control 

and assessment of these different mechanisms.      

Given the lack of differences in IO curves between these two groups of animals (LR vs. 

NLR) and the fact that LTP enhancement was seen only for the preferentially viewing hemisphere 

(see below), it is tempting to speculate whether the enhanced PPF in LR rats reflects some pre-

existing difference among the experimental animals. This difference might facilitate 

thalamocortical processing and the acquisition of visual information. Clearly the monocular 

visual discrimination task used here was difficult for some rats (37% of rats failed to acquire the 

monocular training). A possible anatomical and/or physiological difference in these rats could be 

the amount of convergence between retinal ganglion cells and V1. While 90% of retinal ganglion 

cells project to the contralateral LGN (Cowey & Perry, 1979; Sefton et al., 2004), it is suggested 

that contralateral retinal inputs to the LGN are condensed by an average of three-to-one 

convergence of these inputs onto single geniculate relay cells (Coleman, Law, & Bear, 2009). 

This arrangement forms during development by way of pruning (Chen & Regehr, 2000; Jaubert-

Miazza et al., 2005) and may be subject to experience-dependent changes (i.e., OD plasticity, 
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Coleman et al., 2010). In addition, slices of mature rat LGN have shown that relay cells receive 

an average of three contralateral inputs and one ipsilateral input (Ziburkus & Guido, 2006). While 

these studies report average rates of convergence and contra/ipsi input specificity in the LGN, 

future work is required to critically assess possible variations between LR and NLR rats, as well 

as to characterize the synaptic mechanisms responsible for the enhanced PPF observed in LR rats.  

Long-term synaptic plasticity (through application of TBS to the LGN) was examined 

following monocular visual discrimination training, in addition to IO curves and PPF ratios. 

These data revealed a highly specific enhancement of LTP, with greater LTP seen in the 

preferentially viewing hemisphere of LR rats compared to potentiation in all other hemispheres of 

the LR and NLR conditions. Further, LTP in the non-viewing hemisphere of LR rats and in NLR 

rats (which received extensive training of 20 days) was of similar magnitude and not significantly 

different from LTP seen in task-naïve animals. Given that probe trial tests indicate that LR rats 

were not able to successfully discriminate the visual cues with the untrained eye and 

corresponding hemisphere, there is agreement between the behavioral and LTP data, which 

provide strong support for the notion that the LTP enhancement is a result of learning the visual 

discrimination, and is dependent on direct, dominant visual input and successful discrimination, 

rather than on global brain changes that might be related to arousal, enrichment, exercise, or 

general activity levels.  

One possible mechanism for this learning and hemisphere specific LTP increase is an 

alteration of NMDA receptor functioning in V1. Application of Ro 25-6981, a highly selective 

antagonist of the NR2B subunit of the NMDA receptor (Fischer et al., 1997), to V1 reversed the 

LTP facilitation in the preferentially viewing hemisphere of LR rats without affecting LTP in the 

non-viewing hemisphere of LR rats or the viewing hemisphere of NLR rats. This is in agreement 

with previous work, showing that LTP enhancement following binocular visual discrimination 

training is reduced by Ro 25-6981, indicating the involvement of NR2B subunits in this type of 
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plasticity enhancement (Gagolewicz & Dringenberg, 2011). It is of importance to note that the 

same antagonist did not affect LTP in the non-viewing hemisphere of LR rats or the viewing 

hemisphere of NLR rats. Thus, application of Ro 25-6981 does not result in non-specific 

disruptions of LTP induction mechanisms in V1 of adult rats in vivo. Previous work has shown 

that a blockade of NR2B subunits reduces LTP at cortical (including V1) synapses of juvenile, 

but not adult animals (de Marchena et al., 2008; Hogsden & Dringenberg, 2009). Thus, the 

sensitivity of LTP in the preferentially viewing hemisphere of LR rats to NR2B blockade could 

indicate a partial restoration of more juvenile-like plasticity mechanisms in V1 (see Chen & Bear, 

2007; Philpot, Sekhar, Shouval, & Bear, 2001; Quinlan, Olstein, & Bear, 1999). Increased NR2B 

expression or functioning can enhance plasticity by several mechanisms, including greater 

calcium influx into the postsynaptic neuron, as well as greater affinity of NR2B relative to NR2A 

subunits for calcium/calmodulin-dependent protein kinase II, one of the dominant signaling 

molecules involved in plasticity induction (Barria & Malinow, 2005; Carmignoto & Vicini, 1992; 

Flint, Maisch, Weishaupt, Kriegstein, & Monyer, 1997; Kopp, Longordo, & Lüthi, 2007; 

Monyer, Burnashev, Laurie, Sakmann, & Seeburg, 1994).   

In summary, monocular visual discrimination training in adult rats resulted in greater 

levels of LTP in the preferentially viewing hemisphere, an effect which is dependent on NR2B 

subunits of NMDA receptors located in V1. This effect is lateralized and driven by direct, 

dominant sensory-related activation of V1. Training procedures had no effect on IO curves 

indicating that learning had relatively little or no effect on synaptic connectivity itself. Rather, 

training and task mastery resulted in a priming of NMDA receptor-dependent plasticity 

mechanisms that revealed itself during the subsequent application of TBS to induce LTP. As 

such, this effect satisfies the definition of “metaplasticity” as put forward by Abraham and Bear 

(Abraham, 2008; Abraham & Bear, 1996) as a process whereby a temporally remote priming 

event affects plasticity induction at a later time point without itself altering synaptic strength. 
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While this adds a level of complexity to an already complex field surrounding synaptic plasticity, 

it provides rich opportunities for further research to elucidate the mechanisms underlying 

behavioral learning experiences.  
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Chapter 4 

Assessment of different induction protocols to elicit long-term 

depression (LTD) in the rat visual cortex in vivo 

Published in its entirety in “Assessment of different induction protocols to elicit long-term 

depression (LTD) in the rat visual cortex in vivo” by Hager, A.M. & Dringenberg, H.C. (2010). 

Brain Research 1318, 33-41. 

 

4.1 Abstract 

Changes in synaptic efficacy, including long-term potentiation (LTP) and long-term depression 

(LTD), provide mechanisms for experience-induced plasticity of cortical and subcortical circuits. 

LTP is readily induced under drastically different experimental conditions (e.g., in vitro and in 

vivo). However, few studies have compared the effectiveness of different induction protocols to 

elicit synaptic depression, especially under in vivo conditions. Here, we assessed the 

effectiveness of four different low frequency stimulation (LFS) protocols, applied to the lateral 

geniculate nucleus, to induce LTD-like changes of local field postsynaptic potentials (fPSPs) 

recorded on the surface of the primary visual cortex (V1) of urethane-anesthetized rats. Three 

LFS protocols (900 pulses at 1 Hz; 1800 pulses at 1 Hz, 1800 pulses at 1 Hz, repeated 3 times), 

known to induce LTD in neocortical and hippocampal slice preparations, failed to induce synaptic 

depression. In contrast, strong low frequency burst stimulation (3 pulses/burst at 20 Hz, 900 

bursts repeated at 1 Hz) resulted in significant, but transient (~20 min) depression of fPSPs in V1. 

This effect was resistant to systemic treatment with MK 801 (0.5 mg/kg) or local, cortical 

application of either APV (10 mM) or MCPG (10 mM), indicative of non-essential roles of N-

methyl-D-aspartate and metabotropic glutamate receptors. A similar depressant effect was also 

observed under sodium pentobarbital anesthesia. These experiments emphasize the resistance of 
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the in vivo neocortex to express the long-lasting down-regulation of synaptic strength, 

observations that require integration into current models and theories regarding the functions of 

LTD as a homeostatic and experience-dependent plasticity mechanism. 

 

4.2 Introduction 

Changes in synaptic strength, including long-term potentiation (LTP) and long-term 

depression (LTD), play critical roles in the encoding and long-term storage of information in 

neuronal circuits (Bliss & Collingridge, 1993; Kemp & Bashir, 2001; Malenka & Bear, 2004; 

Martin & Morris, 2002). The majority of work to date has focused on LTP-like changes, and the 

cellular mechanisms and behavioral functions of LTD have received less attention. However, 

recent evidence indicates that various types of behavioral experiences can result in a depression 

of synaptic connectivity, suggesting that, similar to LTP, LTD provides a mechanism involved in 

mediating experience-dependent neuronal plasticity (Griffiths et al., 2008; Massey et al., 2008; 

Rioult-Pedotti et al., 2000, 2007; Rittenhouse, Shouval, Paradiso & Bear, 1999; Smith et al., 

2009).  

The induction of LTD at hippocampal and neocortical synapses typically requires 

prolonged afferent stimulation at relatively low frequencies. In early work, Dudek and Bear 

(1992) and Mulkey and Malenka (1992) showed that low frequency stimulation (LFS; 600-900 

single pulses at 1 Hz) induced LTD in the CA1 area of the hippocampus in vitro, and similar 

protocols have been found to elicit LTD in several other areas in vitro, including perirhinal cortex 

(Griffiths et al., 2008; Massey et al., 2008), motor cortex (Rioult-Pedotti et al., 2000, 2007), and 

striatum (Gerdeman, Ronesi & Lovinger, 2002). 

In slice preparations of the rodent primary visual cortex (V1), LTP and LTD are induced 

by high- and LFS, respectively (Artola & Singer, 1987; Kirkwood & Bear, 1994). However, 
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under in vitro conditions, both types of plasticity appear to be regulated by an early critical 

period, in that LTP and LTD are readily induced in slices obtained from young rodents (up to 

about 3-5 weeks of age), while slices of older animals become resistant to their induction (Jang et 

al., 2009; Kato, Artola & Singer, 1991; Kirkwood et al., 1996). This age-related decline of LTP 

and LTD at V1 synapses has suggested that these mechanisms contribute to ocular dominance 

plasticity (Bear, 2003; Hofer et al., 2006), a classic type of developmental plasticity in V1 that 

peaks during early postnatal life (Lehmann & Löwel, 2008; Sato & Stryker, 2008). It is of interest 

to note, however, that the apparent, critical period noted for the induction of LTP in V1 in vitro 

does not appear to apply to in vivo conditions, since electrical theta burst stimulation (TBS) of the 

lateral geniculate nucleus (LGN; Dringenberg, Hamze, Wilson, Speechley & Kuo, 2007; Heynen 

& Bear, 2001; Kuo & Dringenberg, 2008) or rapid visual stimulation (i.e., photic tetanus) of the 

retina (Clapp, Eckert, Teyler & Abraham, 2006; Kuo & Dringenberg, 2009) both induce LTP in 

the fully mature V1 of adult rats in vivo. Thus, by demonstrating that the developmental 

restrictions governing LTP induction under in vitro conditions do not apply to the intact brain, 

these findings emphasize the important role of the specific, experimental preparation used, with 

data obtained in vitro not necessarily generalizing to other (e.g., in vivo) preparations. 

Despite some of these discrepancies, there is a clear consensus that a variety of 

stimulation protocols (high frequency, TBS, visual) can be applied to elicit LTP in the rodent V1. 

In contrast, to date, the effectiveness of different protocols to induce LTD in V1 under in vivo 

conditions has not been systematically examined. Jiang, Akaneya, Hata, and Tsumoto (2003) 

noted a clear resistance to LTD induction in the intact V1 of juvenile rats using a standard LFS 

protocol (900 pulses at 1 Hz). It appears that, for V1, other LTD protocols commonly used in 

vitro have not been examined under in vivo conditions. Consequently, the present study was 

designed to examine and compare the effectiveness of a variety of LFS protocols, applied to the 

LGN, to induce LTD of field postsynaptic potentials in V1 of adult rats in vivo. All stimulation 
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protocols tested here have either been shown to induce LTD at V1 or hippocampal synapses in 

vitro (Kirkwood & Bear, 1994; Sajikumar & Frey, 2003), or are variations of these protocols. 

 

4.3 Experimental Procedures 

4.3.1 Subjects 

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. The 

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

River Laboratories, Inc. (St. Constant, Quebec, Canada). Animals were housed in a colony room 

(12/12 h reversed light cycle) with free access to food and water. All electrophysiological 

procedures took place during the day, typically between 9 AM and 5 PM. 

 

4.3.2 Surgical preparation 

Unless stated otherwise, experimental procedures were carried out under deep urethane 

anesthesia (1.5 g/kg, i.p., administered in three 0.5 g/kg doses every 20 minutes with supplements 

given as necessary). This dosing regimen is sufficient to ensure that spontaneous high frequency, 

low-amplitude activation of the electrocorticogram does not occur during the course of the 

experiment (Kuo & Dringenberg, 2008). An additional group of animals received the barbiturate 

anesthetic sodium pentobarbital (55 mg/kg, i.p.) in conjunction with the analgesic Anafen (10 

mg/kg, subcutaneous). Stable anesthesia was maintained by injecting supplementary doses of 

pentobarbital (.05-.1 mL) every 20 min throughout the course of the experiment. 

Additionally, the local anesthetic Marcaine (5 mg/ml) was applied to the skin overlying the skull 

along the incision line (3-4 subcutaneous injections, ~0.03 ml each). 
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After anesthesia induction, rats were placed in a stereotaxic apparatus (David Kopf, 

Tujunga, CA, USA) and body temperature was maintained between 36 and 37 ˚C by an electrical 

heating blanket and additional insulating material wrapped around the animal. The skull was 

exposed and small skull holes were drilled to allow access to V1 (anterior-posterior (AP) +7.5 

mm, lateral (L) -3.5 mm, ventral (V) -0.4 to -1.0 mm), and the ipsilateral LGN (AP +4.3 mm, L - 

3.9 mm, V -4.6 to -5.0 mm). A recording electrode (125 μm diameter Teflon-insulated steel wire) 

was lowered onto the surface of V1 and a concentric bipolar stimulation electrode (Rhodes 

Medical Instruments, Series 100, David Kopf, Tujunga, CA, USA) was placed in the LGN. This 

arrangement of stimulation and recording electrodes was used by Heynen and Bear (2001) in their 

original characterization of LTP between LGN and V1 under in vivo (anesthetized) conditions. 

The fPSPs recorded under these conditions largely reflect excitatory current sinks originating in 

layers II/III of V1 (Heynen & Bear, 2001). Final ventral placements of both LGN and V1 

electrodes were adjusted to elicit maximal fPSP amplitude and augmenting responses (at 100 ms 

interpulse intervals) in V1 in response to LGN stimulation. Additional skull holes (contralateral to 

the electrodes) over the prefrontal cortex and cerebellum allowed for the insertion of ground and 

reference connections, respectively. All stereotaxic measurements were based on the anatomical 

work of Paxinos and Watson (2007). 

 

4.3.3 Electrophysiology 

The LGN stimulation electrode was connected to a stimulus isolation unit providing a 

constant current output (PowerLab 16/s system with ML 180 Stimulus Isolator, ADInstruments, 

Toronto, Canada). The cortical signal was differentially recorded against the cerebellar reference 

connection, amplified (Grass P511 amplifiers, Grass Instruments Division, Astro-Med, Inc., 



POTENTIAL FOR CHANGE   

 

60 

 

West Warwick, RI, USA; half amplitude filters set at 0.3 Hz and 1 kHz), digitized (10 kHz, AD 

Instruments 16/s system), and stored for subsequent offline analysis. 

 

4.3.4 Data collection and drug application 

Following final electrode positioning (see above), animals were left to stabilize for 

approximately 45 min before an input/output curve was generated by applying single LGN pulses 

(0.2 ms duration) at intensities of 0.1 to 1.0 mA, in 0.1 mA increments. The stimulation intensity 

eliciting 50-60% of maximal fPSP amplitude was used for the remainder of the experiment. 

Baseline fPSPs were recorded every 30 s for 30 min, or until a stable baseline had been 

established (between 95-105% of average baseline fPSP amplitude). Subsequently, independent 

groups of animals received one of the following LFS protocols of the LGN: WLFS (weak low 

frequency stimulation), 900 pulses at 1 Hz, two induction episodes separated by 60 min; EWLFS 

(extended WLFS), 1800 pulses at 1 Hz, two induction episodes separated by 60 min; REWLFS 

(repeated EWLFS), 1800 pulses at 1 Hz, three induction episodes separated by 10 min; SLFS 

(strong LFS), 900 bursts (one burst = 3 pulses at 20 Hz) repeated at 1 Hz; two induction episodes 

separated by 60 min. Following each LFS episode, fPSP recordings (every 30 seconds) continued 

for 1 hour. In a control condition, fPSPs (every 30 s) were recorded continuously for 3 hours in 

the absence of any LFS. 

To assess the role of NMDARs or mGluRs in synaptic changes elicited by LFS, separate 

groups of rats received either MK 801 (0.5 mg/kg, i.p., dissolved in saline, administered 20 min 

prior to the commencement of baseline recordings), APV (10 mM, applied locally in V1) or 

MCPG (10 mM, applied locally in V1; all drugs obtained from Sigma/RBI, Oakville, Ontario, 

Canada). For local drug application, the recoding electrode was attached to a microdialysis probe 
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(Mab 2.14.4; 2 mm active polyethersulfane membrane, 35-kDa cutoff; S.P.E. Ltd, North York, 

ON, Canada), with the probe tip extending approximately 1 mm below the tip of the electrode. 

The dialysis probe was connected to a Hamilton microsyringe driven by a microdialysis pump 

(CMA/102, CMA Microdialysis, Solna, Sweden) and continuously perfused (1.0 μL/min) with 

aCSF composed of (in mM): 118.3 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 2.5 CaCl2, 10.0 

glucose, 22.1 NaHCO3. Independent groups received either aCSF alone, aCSF containing APV, 

or aCSF containing MCPG throughout the experiment. With reverse dialysis, drug molecules 

dissolved in the perfusion medium gain access to neural tissue by concentration-dependent 

diffusion across the semi-permeable dialysis probe membrane. It is estimated that the drug 

concentration in tissue around the membrane approaches ~10% of that in the perfusion medium 

(e.g., Oldford & Castro-Alamancos, 2003). 

At the end of the experiment, rats were perfused through the heart with 10% formalin, 

their brains were removed, and standard histological techniques were used to verify all electrode 

placements. Data obtained with inaccurate placements were excluded from the data analyses. 

 

4.3.5 Data analysis 

Data are expressed as mean ± standard error of mean (S.E.M.). Maximal fPSP amplitude 

was computed offline using Scope software (v. 4.0.2, ADInstruments). Amplitude data were 

averaged over 10 minute epochs and normalized by dividing them by the average baseline (pre-

LFS) amplitude of each animal. Statistical analyses were performed using SPSS software (version 

17.0, SPSS Inc., Chicago, IL, USA). Separate mixed two-way ANOVAs were calculated to 

examine differences in fPSP amplitude between each LFS group and the control (no LFS) group 

over the course of the experiment. When statistically appropriate, independent t-tests were 

utilized to examine group differences at specific time points. Pharmacology data were examined 
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using a mixed two-way ANOVA comparing four groups (aCSF + No Drug, MK 801, APV, 

MCPG). 

Amplitude of fPSPs during the delivery of LFS was similarly computed offline, averaged 

over 2.5 min intervals, and normalized by dividing all data for one rat by the average baseline 

(pre-LFS) amplitude of that animal. Separate repeated measures ANOVAs for each LFS group 

were used to examine changes in amplitude during LFS delivery. Differences between specific 

time points and the first data point of each group were examined using within-subjects contrasts. 

 

4.4 Results 

4.4.1 Effects of LFS on field postsynaptic potentials (fPSPs) in V1 

An example of a typical electrode placement in the LGN is shown in Figure 4.1. 

Consistent with previous work (Dringenberg et al., 2007; Heynen & Bear, 2001) single pulse 

stimulation of the LGN reliably elicited negative-going fPSPs recorded at the surface of the 

ipsilateral V1 (Figure 4.2A & 4.2D, inserts). Surface fPSPs recorded under these experimental 

conditions largely reflect excitatory current sinks originating in layers II/III of the rat V1 (Heynen 

& Bear, 2001). In a group of control animals (n=6) that did not receive a LFS induction protocol, 

the amplitude of fPSPs showed only minor, non-significant changes over time (Figure 4.2, open 

squares; effect of time, F(20, 100) = 0.77; p > 0.05), indicating that synaptic strength stayed 

relatively stable over the course of the experiment. 
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Figure 4.1. An example of a typical stimulation electrode placement in the lateral geniculate 

nucleus. 

 

 

 

In animals (n=5) that received a standard, weak low frequency stimulation (WLFS) 

protocol (900 pulses, 1 Hz; two induction episodes separated by 60 minutes), fPSP amplitude did 

not differ from that in control animals not subjected to LFS (Figure 4.2A; interaction of time x 

group, F(14, 126) = 0.40; p > 0.05; main effect of group, F(1, 9) = 0.02; p > 0.05). Similarly, 

increasing the number of stimulation pulses (1800 pulses, 1 Hz; two induction episodes separated 

by 60 minutes) in the extended weak low frequency stimulation (EWLFS) group (n=7) did not 

result in a significant change of fPSPs compared to controls (Figure 2B). In fact, it appeared that 

EWLFS resulted in a slight potentiation of fPSP amplitude, even though this effect did not reach 

statistical significance (interaction of time x group, F(14, 154) = 1.02; p > 0.05; main effect of 

group, F(1, 11) = 0.95; p > 0.05). Finally, repeated delivery of 1800 pulses (1800 pulses, 1 Hz; 

three induction episodes separated by 10 minutes) in the repeated, extended weak low frequency 

stimulation (REWLFS) group (n=6) also failed to induce significant depression when compared 

to control animals (Figure 4.2C; interaction of time x group, F(10, 100) = 0.94; p > 0.05; main 

effect of group, F(1, 10) = 0.84; p > 0.05). 
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In contrast to these protocols, strong low frequency stimulation (SLFS; 3 pulses per burst, 

pulses repeated at 20 Hz, 900 bursts repeated at 1 Hz, two induction episodes separated by 60 

minutes; n=6) resulted in a significant depression of fPSP amplitude compared to control animals 

(Figure 4.2D; interaction of time x group, F(14, 140) = 2.31; p < 0.01; main effect of group, F(1, 

10) = 10.61; p < 0.01). Following the delivery of each SLFS episode, fPSP amplitude remained 

depressed for about 20 min before returning to control levels (Figure 4.2D). 
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Figure 4.2. Effects of different low frequency stimulation protocols. 

Amplitude of field postsynaptic potentials (fPSPs) before and after delivery of different low 

frequency stimulation protocols (indicated by black bars) to the lateral geniculate nucleus. 

(A) Weak low frequency stimulation (WLFS, 900 pulses 1 Hz, n=5), (B) Extended weak low 

frequency stimulation (EWLFS, 1800 pulses 1 Hz, n=7), (C) Repeated extended weak low 

frequency stimulation (REWLFS, 1800 pulses x 3, 1 Hz, n=6) and (D) Strong low frequency 

stimulation (SLFS, 900 bursts repeated at 1 Hz, 3 pulses/burst at 20 Hz, n=6). The first three data 

points represent fPSP amplitude during a 30 min baseline period. Note that only SLFS resulted in 

significant depression of fPSP amplitude (* indicates p < 0.05, t-tests). Animals in the No 

Stimulation Control condition (n=6, same for each panel) were not subjected to any LFS protocol. 

Inserts in (A) and (D) depict typical fPSPs during baseline and immediately following delivery of 

LFS. Note the decrease in fPSP amplitude following SLFS in (D) (each fPSP shown is an average 

of 20 individual fPSPs; calibration is 2 mV and 10 ms). 

 

 

 

We also analyzed changes in fPSP amplitude during the actual delivery of the various 

low frequency induction protocols. Interestingly, while fPSP amplitude showed significant 

depression during the delivery of all four stimulation protocols, this effect was most pronounced 

during application of SLFS, with amplitude at the end of the induction protocol at ~50% of its 

initial value (Figure 4.3). Separate statistical comparisons of fPSP amplitude for each group 

during the delivery of various LFS protocols demonstrate significant effects of time for the SLFS 

group (F(5, 25) = 42.35; p < 0.01), the WLFS group (F(5, 20) = 2.72; p = 0.049), the EWLFS 

(F(11, 66) = 4.98; p < 0.01), and the REWLFS animals (F(11, 55) = 7.17; p < 0.01). 
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Figure 4.3. Amplitude of fPSPs during the delivery of different low frequency stimulation 

protocols.  

Weak low frequency stimulation (WLFS, 900 pulses at 1 Hz, n=5), strong low frequency 

stimulation (SLFS, 900 bursts repeated at 1 Hz, 3 pulses/burst at 20 Hz, n=6), extended weak low 

frequency stimulation (EWLFS, 1800 pulses at 1 Hz, n=7), and repeated extended weak low 

frequency stimulation (REWLFS, 3 x 1800 pulses at 1 Hz, n=6) all resulted in a depression of 

fPSP amplitude, but this effect was most pronounced for SLFS. * indicate time points showing a 

significant difference from the first data point in each, respective group (* indicates p < 0.05, ** 

indicates p < 0.01; within-subjects contrasts). 

 

4.4.2 Effects of different anesthetics on SLF-induced depression 

To determine whether the depressant effect described above is influenced by different 

anesthetic conditions, additional experiments (n=6) using sodium pentobarbital anesthesia were 

carried out for the most effective LFS protocol (i.e., SLFS). In these rats, levels of depression 

were not significantly different from those seen in urethane-anesthetized animals (Figure 4.4, 

interaction of time x group, F(14, 140) = 1.26; p > 0.05; main effect of group, F(1, 10) = 1.31; p 

> 0.05). Consequently, the synaptic depression following SLFS does not appear to be 

significantly altered by these different anesthetic agents. 
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Figure 4.4. Effect of different anesthesia on SLFS. Amplitude of field postsynaptic potentials 

(fPSPs) before and after strong low frequency stimulation (SLFS, indicated by black bars) of the 

lateral geniculate nucleus in rats anesthetized with urethane (1.5 g/kg, i.p.) or sodium 

pentobarbital (55 mg/kg, i.p.). There were no significant differences in the response to SLFS 

between the two anesthetic conditions. 

 

4.4.3 Effects of blockade of N-methyl-D-aspartate or metabotropic glutamate receptors on 

depression following SLFS 

To elucidate some of the mechanisms involved in synaptic depression following SLFS, 

N-methyl-D-aspartate receptor (NMDAR) or metabotropic glutamate receptor (mGluR) 

antagonists were administered in conjunction with the SLFS protocol. As a control for local, 

cortical drug application (APV, MCPG), a group of rats (n=3) received aCSF application in V1 

by means of reverse microdialysis. In these animals, SLFS resulted in fPSP depression that was 

not significantly different from that observed in pharmacologically untreated rats (SLFS group 

above, n=6; interaction of time x group, F(14, 98) = 0.73; p > 0.05, main effect of group, F(1, 7) 
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= 0.22; p > 0.05). Consequently, these two groups of animals were combined for all further, 

statistical analyses (aCSF + No Drug, n=9; see Figure 4.5). 

Next, the effect of systemic or local, cortical blockade of NMDARs was assessed with 

treatment of MK 801 (0.5 mg/kg, i.p., n=4) or APV (10 mM, n=7, applied in V1 by reverse 

microdialysis), respectively. A separate group of animals was used to assess the effect of local, 

cortical blockade of mGluRs using MCPG (10 mM, n=7, applied in V1 through reverse 

microdialysis). None of these drugs were effective in blocking fPSP depression in response to 

SLFS (Figure 4.5). Consequently, there was no significant effect of drug condition in an ANOVA 

comparing MK 801, APV, MCPG and aCSF + No Drug animals (interaction of time x group, 

F(42, 322) = 0.68; p > 0.05, main effect of group, F(3, 23) = 0.74; p > 0.05). 

To ensure that NMDARs were blocked by these drugs and at the concentrations 

employed, additional animals were given the NMDAR antagonists and then subjected to a theta 

burst stimulation (TBS) protocol (10 bursts at 5 Hz, each burst consisting of 5 pulses at 100 Hz), 

previously shown to induce LTP between LGN and V1 (Heynen & Bear, 2001). In these 

experiments, LTP induction was completely blocked by either MK 801 treatment (n=2) or APV 

application (n=2), confirming successful NMDAR blockade under the present, experimental 

conditions (data not shown). 
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Figure 4.5. Blockade of NMDARs or mGluRs does not affect SLFS. 

Effects of blockade of N-methyl-D-aspartate receptors (NMDARs, top) or metabotropic 

glutamate receptors (mGluRs, bottom) on synaptic depression following strong low frequency 

stimulation (SLFS, indicated by black bars) of the lateral geniculate nucleus. Synaptic depression 

was elicited in control animals (aCSF + No Drug, n=9, aCSF applied locally at the recording site 

in the primary visual cortex), an effect that was not significantly altered by the presence of the 

NMDAR antagonist MK 801 (top; 0.5 mg/kg, i.p., n=4) or APV (top; n=7, 10 mM, applied 

locally in the primary visual cortex), or the mGluR antagonist MCPG (bottom; n=7, 10 mM, 

applied locally in the primary visual cortex). 
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4.5 Discussion 

The present study examined the effectiveness of several LFS protocols, applied to the 

LGN of anesthetized rats, to induce LTD of fPSPs recorded at the surface of V1 in vivo. Surface 

recordings of fPSP in V1 are known to reflect excitatory current sinks in layers II/III and readily 

express NMDA-dependent LTP in anesthetized preparations (Dringenberg et al., 2007; Heynen & 

Bear, 2001; Kuo & Dringenberg, 2008). The characterization of LTP- and LTD-like alterations of 

synaptic strength between LGN and V1 are of interest since they are thought to play important 

roles in experience-dependent plasticity of V1, including ocular dominance shifts and aspects of 

perceptual learning (Berardi, Pizzorusso, Ratto & Maffei, 2003; Frenkel et al., 2006; Hofer et al., 

2006; Karmarkar & Dan, 2006; Kato et al., 1991; Sawtell et al., 2003; Smith et al., 2009). 

Of the four LFS protocols examined, only SLFS, consisting of repeated application (1 

Hz) of brief stimulation bursts (3 pulses/burst at 20 Hz), resulted in a clear, albeit transient (~20 

min) depression of fPSP amplitude. Given that all protocols examined have been shown to induce 

LTD in various in vitro slice preparations (Dudek & Bear, 1993; Kirkwood & Bear, 

1994; Sajikumar & Frey, 2003, 2004), our results emphasize the resistance of synapses in the 

intact brain to express significant levels of synaptic depression. Consequently, even though slice 

preparations constitute a sophisticated and effective tool to characterize synaptic and cellular 

mechanisms of LTP and LTD, some fundamental properties of synaptic plasticity differ greatly 

when alternative preparations (e.g., in vivo) are used. 

Of the LFS protocols tested here, WLFS (900 pulses, 1 Hz) is most commonly used to 

induce LTD in various slice preparations. In V1 in vitro, layer III synapses show reliable, 

NMDAR-dependent LTD in response to WLFS of layer IV or the deep white matter (Kirkwood 

& Bear, 1994; Kirkwood et al., 1996). In contrast, Jiang et al., (2003) showed that neither WLFS 

nor EWLFS (1800 pulses) of the LGN resulted in significant LTD of fPSPs in layers II/III of V1 
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under in vivo conditions, data consistent with the results of the present experiments. Interestingly, 

these investigators noted that blockade of brain-derived neurotrophic factor 

(BDNF) or its receptors (TrkB) allowed for the effective and long-lasting (≥ 3 hours) induction of 

LTD, suggesting that levels of neurotrophic factors act as potent inhibitors of LTD in V1 of the 

intact brain. The rapid degradation of BDNF in tissue maintained under in vitro conditions might, 

at least in part, account for the discrepancies between in vivo and in vitro work outlined above 

(Aicardi et al., 2004). 

Unlike single pulse (~1 Hz) stimulation, LTD induction protocols consisting of brief 

stimulation bursts that are repeated at low (1 Hz) frequencies (i.e., SLFS) have not been used 

extensively in previous work. Sajikumar and Frey (2003, 2004) showed that, while single pulse, 1 

Hz stimulation resulted only in transient (early-phase) LTD, SLFS induced long-lasting (> 8 

hours) late-phase LTD in slices of the hippocampal CA1 area, suggesting that low frequency 

burst stimulation constitutes a particularly effective pattern to elicit synaptic depression. 

Consistent with this assumption, in our experiments, SLFS was the only protocol that resulted in 

a significant depression of fPSP amplitude at V1 synapses. However, in contrast to the long 

lasting effects noted by Sajikumar and Frey (2003, 2004), depression observed here was short 

lived and synaptic strength returned to baseline levels about 30 min after delivery of SLFS, an 

observation further highlighting the difficulty of inducing LTD in vivo. This apparent resistance 

to the induction of LTD does not appear to be due to the presence of the specific anesthetic used 

here (urethane), since we observed the same pattern of SLFS-induced depression (20-30 min) 

under sodium pentobarbital anesthesia. Interestingly, pentobarbital was used in one of the few 

studies showing successful LTD induction under in vivo conditions (Heynen, Abraham & Bear, 

1996). However, the experiments by Heynen et al., (1996) were carried out in area CA1, 

suggesting that hippocampal synapses express LTD more readily than neocortical synapses, even 

under the same anesthetic conditions. 
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It also is of interest to note that depression elicited by the first and second SLFS episode 

(separated by 60 min) produced equivalent levels of depression, that is, there was no evidence of 

sensitization (or desensitization) to the stimulation effects with repeated delivery (also see Dudek 

& Bear, 1993). Further, in a subset of animals receiving SLFS, subsequent (60 min later) LTP 

induction by means of standard TBS (see Heynen & Bear, 2001) was unaffected by the initial 

SLFS protocol (~30% enhancement, unpublished observations). Thus, it appeared that synaptic 

strength had fully recovered, with no obvious, residual effects (e.g., changes in cortical inhibition) 

remaining 60 min following SLFS. 

We also analyzed changes in fPSP amplitude during the actual delivery of various LFS 

protocols (i.e., from onset to end of LFS) and noted that, even though amplitude decreased for all 

protocols, this effect was most pronounced for SLFS. Thus, levels of synaptic depression at the 

conclusion of LFS appear to provide some indication of the magnitude of longer-lasting 

depression that outlasts the actual LFS delivery. Also, it is possible that depression during the 20-

30 min following SLFS delivery is, at least in part, due to the greater degree of depression at the 

termination of LFS, which requires a longer time to recovery to the initial levels of synaptic 

strength present prior to LFS delivery. 

Interestingly, recent, elegant work by Linden, Heynen, Haslinger, and Bear (2009) has 

shown that an increase in desynchronized, de-correlated afferent discharge constituents a 

particularly effective activity pattern to induce synaptic depression in the intact V1 of rodents. In 

these experiments, blocking visual input to the LGN by eyelid closure led to a decrease in 

synchronous discharge of LGN cells, which resulted in depression of synaptic responses in V1 

(Linden et al., 2009). Application of depolarizing, electrical stimulation pulses can be expected to 

result in massive, highly synchronized excitation of large numbers of neurons around the 

electrode tip, an activity pattern not suitable to induce significant amounts of depression (or even 

resulting in LTP) in cortical neurons (see Linden et al., 2009). In fact, we observed LTP-like 
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changes with several of the induction protocols tested here. Consequently, the use of multi-

electrode stimulation arrays, allowing for the application by anatomically precise, de-correlated 

stimulation protocols to small groups of neurons, would more closely mimic the endogenous 

activity patterns observed in the in vivo LGN under conditions of sensory deprivation; such 

protocols might be highly effective in eliciting LTD under in vivo conditions, a hypothesis that 

requires testing in future work. 

Previous work has shown that receptor mechanisms mediating LTD appear to vary with 

different layers of V1. The majority of studies suggest that the induction of LTD in layers II/III 

and V is dependent on NMDAR activation (Kirkwood & Bear, 1994; Rao & Daw, 2004; Sawtell, 

Huber, Roder & Bear, 1999). Some evidence also indicates a role for endocannabinoid receptor 

activation in the induction of layers II/III LTD (Crozier, Want, Liu & Bear, 2007). In contrast, 

LTD of layer VI synapses appears to be insensitive to NMDAR blockade, but requires activation 

of mGluRs (Rao & Daw, 2004). Since the surface recordings used here reflect current sinks in 

layers II/III (Heynen & Bear, 2001), we examined a potential role for NMDARs in SLFS-induced 

depression by means of systemic administration of MK 801, or local application of APV (at a 

dose/concentration shown to completely block LTP in V1). Neither treatment was effective in 

reducing depression, an observation consistent with data showing that, in other granular 

(somatosensory) cortex fields, intermediate-term (10-15 min) depression is unaffected by 

NMDAR blockade (Castro-Alamancos et al., 1995). Since further experiments showed that 

blockade of mGluRs by local application of MCPG at the recording site in V1 also failed to 

inhibit depression, it appears that neither NMDAR or mGluRs are required for the effect of SLFS 

to induce intermediate term synaptic depression in V1 under the current, experimental conditions 

(but see Huber, Sawtell & Bear, 1998 for a discussion regarding the effectiveness of MCPG to 

antagonize mGluRs in V1). Therefore, the exact mechanisms mediating the intermediate-term 
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depression noted here and in previous work (Castro-Alamancos & Borrell, 1995) remain to be 

determined.  

Like LTP, LTD plays an important role in experience-dependent synaptic plasticity, as 

well as cognitive processes including memory encoding and consolidation (Bienenstock, Cooper 

& Munro, 1982; Malenka & Bear, 2004; Martin & Morris, 2002; Massey & Bashir, 2007). 

Massey et al., (2008) found that multiple-exposure, visual recognition learning resulted in the 

occlusion of LTD in slices of perirhinal cortex, indicative of the induction of an endogenous LTD 

process during learning. In V1, LTD has been implicated in ocular dominance shifts by mediating 

the weakening of cortical responses to stimulation of the deprived eye following monocular 

deprivation (Bear, 2003; Kirkwood et al., 1996). In the primary motor cortex, enhanced LTD (and 

reduced LTP) is apparent after the acquisition of a skilled-reaching task, consistent with an 

upward shift of endogenous, synaptic strength during learning (Rioult-Pedotti et al., 2000, 2007). 

Further, the entire plasticity-range, in other words, the finite upper (LTP) and lower (LTD) 

synaptic modification limits can be modified as a result of experience (Rioult-Pedotti et al., 

2007). These studies confirm the role of LTD as a mediator of experience-induced synaptic 

plasticity, as well as the need for an assessment of effective LTD induction protocols. The 

refinement of such protocols appears to be particularly critical for intact, in vivo preparations, 

since only these maintain the complex interactions among multiple brain regions known to occur 

as part of learning and consolidation processes in the mammalian nervous system (Weinberger, 

2004). 

In summary, the present experiments demonstrate that low frequency burst stimulation is 

a particularly effective protocol to induce synaptic depression in the superficial (II/III) layers of 

the intact V1 of anesthetized rats. In contrast, even extended delivery of single pulses LFS failed 

to induce synaptic depression under these experimental conditions. Thus, of the protocols tested 

here, SLFS appears to be the most suitable for further in vivo studies characterizing experience 
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induced plasticity in V1, such as visual enrichment and deprivation, as well as perceptual and 

associative learning processes, all of which involve plasticity at the earliest stages of cortical, 

visual processing (e.g., Bear, 2003; Frenkel et al., 2006; Hofer et al., 2006; Karmarkar & Dan, 

2006; Shuler & Bear, 2006; Smith et al., 2009). 
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Chapter 5 

Visual discrimination training does not elicit LTD in the primary visual 

cortex or perirhinal cortex of adult rats 

Published in part. Data describing visual discrimination training and LTD in the thalamocortical 

LGN-V1 pathway have been published in “Training-induced plasticity in the visual cortex of 

adult rats following visual discrimination learning” by Hager, A.M. & Dringenberg, H.C. (2010). 

Learning & Memory, 17, 394-401. 

Experiments describing LTD in the V1-Perirhinal cortex pathway have not been published 

previously. 

 

5.1 Abstract 

Long-term depression (LTD) and long-term potentiation (LTP) provide separate, but 

complimentary synaptic mechanisms for experience-induced plasticity and are thought to be 

related to the encoding and storage of information in the brain. Visual discrimination learning in 

adult rats has been found to facilitate LTP in the thalamocortical-V1 pathway. The purpose of this 

study was to assess the effect of visual training on synaptic depression in the visual system of 

adult rats. Rats learned to discriminate two visual stimuli, indicating the presence and absence of 

a hidden escape platform in a Y-shaped water maze. Following task acquisition, rats were 

anesthetized and levels of synaptic depression were assessed through recordings of local field 

postsynaptic potentials (fPSPs) from the surface of the primary visual cortex (V1) in response to 

low frequency burst stimulation (LFS; 3 pulses/burst at 20 Hz, 900 bursts repeated at 1 Hz) of the 

lateral geniculate nucleus (LGN). Interestingly, trained rats exhibited transient synaptic 

depression that was not different from depression seen in task-naïve controls. In addition to 

examining LTD in the LGN-V1 projection system, synaptic plasticity was examined at higher 
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processing levels further along the hierarchical visual system pathway in the perirhinal cortex, 

which has been linked to visual object recognition. Stimulating in V1 and recording in the 

perirhinal cortex allowed for the examination of fPSPs in task-naïve and trained rats. In naïve 

animals, the V1-perirhinal pathway readily exhibited LTD following LFS (~20% depression 

lasting > 2 h), while being resistant to LTP induction using standard theta burst stimulation 

protocols in separate animals. In animals that received training, V1-perirhinal connections 

exhibited fPSPs that were not different from task-naïve controls in response to either LTP or LTD 

induction protocols. These results, when combined with previous work exhibiting a facilitation of 

LTP following identical training (see Hager & Dringenberg, 2010b), indicate that visual training 

results in an expansion of the overall synaptic modification range (increased LTP “ceiling” 

without changes in LTD “floor”) in the thalamocortical-V1 pathway, while having no observable 

effect on the V1-perirhinal pathway. 

 

5.2 Introduction  

Synaptic plasticity mechanisms of LTP and LTD likely provide dual, complimentary 

mechanisms to adjust synaptic efficacy/connections, thus affecting the strength of synaptic 

connectivity, which is known to change as a result of various types of behavioral experiences 

(Kirkwood et al., 1996; Martin & Morris, 2001; Rioult-Pedotti et al., 2007; Tsanov & Manahan-

Vaughn, 2007). An important aspect of synaptic plasticity is the so-called “synaptic modification 

range”, which is the maximal range of potential up- and down-regulation of synaptic strength that 

can be expressed at a given synapse (Roult-Pedotti et al., 2007). The lower limit of this range may 

be examined through the induction of LTD using LFS, while the upper ceiling or maximal 

strength of synapses can be assessed by the induction of LTP using TBS. There is considerable 

evidence to suggest that LTP can serve as a mechanism mediating experience/training-dependent 
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plasticity (Kirkwood et al., 1996; Rioult-Pedotti et al., 2000; Rogan et al., 1997; Whitlock et al., 

2006). The role of LTD in learning and information storage has received less attention, even 

though there is some evidence to indicate that LTD can also serve as a mechanism for experience-

induced synaptic plasticity (Rioult-Pedotti et al., 2000). By measuring both LTP and LTD in 

motor cortex slices of rats following the learning of a skilled reaching task, Rioult-Pedotti et al., 

(2000) found that synapses were strengthened following learning, which led to the occlusion of 

LTP (induced by electrical stimulation). Interestingly, motor training also resulted in an 

enhancement of LTD, confirming that training itself resulted in an LTP-like process, leaving 

more room for electrically-induced depression.  

On a theoretical level, the occurrence of LTP following learning appears to create a 

problem in that, over time and with repeated learning experiences, synaptic strength would reach 

a maximum or ceiling level, since there are physical limitations in the ability of synapses to 

undergo change. Thus, synapses might be expected to reach a saturation point, which would 

prevent further learning. However, in an interesting follow-up study, Rioult-Pedotti et al., (2007) 

examined the synaptic modification range two months following motor training. These authors 

found that, over this time interval, the LTP ceiling was raised and the synaptic modification range 

shifted upward, allowing further potentiation of the previously strengthened synapses. 

Consequently, experience-induced plasticity may be comprised of dual processes: a) an initial 

strengthening of synapses after learning, followed by b) a compensatory shift in the synaptic 

modification range, thus allowing further potentiation (and thus learning) at a given set of 

synapses. These types of changes seen in the motor cortex have yet to be observed in other 

cortical areas or following various types of learning.   

Previously, visual discrimination learning in adult rats has been found to facilitate LTP in 

the thalamocortical-V1 pathway (Gagolewicz & Dringenberg, 2011; Hager & Dringenberg, 

2010b; and previously described in Chapter 3). The following experiments seek to measure 
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changes in synaptic depression in the same pathway following visual discrimination learning with 

the use of the low frequency burst stimulation induction protocol described in Hager and 

Dringenberg, (2010a, i.e., Chapter 2). The results of this study, combined with the previous 

assessment of LTP, will aid in determining whether the synaptic modification range has shifted or 

expanded following visual discrimination learning. A shift in the range would be indicated by less 

LTD following training compared to controls, whereas no change or an increase in synaptic 

depression following training would be indicative of an expansion in the overall synaptic 

modification range. It is expected that the synaptic range will be shifted and that thalamocortical-

V1 synapses will exhibit less depression following training, similar to that seen in the motor 

cortex following motor training (Rioult-Pedotti et al., 2000). 

While measuring synaptic depression following visual discrimination learning further 

elucidates underlying changes in synaptic plasticity in the thalamocortical visual system, changes 

in plasticity may be occurring in other brain areas and synapses as well. The facilitation of LTP 

found in V1, an area devoted to the initial processing of visual information, may be a 

compensatory mechanism for changes occurring elsewhere in the brain. It still remains to be seen 

if occlusion of LTP (indicative of the storage site of memories; Martin & Morris, 2002) is present 

at synapses involved in higher levels of processing of visual information. The perirhinal cortex is 

an area of the brain considered to be a region of transitional cortex that receives sensory inputs 

(visual, auditory and olfaction) and provides output to the entorhinal cortex and hippocampus, 

thus acting as a critical link between sensory systems and the hippocampal formation (Burwell & 

Amaral, 1998; Kealy & Commins, 2011). Functionally, the perirhinal cortex has been found to be 

integral to the processing of object recognition tasks (Murray & Richmond, 2001) and is also 

involved in visual discrimination learning, as assessed through lesion studies (Eacott, Machin & 

Gaffan, 2001; Hampton & Murray, 2002). The electrophysiological properties of neurons in the 

perirhinal cortex allow them to exhibit NMDA receptor-dependent LTP and depotentiation in 
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vitro (Ziakopoulos, Brown & Bashir, 1999) and LTD in vitro (Cho et al., 2000). A few studies 

have attempted to link changes in synaptic plasticity in the perirhinal cortex to visual experience 

(Griffiths et al., 2008; Massey et al., 2008). Massey et al., (2008) showed that the induction of 

LTD in the perirhinal cortex is occluded by previous, visual experience (viewing the same visual 

images repeatedly over 4 days), while exposure to changing novel images had no effect. This 

indicates that at least some types of visual experience can affect perirhinal cortex synaptic 

plasticity.  

Given the growing evidence for the involvement of the perirhinal cortex in visual 

processing and memory, the following experiments also examined potential changes in the 

synaptic modification range in the perirhinal cortex by means of measuring synaptic potentiation 

and depression following visual discrimination learning. Given that previous studies of learning 

induced plasticity in the perirhinal cortex have relied on in vitro methodology (Griffiths et al., 

2008; Massey et al., 2008), the present experiments are the first to address this question using an 

intact in vivo preparation. Henceforth, the experiments herein were designed to address the 

following two questions regarding the effects of visual discrimination learning in adult rodents: 1) 

does depression in thalamocortical LGN-V1 pathway change after learning, indicative of a shift 

in the synaptic modification range?; and 2) are there changes in synaptic plasticity (potentiation 

and/or depression) that occur in the perirhinal cortex following visual discrimination learning? 

 

5.3 Materials and Methods 

5.3.1 Subjects 

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. The 
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experiments were conducted on adult (250–600 g), male Long–Evans rats obtained from Charles 

River Laboratories, Inc. (St. Constant, Quebec, Canada). Animals were housed in a colony room 

(12/ 12 h reversed light cycle) with free access to food and water. All behavioral tests and 

electrophysiological procedures took place during the day, typically between the time of 9:00 and 

17:00 h.  

 

5.3.2 Y-maze visual discrimination apparatus 

Visual discrimination training was performed in a modified water maze, which included a 

Y-maze insert and distinct visual cues. The water maze (Figure 5.1A) was a circular pool 

(diameter 180 cm, height 60 cm) made of white, opaque Perspex. It was filled with water (21°C ± 

1°C) to a depth of 40 cm. The Y-maze insert (height 61 cm, length 140 cm, width 51 cm, and 81 

cm), constructed of clear Plexiglas, was placed inside the water maze with the same orientation 

for all trials. A black divider (length 50 cm, height 61 cm) separated the two goal arms. The 

rectangular platform (width 12 cm, height 38 cm, length 36 cm) of clear Plexiglas was positioned 

10 cm from the end of one of the two goal arms, at 2 cm below the water surface. Nontoxic white 

tempera paint was added to the water to ensure that the platform was not visible. The fluorescent 

lighting in the room was muted to avoid glare on the pool surface and visual cues. 
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Figure 5.1.Y-maze visual discrimination apparatus and visual cues.  

(A) The Y-maze apparatus (including dimensions) and (B) all visual cues used for visual 

discrimination training. For each animal, one of the stimuli served as P+ (indicating platform 

location) and one stimuli at P- (no platform). 

 

 

 

5.3.3 Visual cues 

Computer-generated visual cues were printed on white sheets of paper (28 cm × 21.5 

cm). The following three visual cues were used (Figure 5.1B): three equally spaced black 

horizontal bars (length 15 cm, width 3 cm, spaced 3 cm apart, black area 135 cm
2
); three equally 

spaced black vertical bars (same dimensions and spacing); and a black diamond (15 cm × 15 cm, 

area 225 cm
2
). Cues were mounted at the ends of the goal arms 1 cm above the water surface. For 
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each rat, two of these three cues were selected, one of them serving as P+ (indicating the platform 

location), and the other serving as P- (no platform).  

 

5.3.4 Visual discrimination training 

Visual discrimination training was divided into three phases. For all phases, animals were 

released into the maze facing the pool wall and required to swim toward the goal arms in order to 

reach the hidden escape platform. 

Phase 1: The initial training phase (1 d) served to familiarize and habituate rats to swimming in 

the pool and finding the hidden platform without the use of explicit visual cues in the maze. Rats 

were released into the pool and given a maximum of 200 sec to explore the maze and find the 

hidden platform in one of the goal arms. If a rat failed to do so, it was manually guided to the 

platform by the experimenter. Animals remained on the platform for 15 sec before 

commencement of the next trial. Trials were repeated (platform remained in the same arm) until a 

rat performed five consecutive correct responses, or a maximum of 10 trials, whichever came first 

(this constituted a “trial block”). Correct trials were scored when a rat entered the correct goal 

arm and mounted the platform; errors were scored when a rat entered the incorrect goal arm with 

at least half of its body. 

Each trial block was followed by a 5-min rest period, where rats were returned to a 

temporary holding cage with holes in the bottom to allow water to drain. Following the rest 

period, the next trial block was administered using the same procedures as above, with the 

exception that the platform was moved to the opposite goal arm. A total of four trial blocks were 

administered, each followed by a 5-min rest period. After completion of training, animals were 

placed under a heat lamp for a minimum of 15 min before being returned to their home cage. 
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Phase 2: The same training procedure as that outlined above was used for Phase 2 (1 d), with the 

exception that two distinct visual cues were placed at the end of the goal arms, one indicating the 

presence of the platform (P+), while the other cue indicated its absence (P-). Again, platform 

location and visual cues remained unchanged during each trial block, but alternated between 

blocks, keeping the platform–cue association constant for all blocks.   

Phase 3: The final training phase commenced on day 3 and continued until rats reliably 

discriminated the two visual cues. Procedures were the same as for Phase 2, with the following 

exceptions. For each day, rats received 10 training trials, each followed by a 30-sec rest period in 

a holding cage. For each trial, platform location was pseudo-randomly assigned to one goal arm, 

with the restriction that each arm contained the platform on five out of 10 trials. Again, the P+ 

and P- cues consistently indicated the platform presence and absence, respectively. Daily training 

continued until a rat reached a criterion of at least 80% correct (i.e., eight of 10 daily trials) over 

three consecutive days. Throughout training, the experimenter manually recorded platform 

location, as well as correct and incorrect responses for all animals. Correct trials were scored 

when a rat entered the correct goal arm and mounted the platform; errors were scored when a rat 

entered the incorrect goal arm (i.e., not containing the platform) with at least half of its body. 

 

5.3.5 Surgical preparation 

Electrophysiological procedures were performed on the day following completion of 

training, with rats under deep urethane anesthesia (1.5 g/kg, intraperitoneal [i.p.], administered in 

three 0.5 g/kg doses every 20 min). Typically, urethane supplements were in the range of an 

additional 0.5 g/kg and were administered prior to the onset of data collection. This dosing 

regimen is sufficient to ensure that spontaneous high-frequency, low-amplitude activation in the 

electrocorticogram does not occur during the course of the experiment (Kuo & Dringenberg, 
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2008). Additionally, the local anesthetic Marcaine (5 mg/ml, subcutaneous [s.c.], 3 to 4 

injections, ~0.03 mL each) was applied to the skull along the incision line. 

Rats were placed in a stereotaxic apparatus (David Kopf) and body temperature was 

maintained between 36 and 37 °C by an electrical heating blanket and additional insulating 

material wrapped around the animal. The skull was exposed, and small skull holes were drilled to 

allow access to either a) the LGN (anterior–posterior (AP) -3.9 mm to -4.3 mm, lateral (L) -3.9 

mm, ventral (V) -4.6 mm to -5.0 mm) and the ipsilateral V1 ((AP) -7.0 to -7.5 mm, (L) -3.5 mm, 

(V) -0.5 to -1.0 mm), or b) V1 (same coordinates) and the ipsilateral perirhinal cortex ((AP) -4.0 

to -4.7 mm, (L) -6.5 mm, (V) -6.5 mm to -7.0 mm).  

 

5.3.6 Electrophysiology 

The following, independent groups of rats were tested: task-naïve rats and trained 

animals receiving LFS in the thalamocortical (LGN-V1) pathway; task-naïve and trained rats 

receiving TBS in the V1-perirhinal cortex pathway; and task-naïve and trained rats with LFS 

applied to the V1-perirhinal cortex pathway. For experiments applying LFS of the 

thalamocortical pathway, a concentric bipolar stimulation electrode (Rhodes Medical 

Instruments, Series 100, David Kopf) was placed in the LGN, with a recording electrode (125-

mm diameter Teflon insulated steel wire) lowered onto the surface of V1. This electrode 

arrangement is equivalent to that used by Heynen and Bear (2001) in their characterization of 

LTP between LGN and V1 under in vivo (anesthetized) conditions. The fPSPs recorded under 

these conditions largely reflect excitatory current sinks originating in layers II/III of V1 (Heynen 

& Bear, 2001).  

For experiments employing TBS or LFS of the perirhinal cortex, a concentric bipolar 

stimulation electrode was placed deep (-2.0 mm) in V1 to stimulate the white matter and fibers 
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leaving V1, and a recording electrode was placed in the perirhinal cortex. This electrode 

arrangement produced reliable fPSPs, as shown in Figure 5.4 insets. 

Additional skull holes (contralateral to the electrodes) over the prefrontal cortex and 

cerebellum allowed for the insertion of ground and reference connections, respectively. All 

stereotaxic measurements were based on the anatomical work of Paxinos and Watson (2007). 

For both recording sites, the final depth of the recoding electrode was adjusted to elicit 

maximal fPSP amplitude and augmenting responses (at 100-msec interpulse intervals) following 

single pulse stimulation of either the LGN or V1. The recording signals were amplified (Grass 

P511 amplifiers, Grass Instruments Division, Astro-Med, Inc.; half amplitude filters set at 0.3 Hz 

and 1 kHz), digitized (10 kHz,AD Instruments 16/s system), and stored for subsequent offline 

analysis using the PowerLab system (PowerLab/16 s system). Constant-current stimulation was 

provided by a stimulus isolation unit (ML 180 Stimulus Isolator, ADInstruments) in the form of 

pulses (0.2 msec duration) at intensities between 0.1 to 1.0 mA.  

 

5.3.7 Data collection 

Initially, an input/output curve was generated by applying single stimulation pulses to 

either LGN or V1 at intensities from 0.1 to 1.0 mA, in 0.1 mA increments. For all experiments, 

the stimulation intensity eliciting 50%–60% of maximal fPSP amplitude was used for the 

remainder of the experiment. Baseline fPSPs were recorded every 30 sec for 30 min, or until a 

stable baseline had been established (95%–105% of average baseline fPSP amplitude).  

For the induction of depression between LGN and V1, LFS was applied to the LGN in 

the form of 900 bursts (three pulses per burst at 20 Hz) repeated at 1 Hz, a protocol known to 

induce intermediate-term depression of V1 synapses in vivo (Hager & Dringenberg, 2010a). A 

separate group of animals received induction of LTP between V1 and the perirhinal cortex. In 
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these rats, TBS was applied to V1 in the form of stimulation bursts (five pulses per burst at 100 

Hz), with bursts repeated at 5 Hz for a total of 10 bursts. Finally, synaptic depression between V1 

and the perirhinal cortex was elicited using the same LFS protocol as described above. For all 

experiments, recordings of fPSPs (every 30 sec) continued for 1 h following the induction 

protocol, after which TBS or LFS was repeated and recordings continued for another 60 min.  

At the end of the experiment, rats were perfused through the heart with 10% formalin, 

their brains were removed, and standard histological techniques were used to verify all electrode 

placements. Data obtained with inaccurate placements were excluded from the data analyses. 

 

5.3.8 Data analysis 

Data are expressed as mean ± S.E.M. All analyses were performed using SPSS (version 

19.0, SPSS Inc. Chicago, IL, USA). Behavioral data were examined to obtain descriptive 

statistics regarding the number of days to reach successful completion of the task.  

For both LTP and depression experiments, the maximal amplitude of the negative-going 

peak of each fPSP was computed offline. The amplitude values for each animal were then 

averaged over 10 min intervals, and these averages were normalized by dividing them by the 

mean baseline amplitude of that animal. Three separate mixed two-way ANOVAs of the design: 

2 x 15 (group [task-naïve rats, trained rats] x time [15 time points consisting of 30 min baseline 

and 2 hours recording divided into 10 min epochs]) were used to examine differences in fPSP 

amplitude after LFS to the LGN-V1 pathway, LFS applied to the V1-perirhinal pathway and TBS 

applied to the V1-perirhinal pathway. Where statistically appropriate, ANOVAs were followed 

up by post-hoc tests. 
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5.4 Results 

5.4.1 Visual discrimination acquisition  

Rats that received training (n=22) in the visual discrimination task required an average of 

8 d (range 5–14 d) to reach the performance criterion of at least 80% correct trials per day for 

three consecutive days (Figure 5.2). One animal failed to successfully complete the task (did not 

reach criterion after 15 d of training) and was excluded from the study.  

 

Figure 5.2. Behavioral performance during training on the visual discrimination task. 

Average (± S.E.M.) number of correct Y-maze arm entries for rats (n=22) during visual 

discrimination training. Dashed line indicates the criterion set for successful completion of the 

task (at least 80% for 3 consecutive days). Correct trials were scored when a rat entered the 

correct goal arm and mounted the platform; errors were scored when a rat entered the incorrect 

goal arm (i.e., not containing the platform) with greater than half of its body. Note that rats 

reaching the criterion at a specific test day are no longer represented in the group mean on 

subsequent training days.  
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5.4.2 Effects of visual training on synaptic depression between LGN - V1 

One day following completion of the behavioral training, electrophysiology procedures 

were performed on trained rats. Additional groups of task-naïve animals also underwent 

electrophysiology procedures.   

In response to the LGN stimulation, field postsynaptic potentials (fPSPs) were evoked in 

V1 (see Hager & Dringenberg (2010a, i.e., Chapter 4) for a figure depicting a typical LGN 

electrode location). Consistent with previous observations (Heynen & Bear, 2001; Dringenberg et 

al., 2007), single-pulse stimulation of the LGN elicited negative-going fPSPs recorded at the 

surface of the ipsilateral V1. These potentials largely reflect current sinks originating in layers 

II/III of the rat V1 (Heynen & Bear, 2001). 

To determine whether visual discrimination training alters levels of synaptic depression 

of fPSPs recorded in V1, animals received LFS of the LGN. In task-naïve controls (n=5), 

application of two episodes (60 min apart) of LFS to the LGN resulted in transient depression of 

fPSP amplitude, which typically recovered to baseline levels within 20 min after the stimulation 

(Figure 5.3); results consistent with previous observations (Hager & Dringenberg 2010a). Trained 

rats (n=6) receiving LFS showed a similar pattern of transient fPSP depression that was not 

significantly different from that seen in naïve animals (Figure 5.3; mixed two-way ANOVA; 

main effects of time, F(14, 126) =  6.23; p < 0.01 and group, F(1, 9) = .59; p > 0.05; interaction, 

F(14, 126) = 1.09; p > 0.05). These data indicate that visual discrimination training did not result 

in changes in synaptic depression. This observation, taken together with previous work showing a 

facilitation of LTP (Hager & Dringenberg, 2010b), signifies that visual training results in the 

expansion of the overall synaptic modification range in the thalamocortical visual pathway (i.e., 

unchanged modification “floor”, raised modification “ceiling”).  
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Figure 5.3. Effects of visual discrimination training on synaptic depression in the 

thalamocortical-V1 pathway. 

Amplitude of fPSPs (mean ± S.E.M.) showed a small, transient depression immediately after LFS 

(900 bursts repeated at 1 Hz, three pulses/burst at 20 Hz, black bars), which recovered to baseline 

levels within 20 min, an effect that was not significantly different between task-naïve (n=5) and 

trained (n=6) animals, p > .05. 

 

 

 

5.4.3 Effects of visual training on synaptic potentiation and depression in the V1 –perirhinal 

cortex pathway 

 A separate group of animals was used to assess changes in the pathway between V1 and 

the perirhinal cortex. To characterize plasticity in this pathway, both high frequency TBS and low 

frequency burst stimulation were applied to separate groups of naïve and trained rats to measure 

synaptic potentiation and depression, respectively. The use of TBS failed to produce significant 

levels of synaptic potentiation in naïve animals (n=5) or in rats that received visual discrimination 

training (n=3) (Figure 5.4A, no main effect of time F(14, 84) = .974, p > .05; no interaction of 

time x group F(14, 84) = .830, p > .05; no main effect of group F(1, 6) = .053, p > .05). Average 
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normalized amplitude of fPSPs during the last 30 min of the experiments in naïve animals was 

97% and in trained animals 90% of baseline, fPSP amplitude. 

In contrast, low frequency burst stimulation (described previously in Hager & 

Dringenberg, 2010a; i.e., Chapter 4) produced long-lasting depression in naïve animals (n=9), 

with fPSP amplitude reaching 78% of baseline during the last 30 min of the experiment. 

However, visual discrimination training (n=5) had no effect on this LTD in the V1-pirirhinal 

cortex fiber system, with depression in trained rats reaching 79% of baseline. No significant 

differences in fPSP amplitude were found when comparing naïve animals with trained animals 

following the application of LFS (Figure 5.4B, main effect of time F(14, 168) = 15.11, p < .05; 

no interaction of time x group F(14, 168) = .654, p > .05; no main effect of group F(1, 12) = .157, 

p > .05).  

 

Figure 5.4. Synaptic plasticity in V1 - Perirhinal cortex pathway.  

Average (± S.E.M.) fPSP amplitude recorded from the perirhinal cortex following either: (A) 

TBS (indicated by arrows) in naïve (n=5) and trained rats (n=3) or (B) LFS (black bars) in naïve 

(n=9) or trained animals (n=5). Synapses were resistant to TBS, which did not result in 

potentiation. LFS produced similar levels of LTD in naïve and trained animals, p > .05. 

Normalized amplitude during the final 30 minutes of the experiment for each group was: naïve 

TBS 97%, train TBS 90%, naïve LFS 78% and train LFS 79% of baseline. (Insets) Typical fPSPs 

recorded in the perirhinal cortex in response to stimulation of V1 before (black) and after (red) 

TBS (A) and LFS (B). Each fPSP shown is an average of the first and last 30 min of recording, 

calibration is 20 mV and 12.5 ms.       
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5.5 Discussion 

The present study provides evidence that visual discrimination learning in adult rats does 

not affect synaptic depression in the thalamocortical (LGN-V1) fiber system. Further, V1-

perirhinal cortex synapses are resistant to LTP induction, but amenable to LFS, which produced 

lasting (> 2 h) depression; however, this LTD was not affected by visual discrimination training.  

Visual discrimination learning has been previously shown to result in a facilitation of 

LTP (Gagolewicz & Dringenberg, 2011; Hager & Dringenberg, 2010b; also described in Chapter 

3). In contrast, the highly similar training procedure used here did not result in changes of LTD at 

early stages of visual processing (thalamocortical-V1), as assessed through the in vivo LFS 

induction protocol. The facilitation of LTP without concurrent changes in the levels of synaptic 

depression indicates that the synaptic modification range in V1 has expanded following visual 

discrimination training. 

To date, very few studies have examined changes in the synaptic modification range 

following behavioral experiences (Rioult-Pedotti et al., 2007). As mentioned previously, motor 

learning results in a LTP-like synaptic strengthening in the primary motor cortex of rats, which 

limits the amount of LTP that can subsequently be induced by electrical stimulation (Rioult-

Pedotti et al., 2000). Interestingly, this enhancement in synaptic strength is maintained for several 

months after training is discontinued. However, the entire range of synaptic modifications that 

can be elicited in the same set of synapses shifts upward. In other words, the ceiling of LTP is 

raised, allowing further potentiation of the previously strengthened synapses. This 

“renormalization” of synaptic strength in the center of the modification range could support 

further synaptic enhancements induced by novel learning experiences (Rioult-Pedotti et al., 

2007). The results of Rioult-Pedotti et al., (2007) differ from those observed here in that we did 



POTENTIAL FOR CHANGE   

 

93 

 

not detect a shift, but rather an expansion of the modification range (unchanged LTD, enhanced 

LTP). This use-dependent enhancement of synaptic plasticity in V1 could play a role in and 

facilitate processes related to perceptual learning such as visual acuity (see Prusky et al., 2000a), 

a form of learning that is thought to occur directly in V1 (Bao et al., 2010; Sale et al., 2011; 

Watanabe et al., 2002). The associational, cue-specific learning that is central to the visual 

discrimination task used here may, in fact, be mediated by neural circuits other than V1.  

A likely candidate brain area involved in the storage of information pertaining to the 

visual discrimination task used here is the perirhinal cortex. Using perirhinal cortex slice 

preparations, Massey et al., (2008) found that visual experience (repeatedly viewing the same 

visual stimuli over a number of days) occluded the induction of LTD, without changes in LTP. 

Previously, the perirhinal cortex has been shown to be directly involved in object recognition 

tasks (Murray & Richmond, 2001) and visual discrimination learning of complex stimuli (Eacott 

et al., 2001). In an attempt to observe synaptic changes occurring in this area as a result of visual 

discrimination training, HFS and LFS were applied to the V1 – perirhinal cortex fiber system in 

separate animals. Though evoked field potentials have been previously recorded using this 

electrode arrangement (Naber, Witter & Lopes da Silva, 2000), the current experiment is the first 

(to the best of my knowledge) study to examine the V1-perirhinal cortex pathway using TBS and 

LFS.  

The application of TBS had no effect on fPSP amplitudes recorded in the perirhinal 

cortex. In contrast, LFS produced long-lasting depression of fPSPs, suggesting that perirhinal 

cortex synapses are more susceptible to LTD-like changes, as opposed to LTP. These data are in 

agreement with previous work describing LTD in the perirhinal cortex (Kealy & Commins, 

2011). These results highlight a clear difference in the synaptic malleability between V1 and the 

perirhinal cortex, with V1 synapses displaying pronounced LTP, but only transient depression in 

vivo (Hager & Dringenberg, 2010a, i.e., Chapter 4), while no LTP, but robust LTD (~20%) is 
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seen in the perirhinal cortex. This is likely a result of differences in neuronal architecture and 

receptor expression between these two brain areas, as well as additional factors that have been 

implicated in the production of LTD (Massey & Bashir, 2007). 

Although LTD in the perirhinal cortex was successfully induced in response to LFS of 

V1, visual discrimination training did not result in significant changes in depression when 

comparing task-naïve animals and trained rats. Previously, changes in LTD have been reported in 

slice preparations of the perirhinal cortex in rats that have viewed familiar versus novel stimuli 

(Massey et al., 2008). This task differs from the visual discrimination task used here in that the 

simple viewing of visual cues did not have any association or reward component. It is also 

important to note methodological differences of studies to date. While the experiments described 

above employ in vivo electrophysiology procedures, all previous work mentioned herein, which 

describe LTD in the perirhinal cortex, have used in vitro slice preparations. Differences in 

pharmacological manipulations between these preparations are one factor among several 

possibilities that could account for these discrepancies (Jiang et al., 2003; Hager & Dringenberg, 

2010a).    

In summary, the data presented here show that thalamocortical-V1 synapses display no 

change in synaptic depression following visual discrimination learning, although previous work 

using an identical training paradigm describes a facilitation of LTP in this projection system. This 

increase in the synaptic modification range following learning is a novel finding, the functional 

significance of which has yet to be determined. As one hypothesis, it is possible that the enhanced 

plasticity acts to facilitate future learning episodes using novel, visual stimuli (see Hager & 

Dringenberg, 2010b). While learning affected synaptic plasticity of V1 synapses, no effects were 

observed in the V1-perirhinal cortex pathway, following LTP and LTD induction protocols. 

Further research is needed to explore experience-dependent changes at these synapses and 

determine their functional significance.  
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Chapter 6 

 

Role of thalamic vs. cortical NMDA receptors in LTP in the primary 

visual cortex: Visual discrimination training results in shift to a cortical 

mechanism in adult rats 

The following has not been published at this time. 

 

6.1 Abstract 

Synaptic plasticity (long-term potentiation, LTP) plays an important role in processes of learning 

and memory formation, and several studies have now identified LTP-like changes at central 

synapses following learning experiences. The thalamocortical projection system from the lateral 

geniculate nucleus (LGN) to the primary visual cortex (V1) has been shown to reliably produce 

N-methyl-D-aspartate (NMDA) receptor dependent LTP in adult rats. Given the complex 

connections and circuitry of the intact brain, the purpose of this study is to further examine the 

role of NMDA receptors, located at anatomically distinct locations along the LGN-V1 pathway, 

in contributing to synaptic plasticity. A series of experiments examine LTP, measures of baseline 

synaptic strength (input-output curves, IO) and short-term plasticity (paired-pulse facilitation, 

PPF) in adult, task-naïve rats and rats trained on a visual discrimination task. As expected, 

urethane anesthetized, task-naïve rats exhibited reliable LTP of field post-synaptic potentials 

(fPSPs) in V1 following theta-burst stimulation (TBS) of the LGN. Surprisingly, application of 

the NMDA receptor antagonist DL-2-amino-5-phosphonovaleric acid (APV; 10 mM, applied by 

reverse microdialysis) locally to V1 produced a slight facilitation of fPSPs over the 2 hours 

following LTP induction (135%) compared to aCSF controls (120%), suggesting that cortical 

NMDA receptors do not play a critical role in LTP induction in naïve rats. Application of APV to 
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the LGN alone resulted in levels of LTP (114%) that were not significantly different from those 

in control (aCSF) animals (120%), indicating that LTP could not be blocked by antagonizing 

NMDA receptors at the level of the thalamus. In contrast, simultaneous application of APV to the 

LGN and V1 resulted in a significant reduction of LTP (112% of baseline) relative to control 

animals.   

In a second set of experiments, visual discrimination training was carried out prior to 

LTP induction and resulted in a shift of NMDA receptor involvement. Trained rats displayed 

significantly greater levels of LTP (145% potentiation of baseline) indicative of a metaplastic 

increase in the modification range of V1 synapses. This enhanced potentiation in trained rats was 

reversed by application of APV to V1, resulting in naïve-like levels of LTP in trained rats 

(115%), whereas application of APV to the LGN completely blocked LTP induction (105%). 

Despite clear differences in LTP, IO curves and PPF ratios were similar in naïve and trained 

animals prior to TBS induction. These data are consistent with previous evidence, showing that 

visual training leads to a metaplastic increase of LTP in V1 that involves NR2B subunits of 

NMDA receptors. In summary, plasticity in the rodent thalamocortical visual system is strongly 

influenced by experience-dependent factors: visually trained animals appear to be able to recruit 

both thalamic and cortical NMDA mechanisms to express LTP, whereas task-naïve animals do 

not make use of cortical NMDA receptors for the induction of LTP. Thus, future work examining 

anatomically distributed networks will be necessary to further characterize plasticity, particularly 

for neural circuits shaped by training and other behavioral experiences.  

 

6.2 Introduction 

Studies of experience-dependent plasticity have been instrumental in providing evidence 

that links synaptic plasticity to learning and memory processes. Even though numerous studies 
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describe the involvement of LTP and LTD in experience-dependent plasticity (for review see: 

Crair & Shah, 2009), there is a need to further explore the specific mechanisms underlying these 

synaptic learning rules and how they may differ across sensory systems and change over the 

lifespan.  

Broadly speaking, thalamocortical synapses present an attractive neural network in which 

to examine plasticity changes, given that the thalamus is the main relay station to the neocortex 

for most sensory systems (with the exception of olfactory). It has long been established that the 

thalamus acts to control the flow of incoming sensory information. Thalamocortical plasticity has 

been examined in many sensory systems, notably in the somatosensory system, which has been 

shown to produce reliable LTP and LTD in slice preparations (Feldman, Nicoll, & Malenka, 

1999). Further, this system also displays clear evidence of anatomical plasticity, with the 

retraction of thalamocortical axons in response to sensory deprivation through the trimming of 

whiskers in both juvenile and adult rats (Wimmer, Broser, Kuner & Bruno, 2010). Some of these 

deprivation-induced plasticity phenomena in the adult somatosensory cortex have been shown to 

require activation of NMDA receptors (Clem, Celikel & Barth, 2008; Rema, Armstrong-James & 

Ebner, 1998), also known to be involved in the induction of LTP at the large majority of synapses 

studied to date (Lynch, 2004). These separate lines of investigation (electrophysiological studies 

of LTP/LTD and studies of experience-induced cortical receptive field-map plasticity) not only 

provide converging evidence for a critical role of NMDA-dependent mechanisms in both of these 

plasticity phenomena, but also raise the possibility that LTP-like changes actually mediate shifts 

in receptive fields and topography of the adult sensory cortex. Thus, insights into the precise 

mechanisms mediating LTP in a thalamocortical sensory system might also advance our 

understanding of other forms of plasticity, including those driven by manipulations of the sensory 

environment experienced by an animal.  
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Surprisingly, there is relatively little data available regarding the precise mechanisms of 

thalamocortical LTP, especially under in vivo conditions. Investigations of auditory and 

somatosensory plasticity often employ in vitro slice preparations that preserve intact 

thalamocortical connections, due to the relative ease of obtaining slices containing both the 

thalamic sensory nucleus and the corresponding cortical sensory area. In contrast, the anatomical 

nature of the thalamocortical visual system makes obtaining slices much more difficult, although 

it has been accomplished (MacLean, Fenstermaker, Watson & Yuste, 2006). Given this difficulty, 

there is a relative gap in knowledge regarding visual thalamocortical plasticity and the underlying 

mechanisms. Despite this, given the detailed knowledge of synaptic connectivity, the visual 

system provides a model system in which to examine experience-dependent changes in the brain.  

In the visual system, sensory information is transmitted from the retina to the LGN by 

way of the retinogeniculate pathway, and on to V1 through the thalamocortical pathway. In the 

cortex, intracortical connections further process the information. Also, there are a number of 

afferent feedback projections from cortical sensory areas back to the thalamus, forming the 

corticothalamic pathway (Sherman & Guillery, 2002). Finally, information from V1 is relayed 

and further processed in higher level visual and association areas of the mammalian CNS.  

A number of investigations have begun to elucidate mechanisms of plasticity at different 

stages of the visual system, with focus on the primary visual cortex (V1). Initial work showed that 

there are particularly high levels of plasticity in developing animals, when V1 readily exhibits 

synaptic modifications (Hooks & Chen, 2007), while the adult visual system appears to be more 

resistant to synaptic change, i.e., LTD (Hager & Dringenberg, 2010a; Chapter 4) and LTP 

induction (Kato et al., 1991). Further, synaptic plasticity in the visual system of the adult brain 

can exhibit different mechanisms from those in the developing brain, which may be linked to 

different functional roles related to behavioral and perceptual outcomes (Yoshimura, Ohmura & 

Komatsu, 2003). However, recent work has indicated that the adult V1 of several species (e.g., 
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cats, rodents, humans) does exhibit experience-dependent changes that can be triggered by 

manipulations of light/dark exposure, repeated exposure to specific visual stimuli, or restrictions 

of visual input to one eye (Clapp et al., 2006; Frenkel et al., 2006; He, Hodos & Quinlan, 2006; 

Karmakar & Dan, 2006; Kuo & Dringenberg, 2009).  

Previous work has shown than NMDA receptors play an important role in 

thalamocortical plasticity. In the first study describing in vivo LTP in the thalamocortical visual 

(LGN-V1) pathway, Heynen and Bear (2001) noted that LTP of fPSPs, recorded in the superficial 

V1 and elicited by high frequency stimulation of the LGN, was abolished by intraperitoneal (i.p.) 

administration of the competitive NMDA receptor antagonist CPP. Since this study employed 

systemic drug application, it is not clear whether the block of LTP is due to an action of CPP in 

the thalamus (LGN), the cortex (V1), or perhaps elsewhere in the CNS. However, slice 

preparations of V1 (lacking intact thalamic inputs) exhibit NMDA receptor-dependent LTP and 

LTD between layer IV and layers II/III (Kirkwood & Bear, 1995), clearly indicating a critical role 

of cortical NMDA receptor mechanisms in these effects. Similarly, LTP in the primary auditory 

cortex (A1) induced through stimulation of the thalamic medial geniculate nucleus (MGN) has 

been shown to be dependent on cortical NMDA receptors, since local application of APV (a 

NMDA receptor antagonist) directly in A1 abolishes this form of LTP (Hogsden & Dringenberg, 

2009). While these studies clearly indicate that NMDA-dependent LTP can be observed in 

cortical synapses (e.g., layer IV to layers II/III), it remains to be seen whether the same is true in 

thalamic afferents to layer IV synapses or other synapses in the complex, multi-synaptic, 

bidirectional network between the thalamus and cortex. Furthermore, different types of 

experiences have been shown to enhance thalamocortical LTP in the rat visual thalamocortical 

pathway in response to both general, long-term experiences such as living conditions (e.g., 

enriched environments; Mainardi et al., 2010) as well as specific learning experiences 

(Gagolewicz & Dringenberg, 2011; Hager & Dringenberg, 2010b; and Chapter 3). How these 
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experiential events alter the mechanisms used for thalamocortical plasticity is a question central 

to understanding learning and memory-specific synaptic plasticity phenomena. 

The present study seeks to further characterize plasticity in the thalamocortical visual 

pathway in the intact brain of adult rats under in vivo conditions. Two main objectives include: 

(1) Characterization of synaptic strength and plasticity in the LGN-V1 thalamocortical pathway 

by assessing input-output (IO) curves, short-term plasticity (using paired-pulse simulation, PP), 

and long-term synaptic changes (LTP). In task-naïve animals, the involvement of thalamic and 

cortical NMDA receptors in LTP induction will be assessed. (2) The second objective is to 

examine changes in plasticity (IO, PP, LTP) and plasticity mechanisms (i.e., role of different 

populations of NMDA receptors) in rats that have undergone visual discrimination training, a 

behavioral experience known to enhance visual, thalamocortical plasticity.  

 

6.3 Materials and Methods 

6.3.1 Subjects 

All experiments were performed in accordance with published guidelines of the Canadian 

Council on Animal Care and approved by the Queen’s University Animal Care Committee. The 

experiments were conducted on adult (250–600 g), male Long–Evans rats obtained from Charles 

River Laboratories, Inc. (St. Constant, Quebec, Canada). Housing for animals consisted of a 

colony room (12/ 12 h reversed light cycle) with free access to food and water. All behavioral 

tests and electrophysiological procedures took place during the day (i.e., dark phase of the light 

cycle), typically between the time of 9:00 and 17:00 h.  

 

6.3.2 Y-maze visual discrimination apparatus 
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The apparatus in which all behavioral experiments took place is identical to that 

described previously (Gagolewicz & Dringenberg, 2011; Hager & Dringenberg, 2010b; Hager & 

Dringenberg, 2012; Chapter 2, 3 & 5). 

 

6.3.3 Visual cues 

Computer-generated visual cues were printed on white sheets of paper (28 cm × 21.5 

cm). The following two visual cues were used: three equally spaced black horizontal bars (length 

15 cm, width 3 cm, spaced 3 cm apart, black area 135 cm
2
) and three equally spaced black 

vertical bars (same dimensions and spacing). Cues were mounted at the ends of the goal arms 1 

cm above the water surface. For each rat, one cue was designated as P+ (indicating the platform 

location), and the other as P- (no platform).  

 

6.3.4 Visual discrimination training 

Visual discrimination training was identical to that used previously (Hager & 

Dringenberg, 2010b; Chapter 5) and divided into separate phases to allow for habituation and 

acquisition of the task. Successful completion of the task was the same as described previously, 

i.e., correct arm entries on 8 out of 10 daily trials for three consecutive days.   

 

6.3.5 Surgical preparation 

Electrophysiological procedures were performed one day following the completion of 

visual discrimination training, with rats under deep urethane anesthesia (1.5 g/kg, intraperitoneal 

[i.p.], administered in three 0.5 g/kg doses every 20 min). Typically, urethane supplements were 

in the range of an additional 0.5 g/kg and were administered prior to the onset of data collection. 
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The local anesthetic Marcaine (5 mg/ml, subcutaneous [s.c.], three to four injections, ~0.03 mL 

each) was applied to the skull along the incision line. 

Rats were placed in a stereotaxic apparatus (David Kopf) and body temperature was 

maintained between 36 and 37 °C by an electrical heating blanket and additional insulating 

material wrapped around the animal. The skull was exposed and small burr holes were drilled to 

allow access to the LGN (anterior-posterior (AP) -3.9 mm to -4.3 mm, lateral (L) -3.9 mm, 

ventral (V) -4.6 mm to -5.0 mm) and the ipsilateral V1 (AP) -7.0 to -7.5 mm, (L) -3.5 mm, (V) -

1.0 to -1.5 mm). Additional skull holes (contralateral to the electrodes) over the prefrontal cortex 

and cerebellum allowed for the insertion of ground and reference connections, respectively. All 

stereotaxic measurements were based on the anatomical work of Paxinos and Watson (2007). 

 

6.3.6 Electrophysiology 

A concentric bipolar stimulation electrode (Rhodes Medical Instruments, Series 100, 

David Kopf, Tujunga, CA, USA) and a recording electrode (125 μm diameter Teflon-insulated 

steel wire) were attached to separate microdialysis probes to permit local drug application in both 

the LGN and V1 using reverse microdialysis. The dialysis probes (Mab 6.14.2 and Mab 6.20.2 for 

placements in the LGN and V1, respectively; all probes had a 2 mm active polyethersulfane 

membrane, 15-kDa cutoff; S.P.E. Ltd., North York, ON, Canada) were placed immediately 

adjacent to the stimulation and recording electrodes. Each electrode tip was placed in the center 

of the vertical extent of the active membrane of the probes (about 1 mm above the probe tip) to 

allow for maximal drug diffusion across the probe membranes into the surrounding neural tissue. 

The stimulation electrode-microdialysis probe assembly was lowered into the LGN and the 

recording electrode-microdialysis probe assembly was placed in V1 such that the electrode was 

positioned on the surface (layer I), with the probe inserted in deeper layers of V1 (layers II/III and 
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IV). With this arrangement, field postsynaptic potentials (fPSPs) were recorded and local drug 

application given in the LGN and V1 throughout the experiment. 

Similar electrode positioning was used by Heynen and Bear (2001) in their original 

characterization of LTP between the LGN and V1 under in vivo (anesthetized) conditions, though 

without the additional microdialysis probes attached. The fPSPs recorded under these conditions 

largely reflect excitatory current sinks originating in layers II/III of V1 (Heynen & Bear, 2001). 

Final ventral placements of both LGN and V1 assemblies were adjusted to elicit maximal fPSP 

amplitude and augmenting responses (at 100 ms interpulse intervals) in V1 in response to LGN 

stimulation. 

The LGN stimulation electrode was connected to a stimulus isolation unit providing a 

constant current output (PowerLab 16/s system with ML 180 Stimulus Isolator, ADInstruments, 

Toronto, Canada). The cortical signal was differentially recorded against the cerebellar reference 

connection, amplified (Grass P511 amplifiers, Grass Instruments Division, Astro-Med, Inc.,West 

Warwick, RI, USA; half amplitude filters set at 0.3 Hz and 1 kHz), digitized (10 kHz, AD 

Instruments 16/s system), and stored for subsequent offline analysis.  

 

6.3.7 Data collection 

Following final electrode positioning (see above) and prior to drug application (see 

below), animals were left to stabilize for approximately 20 min before an IO curve was generated 

by applying single LGN pulses (0.2 ms duration) at intensities of 0.1 to 1.0 mA (in 0.1 mA 

increments, 10 pulses per intensity, 5 sec apart). The stimulation intensity eliciting 50-60% of 

maximal fPSP amplitude was used for the remainder of the experiment.  

To evaluate the short-term plasticity in the thalamocortical visual system, paired pulse 

stimulation was applied to assess potential paired-pulse facilitation (PPF) or depression in both 
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task-naïve and trained rats. Delivery of paired-pulse stimulation consisted of two identical stimuli 

spaced at seven different inter-stimulus intervals (ISI: 25, 50, 75, 100, 500, 750 and 1000 ms, 10 

pulse pairs for each ISI, 5 sec apart).   

For the subsequent LTP experiment, baseline fPSPs were recorded every 30 sec for 30 

min, or until a stable baseline had been established (between 95-105% of the average baseline 

fPSP amplitude). Baseline fPSP recording was followed by TBS of the LGN. TBS consisted of 

stimulation bursts (5 pulses per burst at 100 Hz), repeated at 5 Hz for a total of 10 bursts (pulse 

duration and intensity same as above). Recordings of fPSPs (every 30 sec) continued for one 

hour, after which TBS was repeated, followed by another 60 min of fPSP recordings (every 30 

sec). After the second hour of recording, both IO curves and the paired-pulse stimulation protocol 

were again generated using the same procedures described above.  

 

6.3.8 Pharmacological manipulations 

To assess the role of NMDA receptors in synaptic changes elicited by TBS, task-naïve 

and trained rats received local application of the NMDA receptor antagonist APV (10 mM, 

Sigma/RBI, Oakville, Ontario, Canada) in either the LGN or the V1, or in both simultaneously, 

through reverse microdialysis. The dialysis probes was connected to Hamilton micro-syringes 

driven by a microdialysis pump (CMA/102, CMA Microdialysis, Solna, Sweden) and 

continuously perfused (1.0 μL/min) with aCSF composed of (in mM): 118.3 NaCl, 4.7 KCl, 1.2 

MgSO4, 1.2 NaH2PO4, 2.5 CaCl2, 10.0 glucose, 22.1 NaHCO3.  

Separate groups of task-naïve rats received four possible electrode/drug arrangements: (1) 

aCSF at both the LGN and V1 electrode sites, (2) aCSF containing APV at the LGN stimulation 

site with aCSF in V1, (3) aCSF containing APV applied to V1 with aCSF in the LGN, or (4) 

aCSF containing APV applied to both the LGN and V1. Separate groups of trained rats were 
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assigned to one of the first three possible conditions stated above. With reverse dialysis, drug 

molecules dissolved in the perfusion medium gain access to neural tissue by concentration-

dependent diffusion across the semi-permeable dialysis probe membrane. It is estimated that the 

drug concentration in tissue around the membrane approaches ~10% of that in the perfusion 

medium (e.g., Oldford & Castro-Alamancos, 2003). Drug application began following the 

completion of IO and paired-pulse recordings, just prior to the onset of baseline recordings for the 

LTP experiment. Drug application continued throughout the remainder of the experiment.  

At the end of the experiment, rats were perfused through the heart with 10% formalin, 

their brains were removed, and standard histological techniques were used to verify all electrode 

placements. Data obtained with inaccurate placements were excluded from the data analyses. 

 

6.3.9 Data analysis 

Data are expressed as mean ± standard error of mean (S.E.M.) when statistically 

appropriate. Electrophysiology measures of maximal fPSP amplitude for IO curves, PPF ratios, 

and LTP experiments were computed offline using Scope software (v. 4.0.2, ADInstruments). For 

LTP experiments, fPSP amplitude data were averaged over 10 min epochs and normalized by 

dividing them by the mean baseline (60 fPSPs, pre-TBS) amplitude of each animal. For IO 

curves, amplitudes of all fPSPs at different stimulus intensities (0.1 to 1.0 mA) were obtained by 

calculating the difference (in mV) between the initial, positive deflection occurring immediately 

after the stimulation artifact and the large-amplitude, negative-going peak of the fPSP (occurring 

15-20 ms following the stimulation artifact). PPF ratios were calculated by dividing the maximal, 

negative voltage (in mV) of the second fPSP in each pair by the maximal, negative amplitude of 

the first fPSP of that pair for each ISI.  
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Statistical analyses were performed using SPSS software (v. 19.0, SPSS Inc., Chicago, 

IL, USA) and hypothesis driven. Behavioral data were examined to obtain descriptive statistics 

regarding the number of days to reach successful completion of the task. The effects of the 

blockade of NMDA receptors on LTP using local application of APV compared to aCSF, were 

examined in naïve rats using three separate 2 x 15 mixed two way ANOVAs (drug group [aCSF 

and LGN-APV, V1-APV or APV-APV] x time [15 time points consisting of 30 min baseline and 

2 hours recording divided into 10 min epochs]). Separate ANOVAs were used based on 

hypotheses concerning the effect of application of APV compared to aCSF. In trained rats, the 

effects local application of APV on LTP were examined using a 3 x 15 (drug group [aCSF, LGN-

APV, V1-APV] x time [15 time points consisting of 30 min baseline and 2 hours recording 

divided into 10 min epochs]) mixed two way ANOVA. 

Differences in fPSP amplitude obtained from IO curves were examined between trained 

and naïve animals using: a 2 x 10 (group [task-naïve, trained] x stimulation intensity [.1, .2, .3, .4, 

.5, .6, .7, .8, .9, 1.0]) mixed two way ANOVA. Separate tests within trained or naïve animals 

examined differences in IO curves as a result of TBS, 2 x 10 (TBS [pre TBS, post TBS] x 

stimulation intensity) repeated two way ANOVA. The effects of APV were examined using a 3 x 

10 (drug group [aCSF, LGN APV, V1 APV] x stimulation intensity) mixed two way ANOVA for 

trained and naïve animals separately.  

PPF ratios between trained and naïve animals were assessed with a 2 x 7 (group [task-

naïve, trained] x ISI [25, 50, 75, 100, 500, 1000]) mixed two way ANOVA. The effect of TBS on 

PPF ratios used a 2 x 7 (TBS [pre TBS, post TBS] x 7 ISI) repeated two way ANOVA. The effect 

of APV on PPF ratios was measured with 3 x 7 (drug group [aCSF, LGN APV, V1 APV] x ISI) 

mixed two way ANOVAs applied separately to task-naïve and trained animals. Animals that 

exhibited outlier values (> 2 standard deviations away from the mean) for more than four levels 

of any one variable (time points of LTP, ISI of PPF, stimulus intensity of IO) were excluded for 
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that analysis. Post-hoc analyses (LSD or Tukey adjustments for multiple comparisons), pairwise 

comparisons or simple effects tests using SPSS syntax were calculated to follow-up significant 

interactions between variables when appropriate. 

 

6.4 Results 

6.4.1 Effects of NMDA receptor blockade on LTP in the LGN-V1 pathway of naïve rats 

The involvement of NMDA receptors in the thalamocortical visual pathway was assessed 

using the NMDA receptor antagonist APV (10 mM, given by reverse microdialysis) in task-naive 

animals. The drug was applied locally to either the LGN (n=8), V1 (n=6) or both the LGN and 

V1 at the same time (n=7) in adult, naïve rats and compared to rats that received aCSF (n=6) 

infused at both the LGN and V1 sites, using three separate ANOVAs. These analyses reflect the 

best comparisons given the hypothesis that blockade of NMDA receptors at specific sites along 

the LGN-V1 pathway will affect LTP induction compared to aCSF application. 

Rats administered aCSF at both locations exhibited reliable LTP of fPSPs recorded in V1 

following TBS of the LGN. Application of APV to the LGN produced LTP that was not 

significantly different than LTP observed in animals that received aCSF, main effect of time 

F(14, 168) = 12.86, p < .01, no interaction of time x group F(14, 168) = 1.27, p > .05, no main 

effect of group F(1, 12) = 3.15, p > .05; Figure 6.1A. Blockade of NMDA receptors in V1 

through application of APV resulted fPSPs that increased in amplitude over time, resulting in a 

main effect of time F(14, 140) = 12.05, p < .01, an interaction of time x group F(14, 140) = 3.09, 

p < .01, but no main effect of group F(1, 10) = 3.14, p > .05; Figure 6.1B. Finally application of 

APV to both the LGN and V1 at the same time resulted in a decrease of LTP levels compared to 

aCSF: main effect of time F(14, 154) = 15.70, p < .01, interaction of time x group F(14, 154) = 

3.42, p < .01, main effect of group F(1, 11) = 6.15, p < .05; Figure 6.1C.  
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Closer inspection of the LGN-APV group alone indicates a significant effect over time, 

F(14, 98) = 5.19, p < .01. Similar results were found when examining fPSPs from rats receiving 

APV at both the LGN and V1, F(14, 84) = 7.64, p < .001; indicating a significant increase of 

fPSP amplitude over time. 

The average fPSP amplitude (over 2 hours of recording with two inductions of TBS) for 

each group of naïve rats was: aCSF 120%, LGN-APV 114%, V1-APV 135% and finally 112% of 

baseline for rats that received APV at both the LGN and V1. Surprisingly, this indicates that APV 

blockade of NMDA receptors locally in V1 does not block LTP induction in this pathway and 

may, in fact, provide a slight facilitation of LTP. When applying APV directly to the LGN by 

itself, fPSP amplitudes were not significantly different than those obtained in aCSF controls. 

However simultaneous application of APV to the LGN and V1 resulted in significantly lower 

fPSP amplitudes compared to fPSPs of aCSF controls.  
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Figure 6.1. Effect of APV blockade of NMDA receptors on LTP induction in task-naïve animals. 

Amplitude of fPSPs (mean ± S.E.M.) in task-naïve animals before and after TBS (arrows) while 

receiving aCSF (n=6, same for each panel) and/or the NMDA receptor antagonist APV (10 mM, 

applied locally). (A) Application of APV to the LGN stimulation site (n=8) resulted in no change 

in fPSPs compared to aCSF application alone. (B) When APV was applied to the V1 recording 

site (n=6), fPSPs were larger over time compared to aCSF. (C) Finally, APV application to both 

sites (n=7) produced fPSPs smaller over time compared to aCSF controls, asterisks: p < .05. 

Normalized amplitude averaged across the two hours of recording for each group was: aCSF 

120%, LGN-APV 114%, V1-APV 135% and APV applied to both the LGN and V1 was 112% of 

baseline.  

 

 

 

6.4.2 Effects of TBS on IO curves and PPF in task-naïve rats 

IO curves and PPF ratios were generated to assess the role of synaptic strength and short-

term plasticity, respectively, in task-naïve rats. These measures were taken prior to TBS with 

application of aCSF, as well as following TBS under one of the three drug conditions referred 

below as: aCSF, LGN-APV, and V1-APV. Typical IO curves consisted of successively 

increasing fPSP amplitude with incremental increases in stimulation intensity (from .1 to 1.0 

mA).  

To assess the effect of TBS alone, IO curves were compared within animals that received 

aCSF (n=5) before and after high frequency stimulation. While animals displayed typical IO 

curves, with increasing fPSPs in response to increasing intensities, main effect of intensity, F(9, 

36) = 55.28, p < .01, it is interesting that no significant effect of TBS was present (Figure 6.2A; 

no main effect of TBS, F(1, 4) = .89, p > .05), and there was no interaction of intensity x TBS 

(F(9, 36) = 1.36, p > .05). Similarly, PPF ratios were examined before and after TBS in rats that 

received aCSF only (n=6). The analyses of PPF data produce a main effect of ISI, F(6, 30) = 

14.04, p < .01; no main effect of TBS, F(1, 5) = .17, p > .05; and no interaction of ISI x TBS, F(6, 

30) = .89, p > .05, (Figure 6.2B). Taken together, these results indicate that TBS does not 

significantly affect the IO curves or PPF ratios generated in naïve rats.   
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Figure 6.2. Effect of TBS on input-output curves and paired pulse facilitation in task-naïve rats. 

(A) Amplitude (in mV) of fPSPs recorded in V1 before and after (pre, post) high frequency TBS 

of the LGN for IO curves in task-naïve animals (n=5). The fPSPs were elicited by single pulse 

stimulation of the LGN at stimulation intensities between 0.1 and 1.0 mA. No significant 

differences exist as a result of TBS, p > .05. (B) PPF ratios were calculated for various 

interstimulus intervals (25 to 1000 ms) by dividing the second fPSP amplitude by that of the first 

fPSP in a pair. Values close to 1.0 indicate no differences in paired-fPSP pulses. Values greater 

than one indicate the second fPSP is larger than the first. No significant differences were present 

in PPF ratios of task-naïve animals (n=6) before and after TBS, p > .05. Note that error bars are 

not shown due to the fact that data are obtained within the same subjects. 

 

 

 

6.4.3 Acquisition of the visual discrimination task 

All rats that received training (n=34) in the visual discrimination task successfully 

learned to discriminate the two visual cues. The cues were counterbalanced, such that half of the 

animals were given vertical bars as P+ and the other half horizontal bars to indicate the platform 

location. There was no significant difference between rats trained with the vertical or horizontal 

bars used as P+ on the number of days to acquire the task, F(1, 33) = .88, p > .05. Rats required 

an average of 10 days (range 6–15 days) to reach the performance criterion of at least 80% 

correct trials per day for three consecutive days (Figure 6.3). 
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Figure 6.3. Behavioral responses during visual discrimination task acquisition. 

Average (± S.E.M.) number of correct responses in the Y-maze for rats (n=34) during visual 

discrimination training. The dashed line indicates the criterion set for successful completion of 

the task (8/10 correct trials for 3 consecutive days). Correct trials occurred when a rat entered the 

correct goal arm and mounted the platform; errors took place when a rat entered the incorrect goal 

arm (i.e., not containing the platform) with greater than half of its body.  

 

 

 

 

6.4.4 Effects of visual training and NMDA receptor blockade on LTP in the LGN-V1 pathway 

One day following completion of training, rats underwent electrophysiology procedures. 

In order to assess the effects of visual discrimination training on LTP, as well as the role of 

NMDA receptors located in either the LGN or V1, trained animals were assigned to one of three 

drug conditions: aCSF (n=6), LGN-APV (n=5) or V1-APV (n=6). Consistent with previous 

observations (Gagolewicz & Dringenberg, 2011; Hager & Dringenberg, 2010b), visual training 

resulted in greater levels of LTP relative to task-naïve animals (145% and 122% of baseline in 

trained and naïve rats, respectively). Interestingly, blockade of NMDA receptors in trained rats by 

applying APV in either the LGN or V1 significantly reduced potentiation compared to trained rats 
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that only received aCSF, main effect of time F(14, 196) = 11.48, p < .01, interaction of time x 

drug group F(28, 196) = 3.73, p < .01, main effect of drug group F(2, 14) = 15.98, p < .01. 

Follow-up post hoc tests indicated significant differences in fPSP amplitude when comparing rats 

in the aCSF vs. LGN-APV group, p < .01 as well as the aCSF vs. V1-APV group, p < .01. No 

significant differences were present between the two drug conditions LGN-APV and V1-APV, p 

> .05.  

Further analyses testing for the effects of time for each drug condition showed that rats 

receiving aCSF or APV in V1 exhibited increases in fPSP amplitude over the course of the 

experiment (significant effect of time for aCSF, F(14, 70) = 13.21, p < .05 and for V1-APV rats, 

F(14, 70) = 2.24, p < .05), while the LGN-APV group failed to produce a main effect of time, 

F(14, 56) = 1.40, p > .05.  

These results indicate that APV applied to the LGN effectively blocked LTP induction in 

trained animals. Taken together, these results show that visual discrimination training results in 

an enhancement of LTP, and that when NMDA receptors are blocked in V1, fPSP amplitude 

appears to revert back to a task naïve-like state. Further, when NMDA receptors are blocked in 

the LGN, LTP is completely blocked. The average fPSP amplitude (over 2 hours of recording 

with two inductions of TBS) for each group of trained rats was: aCSF 145%, LGN-APV 105% 

and V1-APV 115% of baseline (Figure 6.4).       
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Figure 6.4. Effect of blockade of NMDA receptors by APV on LTP following visual training. 

Amplitude of fPSPs (± S.E.M.) of rats that received visual discrimination learning, before and 

after TBS (arrows) of the LGN in three drug groups: aCSF (n=6), LGN-APV (n=5) and V1-APV 

(n=6). Blockade of NMDA receptors by local application of APV in V1 and the LGN resulted in 

significant reductions of the enhanced LTP normally present following training, p < .05 at all 

time points following baseline (asterisks), as determined by simple effects tests. Potentiation 

levels produced by application of APV to V1 in trained rats were similar to task-naïve animals 

that received aCSF (see previous Figure 6.1). Further, applying APV to the LGN completely 

blocked LTP induction by TBS. Normalized amplitude averaged across the two hours of 

recording for each trained group was: aCSF 145%, LGN-APV 105% and V1-APV 115% of 

baseline. (Insets) Example fPSPs before (black) and after (red) TBS from a rat in the aCSF (top), 

V1-APV (middle) and LGN-APV group (bottom; calibration is .3 mV vertical and 10 ms 

horizontal).       

 

 

 

6.4.5 Effects of visual training on IO curves and PPF ratios. 

IO curves and PPF ratios were generated just prior to drug application and LTP induction 

in all trained (n=17) rats to be compared to task-naïve (n=18) rats. In all rats, IO curve data 

indicated that significantly larger fPSPs were evoked with higher intensities of stimulation 

compared to low intensities (main effect of intensity, F(9, 297) = 110.53, p < .01). However, IO 
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curves in trained animals did not differ significantly when compared to those obtained from task-

naïve rats (Figure 6.5A, no interaction of intensity x group, F(9, 297) = .69, p >.05; no main 

effect of group, F(1, 22) = .08, p > .05).   

Likewise, training did not produce significant effects on PPF ratios when comparing task-

naïve rats (n=18) and trained rats (n=17), even though there appeared to be a trend for larger PPF 

ratios in trained animals, main effect for ISI, F(6, 198) = 43.63, p < .01, no interaction of ISI x 

group, F(6, 198) = 1.29, p > .05, and no main effect of group F(1, 33) = 3.76, p = .061, (Figure 

6.5B). These data indicate that training procedures have no major effects on LGN-V1 synaptic 

strength or short-term plasticity.  

 

 
 

Figure 6.5. Effect of visual discrimination training on IO curves and PPF. 

(A). Amplitude of fPSPs (± S.E.M.) recorded in V1 in response to single pulse stimulation of the 

LGN to generate IO curves in task-naïve animals (n=18) and trained animals (n=17). No 

significant differences were present in IO curves as a result of visual discrimination training 

experience, p > .05. (B). PPF ratios (± S.E.M.) used to assess short-term plasticity in task-naïve 

(n=18) and trained (n=17) rats also produced no significant differences between groups, p > .05.   

 

 

Although training alone had no effects on IO curves and PPF ratios at the onset of the 

experiment, IO curves and PPF ratios were again established after TBS delivery and LTP 
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induction at the end of the experiment and compared in those animals that received aCSF. These 

analyses revealed a pronounced increase in the IO curves of trained animals following LTP 

induction, consistent with a significant upregulation of strength of LGN-V1 synapses. Assessing 

fPSP amplitudes in IO curves within trained animals receiving aCSF (n=5) pre TBS and post TBS 

resulted in a main effect of intensity, F(9, 36) = 13.71, p < .01, a main effect of TBS, F(1, 4) = 

15.21, p < .05, and an interaction of intensity x TBS that approached statistical significance, F(9, 

36) = 1.95, p = .075 (Figure 6.6A). The examiniation of PPF ratios in trained rats that received 

aCSF (n=5) before and after TBS delivery showed a main effect of ISI, F(6, 25) = 8.99, p < .01, 

no main effect of TBS, F(1, 4) = 3.63, p > .05, and an interaction of ISI x TBS, F(6, 24) = 4.57, p 

< .01. Shorter ISIs produced smaller PPF ratios post TBS compared to those elicited pre TBS, 

pairwise comparisons 25 ms ISI, p = .027; 50 ms, p = .085. There were no significant differences 

in PPF ratios at longer ISIs: 75, 100, 250, 500, 1000 ms, p > .05, (Figure 6.6B).  

 

 

Figure 6.6. Effect of TBS on IO curves and PPF ratios in visually trained rats. 

(A). Amplitude of fPSPs recorded in V1 prior to and following (pre, post) high frequency TBS of 

the LGN to generate IO curves in trained animals receiving aCSF (n=5). Trained rats produced 

typical, pre TBS IO curves, similar to task-naïve animals, however following TBS at the end of 

the experiment fPSPs were significantly larger across intensities in these same rats (main effect of 

TBS, p < .05, asterisk). (B). PPF ratios given at different interstimulus intervals. Trained rats 
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(n=5) produced PPF ratios that were significantly smaller at shorter intensities recorded post TBS 

compared to pre TBS ratios (interaction of ISI x TBS, p < .05, asterisk). Note: error bars are not 

shown due to the fact that data are obtained within the same subjects. (Insets) Example fPSPs in 

pre TBS (black) and post TBS (red) in (A) response to .2, .4, .6, .8 and 1.0 mA stimulation 

intensities (calibration is .3 mV vertical and 10 ms horizontal) and (B) with an ISI of 25 ms 

(calibration is .3 mV vertical and 20 ms horizontal).  

 

6.5 Discussion 

The present study demonstrates that NMDA receptors located in V1 are not necessary for 

the induction of LTP in the thalamocortical visual pathway by way of TBS to the LGN and 

recording from the surface of V1 in adult rats. As such, the site responsible for the initiation of 

this type of LTP must either be located elsewhere in the brain, or involve a non-NMDA related 

mechanism. Interestingly, visual discrimination learning leads to an alteration of cellular 

mechanisms of thalamocortical LTP, with cortical NMDA receptors mediating the training-

induced LTP enhancement. Thus, there appears to be a partial shift of LTP induction mechanisms 

from a non-cortical (non V1) to a cortical (V1) site following visual discrimination training. 

To date, few studies have examined plasticity (LTP and LTD) in the intact 

thalamocortical visual pathway under in vivo conditions. Initial characterization of LTP in this 

pathway clearly demonstrated that this phenomenon is an NMDA receptor dependent process 

(Heynen & Bear, 2001). Unfortunately, the specific location of these receptors was not indicated 

since the NMDA receptor antagonist that blocked LTP induction was administered systemically 

(Heynen & Bear, 2001). The present study shows that when the NMDA receptor antagonist APV 

was applied locally to V1 at concentrations previously shown to block LTP in other cortical areas 

(Hogsden & Dringenberg, 2009; Speechley, Hogsden & Dringenberg, 2007), the amount of LTP 

produced following TBS was not reduced when compared to aCSF application (~20%); in fact, 

with multiple episodes of TBS, there appeared to be a slight enhancement of LTP in rats 

receiving APV in V1 by the end of the 2
nd

 hour of recording (~35%). Given these results, it 
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appears that cortical NMDA receptors are not responsible for the initial LTP produced in this 

pathway following TBS of the LGN. 

The most likely candidate mechanism mediating the LTP observed in task-naïve animals 

are NMDA receptors located at synapses elsewhere in the brain, possibly in the LGN itself. When 

APV was applied to the LGN, either by itself or simultaneously with application to V1, a modest 

amount of LTP was produced following TBS (14% and 12% respectively), which constituted 

significant increases over time. While this level of potentiation appeared to be smaller than that in 

control aCSF animals, statistical analyses failed to confirm a significant difference between 

animals receiving APV and aCSF in the LGN. Despite this lack of significance, there is a clear 

trend of reduced LTP with APV application in the LGN. A possible explanation of this lack of 

significance is the criterion used here to establish baseline stability. This criterion allowed for a 

10% fluctuation in fPSP amplitude during the baseline (pre TBS) recording period and, as such, a 

large number of animals would be required to detect small, but consistent differences in LTP 

among various experimental conditions (e.g., 20% LTP in the aCSF group vs. 14% in the LGN-

APV group). Further work is needed to examine whether or not there is a partial blockade of LTP 

when APV is applied to the LGN. Given these results one can definitively surmise that NMDA 

receptors are involved in thalamocortical LTP in the visual system (based on Heynen & Bear, 

2001) and that these receptors are not located in V1. Despite the lack of NMDA receptor 

involvement in V1 seen here, it is worthwhile to note that application of acetylcholine or 

histamine in V1 has been shown to effectively modulate (increase) LTP (Dringenberg et al., 

2007; Kuo & Dringenberg, 2008), suggesting that cortical mechanisms are able to influence 

thalamocortical LTP. 

A comparison of data presented here to those obtained in other thalamocortical sensory 

networks indicates that there may be multiple mechanisms of plasticity, depending on the specific 

sensory system examined. In the primary auditory cortex (A1), LTP can be produced following 
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TBS of the MGN of the thalamus. This auditory thalamocortical LTP clearly relies on cortical 

NMDA receptors, as local application of APV directly in A1 abolishes LTP (Hogsden & 

Dringenberg, 2009; Speechley et al., 2007). In contrast, the somatosensory system relies on 

NMDA receptors located in the thalamus, as application of APV to the ventrobasal thalamus 

blocks long-term enhancement recorded in the primary somatosensory cortex (S1) following TBS 

of the thalamic radiations (Hirata & Castro-Alamancos, 2006). As mentioned, LTP between LGN 

and V1 appears to share some characteristics with those seen in the somatosensory system, 

particularly the lack of cortical NMDA receptor requirement.  

In addition to measuring long-term changes (LTP) in synaptic plasticity, PPF ratios were 

calculated to measure short-term plasticity. Paired-pulse stimulation is often used to measure 

changes in the probability of neurotransmitter release from presynaptic terminals (Mainardi et al., 

2010; Thomson, 2000). Paired-pulse depression or facilitation of neuronal responses indicates a 

high or low probability of neurotransmitter release by the presynaptic neurons, respectively. 

Typically, many thalamocortical projections exhibit paired-pulse depression (PPD), whereas 

intracortical synapses often show facilitation (Thomson, 2000; Volgushev, Voronin, Chistiakova 

& Singer, 1997). It should be acknowledged that for the electrophysiological methods used here 

(i.e., LGN stimulation; recordings at the cortical surface of V1), the resulting fPSPs represent, 

and are influenced by activity of several synapses (thalamocortical, intracortical, and possibly 

feed-forward inhibitory), which complicates the interpretation of the precise cellular mechanisms 

mediating changes of these fPSPs elicited with paired-pulse stimulation. Nevertheless, the present 

experiments clearly reveal that paired-pulse stimulation of the LGN almost always resulted in 

facilitation of the second fPSP response, suggesting that surface fPSPs in V1 largely represent 

activity from intracortical synapses (from layer IV to layers II/III), as opposed to direct 

thalamocortical synapses (thalamus-layers IV/III); this interpretation is in good agreement with 
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results from current-source density analyses of fPSPs recorded in the superficial V1 in response 

to LGN stimulation (Heynen & Bear, 2001).  

Shorter ISIs produced larger facilitation ratios, indicating that there is greater 

neurotransmitter release from the presynaptic terminals elicited by the second stimulation pulse in 

a pair, which is consistent with intracortical responses in other cortices (Volgushev et al., 1997). 

However, due to the multi-synaptic nature of the fPSPs recorded here, another possibility is that 

the short-term plasticity may also be influenced by alterations in feed forward inhibition. That is, 

differences in the activity of GABAergic inter-neurons could also result in greater PPF ratios and 

have effects on other types of plasticity (Maffei, 2011; Porter & Nieves, 2004). The maturation of 

GABAergic inhibitory cells is thought to play a large role in the closure of the critical period in 

young animals and is one reason for the difficulty in inducing LTP in adult animals (Sale, 

Berardi, Spolidoro, Baroncelli & Maffei, 2010). Future work will be necessary to determine the 

precise contributions of neurotransmitter release and the balance between excitation and 

inhibition in these networks that produce PPF ratios as recorded in the present set of experiments. 

While the mechanisms of PPF activation are unclear, it is apparent that, in task-naïve animals, 

TBS of the LGN has no affect on short-term plasticity and further, that learning the visual 

discrimination task does not affect PPF ratios either. Similarly, the synaptic strength (measured 

using IO curves) was not affected by visual discrimination training, despite evidence suggesting 

that environmental enrichment can shift the input-output curve upward; rats living in an enriched 

environment required a lower stimulation intensity to reach saturation of response (Mainardi et 

al., 2010). This suggests that the visual discrimination learning task employed here provides a 

type of experience that can be differentiated from more general, environmental enrichment.  

One of the most important findings of these experiments is that visual discrimination 

training noticeably changed the role of NMDA receptors in LTP of the LGN-V1 projection 

system. In task-naïve rats, blockade of NMDA receptors in V1 did not reduce levels of LTP and, 
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in fact, over time LTP was slightly greater compared to LTP in rats that received aCSF. In 

contrast, following training, cortical NMDA receptor blockade reversed the training-induced LTP 

facilitation, reducing LTP to levels that were similar to those seen in task-naïve animals. This 

finding is in agreement with previous studies, which indicate an involvement of NR2B-subunits 

of the NMDA receptor directly in V1 in training-elicited LTP enhancement (Gagolewicz & 

Dringenberg, 2011; see also Chapter 3). Furthermore NMDA receptors in the LGN are clearly 

needed for any TBS-induced LTP to take place following training; however it is unclear whether 

the same holds true for LTP in task-naïve animals, since modest LTP is still present in these rats 

even during thalamic NMDA receptor blockade.  

Interestingly, in trained animals the application of TBS affected both the synaptic 

strength and short-term plasticity, demonstrated by comparing IO curves and PPF ratios obtained 

prior to TBS with those obtained following TBS. After application of TBS, synaptic strength was 

significantly increased, whereas PPF ratios were significantly reduced in trained animals only. In 

task-naïve animals TBS had no affect on these measures. It remains to be seen if the refined 

involvements of NMDA receptors in the LGN following training, NR2B-subunits in V1, or both, 

are involved in these metaplastic effects of training on TBS.  

A possible explanation for the refinement of thalamic LGN-NMDA receptor function 

following visual discrimination learning posits that the training experience acts to fine-tune the 

network connections to provide a better gating mechanism of sensory information. The unique 

functional properties of NMDA receptors make them a particularly powerful mechanism for 

increasing the effectiveness of information encoding and storage (Hunt & Castillo, 2012). One 

possible mechanism involved in the thalamic gate is the neuromodulator acetylcholine, 

specifically muscarinic acetylcholine receptors. These receptors have been implicated as a 

presynaptic gating mechanism that allows for the expression of LTD at mature synapses 

(typically resistant to LTD) recorded in acute mouse brain slices containing the auditory thalamus 
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and cortex (Blundon, Bayazitov & Zakharenko, 2011). Further evidence demonstrates that when 

the acetylcholine agonist carbachol is applied locally to the thalamus, the cortex is directed to an 

activated, desynchronized state, similar to wakefulness and arousal, a state conducive to learning 

(Hirata & Castro-Alamancos, 2010). Cholinergic-muscarinic receptors have been shown to be 

involved in learning a similar visual discrimination task to that used in the present study (Tsui & 

Dringenberg, 2013). Further research is needed to examine the effects acetylcholine may have on 

NMDA receptor dependent processes in the thalamus, as well as the possible role for 

corticothalamic pathways providing feedback connections to the LGN (Sherman, 2007). 

It is important to note that the large majority of LTP studies to date have been performed 

using slice preparations, work that has provided a great deal of information regarding the cellular 

and receptor mechanisms mediating LTP and LTD at cortical synapses in V1 (Artola & Singer, 

1987; Crozier et al., 2007; Kirkwood & Bear, 1995; Rao & Daw, 2004; Sawtell et al., 1999; 

Yoshimura et al., 2003). However, it is possible that the elimination of the thalamus and other 

brain structures in typical in vitro preparations creates conditions for plasticity induction that 

differ from those present in the intact nervous system, thus limiting the ability to generalize in 

vitro data to account for more naturalistic conditions present in the whole brain. Further, 

thalamocortical networks have been shown to function differently under different states of 

activation, i.e. activated/aroused vs. quiescent (Castro-Alamancos, 2004; Hirata & Castro-

Alamancos, 2010) and further in vivo studies will be needed to examine LTP induction and 

maintenance during these different states. Future work examining intact, anatomically distributed 

networks will be necessary to further characterize plasticity, particularly for neural circuits 

shaped by training and other behavioral experiences. 

 In conclusion, the present study demonstrates that LTP in the thalamocortical visual 

pathway of adult rats does not require NMDA receptors located in V1, but may involve NMDA 

receptors located in the LGN. The experience of visual discrimination training alters the 
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mechanisms involved in producing LTP, with learning resulting in a partial shift from a non-

cortical (non-V1) mechanism to a cortical mechanism. Specifically NMDA receptors located in 

V1 are necessary for training-induced facilitation of LTP, while NMDA receptors in the LGN are 

necessary for any LTP to be induced with application of TBS; the latter phenomenon may 

provide a gating mechanism for thalamocortical plasticity induction. Clearly, future studies 

employing experimental preparations that preserve the complex network interactions between 

cortex and thalamus and other areas, are required to fully elucidate the mechanisms and 

anatomical contributions to plasticity phenomena. This will be important given the context of the 

complex nervous system of mammalian species and the need to further characterize experience-

dependent plasticity in order to determine how it relates to general learning and memory 

processes. 
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Chapter 7 

General Discussion 

 

7.1 Summary of main findings 

The synaptic mechanisms of LTP and LTD have been shown to be involved in many 

forms of experience-dependent synaptic plasticity and are widely used in models as the 

neurobiological mechanisms of learning and memory. When adult rats learn a simple visual 

discrimination task, the association of a specific visual stimulus with the platform location must 

be encoded and stored by synapses in the central nervous system; further, it is possible that 

synapses in the visual system (retina-geniculate-striate) take part in this process. In the current 

thesis, I examined changes in LTP and LTD in the visual system following visual discrimination 

learning.  

The main experimental findings of this thesis include that: 

 A majority of rats were able to successfully learn a water-maze based visual 

discrimination task under monocular viewing conditions through the use of a novel, non-

invasive facemask (Chapter 2).  

 After learning a monocular visual discrimination task, rodent performance on probe 

trials, testing for interocular transfer using the previously occluded ‘untrained’ eye, was 

significantly impaired, suggesting that monocular training effects may be restricted to one 

cerebral hemisphere (Chapter 2). 

 Greater LTP was demonstrated in the thalamocortical visual pathway (stimulation of the 

LGN, recording fPSPs from the surface of V1) of the preferentially ‘viewing’ hemisphere 

(contralateral to the open, trained eye) relative to the ‘non-viewing’ hemisphere in rats 
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that completed (LR) the monocular visual discrimination task. This enhanced LTP was 

shown to be sensitive to the NR2B antagonist Ro 25-6981, applied locally to V1. In 

contrast, rats that failed to learn (NLR) the monocular visual discrimination exhibited 

“typical” LTP that was not different from task-naïve rats (Chapter 3).  

 In examining the effects of monocular training on synaptic strength (through analysis of 

input-output curves), no significant differences were found between LR and NLR rats or 

between the hemispheres ipsi- and contralateral to the open eye during training of LR 

rats. However, short-term plasticity, through examination of PPF ratios, was altered in 

LR animals (in both hemispheres) demonstrating larger PPF ratios compared to NLR rats. 

This non-hemisphere specific effect suggests global differences may be present between 

LR and NLR rats (Chapter 3). 

 The rodent LGN-visual pathway (stimulation of the LGN, recording fPSPs from the 

surface of V1 in vivo) was resistant to LTD induction using various low frequency 

stimulation protocols that are commonly used to induce LTD in neocortical and 

hippocampal slice preparations. One effective protocol (consisting of 3 pulses/burst at 20 

Hz, 900 bursts repeated at 1 Hz) did induce transient (~20 min) synaptic depression in 

both urethane-anesthetized and sodium pentobarbital anesthetized rats, which does not 

appear to rely on N-methyl-D-aspartate or metabotropic glutamate receptors (Chapter 4).  

 Rats trained in a visual discrimination task exhibited transient synaptic depression of the 

LGN-V1 pathway not significantly different than task-naïve animals, which when 

combined with experiments demonstrating the facilitation of LTP, indicate an expansion 

of the synaptic modification range of thalamocortical-V1 connections (Chapter 5).  

 The rodent visual-perirhinal cortex pathway, (stimulating V1 and recording in the 

perirhinal cortex) is resistant to LTP induction. However, V1-perirhinal fibers readily 

produced LTD (~20% depression lasting > 2 h) by applying LFS. Rats trained on the 
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visual discrimination task displayed no changes in LTD or LTP induced in the V1-

perirhinal pathway, in comparison to task-naïve animals (Chapter 5).  

 NMDA receptors at different locations are involved in LTP induced in the LGN-V1 

pathway and depend on an animal’s experience. In naïve animals, local application of the 

NMDA receptor antagonist APV to V1 did not block LTP induction. Application of APV 

to the LGN resulted in LTP that was not significantly different from aCSF control 

animals. Simultaneous application of APV to the LGN and V1 resulted in reduced LTP 

(112% of baseline) compared to aCSF (120%), however still significant over time. 

Following visual discrimination training, V1 synapses were sensitive to the blockade of 

NMDA receptors. In trained animals, enhanced potentiation was returned to naïve-like 

levels with application of APV to V1. Further, LTP induction in trained rats was 

completely blocked with APV applied at the LGN, suggesting trained rats make use of 

both thalamic and cortical NMDA receptors in the expression of LTP (Chapter 6). 

 

  For the purpose of this general discussion, I will place the results of the above studies in 

the broader context of theories of learning and memory to discuss the possible functional 

significance of these plasticity phenomena and the future of experience-dependent plasticity 

research. The significance of these results will be discussed in the context of the synaptic 

plasticity and memory hypothesis (SPM, Chapter 1), as well as the differing methodologies used 

to study experience-dependent plasticity. Some specific experiments and methodologies are 

proposed, which may further elucidate and clarify the role of the plasticity mechanisms of LTP 

and LTD in the visual system as a result of adult rats learning a visual discrimination task.  
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7.2 Revisiting the SPM hypothesis 

The synaptic plasticity and memory (SPM) hypothesis states that during memory 

formation, activity-dependent synaptic plasticity is induced at appropriate synapses and these 

changes are necessary and sufficient for information storage underlying the memory (Martin et 

al., 2000). When adult rats learn the visual discrimination task (using either monocular training in 

Chapter 2 and 3, or binocular training in Chapter 5 and 6), the association of the visual cue and 

platform location must be stored in synapses in the brain through plasticity mechanisms, 

including those of LTP and LTD. The clear facilitation of LTP at the thalamocortical-V1 pathway 

that is mediated by NR2B subunits of NMDA receptors provides a novel form of plasticity 

phenomena that is related to learning the visual discrimination task.    

Typically, occlusion of LTP has been described following various types of learning, 

including visual perceptual learning (Sale et al., 2011), motor learning (Rioult-Pedotti et al., 

2000) and inhibitory avoidance learning (Whitlock et al., 2006). The interpretation of this 

occlusion effect is that learning has used up some of the available plasticity of relevant synapses, 

thereby reducing their ability to express further LTP in response to electrical stimulation. Since 

the facilitation of LTP noted here does not concur with previous occlusion studies, it requires the 

incorporation of alternative hypotheses that could provide a framework for the interpretation of 

the results presented here. Such a framework will be outlined in the subsequent section of this 

thesis.  

 

7.3 Does enhanced plasticity following learning provide a neural mechanism for 

schema and more efficient future learning? 

Until recently, research involving mental schemas has largely been performed in 

cognitive psychology and cognitive science to describe frameworks of knowledge learned by an 
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individual person. A schema is typically described as a system of organizing and perceiving new 

information or a mental structure of preconceived ideas (Iran-Nejad, 2000). More specifically an 

event schema provides a reference for one’s behavior in a given situation and includes 

information about the procedural processes and general task requirements for that situation. Once 

a schema is established, one can quickly and efficiently use the schema to determine appropriate 

behavioral responses and learn new information. 

While typically studied in the context of human thought processes, Tse et al., (2007) 

describe the use of schemas by adult rats when incorporating new information into a previously 

learned task. Using a hippocampal-dependent paired association learning task, adult rats formed a 

schema for the environment in which they were required to learn several flavor-place 

associations. When rats were placed in a new context, hippocampal-lesioned animals failed to 

acquire the new associations, yet when placed back into the original context they remembered the 

associations that were learned prior to the surgery. To more clearly manipulate the formation of 

schemas, in a subsequent experiment, rats received training in one context with consistent paired-

associations, allowing them to create a coherent schema. The same rats were concurrently trained 

in another context with scheduled inconsistency of the paired associations, thus preventing the 

creation of a schema or learning framework to use in that context. These rats were able to rapidly 

consolidate new paired associations after training with the consistent schema, yet failed to acquire 

associations with the inconsistent schema. These findings indicate that rats can use mental 

schemas to rapidly encode and consolidate relevant new information in specific situations or 

contexts in a similar way that humans might, in order to learn and interact in the world around 

them (Tse et al., 2007). One possible underlying biological mechanism for these paired-associate 

schemata involves the up-regulation of plasticity-associated immediate early genes in the 

prelimbic region of the medial prefrontal cortex (Tse et al., 2011). Further studies involving 

plasticity mechanisms such as LTP and LTD using this paradigm have yet to be conducted. It is 
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important to consider how prior knowledge such as that represented in schemas, can alter the 

consolidation and reconsolidation process and the potential for different neurobiological 

mechanisms given an animal’s experience (Wang & Morris, 2010). 

Changes in the synaptic modification range dependent upon the animal’s training 

experience may provide an underlying neurological basis for the acquisition of a schema. The 

initial visual discrimination training used here may prime the synapses in such a way as to 

provide a metaplastic change in the LGN-V1 pathway (associated with increased synaptic 

modification range) that may allow more efficient learning in the future. Once rats have received 

an initial period of training in the visual discrimination task, they can learn additional, novel 

visual cues significantly faster relative to the first set of cues (Hager & Dringenberg, 2010b). 

Initial training may provide the framework or schema, represented by changes in plasticity, into 

which new information can be readily encoded and used to guide future behavior.  

To further investigate the role of learning-dependent plasticity in schemas, the simple 

visual discrimination task used throughout this thesis could easily be altered to a more complex 

task. A 4 or 8 arm radial water maze with different visual cues could be implemented in a similar 

fashion to the flavor-place paired associations used by Tse et al., (2007). Such training would 

involve cueing the rat with a visual stimulus just prior to entering the maze such that it 

subsequently swims to the arm in which that cue is located with the extra arms and stimuli adding 

to the difficulty of the task. The facemask apparatus (Chapter 2) could be used to present different 

schemas (consistent vs. inconsistent) to the left and right hemisphere to provide within animal 

controls. A consistent schema could be presented to the left hemisphere such that for each trial 

the visual cue indicates the platform location. An inconsistent schema, presented to the right 

hemisphere of the same animal would fail to pair the visual cue and platform location. Probe 

trials could assess the efficiency of the consistent and inconsistent schemas in learning new visual 

cue paired-associations with the escape platform. Following the training, synaptic plasticity could 
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be assessed using procedures described in Chapter 3. It is hypothesized that using a consistent 

schema presented to a specific eye and visual pathway would result in NR2B-mediated enhanced 

LTP compared to the eye and visual pathway that received input using the inconsistent schema.  

Additional experiments are needed to aid in determining how an expanded synaptic 

plasticity range following visual discrimination training (Chapter 5, 6) influences future learning 

of visual tasks. Part of what makes mental schema an attractive cognitive model is that they allow 

for rapid and efficient subsequent learning while in the context of that particular schema. 

Previously, it has been shown that rats can learn to discriminate a second set of novel visual cues 

significantly faster than learning the first cue set (Hager & Dringenberg, 2010b). If NR2B 

antagonists are given following initial learning of one set of visual cues but before learning a 

second set of cues, the schema may be disrupted and the rate of learning the second set of cues 

should be similar to that of learning the first set. In other words, the NR2B antagonists would 

reverse the learning-induced metaplasticity (and perhaps the cognitive “schema”), resulting in 

animals behaving as if the initial training had not occurred.  

As well as learning new visual cues within the same schema, water maze trained rats 

could be placed in a different visual discrimination paradigm in which they have not yet formed a 

mental schema. Simple visual discriminations can be assessed using a computer touch-screen 

operant conditioning apparatus (Bussey et al., 2008; Markham, Butt & Dougher, 1996). A 

counterbalanced experimental design would include training rats on two different tasks (the 

touch-screen and the water maze), with assessment of behavioral responses and synaptic 

plasticity in the LGN-V1 pathway. If the NR2B-mediated enhanced plasticity exhibited following 

water maze visual discrimination training is specific to that schema, then these rats will learn the 

new touch-screen visual discrimination at a rate similar to naïve animals that have no prior visual 

discrimination experience. In addition, local blockade of NR2B subunits in V1 in trained animals 

should not impair the acquisition of a new touch-screen visual discrimination task. Typically, 



POTENTIAL FOR CHANGE   

 

131 

 

simple experimental designs involving a single behavioral manipulation are preferred for greater 

control of variables. However additional experiential manipulations that include multiple visual 

discrimination paradigms can aid in examining the relationship between synaptic plasticity 

mechanisms and differences in initial learning, consolidation and reconsolidation involving 

different contexts.  

Within the visual system pathway (retina-geniculate-striate), the LGN is a large part, 

though traditionally more focus has been placed on the primary visual cortex. The differences in 

LGN and V1 NMDA receptor involvement of LTP induction following visual discrimination 

training (Chapter 6) indicate thalamic mechanisms are important, particularly when taken in the 

context of metaplasticity. It has been traditionally accepted that one of the main functions of the 

thalamus is to relay sensory information to the cortex, though recent evidence may encourage an 

expanded view of its functional roles (Sherman, 2007). The thalamus is a large and diverse 

structure composed of multiple nuclei that relay diverse sensory and motor information to and 

from the neocortex. One body of research which has examined the larger network of connections 

between the thalamus and cortex, describes how these networks function under different levels of 

activation states (activated vs. quiescent) (Castro-Alamancos, 2004; Castro-Alamancos & 

Connors, 1997). This research focuses on the vibrissae thalamocortical network in rodents and 

provides intriguing evidence for an active role of the thalamus in information processing. Rather 

than acting as a simple relay switchboard, evidence suggests the thalamus actually controls the 

state of neocortex activation and deactivation by way of the brainstem neuromodulators 

acetylcholine and noradrenalin (Hirata & Castro-Alamancos, 2010). The cortex may be directed 

to an activated, desynchronized state, similar to wakefulness and arousal (a state conducive to 

learning), with local application of the acetylcholine agonist carbachol to the thalamus. In 

contrast, local application of noradrenalin to the thalamus results in a decrease of thalamic tonic 

firing, with the cortex going into a deactivated state, similar to deep slow wave sleep (Hirata & 
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Castro-Alamancos, 2010). If the thalamus acts as a gateway which controls the flow of sensory 

information and neocortex activation, it will be important to determine what plasticity and 

metaplasticity mechanisms are involved in its functioning. Additional experiments could be 

undertaken to further assess the role of the neuromodulators acetylcholine and noradrenaline, 

with application of agonists and antagonists locally to the LGN, while fPSPs are recorded in V1 

to assess LTP and LTD. It may be hypothesized that the LGN-V1 thalamocortical connections 

may be less resistant to produce LTD under urethane anesthesia with local application of 

carbachol, an acetylcholine agonist, to the LGN. The function of such a thalamic gating 

mechanism would be important in future learning. 

 

7.4 Role of enrichment in the study of enhanced plasticity and related mechanisms 

Another possible interpretation of the findings presented in this thesis lies in the influence 

of different environmental and living conditions on learning and synaptic plasticity. Simply 

maintaining rats in different housing conditions, such as enriched environments (EE) compared to 

standard and impoverished housing conditions, can result in clear differences in the brains of 

these animals (Simpson & Kelly, 2011; Van Praag et al., 2000). Specific effects of EE include 

increases in cortical thickness and weight, greater dendritic arborization (Greenough & Volkmar, 

1973), enhanced visual acuity (Prusky, Reidel & Douglas, 2000), more efficient learning across 

many tasks (Simpson & Kelly, 2011) and reducing the effects of brain injuries (Will, Galani, 

Kelche & Rozenweig, 2004). Housing adult rats in EE for as little as 2 weeks has been shown to 

increase the upper limits of TBS-induced LTP in the LGN-V1 pathway in vivo (Mainardi et al., 

2010) and in vitro (Sale et al., 2007). Although the exact mechanisms for these increases in 

potentiation are unknown, there is a shift in the excitation/inhibition ratio in layer IV (Mainardi et 

al., 2010), with a reduction in inhibition likely having a critical role in facilitating LTP in EE rats 
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(Sale et al., 2007). Other possible mechanisms include contributions from neurotrophic factors 

such as BDNF and NGF, which have been shown to be elevated following enrichment (Pham et 

al., 1999; Torasdotter, Metsis, Henriksson, Winblad & Mohammed, 1998) and contribute to 

visual system plasticity (Lodovichi, Berardi, Pizzorusso & Maffei, 2000). 

 While EE (Mainardi et al., 2010; Sale et al., 2007) and visual discrimination training 

(described in this thesis), both result in enhanced plasticity effects, future experiments can be 

conducted to examine the mechanisms that mediate EE and learning-specific changes in 

plasticity. Simply housing rats in EE and subsequently training them in the visual discrimination 

task may further alter plasticity in the visual pathway. If different synaptic or cellular mechanisms 

underlie EE and learning, these two manipulations may exert somewhat additive effects and lead 

to a greater LTP facilitation than that observed in previous work using only one of these 

experimental manipulations. However, if similar mechanisms mediate both forms of 

enhancement, then an initial period of EE (or visual training) may result in facilitated LTP and 

then the second experimental manipulation of visual training (or EE) would result in the 

occlusion of LTP. There are many mechanisms underlying plasticity phenomenon and these 

proposed experiments may examine if and how the mechanisms interact in different learning 

contexts.   

 

7.5 Re-examination of other brain regions involved in visual discrimination learning 

While theoretically it is expected that visual system synapses (retina-geniculate-striate) 

be involved in the learning process of visual discrimination learning, there is little evidence 

outside this thesis suggesting the involvement of this pathway. Other brain regions such as the 

hippocampus, amygdala, striatum, and prefrontal cortex have been described to be involved in 

rodent visual discrimination learning, however these studies examine effects other than synaptic 

plasticity (Driscoll, Howard, Prusky, Rudy & Sutherland, 2005; Epp et al., 2008; Fidalgo, 
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Conejo, Gonzalez-Pardo & Arias, 2014; McDonald, King, Wasiak, Zelinski & Hong, 2007). 

Further studies are required to examine synaptic plasticity (LTP and LTD) including these 

various structures and how they are involved in visual discrimination learning.  

In the examination of synapses between V1 and the perirhinal cortex, significant levels of 

LTD were readily produced in task-naïve animals, however there were no differences in LTP or 

LTD measured following training (Chapter 5). It may be the case that this task is too simple to 

warrant changes further along the hierarchical pathway, or that these changes exist elsewhere. 

While at the time of this study, V1-perirhinal cortex connections appeared a likely candidate for 

involvement in the visual discrimination task, more recent evidence suggests a more complex 

scenario as to the processing of information in the perirhinal cortex and learning of particular 

tasks (Aggleton, Albasser, Aggleton, Poirier & Pearce, 2010; Kealy & Commins, 2011). 

 Aggleton et al., (2010) reported that lesions of the perirhinal cortex in the rat do not 

disrupt learning of a visual discrimination task (similar to that used in this thesis), yet markedly 

impair performance on object recognition tests. In another study, complex discriminations 

involving multiple features are impaired with perirhinal cortex lesions, while simple visual 

discrimination performance remained unimpaired (Eacott et al., 2001). Thus, differences in the 

types of visual tasks used in previous studies may exert significant effects on the involvement of 

the perirhinal cortex. Indeed, a recent synthesis of previous research examining the perirhinal 

cortex, its connectivity, plastic properties and functional significance, proposes that there may be 

a functional segregation within the perirhinal cortex itself between the rostral and caudal regions 

(Kealy & Commins, 2011). In addition, the postrhinal cortex of rodents (another region of the 

parahippocampal system) has been linked to the encoding that connect objects to places, 

particularly for situations where learning occurs in different contexts (Furtak, Ahmed & Burwell, 

2012).  
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While the task used herein is typically considered an associational learning task (linking 

the platform with the visual cue) that requires visual discrimination, there are also elements of 

spatial and context-related processing inherent in this particular, behavioral paradigm. In light of 

these findings, future experiments using the visual discrimination task of this thesis may examine 

synaptic plasticity changes in the postrhinal cortex, or add to the complexity of the behavioral 

task while measuring LTP and LTD in various parahippocampal synapses.  

 

7.6 Conclusions 

The present thesis provides several studies, which examine changes in synaptic plasticity 

following visual discrimination learning in adult rats and include assessments of long-term 

plasticity (LTP and LTD), as well as short-term plasticity and baseline synaptic strength. The 

results of this work provide valuable insights into both synaptic plasticity mechanisms, as well as 

metaplasticity phenomena that occur as a result of learning. While some questions have been 

answered, the intricacies of experience-dependent synaptic plasticity that takes place as a result of 

learning yields many more unanswered questions. Consequently, future studies of learning-

related plasticity should employ further in vivo preparations, including different anesthetic drugs, 

as well as non-anesthetized, immobilized or freely moving animals to further the study of these 

mechanisms in the intact brain, in order to extend our knowledge of synaptic plasticity and its 

involvement in processes of learning and memory formation. 

 

 

 

 

 



POTENTIAL FOR CHANGE   

 

136 

 

References 

Abraham, W. C. (2008). Metaplasticity: Tuning synapses and networks for plasticity. Nature  

 Reviews Neuroscience, 9, 387-399.  

 

Abraham, W. C., & Bear, M. F. (1996). Metaplasticity: The plasticity of synaptic plasticity.  

 Trends in Neuroscience, 19, 126-130. 

 

Abraham, W. C., Logan, B., Greenwood, J. M., & Dragunow, M. (2002). Induction and 

experience-dependent consolidation of stable long-term potentiation lasting months in the 

hippocampus. The Journal of Neuroscience, 22, 9629-9634. 

 

Adelstein, A., & Crowne, D. P. (1991). Visuospatial asymmetries and interocular transfer in the 

split-brain rat. Behavioral Neuroscience, 105, 459-469. 

 

Aggleton, J. P., Albasser, M. M., Aggleton, D. J., Poirier, G. L., Pearce, J. M. (2010). Lesions of 

the rat perirhinal cortex spare the acquisition of a complex configural visual 

discrimination yet impair object recognition. Behavioral Neuroscience, 124, 55-68. 

 

Aicardi, G., Argilli, E., Cappello, S., Santi, S., Riccio, M., Thoenen, H., & Canossa, M. (2004). 

Induction of long-term potentiation and depression is reflected by corresponding changes 

in secretion of endogenous brain-derived neurotrophic factor. Proceedings of the 

National Academy of Sciences, 101, 15788-15792. 

 

Arshavsky, Y. (2006). The seven sins of the hebbian synapse: Can the hypothesis of synaptic 

plasticity explain long-term memory consolidation? Progress in Neurobiology, 80, 99-

113. 

 

Artola, A., & Singer, W. (1987). Long-term potentiation and NMDA receptors in rat visual 

cortex. Nature, 330, 649-652. 

 

Artola, A., von Frijtag, J. C., Fermont, P. C., Gispen, W. H., Schrama, L H., Kamal, A., & 

Spruijt, B. M. (2006). Long-lasting modulation of the induction of LTD and LTP in rat 

hippocampal CA1 by behavioural stress and environmental enrichment. European 

Journal of Neuroscience 23, 261-272. 

 

Bao, M., Yang, L., Rios, C., He, B., Engel, S. A. (2010). Perceptual learning increases the 

strength of the earliest signals in visual cortex. The Journal of Neuroscience, 30, 15080-

15084. 

 

Barria, A., & Malinow, R. (2005). NMDA receptor subunit composition controls synaptic  

 plasticity by regulating binding to CaMKII. Neuron, 48, 289-301. 

 

Bear, M. F. (2003). Bidirectional synaptic plasticity: from theory to reality. Philosophical 

Transactions of the Royal Society of London B: Biological Sciences, 358, 649-655. 

 

Bennett, M. R. (2000). The concept of long term potentiation of transmission at synapses. 

Progress in Neurobiology, 60, 109-137. 

 



POTENTIAL FOR CHANGE   

 

137 

 

Berardi, N., Pizzorusso, T., Ratto, G.M., & Maffei, L. (2003). Molecular basis of plasticity in the 

visual cortex. Trends in Neurosciences, 26, 369-378. 

 

Bienenstock, E. L., Cooper, L. N. & Munro, P. W. (1982). Theory for the development of neuron 

selectivity: Orientation specificity and binocular interaction in visual cortex. The Journal 

of Neuroscience, 2, 32-48. 

 

Bliss, T. V. P., & Collingridge, G. L. (1993). A synaptic model of memory: Long-term 

potentiation in the hippocampus. Nature, 361, 31-39. 

 

Bliss, T. V. P., & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in the 

dentate area of the anaesthetized rabbit following stimulation of the perforant path. The 

Journal of Physiology, 232, 331-356. 

 

Blundon, J. A., Bayazitov, I. T., Zakharenko, S. S. (2011). Presynaptic gating of postsynaptically 

expressed plasticity at mature thalamocortical synapses. The Journal of Neuroscience, 31, 

16012-16025. 

 

Bruel-Jungerman, E., Davis, S., & Laroche, S. (2007). Brain plasticity mechanisms and memory: 

a party of four. Neuroscientist, 13, 492-505. 

 

Burwell, R. D., & Amaral, D. G. (1998). Cortical afferents of the perirhinal, postrhinal and 

entorhinal cortices of the rat. The Journal of Comparative Neurology, 398, 179-205. 

 

Bussey, T. J., Padain, T. L., Skillings, E. A., Winters, B. D., Morton, A. J., & Saksida, L. M. 

(2008). The touchscreen cognitive testing method for rodents: How to get the best out of 

your rat. Learning & Memory, 15, 516-523. 

 

Carmignoto, G., & Vicini, S. (1992). Activity-dependent decrease in NMDA receptor 

 responses during development of the visual cortex. Science, 258, 1007-1011. 

 

Castro-Alamancos, M. A. (2004). Dynamics of sensory thalamocortical synaptic networks during 

information processing states. Progress in Neurobiology, 74, 213-47. 

 

Castro-Alamancos, M. A., & Borrell, J. (1995). Contribution of NMDA and non NMDA 

glutamate receptors to synchronized excitation and cortical output in the primary motor 

cortex of the rat. Brain Research Bulletin, 37, 539-543. 

Castro-Alamancos, M. A., Connors, B. W. (1997). Thalamocortical synapses. Progress in 

Neurobiology, 51, 581-606. 

Chang, F. L., & Greenough, W. T. (1982). Lateralized effects of monocular training on dendritic 

branching in adult split-brain rats. Brain Research, 232, 283-292. 

 

Chen, C., & Regehr, W. G. (2000). Developmental remodeling of the retinogeniculate synapse. 

Neuron, 28, 955-966. 

 

Chen, W. S., & Bear, M. F. (2007). Activity-dependent regulation of NR2B translation 

contributes to metaplasticity in mouse visual cortex. Neurophamacology, 52, 200-214. 



POTENTIAL FOR CHANGE   

 

138 

 

 

Cho, K., Kemp, N., Noel, J., Aggleton, J. P., Brown, M. W., Bashir, Z. I. (2000). A new form of 

long-term depression in the perirhinal cortex. Nature Neuroscience, 3, 150-156. 

 

Clapp, W. C., Eckert, M. J., Teyler, T. J., & Abraham, W. C. (2006). Rapid visual stimulation 

induces N-methyl-D-aspartate receptor-dependent sensory long-term potentiation in the 

rat cortex. Neuroreport, 17, 511-515. 

 

Clem, R. L., Celikel, T. & Barth, A. L. (2008). Ongoing in Vivo experience triggers synaptic 

metaplasticity in the neocortex. Science. 319, 101-104. 

 

Coleman, J. E., Law, K., & Bear, M. F. (2009). Anatomical origins of ocular dominance in mouse 

primary visual cortex. Neuroscience, 161, 561-571. 

 

Coleman, J. E., Nahmani, M., Gavornik, J. P., Haslinger, R., Heynen, A. J., Erisir, A., & Bear, M. 

F. (2010). Rapid structural remodeling of thalamocortical synapses parallels experience-

dependent functional plasticity in mouse primary visual cortex. The Journal of 

Neuroscience, 30, 9670-9682. 

 

Cooke, S. F., & Bear, M. F. (2010). Visual experience induces long-term potentiation in the 

primary visual cortex. The Journal of Neuroscience, 30, 16304-16313. 

 

Cowey, A., & Perry, V. H. (1979). The projection of the temporal retina in rats, studied by 

retrograde transport of horseradish peroxidase. Experimental Brain Research, 35, 457-

464. 

 

Crair, M. C., & Shah, R. D. (2009). Long-term potentiation and long-term depression in 

experience-dependent plasticity. Encyclopedia of Neuroscience, 5, 561-570. 

 

Crowne, D. P., Forsyth, P., & Fitzgerald, J. (1994). Interocular transfer in the split-brain rat. 

Behavioral Neuroscience, 108, 804-809. 

 

Crozier, R. A., Want, Y., Liu, C., & Bear, M. F. (2007). Deprivation-induced synaptic depression 

by distinct mechanisms in different layer of mouse visual cortex. Proceedings of the 

National Academy of Sciences, 104, 1383-1388. 

 

De Marchena, J., Roberts, A. C., Middlebrooks, P. G., Valakh, V., Yashiro, K., Wilfley, L. R., & 

Philpot, B. D. (2008). NMDA receptor antagonists reveal age-dependent differences in 

the properties of visual cortical plasticity. Journal of Neurophysiology, 100, 1936-1948. 

 

Douglas, R. J., & Martin, K. A. C. (2004). Neuronal circuits of the neocortex. Annual Review of 

Neuroscience, 27, 419-451. 

 

Dringenberg, H. C., Hamze, B., Wilson, A., Speechley, W., & Kuo, M. C. (2007). Heterosynaptic 

facilitation of in vivo thalamocortical long-term potentiation in the adult rat visual cortex 

by acetylcholine. Cerebral Cortex, 17, 839-848. 

 



POTENTIAL FOR CHANGE   

 

139 

 

Driscoll, I., Howard, S. R., Prusky, G. T., Rudy, J. W., & Sutherland, R. J. (2005). Seahorse wins 

all races: Hippocampus participates in both linear and non-linear visual discrimination 

learning. Behavioral Brain Research, 164, 29-35. 

 

Dudek, S. M., & Bear, M. F. (1992). Homosynaptic long-term depression in area CA1 of 

hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proceedings of the 

National Academy of Sciences, 89, 4363-4367. 

 

Dudek, S. M. & Bear, M. F. (1993). Bidirectional long-term modification of synaptic 

effectiveness in the adult and immature hippocampus. The Journal of Neuroscience, 13, 

2910-1918. 

 

Eacott, M. J., Machin, P. E., & Gaffan, E. A. (2001). Elemental and configural visual 

discrimination learning following lesions to perirhinal cortex in the rat. Behavioural 

Brain Research, 124, 55-70. 

 

Epp, J., Keith, J. R., Spanswick, S. C., Stone, J. C., Prusky, G. T., & Sutherland, R. J. (2008). 

Retrograde amnesia for visual memories after hippocampal damage in rats.  Learning & 

Memory, 15, 214-221. 

 

Feldman, D. E., Nicoll, R. A., Malenka, R. C. (1999). Synaptic plasticity at thalamocortical 

synapses in developing rat somatosensory cortex: LTP, LTD and silent synapses. Journal 

of Neurobiology, 41, 92-101. 

 

Fidalgo, C., Conejo, N. M., Gonzalez-Pardo, H., & Arias, J. L. (2014). Dynamic functional brain 

networks involved in simple visual discrimination learning. Neurobiology of Learning 

and Memory, 114, 165-170.  

 

Fischer, G., Mutel, V., Trube, G., Malherbe, P., Kew, J. N. C., Mohacsi, E., Heitz, M. P., & 

Kemp, J. A. (1997). Ro 25-6981, a highly potent and selective blocker of N-methyl-D-

aspartate receptors containing the NR2B subunit. Characterization in vitro. Journal of 

Pharmacology and Experimental Therapeutics 283, 1285-1292. 

 

Flint, A. C., Maisch, U. S., Weishaupt, J. H., Kriegstein, A. R., & Monyer, H. (1997). NR2A 

subunit  expression shortens NMDA receptor synaptic currents in developing neocortex. 

The Journal of Neuroscience, 17, 2469-2476. 

 

Frenkel, M. Y., Sawtell, N. B., Diogo, A. C. M., Yoon, B., Neve, R. L., & Bear, M. F. (2006). 

Instructive effect of visual experience in mouse visual cortex. Neuron, 51, 339-349. 

 

Furtak, S. C., Ahmed, O. J., & Burwell, R. D. (2012). Single neuron activity and theta modulation 

in postrhinal cortex during visual object discrimination. Neuron, 76, 976-988. 

 

Furtak, S. C., Wei, S. M., Agster, K. L., & Burwell, R. D. (2007). Functional neuroanatomy of 

the parahippocampal region in the rat: The perirhinal and postrhinal cortices. 

Hippocampus, 17, 709-722. 

 



POTENTIAL FOR CHANGE   

 

140 

 

Gagolewicz, P. J., & Dringenberg, H. C. (2011). NR2B-subunit dependent facilitation of long-

term potentiation in primary visual cortex following visual discrimination training of 

adult rats. European Journal of Neuroscience, 34, 1222-1229. 

 

Gazzaniga, M. S. (2005). Forty-five years of split-brain research and still going strong. Nature 

Reviews Neuroscience, 6, 653-659. 

 

Gerdeman, G. L., Ronesi, J., & Lovinger, D. M. (2002). Postsynaptic endocannabinoid release is 

critical to long-term depression in the striatum. Nature Neuroscience, 26, 184-192. 

 

Gilbert, C. D. (1983). Microcircuitry of the visual cortex. Annual Review of Neuroscience, 6, 217-

247. 

 

Girman, S. V., Sauve, Y., & Lund, R. D. (1999). Receptive field properties of single neurons in 

rat primary visual cortex. Journal Neurophysiology, 82, 301–311. 

 

Greenough, W. T., Larson, J. R., & Withers, G. S. (1985). Effects of unilateral and bilateral 

training in a reaching task on dendritic branching of neurons in the rat motor-sensory 

forelimb cortex. Behavioral and Neural Biology, 44, 301-314. 

 

Greenough W. T. & Volkmar, F. R. (1973). Pattern of dendritic branching in occipital cortex of 

rats reared in complex environments. Experimental Neurology, 40, 491–504. 

 

Griffiths, S., Scott, H., Glover, C., Bienemann, A., Ghorbel, M. T., Uney, J., Brown, M. W., 

Warburton, E. C., & Bashir, Z. I. (2008). Expression of long-term depression underlies 

visual recognition memory. Neuron, 58, 186-194. 

 

Hager, A. M. & Dringenberg, H. C. (2010a). Assessment of different induction protocols to elicit 

long-term depression (LTD) in the rat visual cortex in vivo. Brain Research, 1318, 33-41. 

 

Hager, A. M., & Dringenberg, H. C. (2010b). Training-induced plasticity in the visual cortex of 

adult rats following visual discrimination learning. Learning & Memory, 17, 394-401.  

 

Hager, A. M., & Dringenberg, H. C. (2012). Design of a noninvasive face mask for ocular 

occlusion in rats and assessment in a visual discrimination paradigm. Behavioral 

Research Methods,44, 919-923.  

 

Hager, A. M., Gagolewicz, P. J., Rodier, S., Kuo, M-C., Dumont, E. C., & Dringenberg, H. C. 

(2015). Metaplastic up-regulation of LTP in the rat visual cortex by monocular visual 

training: Requirement of task mastery, hemispheric specificity, and NMDA-GluN2B 

involvement. Neuroscience, [epub ahead of print] doi: 

10.1016/j.neuroscience.2015.02.027. 

 

Hampton, R. R., & Murray, E. A. (2002). Learning of discriminations is impaired, but 

generalization to altered views is intact, in monkeys (Macaca mulatta) with perirhinal 

cortex removal. Behavioral Neuroscience, 116, 363-377. 

 



POTENTIAL FOR CHANGE   

 

141 

 

Hanover, J. L., Huang, Z. J., Tonegawa, S., & Stryker, M. P. (1999). Brain-derived neurotrophic 

factor overexpression induces precocious critical period in mouse visual cortex. The 

Journal of Neuroscience, 19, RC40.  

 

Hansel, D., & van Vreeswijk, C. (2012). The mechanisms of orientation selectivity in primary 

visual cortex without a functional map. The Journal of Neuroscience, 32, 4049-4064. 

 

He, H. Y., Hodos, W., & Quinlan, E. M. (2006). Visual deprivation reactivates rapid ocular 

dominance plasticity in adult visual cortex. The Journal of Neuroscience, 26, 2951-2955. 

 

Heynen, A. J., Abraham, W. C., & Bear, M. F. (1996). Bidirectional modification of CA1 

synapses in the adult hippocampus in vivo. Nature, 381, 163-166. 

 

Heynen, A. J., & Bear, M. F. (2001). Long-term potentiation of thalamocortical transmission in 

the adult visual cortex in vivo. The Journal of Neuroscience, 21, 9801-9813. 

 

Hirata, A., & Castro-Alamancos, M. A. (2006). Relief of synaptic depression produces long-term 

enhancement in thalamocortical networks. Journal of Neurophysiology, 95, 3479-91. 

Hirata, A., & Castro-Alamancos, M. A. (2010). Neocortex network activation and deactivation 

states controlled by the thalamus. Journal of Neurophysiology, 103, 1147–1157.  

Hofer, S. B., Mrsic-Flogel, T. D., Bonhoeffer, T., & Hubener, M. (2006). Lifelong learning: 

Ocular dominance plasticity in mouse visual cortex. Current Opinion in Neurobiology, 

16, 451-459. 

 

Hogsden, J. L., & Dringenberg, H. C. (2009). NR2B subunit-dependent long-term potentiation 

enhancement in the rat cortical auditory system in vivo following masking of pattered 

auditory input by white noise exposure during early postnatal life. European Journal of 

Neuroscience, 30, 376-384. 

Hooks, B. M., & Chen, C. (2007). Critical periods in the visual system: changing views for a 

model of experience-dependent plasticity. Neuron, 56, 312–26.  

Hubel, D. H., & Wiesel, T. N. (1963). Shape and arrangement of columns in cat’s striate cortex. 

The Journal of Physiology (London), 165, 559-568. 

 

Hubel, D. H., & Wiesel, T. N. (1968). Receptive fields and functional architecture of monkey 

striate cortex. The Journal of Physiology, 195, 215-243. 

 

Hubel, D. H., & Wiesel, T. N. (1970). The period of susceptibility to the physiological effects of 

unilateral eye closure in kittens. The Journal of Physiology, 206, 419-436. 

 

Huber, K. M., Sawtell, N. B., & Bear, M. F. (1998). Effects of the metabotropic glutamate 

receptor antagonist MCPG on phosphoinositide turnover and synaptic plasticity in visual 

cortex. The Journal of Neuroscience, 18, 1-9. 

 



POTENTIAL FOR CHANGE   

 

142 

 

Huberman, A. D., & Niell, C. M. (2011). What can mice tell us about how vision works? Trends 

in Neurosciences, 34, 464-473. 

 

Hunt, D. L., & Castillo, P. E. (2012). Synaptic plasticity of NMDA receptors: Mechanisms and 

functional implications. Current Opinion in Neurobiology, 22, 46-508. 

 

Iran-Nejad, A. (2000). Bartlett’s schema theory and modern accounts of learning and 

remembering. The Journal of Mind and Behavior, 21, 5-35. 

 

Jang, H., Cho, K., Kim, H., Hahn, S. J., Kim, M., & Rhie, D. (2009). Age-dependent decline in 

supragranular long-term synaptic plasticity by increased inhibition during the critical 

period in the rat primary visual cortex. Journal of Neurophysiology, 101, 269-275. 

 

Jaubert-Miazza, L., Green, E., Lo, F. S., Bui, K., Mills, J., & Guido, W. (2005). Structural and 

functional composition of the developing retinogeniculate pathway in the mouse. Visual 

Neuroscience, 22, 661-676. 

 

Jiang, B., Akaneya, Y., Hata, Y., & Tsumoto, T. (2003). Long-term depression is not induced by 

low-frequency stimulation in rat visual cortex in vivo: A possible preventing role of 

endogenous brain-derived neurotrophic factor. The Journal of Neuroscience, 23, 3761-

3770. 

 

Jiang, B., Huang, Z. J., Morales, B., & Kirkwood, A. (2005). Maturation of GABAergic 

transmission and the timing of plasticity in visual cortex. Brain Research Reviews, 50, 

126-133. 

 

Karmarkar, U. R., & Dan, Y. (2006). Experience-dependent plasticity in adult visual cortex. 

Neuron, 52, 577-585. 

 

Kato, N., Artola, A., & Singer, W. (1991). Developmental changes in the susceptibility to long-

term potentiation of neurons in rat visual cortex slices. Brain Research Developmental 

Brain Research, 60, 43-50. 

 

Kealy, J., & Commins, S. (2011). The rat perirhinal cortex: A review of anatomy, physiology, 

plasticity, and function. Progress in Neurobiology, 93, 522-48. 

 

Kemp, N., & Bashir, Z. I. (2001). Long-term depression: a cascade of induction and expression 

mechanisms. Progress in Neurobiology, 65, 339-365. 

 

Kopp, C., Longordo, F., & Lüthi, A. (2007). Experience-dependent changes in NMDA receptor  

 composition at mature central synapses. Neuropharmacology, 53, 1-9. 

 

Kirkwood, A., & Bear, M. F. (1994). Homosynaptic long-term depression in the visual cortex. 

The Journal of Neuroscience, 14, 3404-3412. 

 

Kirkwood, A., & Bear, M. F. (1995). Elementary forms of synaptic plasticity in the visual cortex. 

Biological Research, 28, 73-80. 

 



POTENTIAL FOR CHANGE   

 

143 

 

Kirkwood, A., Rioult, M. G., & Bear, M. F. (1996). Experience-dependent modification of 

synaptic plasticity in visual cortex. Nature, 381, 526-528. 

 

Kuo, M. C., & Dringenberg, H. C. (2008). Histamine facilitates in vivo thalamocortical long-term 

potentiation in the mature visual cortex of anesthetized rats. European Journal of 

Neuroscience, 27, 1731-1738. 

 

Kuo, M. C., & Dringenberg, H. C. (2009). Short-term (2 to 5 h) dark exposure lowers long-term 

potentiation (LTP) induction threshold in rat primary visual cortex. Brain Research, 

1276, 58-66. 

 

Kuo, M. C., Rasmusson, D. D., & Dringenberg, H. C. (2009). Input-selective potentiation and 

rebalancing of primary sensory cortex afferents by endogenous acetylcholine. 

Neuroscience, 163, 430-441. 

 

Lehmann, K., & Löwel, S. (2008). Age-dependent ocular dominance plasticity in adult mice. 

PLoS ONE 3, e3120. 

 

Linden, M. L., Heynen, A. J., Haslinger, R. H., & Bear, M. F. (2009). Thalamic activity that 

drives visual cortical plasticity. Nature Neuroscience, 12, 390-392. 

 

Lodovichi, C., Berardi, N., Pizzorusso, T., & Maffei, L. (2000). Effects of neurotrophins on 

cortical plasticity: Same of different? The Journal of Neuroscience, 20, 2155-2165. 

 

Lund, R. D., Lund, J. S., & Wise, R. P. (1974). The organization of the retinal projection to the 

dorsal lateral geniculate nucleus in pigmented and albino rats. Journal of Computational 

Neuroscience, 158, 383-404. 

 

Lynch, M. A. (2004). Long-term potentiation and memory. Physiological Reviews, 84, 87-136.  

 

MacLean, J. N., Fenstermaker, V., Watson, B. O., & Yuste, R. (2006). A visual thalamocortical 

slice. Nature Methods, 3, 129-134. 

 

Maffei, A. (2011). The many forms and functions of long term plasticity at GABAergic synapses. 

Neural Plasticity, 2011, 1-9. 

 

Mainardi, M., Landi, S., Gianfranceschi, L, Baldini, S., DePasquale, R., Berardi, N., Maffei, L., 

& Caleo, M. (2010). Environmental enrichment potentiates thalamocortical transmission 

and plasticity in the adult rat visual cortex. Journal of Neuroscience Research, 88, 3048-

3059. 

 

Malenka, R. C., & Bear, M. F. (2004). LTP and LTD: An embarrassment of riches. Neuron, 44, 

5-21. 

 

Maren, S. (2005). Synaptic mechanisms of associative memory in the amygdala. Neuron, 47, 

783–786. 

 



POTENTIAL FOR CHANGE   

 

144 

 

Markham, M. R., Butt, A. E., & Dougher, M. J. (1996). A computer touch-screen apparatus for 

training visual discriminations in rats. Journal of Experimental Analysis of Behavior, 65, 

173-182. 

 

Martin, S. J., Grimwood, P. D., & Morris, R. G. (2000). Synaptic plasticity and memory: An 

evaluation of the hypothesis. Annual Review of Neuroscience, 23, 649-711. 

 

Martin, S. J., & Morris, R. G. (2001). Cortical plasticity: It’s all the range! Current Biology, 11, 

R57-59. 

 

Martin, S. J., & Morris, R. G. M. (2002). New life in an old idea: The synaptic plasticity and 

memory hypothesis revisited. Hippocampus, 12, 609-636. 

 

Massey, P. V., & Bashir, Z. I. (2007). Long-term depression: multiple forms and implications for 

brain function. Trends in Neurosciences, 30, 176-184. 

 

Massey, P. V., Phythian, D., Narduzzo, K., Warburton, E. C., Brown, M. W., & Bashir, Z. I. 

(2008). Learning-specific changes in long-term depression in adult perirhinal cortex. The 

Journal of Neuroscience, 28, 7548-7554. 

 

May, P. J. (2006). The mammalian superior colliculus: Laminar structure and connections. 

Progress in Brain Research, 151, 321-378. 

 

McDonald, R. J., King, A. L., Wasiak, T. D., Zelinski, E. L. & Hong, N. S. (2007). A complex 

associative structure formed in the mammalian brain during acquisition of a simple visual 

discrimination task: dorsolateral striatum, amygdala, and hippocampus. Hippocampus, 

17, 759-774. 

 

Mitchell, D. E., Kind, P. C., Sengpiel, F., & Murphy, K. M. (2006). Short daily periods of 

concordant binocular vision prevents the development of deprivation amblyopia. 

European Journal of Neuroscience, 23, 2458-2466.  

 

Monfils, M. H., & Teskey, G. C. (2004). Skilled-learning-induced potentiation in rat sensorimotor 

cortex: A transient form of behavioural long-term potentiation. Neuroscience, 125, 329-

336. 

 

Monyer, H., Burnashev, N., Laurie, D. J., Sakmann, B., & Seeburg, P. H. (1994). Developmental 

and regional expression in the rat brain and functional properties of four NMDA  

 receptors. Neuron, 12, 529-540. 

 

Mountcastle, V. B. (1997). The columnar organization of the neocortex. Brain, 120, 701-722. 

 

Mulkey, R. M., & Malenka, R. C. (1992). Mechanisms underlying induction of homosynaptic 

long term depression in area CA1 of the hippocampus. Neuron, 9, 967-975. 

 

Murray, E. A., & Richmond, B. J. (2001). Role of perirhinal cortex in object perception, memory, 

and associations. Current Opinion in Neurobiology, 11, 188-193. 

 



POTENTIAL FOR CHANGE   

 

145 

 

Naber, P. A., Witter, M. P., & Lopes da Silva, F. H. (2000). Differential distribution of barrel or 

visual cortex. Evoked responses along the rostro-caudal axis of the peri- and postrhinal 

cortices. Brain Research, 877, 298-305.  

 

Neves, G., Cooke, S. F., & Bliss, T. V. P. (2008). Synaptic plasticity, memory and the 

hippocampus: A neural network approach to causality. Nature Reviews Neuroscience, 9, 

65-75. 

 

Oldford, E., & Castro-Alamancos, M. A. (2003). Input-specific effects of acetylcholine on 

sensory and intracortical evoked responses in the “barrel cortex” in vivo. Neuroscience, 

117, 769-778. 

 

Paxinos, G., & Watson, C. (2007). The rat brain in stereotaxic coordinates (6th ed.). New York: 

Academic Press. 

 

Pham, T. M., Ickes, B., Albeck, D., Soderstrom, S., Granholm, A. C., & Mohammed, A. H. 

(1999). Changes in brain nerve growth factor levels and nerve growth factor receptors in 

rats exposed to environmental enrichment for one year. Neuroscience, 94, 279–86. 

 

Philpot, B. D., Sekhar, A. K., Shouval, H. Z., & Bear, M. F. (2001). Visual experience and 

deprivation bidirectionally modify the composition and function of NMDA receptors in 

visual cortex. Neuron, 29, 157-169. 

 

Porter, J. T., & Nieves, D. (2004). Presynaptic GABAB receptors modulate thalamic excitation of 

inhibitory and excitatory neurons in the mouse barrel cortex. Journal of Neurophysiology, 

92, 2762-2770. 

 

Prusky, G. T., Alam, N. M., & Douglas, R. M. (2006). Enhancement of vision by monocular 

deprivation in adult mice. The Journal of Neuroscience, 26, 11554-11561. 

 

Prusky, G. T., Douglas, R. M., Nelson, L., Shabanpoor, A., & Sutherland, R. J. (2004). Visual 

memory task for rats reveals an essential role for hippocampus and perirhinal cortex. 

Proceedings of the National Academy of Sciences of the United States of America,101, 

5064-5068. 

 

Prusky, G. T., Reidel, C., & Douglas, R. (2000). Environmental enrichment from birth enhances 

visual acuity but not place learning in mice. Behavioural Brain Research, 114, 11-15. 

 

Prusky, G. T., West, P. W. R., & Douglas, R. M. (2000a). Behavioral assessment of visual acuity 

in mice and rats. Vision Research, 40, 2201-2209. 

 

Prusky, G. T., West, P. W. R., & Douglas, R. M. (2000b). Experience-dependent plasticity of 

visual acuity in rats. European Journal of Neuroscience, 12, 3781-3786. 

 

Quinlan, E. M., Olstein, D. H., & Bear, M. F. (1999). Bidirectional, experience dependent 

regulation of N-methyl-d-aspartate receptor subunit composition in the rat visual cortex 

during postnatal development. Proceedings of the National Academy of Sciences of the 

United States of America, 96, 12876-12880. 

 



POTENTIAL FOR CHANGE   

 

146 

 

Rao, Y., & Daw, N. W. (2004). Layer variations of long-term depression in rat visual cortex. 

Journal of Neurophysiology, 92, 2652-2658. 

 

Rema, V., Armstong-James, M., & Ebner, F. F. (1998). Experience-dependent plasticity of adult 

rat S1 cortex requires local NMDA receptor activation. The Journal of Neuroscience, 18, 

10196-10206. 

 

Rioult-Pedotti, M. S., Donoghue, J. P., & Dunaevsky, A. (2007). Plasticity of the synaptic 

modification range. Journal of Neurophysiology, 98, 3688-3695. 

 

Rioult-Pedotti, M. S., Friedman, D., & Donoghue, J. P. (2000). Learning-induced LTP in 

neocortex. Science, 290, 533-536. 

 

Rittenhouse, C. D., Shouval, H. Z., Paradiso, M. A., & Bear, M. F. (1999). Monocular 

deprivation induces homosynaptic depression in visual cortex. Nature, 397, 347-350. 

 

Rogan, M. T., Staubli, U. V., & LeDoux, J. E. (1997). Fear conditioning induces associative long-

term potentiation in the amygdala. Nature, 390, 552-553.   

 

Sajikumar, S., & Frey, J. U. (2003). Anisomycin inhibits the late maintenance of long-term 

depression in rat hippocampal slices in vitro. Neuroscience Letters, 338, 147-150. 

 

Sajikumar, S., & Frey, J. U. (2004). Late-associativity, synaptic tagging and the role of dopamine 

during LTP and LTD. Neurobiology of Learning and Memory, 82, 12-25. 

Sale, A., Berardi, N., & Maffei, L. (2009). Enrich the environment to empower the brain. Trends 

in Neuroscience, 32, 233-239. 

Sale, A., Berardi, N., Spolidoro, M., Baroncelli, L., & Maffei, L. (2010). GABAergic inhibition 

in visual cortical plasticity. Frontiers in Cellular Neuroscience, 4, 10.  

Sale, A., De Pasquale, R., Bonaccorsi, J, Pietra, J., Olivieri, D., Berardi, N., & Maffei, L. (2011). 

Visual perceptual learning induces long-term potentiation in the visual cortex. 

Neuroscience, 172, 219-225. 

Sale, A., Vetencourt, J. F. M., Medini, P., Cenni, M. C., Baroncelli, L., De Pasquale, R., & 

Maffei, L. (2007). Environmental enrichment in adulthood promotes amblyopia recovery 

through a reduction of intracortical inhibition. Nature Neuroscience, 10, 679-681. 

Sato, M., & Stryker, M. P. (2008). Distinctive features of adult ocular dominance plasticity. The 

Journal of Neuroscience, 28, 10278-10286. 

 

Sawtell, N. B., Frenkel, M. Y., Philpot, B. D., Nakazawa, K., Tonegawa, S., & Bear, M. F. 

(2003). NMDA Receptor-Dependent Ocular Dominance Plasticity in Adult Visual 

Cortex. Neuron, 38, 977-985. 

 



POTENTIAL FOR CHANGE   

 

147 

 

Sawtell, N. B., Huber, K. M., Roder, J. C., & Bear, M. F. (1999). Induction of NMDA receptor 

dependent long-term depression in visual cortex does not require metabotropic glutamate 

receptors. Journal of Neurophysiology, 82, 3594-3597. 

 

Sefton, A. J., Dreher, B., & Harvey, A. (2004). Visual system. In G. Paxinos (Ed.), The Rat 

Nervous System, (2nd ed.) (pp. 1083-1165). San Diego: Elsevier Academic Press.   

 

Sherman, S. M. (2007). The thalamus is more than just a relay. Current Opinion in Neurobiology, 

17, 417-422. 

 

Sherman, S. M., & Guillery, R. W. (2002). The role of the thalamus in the flow of information to 

the cortex. Philosophical Transactions of the Royal Society of London B: Biological 

Sciences, 357, 1695-1708. 

 

Shinohara, Y., Hosoya, A., Yamasaki, N., Ahmed, H., Hattori, S., Eguchi, M., …Shigemoto, R. 

(2012). Right-hemispheric dominance of spatial memory in split-brain mice. 

Hippocampus, 22, 117-121. 

 

Shors, T. J., & Matzel, L. D. (1997). Long-term potentiation: What’s learning got to do with it? 

Behavioral and Brain Sciences, 20, 597-655. 

 

Shuler, M. G., & Bear, M. F. (2006). Reward timing in the primary visual cortex. Science, 311, 

1606-1609. 

 

Simpson, J., & Kelly, J. P. (2011). The impact of environmental enrichment in laboratory rats—

behavioural and neurochemical aspects. Behavioural Brain Research, 12, 246-264. 

 

Smith, G. B., Heynen, A. J., & Bear, M. F. (2009). Bidirectional synaptic mechanisms of ocular 

dominance plasticity in visual cortex. Philosophical Transactions of the Royal Society of 

London B: Biological Sciences, 364, 357-367. 

Speechley, W. J., Hogsden, J. L., & Dringenberg, H. C. (2007). Continuous white noise exposure 

during and after auditory critical period differentially alters bidirectional thalamocortical 

plasticity in rat auditory cortex in vivo. European Journal of Neuroscience, 26, 2576-2584. 

Thomson, A. M. (2000). Facilitation, augmentation and potentiation at central synapses. Trends 

in Neurosciences, 23, 305-312. 

 

Torasdotter, M., Metsis, M., Henriksson, B., G., Winblad, B., & Mohammed, A. H. (1998). 

Environmental enrichment results in higher levels of nerve growth factor mRNA in the 

rat visual cortex and hippocampus. Behavioural Brain Research, 93, 83-90. 

 

Tsanov, M., & Manahan-Vaughn, D. (2007). The adult visual cortex expresses dynamic synaptic 

plasticity that is driven by the light/dark cycle. The Journal of Neuroscience, 27, 8414-

8421. 

 

Tse, D., Langston, R. F., Kakeyama, M., Bethus, I., Spooner, P. A., Wood, E. R., Witter, M. P., & 

Morris, R. G. (2007). Schemas and memory consolidation. Science, 316, 76-82. 

 



POTENTIAL FOR CHANGE   

 

148 

 

Tse, D., Takeuchi, T., Kakeyama, M., Kajii, Y., Okuno, H., Tohyama, C., Bito, H., & Morris, R. 

G. M. (2011). Schema-dependent gene activation and memory encoding in neocortex. 

Science, 333, 891-895. 

 

Tsui, C. K., & Dringenberg, H. C. (2013). Role of cholinergic-muscarinic receptors in visual 

discrimination performance of rats: Importance of stimulus load. Behavioural Brain 

Research, 238, 23-29.  

 

Van Hooser, S. D., Heimel, A. F., Chung, S., Nelson, S. B., & Toth, L. J. (2005). Orientation 

selectivity without orientation maps in visual cortex of a highly visual mammal. The 

Journal of Neuroscience, 25, 19-28. 

Van Praag, H., Christie, B. R., Sejnowski, T. J., & Gage, F. H. (1999). Running enhances 

neurogenesis, learning, and long-term potentiation in mice. Proceedings of the National 

Academy of Sciences of the United States of America, 96, 13427-13431. 

Van Praag, H., Kempermann, G., & Gage, F. H. (2000). Neural consequences of 

environmental enrichment. Nature Reviews Neuroscience, 1, 191-198. 

Viaene, A. N., Petrof, I., & Sherman, S. M. (2011). Synaptic properties of thalamic input to layers 

2/3 and 4 of primary somatosensory and auditory cortices. Journal of Neurophysiology, 

105, 279-292.  

Volgushev, M., Voronin, L. L., Chistiakova, M., & Singer, W. (1997). Relations between long-

term synaptic modifications and paired-pulse interactions in the rat neocortex. European 

Journal of Neuroscience, 9, 1656-1665. 

 

Wang, Q., Sporns, O., & Burkhalter, A. (2012). Network analysis of corticocortical connections 

reveals ventral and dorsal processing streams in mouse visual cortex. The Journal of 

Neuroscience, 32, 4386-4399. 

 

Wang, S., & Morris, R. G. M. (2010). Hippocampal-neocortical interactions in memory 

formation, consolidation, and reconsolidation. Annual Reviews of Psychology, 61, 49-79. 

 

Watanabe, T., Nanez, J. E., Koyama, S., Murkai, I., Liederman, J., & Sasaki, Y. (2002). Greater 

plasticity in lower-level than higher-level visual motion processing in a passive 

perceptual learning task. Nature Neuroscience, 5, 1003-1009. 

 

Weinberger, N. M. (2004). Specific long-term memory traces in primary auditory cortex. Nature 

Reviews Neuroscience, 5, 279-290. 

 

Whitlock, J. R., Heynen, A. J., Shuler, M. G., & Bear, M. F. (2006). Learning induces long-term 

potentiation in the hippocampus. Science, 313, 1093-1097. 

 

Wiesel, T. N., & Hubel, D. H. (1963). Single-cell responses in striate cortex of kittens deprived of 

vision in one eye. Journal of Neurophysiology, 26, 1003-1017.  

 



POTENTIAL FOR CHANGE   

 

149 

 

Will, B., Galani, R., Kelche, C., & Rozenweig, M. R. (2004). Recovery from brain injury in 

animals: Relative efficacy of environmental enrichment, physical exercise or formal 

training (1990-2002). Progress in Neurobiology, 72, 167-182. 

Wimmer, V. C., Broser, P. J., Kuner, T., & Bruno, R. M. (2010). Experience-induced plasticity of 

thalamocortical axons in both juveniles and adults. The Journal of Comparative 

Neurology, 518, 4629–4648.  

Wurtz, R. H. (2009). Recounting the impact of Hubel and Wiesel. The Journal of Physiology, 

587, 2817-2823. 

 

Yashiro, K., & Philpot, B. D. (2008). Regulation of NMDA receptor subunit expression and its 

implications for LTD, LTP, and metaplasticity. Neuropharmacology, 55, 1081-1094. 

 

Yoshimura, Y., Ohmura, T., & Komatsu, Y. (2003). Two forms of synaptic plasticity with 

distinct dependence on age, experience, and NDMA receptor subtype in rat visual cortex. 

The Journal of Neuroscience, 23, 6557-6566. 

 

Zhang, G-R., Cao, H., Kong, L., O-Brien, J., Baughns, A., Jan, M., Zhao, H., Wang, X., Lu, X-G, 

Cook, R. G., & Geller, A. I. (2010). Identified circuit in rat postrhinal cortex encodes 

essential information for performing specific visual shape discriminations. Proceedings 

of the National Academy of Sciences of the United States of America, 107, 14478-14483. 

 

Ziakopoulos, Z., Brown, M. W., & Bashir, Z. I. (1999). Input-and layer-dependent synaptic 

plasticity in the rat perirhinal cortex in vitro. Neuroscience, 92, 459-472. 

 

Ziburkus, J., & Guido, W. (2006). Loss of binocular responses and reduced retinal convergence 

during the period of retinogeniculate axon segregation. Journal of Neurophysiology, 96, 

2775-2784. 

 


