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     Cortical sensory maps are highly organized structures that contain point-to-point 

representations of sensory inputs.  This organization emerges in-part from horizontal 

connections that limit activity-flow across representational borders (local-circuit 

constraint properties).  Interestingly, this organization undergoes experience-dependent 

modifications throughout life.  This dissertation examines changes in local-circuit 

constraint properties during cortical reorganization.   

     Synaptic plasticity of horizontal connections could modify activity-flow across 

borders.  Very little is known about inhibitory synaptic plasticity, its relationship to 

excitatory synaptic plasticity, and their relationship to functional organization.  To 

investigate this, we located the forepaw/lower jaw (FP/LJ) of the primary somatosensory 

cortex (SI) in vivo, and used whole cell-patch electrophysiology to record excitatory and 
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inhibitory responses of horizontal connections in vitro.  Connections that remained within 

the representation (continuous) and those that crossed from one representation to another 

(discontinuous) were both examined before and after tetanization, allowing us to examine 

differences associated with borders.  Tetanic stimulation induced diverse forms of 

synaptic plasticity, with long-term potentiation (LTP) dominating for excitation and long-

term depression dominating for inhibition.  The border did not restrict this plasticity in 

either case.  In contrast, tetanization elicited LTP of monosynaptic inhibitory responses in 

continuous, but not discontinuous connections.  These results demonstrate that 

continuous and discontinuous horizontal connections are capable of diverse plasticity 

responses that could theoretically functionally reorganize the cortex. 

     Axon remodeling could also change activity-flow across borders.  To investigate this, 

we examined axon remodeling during long-durations of reorganization.  We located the 

FP/LJ border and then iontophoresed a retrograde axonal tracer near the border at 

different durations of forelimb-denervation or sham-denervation.  In sham-denervated 

animals, neurons close to the border had axonal projections oriented away from the 

border (axonal bias).  Forelimb denervation resulted in a sustained change in border 

location and a significant reduction in the axonal bias after 6 weeks of denervation, but 

not after 4 or 12 weeks.  The change in axonal bias resulted from axon sprouting across 

the border at 6 weeks, followed by the retraction of those axons by 12 weeks.  This 

suggests bidirectional axonal rearrangements are associated with relatively long-durations 

of reorganization.  Thus, diverse synaptic and morphological plasticity mechanisms could 

contribute to functional reorganization.  
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Chapter 1 

Introduction  

      

     The ability to modify neural circuits in response to experience is an important feature 

of brain function.  It allows the brain to learn and remember novel information, predict 

and seek rewards, refine sensorimotor behavior, and recover function after brain injury.   

This reorganization is especially important for the neocortex (i.e. cortex).  The neocortex 

occupies the highest level of brain organization and performs advanced sensory, motor, 

and cognitive functions that require the acquisition and retention of novel information.  

Until the last few decades, it was generally believed that the functional organization of 

the cortex was immutable in adults, and activity-dependent changes occurred only in 

developing animals.  Subsequent research in several primary sensory and motor areas 

(somatosensory, visual, auditory, and motor) has clearly demonstrated that the adult 

cortex is not static, but dynamic, and can reorganize following various manipulations to 

the activity pattern of its inputs (Chino et al., 1992; Ebner et al., 1998; Gilbert and Wiesel, 

1992; Kaas, 1991; Merzenich and Jenkins, 1993; Weinberger, 1995).  For instance, the 

primary somatosensory cortex (SI) undergoes substantial reorganization following 

deafferentation (Calford and Tweedale, 1988; Chino et al., 1992; Donoghue et al., 1990; 

Gilbert and Wiesel, 199; McCandlish and Li, 1996; Merzenich et al.,1983; Pons et al., 

1991; Sanes et al., 1990; Turnbull and Rasmussen, 1990), peripheral nerve stimulation 

(Recanzone et al.1990), digital syndactyly (Allard et al., 1991), intracortical 

microstimulation (Nudo et al., 1990; Recanzone et al., 1992b), and learning tasks 
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(Jenkins et al., 1990; Nudo et al., 1996; Pleger et al., 2003; Recanzone et al., 1992a; 

Wang et al., 1995; Weinberger, 1993).  This reorganization is widely assumed to be 

involved in import neurological processes, as it is associated with sensory-motor learning 

and memory, phantom limb pain and sensation, recovery of function after stroke, 

childhood learning disabilities, and others (Jenkins et al., 1990; Merzenich et al., 1993; 

Merzenich et al., 1996; Nudo et al., 1996; Tallal et al., 1996).  Thus, understanding the 

mechanisms underlying cortical reorganization is important for advancing both basic and 

clinical neuroscience.   

     While substantial progress has been made over the last few decades (Maren, 2005; 

Weinberger, 2007; Sossin et al., 2008), much work is still required.  Cortical sensory 

maps serve as useful models to further this endeavor.  They contain topographically 

organized representations of the sensory world and undergo robust experience-dependent 

modifications, especially after sensory loss.  While this reorganization could result from 

indirect subcortical changes that relay information to the cortex, supragranular horizontal 

connections have been shown to play a primary role in reorganization (Diamond et al., 

1994; Fox, 1994).  Horizontal connections within representations (continuous 

connections) integrate functionally-related cortical columns and horizontal connections 

across representations (discontinuous connections) maintain representational boundaries 

by restricting activity flow to the representation that corresponds to the sensory input.  

For instance, the dendrites (dendritic bias) and axons (axonal bias) of discontinuous 

connections tend to be oriented away from representational borders (Hickmott and 

Merzenich, 1999; Steen et al., 2007; Steffan, 1976; Tailby et al., 2005; Woolsey et al. 
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1975) and ocular dominance column borders in visual cortex (Katz et al., 1989; Kossel et 

al., 1995).  Furthermore, the spread of excitation and inhibition is limited across 

representational borders (physiological bias; Burns and Hickmott, 2003; Hickmott and 

Merzenich, 1998) and barrel perimeters (Petersen et al., 2003; Petersen and Sakmann, 

2000).  Interestingly, the dendritic and physiological biases relocate to track the location 

of the novel border during reorganization (Hickmott and Merzenich, 2002; Hickmott and 

Steen, 2005; Tailby et al, 2005).   These changes in local-circuit constraint properties in 

discontinuous connections could contribute to reorganization by modifying the lateral 

flow of cortical activity across the border.   

     The purpose of this dissertation is to examine changes in local-circuit constraint 

properties during reorganization.  In chapter 2 I examined changes in excitatory and 

inhibitory synaptic connections of continuous and discontinuous horizontal connections.  

Excitatory and/or inhibitory synaptic plasticity could modify local-circuit constraint 

properties of border regions and change the spread of activity across the border.  

However, very little is known about synaptic plasticity in these horizontal connections; 

particularly the characteristics of inhibitory synaptic plasticity, its relationship to 

excitatory synaptic plasticity, and their relationship to the functional organization of the 

cortex.  In chapter 3 I examined axon remodeling during functional reorganization.  

Changes in axonal trajectories across the border could contribute to reorganization by 

modifying the axonal bias at the border and change the transmission of activity across the 

border.  While some studies show axon remodeling is associated with functional 

reorganization, others show it is not (see below).  By comparing distinct local-circuit 
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properties of defined horizontal connections and relating those properties directly to the 

extent of cortical organization, I was able to provide evidence that functional 

reorganization of the cortex could be mediated by changes in excitatory and inhibitory 

synaptic connections, as well as axon remodeling.    

 

Principles of sensory system organization: the somatosensory system  

     The central nervous system (CNS) of humans is arguably the most intricate structure 

in the known universe.  It is composed of approximately 100 billion neurons, 1 trillion 

glial cells, and 100 trillion synaptic connections (Williams and Herrup, 1988).  These neural 

components organize into complex networks of interconnected cells that process 

sensorimotor information about the environment and produce goal-directed behaviors 

that maximize gene currency.  The input component of the network is divided into 

several highly organized sensory systems that provide the CNS with an accurate 

representation of the environment.  In mammals there are five basic sensory systems: the 

somatosensory, olfactory, gustatory, auditory, and visual system.  While each sensory 

system is tuned to different features of mechanical, chemical, thermal, and 

electromagnetic stimuli, they all share similar fundamental principles of organization.  

For instance, they each contain receptors that transduce energy into neural signals, and 

then transmit the neural signals to higher structures via labeled lines.  This generally 

results in point-to-point representations of activated receptors (sensory maps) at each 

level of the sensory system.  This principle of organization can be clearly seen in the 

somatosensory system.   
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     The somatosensory system is topographically organized into a map of the entire body, 

with a representation that responds to mechanical, chemical, and thermal stimulation of 

each body part.  It is divided into two primary systems: the dorsal column-medial 

lemniscal/trigeminal system and the spinothalamic system.  Because I evoked cortical 

responses with low threshold cutaneous stimulation, this introduction will focus 

exclusively on the dorsal column-medial lemniscal and trigeminal pathways.      

     The dorsal column-medial lemniscal pathway begins with several distinct 

mechanoreceptors embedded in the dermal and subcutaneous layers of the skin.  Each 

receptor type has different biophysical properties that are tuned to different features of 

mechanical stimulation.  For instance, Pacinian corpuscles are rapidly adapting receptors 

that are found in deep layers of skin and respond to high frequency stimulation (Johnson, 

2001).  These receptors mark the beginning of a fundamental principal of sensory 

systems; labor is divided into functionally distinct labeled lines that process different 

modalities of information.  This principal is retained throughout the dorsal column-

medial lemniscal and trigeminal pathways via highly specific connections between 

afferents of similar types with overlapping receptive fields (Squire et al., 2008).   

     Large diameter Aβ primary afferents transmit information from mechanoreceptors to 

corresponding representation of SI via a polysynaptic pathway that travels up the spinal 

cord and through two relay stations in the brain stem and thalamus before terminating in 

SI (Diamond, 1995).  The primary afferents enter the dorsal funiculus of the spinal cord 

via the dorsal root at their corresponding dermatome (Johnson, 2001) and ascend to the 

dorsal column nucleus.  The dorsal column nucleus is located at the junction of the spinal 
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cord and medulla and is composed of two nuclei: the gracile and cuneate nuclei.  These 

nuclei receive input from the lower and upper body, respectively.  Secondary afferents in 

the dorsal column nuclei decussate and innervate the contralateral ventral posterolateral 

nucleus (VPL) of the thalamus via the lemniscal tract (Diamond, 1995).  The VPL is one 

of three subnuclei that constitute the ventral posterior complex (VP) of the thalamus.  

Large diameter tertiary neurons in the VPL then project primarily to layer IV of the SI 

(Diamond, 1995). 

     The trigeminal system has similar organization.  Mechanoreceptors in the face 

transmit information to the face representation of the SI through a polysynaptic pathway 

that includes primary, secondary, and tertiary afferents.  Primary afferents from the 

trigeminal ganglion innervate secondary afferents in the principal sensory nucleus of the 

fifth nerve.  Secondary afferents cross the midline, join the lemniscal tract, and terminate 

in barreloids of the ventral posteromedial nucleus (VPM) of the thalamus (Van der Loos, 

1976).  Tertiary afferents in the VPM then project to LIV and to a lesser extent Layers V 

and VI of the SI (Woolsey and Van der Loos, 1970).   

     As information is transmitted through the dorsal column-medial lemniscal and 

trigeminal pathways the location and modality of the stimulus are conserved at each level.  

This is achieved through functionally distinct labeled lines that contain specific 

connectivity and little convergence (Squire et al., 2008).  Furthermore, synaptic 

transmission is robust in each nucleus, insuring faithful transmission of information 

(Squire et al., 2008).  These basic principles promote point-to-point, modality specific 
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replication of mechanosensory information as it is transmitted from mechanoreceptors in 

the periphery to the cortex.  

     The organization of SI can vary considerably in mammals.  In human and non-human 

primates, the SI is divided into four structurally distinct Brodmann regions (3a, 3b, 1, and 

2) on the postcentral gyrus.  Each region contains a complete map of the body (Iwamur, 

1998).  Area 3b is often considered the SI proper (Kaas and Garraghty, 1991) because it 

is innervated by the most thalmocortical afferents from VP and is strongly activated by 

cutaneous stimulation (Sur et al., 1981).  Area 3b sends its principal efferents caudally to 

area 1 and 2.  Area 2 appears to be the pinnacle of serial processing in SI, as it receives 

indirect cutaneous inputs from area 3b and 1, and direct and indirect proprioreceptive 

inputs from the thalamus and area 3a, respectively (Pons et al., 1985).  

     In rodents, the SI is organized into granular, perigranular, and dysgranular zones 

(Chapin and Lin, 1984).  Granular zones contain visible aggregates of stellate cells in 

layer IV.  These cell aggregates are absent in dysgranular zones, which are found in the 

center of SI.  Perigranular zones are found between granular and dysgranular zones and 

contain sparse stellate cells in layer IV.  Although the gross organization of rodent SI 

appears different from primate SI, they share many basic principles of organization.  For 

instance, both regions possess similar serial and parallel processing.  In rodent SI, the 

granular zones receive the most inputs from VP and may be similar to area 3b of primates.  

Perigranular and dysgranular zones receive cutaneous and proprioreceptive input from 

the granular zones and thalamus, respectively (Chapin and Lin, 1990; Fabri and Burton, 

1991), similar to area 1 and 2 of primates.          
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     There are two principal outputs of SI: a “what” ventral pathway and a “how” dorsal 

pathway.  The ventral pathway projects to SII, followed by the medial temporal lobe, 

caudal insula, and premotor and prefrontal cortical territories (Squire et al., 2008).  This 

path integrates discriminative somatosensory information with auditory and visual 

information and is thought to encode form perception and produce declarative memories.  

The dorsal pathway projects to posterior parietal areas and is thought to inform voluntary 

movements and guide selective attention (Squire et al., 2008).   

     The SI is a highly organized structure.  Like other cortical areas it is composed of six 

cellular layers that were originally delineated by cell size and morphology (Cajal 1909 – 

1911, taken from White, 1989).  Information initially flows vertically through the cortex 

via cortical columns: distributed networks of connected cells that share similar 

electrophysiological properties (Mountcastle, 1953).  Subcortical activity is transmitted to 

cortical columns through thalmocortical afferents that primarily terminate in layer IV 

(Diamond, 1995).  In the cortex, layer IV stellate cells projects to layer II/III 

(supragranular layers) and then to layers layer V and layer VI (infragranular layers; Bolz 

et al., 1989).  However, there are also monosynaptic connections between layer IV and 

infragranular layers that directly bypass supragranular layers (Feldmeyer et al., 2005).  

The infragranular and supragranular layers are the principle output layers of cortical 

columns.  Infragranular pyramidal cells project to subcortical structures (Catsman-

Berrevoets and Kuypers, 1981, Pinault et al., 1995), while supragranular pyramidal cells 

project laterally to other supragranular cells of adjacent cortical columns with similar 

response properties (Aroniadou and Keller, 1993; Stettler et al., 2002), sometimes over 
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great distances (Gilbert and Wiesel, 1983, Hoeflinger et al., 1985).  This results in the 

tangential spread of cortical activity and is important for determining topographical 

properties of sensory maps.   

     As you move horizontally through the cortex the SI is organized into a somatotopic 

map of the body with a representation of each body part.  This functional organization 

emerges from coordinated parallel trajectories of afferents that transfer information from 

adjacent areas of the periphery to adjacent areas of the cortex.  As inputs from different 

peripheral regions activate the cortex they are restricted to their corresponding 

representations by functional borders that limit tangential activity flow.  At the local-

circuit level this organization is reflected by the morphological and physiological 

properties of discontinuous connections.  Iontophoreses of phaseolus vulgaris 

leucoagglutinin (PHAL, anterograde tracer) and cholera toxin subunit B (Ctb, retrograde 

tracer) demonstrate that more supragranular axonal projections remain within a 

representation than cross the border from one representation to another (Steen and 

Hickmott, 2007) and the dendrites of biocytin labeled neurons near the border are 

oriented away from it (Hickmott and Merzenich, 1999).  Similar findings were originally 

reported in the barrel cortex, as granular axonal projections are constrained to their 

respective barrels (Petersen and Sakmann, 2000), extragranular connections within 

granular zones are biased away from perigranular zones (Chapin et al., 1987), and 

dendritic arbors of cells within cytoarchitectonically defined barrels are oriented away 

from the perimeter of their barrels (Woolsey et al., 1975; Steffan, 1976).  However, 

anatomical properties alone are not sufficient to explain the discrete transitions from one 
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response region to another, as thalamocortical (Landry and Deschenes, 1981; Jensen and 

Killackey, 1987; Rausell and Jones, 1995) and intracortical projections (Chapin et al., 

1987; Fabri and Burton, 1991; Weiss and Keller, 1994; Hoeflinger et al., 1995) from 

distinct representations still overlap in SI.  Thus, electrophysiological properties of 

horizontal connections must also contribute to functional discontinuities.  Hickmott and 

colleagues have shown that cross border (discontinuous) stimulation evokes smaller 

EPSPs and IPSPs than non cross border (continuous) stimulation (Burns and Hickmott, 

2003; Hickmott and Merzenich, 1998) and synaptic connections of discontinuous 

connections are weaker than synaptic connections of continuous connections (Hickmott, 

2010).  Similarly, in barrel cortex cells within barrels are more electrically coupled than 

cells between barrels and septa (Petersen and Sakmann, 2000).  These local-circuit 

constraint properties at representational borders presumable maintain representational 

boundaries by limiting tangential activity flow between representations.  Overall, the 

spread of activity is determined by the trajectories of anatomical connections and the 

balance of excitation and inhibition.  While excitation activates adjacent neurons, lateral 

inhibition constrains excitation (Alloway et al., 1989; Dykes et al., 1984; Sakmann, 2001).   

 

Functional reorganization of the cortex 

     The functional organization of the cortex is not static, but dynamic, and undergoes  

experience-dependent modifications after several different manipulations to the activity 

pattern of its inputs.  This reorganization may be relevant to important physiological and 
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patho-physiological processes (see above).  Therefore, a thorough understanding of 

functional reorganization is important for advancing both basic and clinical neuroscience.   

 

Developmental cortical reorganization 

     Plasticity in general, and functional reorganization in particular is most robust in 

developing animals (Fox, 1992; Fox, 1996; Van der Loos and Woolsey, 1973; Woolsey 

and Wann, 1976), as they are restricted by critical periods.  The term “critical” or 

“sensitive” period refers to a time period in which a particular developmental process is  

highly sensitive to experience and environmental influences (Wiesel and Hubel, 1963).  

Critical periods have been carefully studied in the barrel cortex.  The development of the 

rodent barrel cortex is the most sensitive to experience in the first post-natal week (Fox, 

1992; Fox, 1996; Rice and Van der Loos, 1977).  Sensory deprivation before post-natal 

day 5 via whisker trimmer induces robust anatomical and physiological plasticity.  After 

the first post-natal week, large scale anatomical plasticity is not found in barrels and 

physiological plasticity declines.  Interestingly, this correlates with the development of 

thalmocortical inputs into layer IV of barrels (Erzurumlu and Jhavari, 1991), suggesting 

that some anatomical changes may be induced by the disruption of normal barrel 

development.  These results are consistent with several other studies that used anatomical 

(Micheva and Beaulieu, 1995), physiological (Fox, 1992; Simons and Land, 1987), and 

behavioral methods (Carvell and Simons, 1996).  Together these studies clearly indicate 

that the structural and functional organization of the cortex remains plastic after birth, 

reorganizing in response to experience.   
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Adult cortical reorganization     

     While critical periods limit the extent of reorganization after development, they do not 

completely block it; significant plasticity mechanisms extend beyond the end of the 

critical period and can be found throughout the animal’s entire lifespan.  This plasticity 

may be particularly important for learning and remembering novel information, 

predicting and seeking rewards, refining sensorimotor behavior, and recovering function 

after brain injury, and will be the focus of this dissertation.   

     In one of the first demonstrations of cortical reorganization in the adult, Merzenich et 

al. (1983) deafferented the glabrous portion of digits D1-D3 by transecting the median 

nerve of the monkey forepaw.  Immediately following deafferentation, the contralateral 

median nerve representation in cytoarchitectonic area 3B and 1 became unresponsive to 

peripheral stimulation.  However, the deafferented cortex did not remain unresponsive for 

long.  Within minutes of deafferentation, the peripheral portions of the deprived cortex 

began to respond to inputs from adjacent dorsal skin, the volar palm, and digit D4.  After 

only a few weeks, the expanding representations had nearly occupied the entire deprived 

representation.   

     Functional reorganization can be induced in several sensorimotor cortical areas by 

several different activity patterns.  One of the most effective ways to induce 

reorganization is by blocking sensory input.  This is especially apparent in the barrel 

cortex of rodents after plucking or trimming a subset of whiskers.  Whiskers are tactile 

sensing appendages that actively palpate their local environment to detect its structural 
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features.  In barrel cortex of SI, each whisker is represented anatomically by a dense 

cluster of layer IV neurons called a barrel.  Each barrel responds best to the deflection of 

its principle whisker.  In young adults, removing sensory input from a subset of barrels 

by plucking or trimming whiskers rapidly depresses the responsiveness of neurons in SI 

to deprived inputs and slowly potentiates their responsiveness to spared inputs (Diamond, 

et al., 1993; Fox, 1992; Glazewski and fox, 1996).  This plasticity is still present in older 

adults but limited, as only potentiation of spared inputs is found (Fox and Wong, 2005).  

Similar reorganization is found in the primary visual cortex (VI) after ocular deprivation 

(Hubel and Wiesel, 1998).  In young rodents, monocular deprivation leads to a rapid 

reduction in the responsiveness of VI neurons to the deprived eye and a slow increase in 

responsiveness to the spared eye (Daw et al., 1992; Liu et al., 2008; Maffei et al, 2004).  

Like barrel field plasticity, this plasticity continues in adults but is limited, as it is slower 

to induce and mediated by response potentiation only (Hofer et al., 2006; Sato and 

Stryker, 2008; Sawtell et al., 2003).  These physiological changes may enable the cortex 

to dynamically allocate cortical resources toward active inputs.               

     Sensory deprivation is not the only way to elicit reorganization.  Repeated activation 

of sensory inputs potentiates cortical responses to those inputs.  For instance, in the 

auditory cortex repeatedly exposing animals to auditory stimuli increases the size of the 

representation in the primary auditory cortex (AI) that is tuned to that frequency 

(Keuroghlian and Knudsen, 2007).  Similarly in SI, temporally correlated stimulation of 

digits leads to an increase in SI neurons with multi-digit receptive fields to those inputs 

(Wang et al., 1995).  This use-dependent correlation plasticity may underlie sensorimotor 
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learning and memory (Jenkins et al., 1990; Nudo et al., 1996; Pleger et al., 2003; 

Recanzone et al., 1992a; Wang et al., 1995; Weinberger, 1993), as learning and memory 

is associated with cortical reorganization.  For example, after applying a tactile 

conditioning paradigm to a restricted area of the owl monkey hand, Recanzone et al. 

(1992a) reported changes in cortical map organization that were associated with task 

performance.  This is similar to human studies that examined the relationship between 

skilled learning and sensory map topography.  Both proficient Braille readers and string 

players have larger SI representations of parts of their hands that are actively used in 

Braille reading and instrument playing (Pascual-Leone and Torres, 1993; Elbert et al., 

1995).  These studies suggest the cortex allocates space in a use-dependent manner 

during skill learning tasks, and these changes may underlie sensorimotor learning and 

memory.  Interestingly, learning related plasticity is enhanced when stimuli is actively 

attended to, behaviorally relevant, or paired with positive or negative reinforcement or 

neuromodulation (Feldman, 2009).  

     While repeatedly activating sensory inputs general leads to response potentiation, 

substantial sensory overuse or underuse results in compensatory mechanisms that 

maintain initial response strength.  For example, continuously stimulating a whisker for 

24 hours or exposing animals to long periods of visual deprivation can lead to response 

depression (Knott et al., 2002; Mrsic-Flogel et al., 2007).  This type of plasticity has been 

termed homeostatic plasticity because it maintains synaptic efficacy within a set range of 

normal operation.  Homeostatic plasticity usually has slower kinetics and may enable the 
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cortex to normalize mean neural activity levels in the face of a dynamic sensory world 

that has slowly drifting input levels (Turrigiano and Nelson, 2004). 

     Functional reorganization does not occur exclusively in the cortex.  In fact, it has been 

observed at every level of the nervous system under certain circumstances: the spinal 

cord, hindbrain nuclei, thalamus, and cortex (Buonomano and Merzenich, 1998; Jones, 

2000).  However, several studies implicate the cortex as an important site of adult 

reorganization.  By examining the cortex and thalamus in the same animal after various 

manipulations, investigators have reported changes in the cortex without thalamic 

changes.  For example, Wang and colleagues (1995) used a tactile training task on 

monkeys to show that cortical units, and not thalamic units, developed multi-digit 

receptive fields.  Furthermore, Diamond and colleagues (1994) investigated 

somatosensory plasticity in response to sensory deprivation (i.e. whisker pairing) in 

different cortical layers in the developing rat.  They reported cortical changes in 

supragranular and infragranular cortical layers without changes in layer IV.  This 

suggests that supragranular and infragranular layers undergo rapid and robust 

reorganization, and are generally more susceptible to reorganization than layer IV.  This 

is consistent with data reported from Armstrong-James’ group (1994) that suggests rapid 

reorganization arises from changes in the weights of intracortical connections.  These 

studies confirm that intracortical connections are at least one source of important 

mediators of reorganization.  Moreover, even if subcortical plasticity is detected, it does 

not necessarily mean that changes found in the cortex are merely a reflection of 

reorganization originating in lower structures.  The thalamus, as well as the entire 
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somatosensory system, receives descending inputs from the cortex that influence 

thalamic organization.  The elimination of cortico-thalamic feedback significantly 

changes the spatiotemporal properties of neurons in the VPM of the thalamus and reduces 

thalamic reorganization induced by reversible peripheral deafferentation (Krupa et al., 

1999; Nicolelis, 2001).  Thus, thalamic reorganization is subject to both descending 

corticofugal and ascending trigeminothalamic projections.  

     The studies mentioned above clearly indicate that that the adult cortex is modified by 

experience, and this plasticity is important for physiological and patho-physiological 

processes.  By examining the patterns of activity that induce reorganization, Feldman 

(2009) proposed five basic components of functional reorganization.  The first two 

components are a fast reduction in responsiveness to deprived sensory inputs and a 

slower potentiation of responsiveness to spared inputs following sensory loss.  Both 

components appear to be driven by competition between active and inactive inputs, as 

less or no plasticity is found when all inputs are blocked (Wiesel and Hubel, 1965).  The 

third and fourth components are potentiation of temporally correlated inputs during 

normal sensory activity and potentiation of inputs paired with reinforcement.  This 

plasticity may be important for learning and memory and may or may not be functionally 

distinct from plasticity mechanisms after sensory loss.  The final component is 

homeostatic changes in response strength after substantial changes in sensory inputs.  

Because the operational rules of homeostatic plasticity are different from the other 

components of reorganization, it must be mediated by a distinct form of plasticity.           
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     Unfortunately, a complete understanding of the local-circuit mechanisms responsible 

for this reorganization is not known.  Two primary hypotheses have been proposed.   

First, functional reorganization could be mediated by several distinct forms of long-

lasting synaptic plasticity at several synaptic loci.  Synaptic plasticity reconfigures 

neural-circuits by modifying the strength of pre-existing synaptic connections between 

neurons.  Alternatively, reorganization could be mediated by several distinct forms of 

morphological plasticity, along with synapse formation and elimination, at different 

neural loci.  Morphological plasticity could reinforce synaptic changes and form novel 

pathways.  These hypotheses are not mutually exclusive, and I hypothesize that both of 

them and other factors underlie reorganization.  Because cortical reorganization can be 

induced rapidly after deafferentation ((Calford and Tweedale, 1988; Calford, 2002; 

Calford and Tweedale, 1991; Chino et al., 1992; Donoghue et al., 1990; Nudo et al., 1990; 

Pons et al., 1991; Turnbull and Rasmussen, 1990) and the induction of synaptic plasticity 

is faster than the induction of morphological plasticity, I hypothesize that synaptic 

plasticity is more important for the initial phase of reorganization, while morphological 

plasticity is more important for later phases of reorganization.   

  

Plasticity of local-circuit constraint properties: synaptic plasticity 

     In 1949 Donald Hebb proposed a postulate to explain the neural basis of learning and 

memory.  “When an axon of cell A is near enough to excite cell B, or repeatedly or 

consistently takes part in firing it, some growth process or metabolic change takes place 

in one or both cells that A’s efficiency, as one of the cells firing B, is increased.”  Several 
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decades later Bliss and Loma (1973) found experimental evidence supporting Hebb’s 

postulate.  They discovered synaptic inputs to CAI pyramidal cells potentiated after 

tetanic stimulation.  This began a prolific era of neuroscientific research that 

demonstrated neural circuits are not hard-wired, but capable of experience-dependent 

modifications in synaptic efficacy (long-lasting synaptic plasticity).   

 

Excitatory synaptic plasticity 

     Long-lasting synaptic plasticity of excitatory connections is an ideal candidate for 

cortical reorganization.  It is rapidly induced, long lasting, and can reconfigure neural-

circuits.  While there are many distinct forms of excitatory synaptic plasticity at different 

synaptic loci and developmental states, this introduction will focus on NMDAR-

dependent long-term potentiation (LTP) and long-term depression (LTD), as they are the 

most extensively studied and follow Hebbian learning rules.  NMDAR-dependent LTP 

and LTD are a long lasting increase and decrease in the efficacy of synaptic transmission, 

respectively.  They have been demonstrated in vitro and in vivo in many brain areas using 

a variety of induction paradigms.  For example, LTP has been demonstrated in the 

hippocampus after tetanic stimulation (Bliss and Lomo, 1973), theta burst stimulation 

(TBS; Larson et al., 1986), and pairing postsynaptic depolarization with presynaptic 

stimulation (Kelso et al., 1986, Malinow and Miller, 1986; Sastry et al., 1986; Wigstrom 

et al., 1986).  TBS induced LTP is particularly interesting because TBS occurs naturally 

in vivo in the hippocampus (Martin et al., 2000).  LTD has also been demonstrated in the 

hippocampus after low frequency stimulation (LFS; Dudek and Bear, 1992; Mulkey and 
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Malenka, 1992).  In both cases, the synaptic plasticity was NMDAR-dependent, input 

specific, and associative.   

     The outcome of NMDAR-dependent synaptic plasticity generally depends on the 

magnitude of NMDAR activation.  High frequency stimulation strongly activates 

NMDARs and leads to LTP (Bliss and Lomo, 1973), while LFS poorly activates them 

and leads to LTD (Dudek and Bear, 1992; Mulkey and Malenka, 1992).  For LTP, strong 

NMDAR activation leads to a large NMDAR-mediated calcium influx that elevates the 

intracellular calcium concentration within dendritic spines.  While little is known about 

the magnitude and microdomain properties of the calcium signal, an increase in calcium 

concentration lasting more than 2-3 seconds is sufficient to induce LTP (Malenka et al., 

1992).  Calcium then activates certain signaling molecules that express LTP.  The most 

established signaling molecule is calcium/calmodulin-dependent protein kinase II 

(CaMKII; Lisman et al., 2002; Malenka and Nicoll, 1999).  CaMKII has been 

hypothesized to act as a molecular switch (Lisman-Kennedy switch), undergoing 

autophosphorylation to function independently of calcium for prolonged periods of time 

(Lisman, 1985; Lisman and Goldring, 1988; Miller and Kennedy, 1986).  CaMKII and 

other signaling molecules then express LTP by modifying the trafficking (Bredt and 

Nicoll, 2003; Malenka and Nicoll, 1999; Malinow and Malenak, 2002; Song and Huganir, 

2002) and biochemical properties of AMPARs (Benke et al., 1998; Lee et al., 2003; 

Malenka and Nicoll, 1999; Soderling and Derkach, 2000), as well as other presynaptic 

properties (Choi et al., 2000).   
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     It is unlikely that the Lisman-Kennedy switch can last longer than a few hours, as 

CaMKII would eventually de-phosphorylate.  Thus, the maintenance of LTP requires the 

transcription and translation of de novo proteins that consolidate the plastic changes 

(Abraham and Williams, 2003; Lych, 2004; Pittenger and Kandel, 2003).  Cyclic AMP 

response element-binding protein (CREB) and CREB response element (CRE)-mediated 

gene expression are ideal candidates for the maintenance of LTP.  They are necessary for 

LTP lasting more than 2 hours (Bourtchuladze et al., 1994) and express several early 

effector genes that can maintain plastic changes or induce growth processes.   

     LTD induction and expression also requires NMDARs and calcium.  However, it is 

mediated by phosphatase activity instead of kinase activity that leads to the 

internalization of AMPARs (Beattie et al., 2000; Carroll et al., 1999; Ehlers, 2000; 

Heynen et al. 2000).        

     Unfortunately, LTP and LTD are more difficult to study in the cortex, with induction 

rates often less than 50% (Buonomano and Merzenich, 1998).  This may be because the 

types of cells and afferent pathways in the cortex are not as well characterized and 

segregated.  However, synaptic plasticity can be induced in the neocortex (Malenka and 

Bear, 2004), especially after manipulations that decrease inhibition or increase NMDAR 

activity (i.e. blocking GABAR mediated synaptic transmission, decreasing Mg2+) or 

using slices prepared from juvenile animals (Bear and Kirkwood, 1993; Tsumoto, 1992).  

These studies have demonstrated that cortical LTP and LTD often have similar properties 

as NMDAR-dependent LTP and LTD in the hippocampus.  For instance, TBS applied to 

layer IV induces LTP in more than 80% of layer II/III cells (Kirkwood et al., 1993; 
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Kirkwood and Bear, 1994).  Like hippocampal LTP, the potentiation is NMDAR-

dependent, associative, and input specific.  Cortical LTP also depends on calcium influx 

through NMDARs and CaMKII activity that modulate AMPARs by phosphorylating 

them (Malinow and Malenka, 2002).  Thus, “classical” LTP in the neocortex appears to 

be similar to LTP in the hippocampus.    

     NMDAR-dependent synaptic plasticity can also be induced in horizontal connections 

in SI.  Marik and Hickmott (2009) induce long-lasting enhancement and depression in 

50-80% of layer II/III cells by pairing depolarization with afferent stimulation and 

applying LFS, respectively.  However, the synaptic plasticity was not input specific.  

Similar results were found using TBS (Paullus, unpublished data).  Interestingly, the 

forepaw/lower jaw border biased the ability to induce synaptic plasticity, such that 

continuous connections generally potentiated more frequently than discontinuous 

connections.    

     An import question is: are LTP induction paradigms relevant to the activity pattern of 

neocortical synapses in vivo?  While the answer to this question is not known, spike 

timing-dependent plasticity (STDP) is a type of synaptic plasticity that is induced by 

activity patterns that occur in vivo.  The outcome of STDP depends on the relative timing 

of presynaptic and postsynaptic activity.  In classical STDP, presynaptic activity that 

precedes postsynaptic activity by 0 – 20 ms drives LTP, while postsynaptic activity that 

precedes presynaptic activity by 0 – 50 ms drives LTD.  STDP has been found in the 

cortex in vitro and in vivo (Jacob et al., 2007; Meliza and Dan, 2006) and has strongly 

been implicated in perceptual learning-related plasticity in VI (Fu et al., 2002; Yao and 
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Dan, 2001).  Furthermore, it can be induced in connections that undergo LTD in vivo 

after whisker deprivation (Feldman, 2000; Nevian and Sakmann, 2006). 

     If synaptic plasticity mediates cortical reorganization, cortical synapses must change 

during reorganization.  While finding an association between synaptic and cortical 

plasticity is technically challenging, there are some studies in different brain areas (i.e. SI, 

VI, amygdala, etc.) that suggest synaptic plasticity is associated with cortical 

reorganization and some forms of learning and memory.  For instance, Finnerty and 

colleagues (1999) found that sensory deprivation is associated with long lasting 

reductions in synaptic efficacies in supragranular layers of the rat barrel cortex.  This 

finding was supported by Allen and colleagues (2003) study that showed whisker 

deprivation induces LTD-like process in layer IV to layer LII/III vertical connection in 

the rodent barrel cortex.  The synaptic plasticity was column specific, dependent on 

competition between active and inactive whiskers, and occluded subsequent LTD 

induction.  Synaptic plasticity has also been shown to be associated with skill learning.  

Rioult-Pedotti et al. (1998) found a correlation between skill learning and synaptic 

plasticity in supragranular horizontal connections in the motor cortex.  However, this 

study was not repeated when attempted by Cohen and Castro-Alamancos (2005).   

     Further support for synaptic plasticity comes from studies that found many of the 

proteins that are required for NMDAR-dependent LTP are also required for cortical 

reorganization and learning and memory.  For instance, Cline and Constantine-Paton 

(1987) demonstrated that NMDARs are required for proper ocular dominance column 

segregation, as the application of 2-amino-5-phosphonovaleric acid (APV), an NMDAR 
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antagonist, desegregates ocular dominance columns.  Hardingham and colleagues (2003) 

used alpha-calcium/calmodulin-dependent protein kinase II (alpha-CaMKII) T286A 

mutant mice to demonstrate that alpha-CaMKII autophosphorylation, an LTP constituent, 

is required for TBS, pairing, and experience induced LTP in the rodent barrel cortex.  

CREB has also been implicated, as CREB knockout mice have reduced levels of 

potentiation to spared whiskers after whisker deprivation (Glazewski et al., 1999).  

Furthermore, sensory deprivation induced synaptic plasticity in layer IV to layer LII/III 

synapses in the barrel cortex has similar activation and biochemical requirements as 

homosynaptic LTD (Allen et al., 2003; Finnerty et al.,1999; Heynen et al., 2003, 

Rittenhouse et al., 1999).  However, selective blocking of molecules required for LTD 

has mixed success in occluding reorganization (Hensch and Stryker, 1996; Fischer et al., 

2004; Yang et al., 2005).   

     If synaptic plasticity contributes to reorganization they must be activated by similar 

induction paradigms.  As early as 1964, Hubel and Weisel demonstrated that monocular 

deprivation produced greater changes in ocular dominance columns than binocular 

deprivation or dark rearing.  More recently, checkerboard deprivation (trimming alternate 

whiskers) has been shown to induce greater reorganization than trimming a subset of 

whiskers (Wallace and Fox, 1999).  This indicates that cortical reorganization, like 

NMDAR-dependent LTP and LTD, is driven by competition between active and inactive 

inputs.  This makes Hebbian LTP and LTD an ideal candidate for reorganization.  The 

loss of activity to deprived barrels could trigger an LTD-like mechanism, while the loss 

of tonic inhibition from deprived barrels and continued activation of spared barrels could 
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trigger an LTP-like mechanism.  This could modify local-circuit constraint properties and 

shift receptive fields toward spared inputs, as observed during cortical reorganization. 

      

Inhibitory synaptic plasticity  

     The spread of cortical activity is dependent on the balance of excitation and inhibition.  

While excitation drives neural-circuits, inhibition depresses or occludes excitatory 

neuronal responses and modulates temporal response patterns (Buonomano and 

Merzenich, 1995).  This helps maintain functional borders and limit the tangential flow of 

activity to its corresponding representation.  For example, in the rodent barrel cortex each 

barrel is preferentially activated by a single vibrissae (Armstrong-James et al., 1975; 

Simons, 1978).  However, subthreshold responses are found in adjacent barrels (Carvell 

and Simons, 1988).  This activity pattern is reflected by the anatomy of thalmo-cortical 

and intracortical cells and the interaction of excitation and inhibition.  Thalmo-cortical 

afferents project almost exclusively to their corresponding barrels and the majority of 

layer IV neurons have dendritic arbors and axons that are restricted to a single barrel 

(Harris and Woolsey, 1983).  However, supragranular and infragranular cortical 

pyramidal cells send excitatory and inhibitory collaterals to adjacent barrels (Simons and 

Carvell, 1989; Simons et al., 1989).  Blocking intracortical GABAergic connections 

increase the size of receptive fields of SI neurons (Alloway et al., 1989; Dykes et al., 

1984) and the lateral spread of activity throughout large regions of the barrel cortex 

(Petersen and Sakmann, 2001).  Similar results are found in VI, as increasing inhibition 

with GABA agonists increases the spacing between ocular dominance columns (Hensch 
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and Stryker, 2004).  These studies indicate that excitation is restricted by more 

widespread inhibition.  

     As with excitatory connections, inhibitory synaptic connections are highly plastic.  

This has been demonstrated in the hippocampus (Gaiarsa et al., 2002), cortex (Komatsu 

and Iwakiri, 1993; Komatsu, 1994), and many other brain regions (Nugent and Kauer, 

2008).  These changes are mediated by changes in the excitatory drive onto interneurons 

(iEPSPs) and/or direct changes in the inhibitory drive onto principle cells (IPSPs).  Both 

iEPSPs and IPSPs have been shown to undergo several distinct forms of experience-

dependent modifications.  For instance, several studies have demonstrated synaptic 

plasticity of iEPSPs in the hippocampus (Kullmann and Lamsa, 2007).  Interestingly, 

stimulus paradigms that normally elicit potentiation at excitatory synapses on principle 

cells often elicit depression at iEPSPs.  For example, tetanic stimulation drives LTD at 

recurrent collateral-CA3 stratum radiatum interneuron and mossy fiber-CA3 stratum 

lucidum interneuron synapses (Laezza et al., 1999).  However, the direction of the change 

usually depends on the relative density of calcium permeable AMPA and NMDA 

receptors and many distinct forms of potentiation and depression have been found 

(Kullmann and Lamsa, 2007).  Inhibitory connections onto principle cells can also 

undergo many forms of synaptic plasticity including: NMDA receptor-dependent LTD, 

calcium channel-dependent LTP, IP3-mediated LTP, and endocannabinoid mediated 

LTD (Nugent and Kauer, 2008).  Overall, the plasticity outcome often depends on the 

source of calcium transients (Caillard et al., 1999).  For example, Komatsu and 

colleagues have shown that LTP or LTD can be induced in monosynaptic inhibitory 
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connections onto pyramidal cells in VI by applying tetanic stimulation (Komatsu, 1994; 

Komatsu and Iwakiri, 1993).  The ultimate outcome depended on wither or not NMDARs 

were allowed to activate.  When NMDARs were not blocked, depression occurred; when 

they were blocked, potentiation occurred.  Like NMDAR-dependent excitatory LTP in 

CAI, the synaptic plasticity was input specific and associative.  However, it was not 

dependent on membrane potential.   

     These studies indicate that neural-circuits are capable of diverse forms of synaptic 

plasticity of iEPSPs and IPSCs.  However, their properties may be different than 

excitatory synaptic plasticity.  For instance, some forms of inhibitory synaptic plasticity 

are not specific to activated inputs (McMahon and Kauer, 1997).  This is not entirely 

surprising; excitatory drive onto interneurons and inhibitory drive onto principle cells are 

mediated by synapses that primarily innervate the shafts of dendrites and somata, but not 

spines.  Spines are assumed to provide the biological compartmentalization necessary for 

input specific synaptic plasticity (Nimchinsky et al., 2002; Yuste and Majewska, 2001).  

Without spines, it is hard to imagine what could limit the diffusion of biochemical 

signaling molecules to activated synapses.  Thus, inhibitory synaptic plasticity may 

provide a mechanism where more widespread, input nonspecific changes in activity can 

influence cortical organization.   

     Because inhibition constrains excitation, inhibitory synaptic plasticity could modify 

the lateral flow of activity and reorganize sensory map topography.  In the somatosensory 

(Garraghty et al., 1991; Welker et al., 1989) and visual cortex (Hendry and Jones, 1988), 

deafferentation is correlated with a reduction of GABA markers, while chronic 
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stimulation is correlated with an increase in GABA markers (Welker et al., 1989).  

Changes in GABA receptors, GAD, and GABAergic puncta have also been found during 

reorganization (Foeller and Feldman, 2004).  Moreover, approximately 25% of cortical 

neurons (Beaulieu et al., 1992; Hendry et al., 1987) and 20% of cortical synapses 

(Beaulieu et al., 1992) are GABAergic, and possess widespread influence over excitatory 

neurons.  Given that excitatory synaptic plasticity is modulated by inhibition (Wigstrom 

and Gustafsson, 1985) and both inhibitory LTP and LTD have been demonstrated in the 

cortex (Komatsu, 1994; Komatsu and Iwakiri, 1993), changes in inhibition are excellent 

candidates for cortical reorganization.  As with excitatory synaptic plasticity, it could 

modify local-circuit constraint properties and reorganize sensory map topography.    

 

Plasticity of local-circuit constraint properties: morphological plasticity 

     The spread of cortical activity is also constrained by the structure of the neural 

connections.  For instance, the area of layer IV cortex activated by tactile stimulation is 

limited by the extent of arborization of activated thalmo-cortical afferents.  Cells outside 

this “anatomical limit” do not receive ascending inputs, and thus, do not directly respond 

to the stimuli.  Changes in the structure of input (dendrites) and/or output elements 

(axons) of neurons at any level of the somatosensory system could reorganize sensory 

map topography.   

 

Dendritic plasticity 
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     Activity-dependent changes in the dendrites of cortical neurons have been thoroughly 

documented in developing animals.  Removing or cauterizing a row of mystacial vibrissal 

follicles in neonatal mice changes the orientation of dendrites in deprived and adjacent SI 

barrels (Steffan and Van Der Loos, 1980; Harris and Woolsey, 1981).  Interestingly, the 

dendritic orientation appears to shift in register with the changing thalmo-cortical activity 

(Harris and Woolsey, 1981).  Similar findings have been reported using less severe 

manipulations.  Whisker trimming changes the spatial structure of secondary dendritic 

branches (Maravall et al., 2004), and monocular deprivation changes the orientation of 

dendrites toward ocular dominance columns representing the spared eye (Kossel et al., 

1995).  In fact, dendritic changes have been reported following several different 

manipulations to afferent activity.  These include: sensorimotor learning (Chang and 

Greenough, 1982; Greenough et al., 1985), cortical damage (Jones and Schallert, 1992), 

chronic exposure to drugs (Robinson and Kolb, 2004), and housing animals in socially 

and perceptually enriched environments (Kolb and Whishaw, 1998).   

     Unfortunately, it is less clear if activity can modify dendrites in adults.  While changes 

in dendritic structure have been reported in the sensorimotor cortex in response to 

housing rats in complex environments and training paradigms (Black et al., 1989), more 

recent studies have demonstrated that dendrites are generally resistant to deprivation 

induced structural changes (Trachtenberg et al., 2002; Grutzendler et al., 2002).  

However, several studies over the last few decades have reported structural changes 

associated with cortical reorganization.  For instance, our lab recently demonstrated that 

the structure of dendrites changes in supragranular layers of the SI following peripheral 
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denervation (Hickmott and Steen, 2005).  Initially dendrites are biased away from the 

FP/LJ jaw border (Hickmott and Merzenich, 1999).  After 14 and 28 days of forepaw 

denervation, the FP/LJ border translocates medially into the reorganizing field.  This 

reorganization is associated with a reduction in the dendritic bias at the original border 

and the expression of a new dendritic bias at the novel border.  Similar changes have 

been found in barrel cortex (Tailby et al., 2005).  While whisker clipping does not alter 

spine density or total dendritic length, it significant changes the dendritic orientation 

away from the center of their corresponding barrel (Steffen and Van der Loos, 1980).  

 

Axonal plasticity 

     In addition to dendritic changes, axonal changes have also been reported in developing 

and mature animals.  Prism rearing induces axon sprouting in the inferior colliculus of 

juvenile barn owls (DeBello et al., 2001) and short and long-term divergent strabismus 

changes supragranular horizontal connection between ocular dominance columns in cat 

VI (Trachtenberg and Stryker, 2001).  Like dendritic changes, these axonal changes 

correspond to physiological changes in ocular responsiveness.    

     While it may be more difficult to induce axonal changes in adults, several studies have 

found them in the cortex (Darian-Smith and Gilbert, 1994; Florence et al., 1998; 

Yamahachi et al., 2009) and subcortical structures (DeBello et al., 2001; Rubel et al., 

1981) of mature animals.   Long-lasting trauma to the forelimbs of adult macaque 

monkeys resulted in axonal remodeling of intracortical, but not thalmo-cortical 

connections, in area 3b and 1 of SI (Florence et al., 1998).  More recently, Yamahachi 
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and colleagues (2009) found evidence for rapid bidirectional axonal plasticity in the adult 

primary visual cortex using two-photon microscopy of individual axons.  Similar findings 

have been found following cerebellar lesions (Keller et al., 1990), retinal lesions (Darian-

Smith and Gilbert, 1994), and ischemic stroke models (Carmichael et al., 2001; Dancause 

et al., 2005).  Axon sprouting can also be induced by behavioral paradigms.  DeBello and 

colleagues (2001) demonstrated that prism rearing altered axon structure between the 

central nucleus and the external nucleus of the inferior colliculus.   

     The temporal progression of axon sprouting has not been well characterized after 

peripheral deafferentation.  In ischemic stroke models, growth cone formation has been 

detected within 7-14 days after central lesions (Stroemer et al., 1995) and novel axons 

forming new patterns of connections has been detected anatomically approximately 4 

weeks after the central lesion (Carmichael et al., 2001).  Dendritic and axonal changes 

could modify local-circuit constraint properties and change the flow of activity in the 

cortex. 

 

BDNF: a molecular link between activity and synaptic and morphologic plasticity 

     Synaptic plasticity is associated with morphological changes (Abraham and Williams, 

2003; Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001) and actin polymerization is 

both correlated (Fukazawa et al., 2003) and required for LTP (Kim and Lisman, 1999; 

Krucker et al., 2000).  This leaves open an intriguing possibility that coordinated synaptic 

and morphological plasticity work together to functional reorganize the cortex.  How 

might changes in the pattern of neuronal activity induce synaptic and morphological 
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plasticity?  One possibility is neurotrophic factors.  Neurotrophic factors such as brain 

derived neurotrophic factor (BDNF) and nerve growth factor (NGF) and their receptors 

tyrosine kinase receptor B and C (TrkB and TrkC)  are highly expressed in the cortex, 

hippocampus, and cerebellum (McAllister et al., 1999), and their release is regulated by 

neuronal activity.  For instance, depolarizing cultured hippocampal or cerebellar cells 

with high potassium or glutamate agonists upregulate BDNF and NGF mRNA levels 

(Berninger et al., 1995; Berzaghi et al., 1993; Bessho et al., 1993; Lindholm et al., 1994; 

Lu et al., 1991; Zafra et al., 1990; Zafra et al., 1991; Zafra et al., 1992), while applying 

GABAa agonist downregulates them (Berninger et al., 1995; Berzaghi et al., 1993; Zafra 

et al., 1991).  Furthermore, epileptiform activity increases BDNF mRNA levels more 

than six fold in dentate granule cells (Ernfors et al., 1991).  Neurotrophins do not 

exclusively exert trophic effects.  They can also exert tropic and synaptic effects.  During 

development BDNF has been implicated in changing the spatial organization of axonal 

arbors, as infusion of BDNF into the Xenopus optic tectum increases axonal branching in 

retinal ganglion cells, while BDNF antibodies reduces axon branching and hinders axon 

outgrowth (Cohen-Cory and Fraser, 1995).  Similar effects are found during synaptic 

plasticity in the hippocampus and cortex (McAllister et al., 1999).  LTP induction in the 

hippocampus is attenuated after inhibiting BDNF signaling (Figurov et al., 1996; Kang et 

al., 1997) and in BDNF knockout mice (Korte et al. 1995; Patterson et al., 1996).  These 

effects are rescued by either transfection slices with BDNF expressing adenovirus (Korte 

et al., 1996) or applying exogenous BDNF (Patterson et al., 1996).  Furthermore, chronic 

depolarization of cultured cortical neurons induces homeostatic plasticity that requires the 
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release of BDNF (Rutherford et al., 1997).  Thus, BDNF is directly linked to synaptic and 

morphological plasticity.  During reorganization, activity-dependent neurotrophic factors 

such as BDNF could be released from active regions of cortex adjacent to deprived areas, 

and these neurotrophic factors could cause both morphological and synaptic changes that 

reorganize cortical topography.  Of course this is a simplified hypothetic model.  In 

reality, many gene products are likely to interact to coordinate synaptic and 

morphological changes.  For instance, cpg15 is another gene that has been linked to 

synaptic and morphological plasticity (Nedivi et al., 1998) and is associated with cortical 

reorganization after sensory loss (Harwell et al., 2005). 

      

Conclusion 

     Changes in local-circuit constraint properties of horizontal connections could 

reorganize sensory map topography by modifying the lateral flow of activity in the cortex.  

In this dissertation I used an in vivo/in vitro preparation of the FP/LJ region of adult SI to 

examine plasticity of three local-circuit constraint properties of horizontal connections: 

excitatory synaptic plasticity, inhibitory synaptic plasticity, and axon remodeling.  This 

approach was useful because the properties of discontinuous connections are markedly 

different than continuous connections, making it easy to detect changes in them during 

reorganization.   

     The first set of experiments probed excitatory and inhibitory synaptic plasticity in 

continuous and discontinuous horizontal connections.  Synaptic plasticity is widely 

assumed to contribute to functional reorganization.  However, little is known about 
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synaptic plasticity in horizontal intracortical connections; particularly the characteristics 

of inhibitory synaptic plasticity, its relationship to excitatory synaptic plasticity, and their 

relationship to the functional organization of the cortex.  Our results demonstrate that 

tetanic stimulation induces diverse forms of excitatory and inhibitory synaptic plasticity 

in individual neurons, with LTP dominating for excitation and LTD dominating for 

inhibition.  The border did not restrict this plasticity in either case.  In contrast, 

tetanization resulted in LTP of pharmacologically isolated IPSCs in continuous 

connections only.  Thus, continuous and discontinuous horizontal connections are 

capable of undergoing diverse forms of excitatory and inhibitory synaptic plasticity that 

could contribute to reorganization.   

     Changes in structural organization have also been found during reorganization (see 

above).  However, there is still considerable disagreement about axonal changes after 

sensory loss in adults, and its time course is poorly characterized.  The final set of 

experiments examined the role of axon plasticity in functional reorganization.  Forelimb 

denervation resulted in a sustained change in the location of the border that was 

associated with a significant reduction in the axonal bias at the original border after 6 

weeks of denervation, but not after 4 or 12 weeks.  The change in axonal bias was due to 

an increase in axons that cross the border at 6 weeks, followed by an apparent loss of 

these axons by 12 weeks.  This suggests bidirectional axonal rearrangements are 

associated with relatively long durations of reorganization, and could transiently 

contribute to later durations of cortical reorganization.  Overall, these experiments 
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suggest supragranular horizontal connections are capable of synaptic and structural 

plasticity, and this plasticity could contribute to cortical reorganization.  
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Chapter 2 

Diverse excitatory and inhibitory synaptic plasticity outcomes 

in complex horizontal circuits near a functional border of adult 

neocortex  

 

Abstract: 

     The primary somatosensory cortex (SI) is topographically organized into a map of the 

body.  This organization is dynamic, undergoing experience-dependent modifications 

throughout life.  It has been hypothesized that excitatory and inhibitory synaptic plasticity 

of horizontal intracortical connections contributes to functional reorganization.  However, 

very little is known about synaptic plasticity of these connections; particularly the 

characteristics of inhibitory synaptic plasticity, its relationship to excitatory synaptic 

plasticity, and their relationship to the functional organization of the cortex.  To 

investigate this, I located the border between the somatosensory forepaw and lower jaw 

representation in vivo, and used whole cell-patch electrophysiology to record post-

synaptic excitatory and inhibitory currents (EPSCs and IPSCs) of supragranular 

polysynaptic horizontal connections in vitro.  Connections that remained within the 

representation (continuous) and those that crossed from one representation to another 

(discontinuous) were stimulated differentially, allowing us to examine differences 

associated with the border.  To induce synaptic plasticity, tetanic stimulation was applied 

to either continuous or discontinuous pathways.  Tetanic stimulation induced diverse 
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forms of excitatory and inhibitory synaptic plasticity in individual neurons, with LTP 

dominating for excitation and LTD dominating for inhibition.  The border did not restrict 

plasticity in either case.  In contrast, tetanization potentiated pharmacologically isolated 

IPSCs in continuous connections only.  These data demonstrate that tetanic activation of 

either continuous or discontinuous pathways can result in diverse forms of coordinated 

excitatory and inhibitory synaptic plasticity that are differentially inducible.  Furthermore, 

continuous connections can undergo homosynaptic inhibitory LTP, independent of 

excitatory drive onto interneurons.  Thus, coordinated excitatory and inhibitory synaptic 

plasticity of continuous and discontinuous connections are capable of contributing to 

functional reorganization.          

 

Introduction:  

     A critical feature of the nervous system is that it uses sensory maps to topographically 

represent incoming sensory information.  These maps are organized into functionally 

discrete subregions (i.e. representations) that correspond to the spatial distribution of 

sensory receptors in the periphery.  This organization is reflected by the properties of 

underlying supragranular horizontal connections.  These connections integrate sensory 

information by connecting functionally-related cortical columns that possess similar 

response properties.  Their structural and functional properties differ within and across 

representations.  For instance, neurons close to the border have dendrites and axons 

oriented away from the border (dendritic bias, Hickmott and Merzenich, 1999; axonal 

bias, Steen et al., 2007), and the spread of excitatory and inhibitory synaptic transmission 
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is reduced across borders (physiological bias, Burns and Hickmott, 2003; Hickmott and 

Merzenich, 1998).  These local-circuit properties presumably maintain representational 

boundaries by restricting activity to its corresponding representation.   

     The functional organization of sensory maps is not static; it remains dynamic 

throughout life, undergoing experience-dependent modifications.  This reorganization is 

especially apparent after sensory deprivation, in which cortical space is reallocated 

toward spared inputs at the expense of deprived inputs (Calford and Tweedale, 1988; 

Chino et al., 1992; Donoghue et al., 1990; Gilbert and Wiesel, 1992; Hickmott and 

Merzenich, 2002; McCandlish and Li, 1996; Merzenich et al., 1983; Pons et al., 1991; 

Sanes et al., 1990; Turnbull and Rasmussen, 1990).  The change in topography occurs 

rapidly and then continues to progress for several weeks until reaching a new steady-state 

(Burns and Hickmott, 2003; Hickmott and Merzenich, 2002; Merzenich et al., 1983; 

Paullus et al., 2011).  It is associated with important physiological and patho-

physiological processes including sensory-motor learning, phantom limb pain and 

sensation, recovery of function after stroke, and childhood learning disabilities (Jenkins 

et al., 1990; Merzenich et al., 1993; Merzenich et al., 1996; Nudo et al., 1996; Tallal et al., 

1996).  Thus, functional reorganization is of interest to basic and clinical neuroscientist.  

     Unfortunately, the cellular and synaptic mechanisms responsible for these changes are 

not completely understood.  While subcortical changes have been found during 

reorganization, supragranular horizontal connections in the cortex appears to be the first 

to reorganize (Diamond et al., 1994; Wang et al., 1995).  These connections are 

especially plastic in border regions between spared and deprived representations.  For 
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instance, the morphological and physiological biases at the original FP/LJ border relocate 

to track the location of the novel border after forepaw denervation (Hickmott and Steen, 

2005; Hickmott and Merzenich, 2002; Paullus et al., 2011).  These local-circuit changes 

could mediate reorganization by increasing the spread of activity across the border into 

deprived cortical territories.  

     Synaptic plasticity of horizontal connections is an ideal candidate for cortical 

reorganization.  It is activity-dependent, rapidly induced, long lasting, and can modify the 

spread of cortical activity (Buonomano and Merzenich, 1998).  Previously our lab 

demonstrated diverse excitatory synaptic plasticity outcomes in horizontal connections 

after pairing them with postsynaptic depolarization (Marik and Hickmott, 2009).  

Interestingly, the pairing paradigm occasionally induced changes in both the excitatory 

and inhibitory component of complex PSPs.  This was not entirely surprising, as 

horizontal circuits are complex combinations of excitatory and inhibitory connections and 

any one of these could potentially undergo plasticity.  While excitatory synaptic plasticity 

has been well documented in the cortex (Bear and Kirkwood, 1993;; Kirkwood et al., 

1993; Kirkwood and Bear, 1994; Marik and Hickmott; Tsumoto, 1992), less is known 

about inhibitory synaptic plasticity.  However, inhibitory synaptic plasticity can be 

induced in the cortex (Komatsu 1994, Komatsu and Iwakiri 1993) and it limits the lateral 

flow of activity (Alloway et al. 1989, Dykes et al. 1984).  Thus, potentiating excitation 

and/or depressing inhibition could unmask previously subthreshold activity, mediating 

reorganization by expanding the area of cortex activated by sensory inputs.  

Unfortunately, little is known about activity-dependent coordinated changes in excitation 
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and inhibition in horizontal connections; particularly the characteristics of inhibitory 

synaptic plasticity, its relationship to excitatory synaptic plasticity, and their relationship 

to the functional organization of the cortex.   

     Here I extend findings reported in Marik and Hickmott (2009) by disentangling 

inhibitory synaptic plasticity from excitatory synaptic plasticity in complex horizontal 

connections, and examining their relationship to each other and to the functional 

organization of the cortex.  I located a functional border between the somatosensory 

forepaw and lower jaw representation in vivo and then used blind whole cell-patch 

electrophysiology to record compound PSCs in vitro before and after tetanizing 

polysynaptic supragranular horizontal connections.  Tetanization is a reliable method for 

inducing excitatory and inhibitory synaptic plasticity in the hippocampus and cortex 

(Bliss and Lomo, 1973; Hirsch and Crepel, 1990; Komatsu, 1994; Komatsu and Iwakiri, 

1993).  To examine the relationship between excitatory and inhibitory synaptic plasticity, 

the excitatory and inhibitory component of compound PSCs were measured in the same 

cell at different membrane potentials.  To examine differences associated with the border, 

connections that remained within the representation (continuous) and those that crossed 

from one representation to another (discontinuous) were stimulated differentially.  I 

found diverse forms of excitatory and inhibitory synaptic plasticity in individual neurons, 

including both potentiation and depression.  The border did not restrict this plasticity and 

excitation and inhibition appeared to be differentially regulated.  I also found evidence 

for plasticity of inhibitory synapses that was independent of their excitatory inputs. These 

results suggest continuous and discontinuous supragranular horizontal connections are 
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capable of diverse forms of coordinated excitatory and inhibitory synaptic plasticity that 

could contribute to cortical reorganization.          

            

Materials and Methods: 

   Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO). 

 

Experimental design 

     The location of the border between the forepaw and lower-jaw representations (FP/LJ 

border) in SI of adult rats was determined using standard electrophysiological techniques 

and marked with the fluorescent dye, DiI (Figure 2.1A).  Coronal sections containing dye 

marks were maintained in vitro until ready for blind whole cell electrophysiology.   

Stimulation electrodes were positioned to activate two horizontal pathways differentially: 

one that crossed the FP/LJ border (discontinuous pathway) and one that remained within 

the representation of the recorded neuron (continuous pathway; Figure 2.1B).  Compound 

PSCs were recorded in LII/III neurons near the FP/LJ border before and after applying 

repeated tetani to one of the pathways.  The excitatory and inhibitory component of PSCs 

post tetanus were compared to baseline PSCs at the same stimulus intensity.  To examine 

changes in monosynaptic inhibition, IPSCs were subsequently pharmacologically isolated 

and the I/O relationship was determined for both pathways.  The data were analyzed by 

comparing the I/O plots of tetanized cells to naïve cells.  
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In vivo mapping of the FP/LJ border  

     All experiments were done on Sprague-Dawley rats in accordance with University of 

California at Riverside IACUC and NIH institutional guidelines.  Adult female Sprague-

Dawley rats (mean age = 217.3 days, range = 156 - 271 days; mean weight = 334.9 g, 

range = 288 – 427 g; N = 54; raised in house) were anesthetized with sodium 

pentobarbital (50 mg/kg, i.p., Henry Schein, Port Washington, NY) until areflexic and 

immobilized in a stereotaxic frame.  Lidocaine (2%, Abbott Laboratories, North Chicago, 

IL) was injected subcutaneously within all surgical perimeters and pressure points and 

rectal temperatures were monitored and maintained between 35º to 38º C with a heating 

pad.   

     To reduce edema a cisternal-drain was performed prior to the craniotomy.  The SI was 

exposed by reflecting the rat’s skin and temporalis muscle and performing a craniotomy 

at the intersection of Bregma and the temporal crest.  The dura mater was reflected and a 

digital image of the cortex was recorded using a Leica ICA videocamera (Leica 

Microsystems, Bannockburn, IL).  The image was transferred to Canvas (ACD Systems 

of America, Miami, FL) for rendering.   

     The border between the forepaw and lower-jaw representation of the SI was mapped 

via extracellular multi-unit recordings.  Carbon-fiber electrodes were made by inserting 

carbon fibers (10 µm diameter) into glass pipettes and pulling them with a 

Flaming/Brown puller (Sutter Instruments, Novato, CA) such that the carbon fiber 

extended beyond the pipette tip.   Electrodes were filled with 3 M NaCl and inserted into 

the cortex approximately 650 µm below and perpendicular to the pial surface at several 
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different rostral-caudal and medial-lateral positions.  When approaching the border, 

electrode penetrations were made less than 50 µm.  During each penetration tactile 

stimulation was applied with a glass probe to the contralateral forepaw and lower-jaw to 

evoke multi-unit cutaneous responses in SI.  Responses were amplified 10,000X and 

filtered between 300 Hz and 5,000 Hz with an AM Systems Microelectrode AC 

Amplifier (Model 1800, AM Systems Inc., Carlsborg, WA), and transduced into audio 

signals with an AM10 audio monitor (Grass Astro-Med Inc. Product Group, West 

Warwick, RI).  Responses were characterized as forepaw, lower-jaw, or dual 

forepaw/lower-jaw responsive (FP/LJ border) by listening to the auditory output.  This 

technique locates the border within 100 µm (Hickmott and Merzenich, 1998).  Several 

border points were then marked with fluorescent crystals by inserting an electrode coated 

with 2% DiI 555 (dissolved in ethanol; Molecular Probes, Eugene, OR; DiCarlo et al., 

1996; Hickmott and Merzenich, 2002) into the cortex for approximately 5 minutes 

(Figure 2.1A).    

 

In vitro blind whole-cell patch electrophysiology 

     After mapping the forepaw/lower jaw border, areflexic anesthetized rats were 

decapitated.  Their brains were removed and sectioned into 400 µm thick coronal slices 

with a VT 1000S vibrating tissue slicer (Leica, McBain Instruments Simi Valley, CA).  

Sections were cut and maintained in an oxygenated, low sodium mammalian bicarbonate 

buffer with 2R-amino-5-phosphonovaleric acid (APV; in mM: Sucrose 138, KCl 2.5,  



60 
 

 

Figure 2.1. In vivo/in vitro preparation.  A.  Image of in vivo preparation.  Inset shows a 
schematic of the lateral view of a rat cortex showing the somatotopic representation of 
the body surface (“ratunculus”).  The micrograph shows the surface of S1 in the region of 
the FP/LJ border with a schematic diagram of the representation superimposed on it.  
Forepaw (white circles), lower jaw (black circles), and dual-response (white open circles) 
electrode penetrations are shown by circles. Sites with equal forepaw and lower jaw 
responses were taken to be the border (black line) and labeled with DiI (black rectangles).  
The dashed lines depict a 400 um coronal section containing a DiI mark used for the in 
vitro preparation.  Medial is up; rostral is toward the right; scale bar is 1 mm.  B. 
Schematic of the in vitro slice preparation showing an anterior view of a coronal section 
containing a DiI mark labeling the border.  The top curved line represents the pial surface; 
the bottom curved line represents the grey/white matter interface, and the filled oval 
represents the DiI mark labeling the FP/LJ border (vertical dashed line).  Coronal sections 
were undercut at LIV (cut-line) to isolate supragranular circuitry.  C.  Higher 
magnification view of the dashed rectangle in B.  Neurons ~ 100 µm from border were 
recorded with whole cell-patch recording electrodes.  Two stimulation electrodes were 
positioned 300 µm medial and lateral to the recording electrode such that continuous (left 
square) and discontinuous horizontal connections (right square) could be stimulated 
differentially.    
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NaH 2 PO4 1.25, MgSO4 1.3, CaCl 2 2.5, NaHCO3 26.2, glucose 11, APV 0.1; pH 7-7.4; 

saturated with 95%O2/5%CO2) for at least 1 hour to equilibrate.  Sections were then 

transferred to standard bicarbonate buffer (in mM: NaCl 119, KCl 2.5, NaH2PO4 1.25, 

MgSO4 1.3, CaCl2 2.5, NaHCO3 26.2, glucose 11; pH 7-7.4; saturated with 

95%O2/5%CO2) for at least 45 minutes before recording.      

     The FP/LJ border was identified in the slices with an epifluorescent microscope.  

Sections were then undercut at layer IV (~600 µm depth) to isolate supragranular  

circuitry.  Neurons approximately 100 µm from the FP/LJ jaw border in SI were then 

recorded using blind whole cell-patch electrophysiology.  Patch electrodes with a 1.5 - 

2.5 µm tip diameter and a 3-7 MΩ tip resistance were pulled with a Flamming/Brown 

puller (Sutter Instruments, Novato, CA) and filled with cesium-based filling solution (in 

mM, Cs-gluconate 133.5, KCl 7, EGTA 0.1, HEPES 10, Mg-ATP 2, Na-GTP 0.2, 

biocytin 1, pH 7.2-7.4).  In most cases 10 mM lidocaine N-ethyl bromide was also added 

to block spikes (n = 36).  Since there was no significant difference between recordings 

with and without Lidocaine N-ethyl bromide (Kruskal-Wallis test; EPSC amplitude 

percent change: P = 0.8590, IPSC amplitude percent change: P = 0.9436), the two groups 

were pooled in the analysis.   

     An Axoclamp 2B amplifier (Molecular Devices, Sunnyvale, California) was used in 

voltage clamp mode to amplify post-synaptic currents from neurons located near the 

FP/LJ border in supragranular SI.  The data were digitized at 10 kHz and imported into 

the Igor Pro data acquisition system (Wavemetrics, Inc.) on a Macintosh G4 computer.  

Two bipolar, parylene-coated tungsten stimulating electrodes with a 1 MΩ resistance and 
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50 µm tip separation were placed 300 µm lateral and medial to the recorded cell.  One 

pole of the electrode was 75 um shorter than the other.  This configuration allowed us to 

accurately localize our stimulation site to a small population of fibers and activate two 

discrete afferent populations: one that crossed the forepaw/lower jaw border 

(discontinuous pathway) and one that remained within the representation of the recorded 

neuron (continuous pathway; Fig 1B).  The pathways were activated via alternating 0.1 

Hz stimulation throughout the experiments.  I am confident this paradigm activated 

discrete populations of fibers.  Previous data from our lab used the same paradigm to 

demonstrate differences in the properties of post-synaptic responses between 

discontinuous and continuous pathways (Hickmott and Merzenich 1998, Burns and 

Hickmott 2003, Hickmott and Merzenich, 2002).  Thus, any overlap in afferent 

populations is insufficient to obscure differences between afferent populations (Marik 

and Hickmott 2009).  Given this specificity in afferent activation, I defined three forms of 

synaptic plasticity.  Homosynaptic plasticity refers to changes in only the same afferents 

that received the synaptic plasticity induction paradigm.  Heterosynaptic plasticity refers 

to changes in only the afferents that did not receive the synaptic plasticity induction 

paradigm.  Nonspecific-synaptic plasticity refers to changes in both pathways after 

applying the synaptic plasticity induction paradigm to one population of afferents.           

 

Stimulation paradigm 

     In voltage clamp mode, the EPSC and IPSC reversal potentials were determined for 

each cell by evoking responses at different membrane potentials.  The mean EPSC and 
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IPSC reversal potentials were -11.2 ± 4.0 mV and -71.6 ± 3.1 mV, respectively.  The 

membrane potential was held approximately half way between them.  Full I/O response 

curves (minimum-to-maximum amplitude) were generated for these compound PSCs for 

both the discontinuous and continuous pathway.  The stimulation intensities were set to 

values that elicited EPSCs in the middle of their operational range.  Baseline responses 

were then evoked by 0.1 Hz alternate stimulation of the discontinuous and continuous 

pathways.  To examine EPSCs the membrane potential was held at the IPSC reversal 

potential; to examine IPSCs it was held at the EPSC reversal potential; to examine 

compound PSCs it was held at a membrane potential halfway between.  After recording 

baseline responses, I applied a standard excitatory LTP induction paradigm (repeated 

tetani: 5 trains at 0.1 Hz, 100 Hz stimulation each train, 1 sec train duration) to the 

discontinuous or continuous pathway in current clamp configuration at the normal resting 

membrane potential.  Tetanic stimulation was selected instead of pairing postsynaptic 

depolarization with presynaptic stimulation (as used previously in Marik and Hickmott 

(2009)) because depolarization alone (i.e. without presynaptic stimulation) resulted in 

synaptic plasticity (Marik and Hickmott, 2009) and tetanic stimulation has been shown to 

induce synaptic plasticity in both excitatory and inhibitory connections in the cortex 

(Hirsch and Crepel, 1990; Komatsu, 1994; Komatsu and Iwakiri, 1993).  Even though 

tetanic stimulation does not normally occur in the brain, it may induce synaptic plasticity 

that is relevant to physiological reorganization.  Auditory stimulation induces inhibitory 

LTP in vivo in goldfish (Oda et al., 1998) that shares many properties of LTP after tetanic 

stimulation (Korn et al., 1992; Oda et al., 1995).   
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     Care was taken to minimize intracellular washout by initiating the induction paradigm 

within 10 minutes of breaking through into the cell.  Post-tetanus EPSCs, IPSCs, and 

compound PSCs were evoked in the voltage clamp configuration by stimulating the 

discontinuous or continuous pathway for 20 minutes after tetanic stimulation.  In a few 

cases cells were lost before 20 minutes (n = 8), thus approximately 15 minute post-tetani 

responses were used instead.  Twenty minutes of post-tetani recording was selected to 

maximize the number of neurons sampled since it is difficult to hold neurons for long 

periods of time in slices from adult cortex.  I did not find a significant difference in PSC 

amplitude between cells held for 15, 20, and 30 minutes (data not shown).  Thus, I 

believe these measurements accurately represent long-term synaptic effects.  Similar 

findings between 20 and 40 minutes of post-pairing recordings have been reported from 

our lab (Marik and Hickmott, 2009).   

     It is important to mention that inhibition was not blocked during these post-tetani 

recordings.  Thus, continuous and discontinuous connections retained polysynaptic 

excitatory and inhibitory activity.  This paradigm better models in vivo synaptic activity, 

and allowed us to examine coordinated changes in excitation and inhibition.  Given the 

short stimulation distance, however, it is possible that there may have been overlap of the 

IPSC and the EPSC peaks, leading to “contamination” of the EPSC peak with the IPSC 

peak.  However, such contamination appears nominal, as the mean EPSC reversal 

potential was near the expected value (-11.2 ± 4.0 mV).  Furthermore, I analyzed PSC 

amplitude and initial slope as a measure of PSC size, as initial slope would be rapid 

enough to avoid such “contamination”.  I did not find a significant difference between 
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these measures of EPSC size in any data set (data not shown, Mann Whitney test and Chi 

Square test, P-value > 0.05).  Thus, PSC amplitude is a reliable metric for post-synaptic 

responses, and for simplicity, will be reported here exclusively.        

     After recording approximately 25 minutes of post-tetani responses I examined 

changes in isolated inhibitory synaptic transmission.  Monosynaptic IPSCs were 

pharmacologically isolated by bath applying an N-Methyl-D-aspartate (NMDA; 100 µM 

APV) and non-NMDA receptor antagonist (15 µM 6-cyano-7-nitroquinoxaline-2,3-dione; 

CNQX).  I/O relations for these IPSCs were evoked at the EPSC reversal in both the 

discontinuous and continuous pathway.  Control experiments were treated identically, 

except they did not receive tetanic stimulation.              

 

Biocytin labeling    

     Because Cs-gluconate filling solution was required to effectively control membrane 

potential, I could not use electrophysiological parameters to identify cell type.  Instead, I 

used cell morphology; neurons were filled with 1 mM biocytin during the experiments 

described above (~40 minutes).  Slices were then immersion fixed at 4 Co  in 4% 

paraformaldehyde for approximately 24 hours, rinsed with phosphate buffer, 

permeabilized with 5% goat serum-0.5% Triton-X (in phosphate buffer), reacted with 10 

µg/ml ALEXA streptavidin in 5% goat serum (in phosphate buffer) overnight at 4 Co , 

and mounted onto single frosted micro slides (Corning Inc., Corning, NY).  Labeled cells 

were imaged with an epifluorescent microscope and classified as cells with pyramidal or 

non-pyramidal morphology. 
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Analysis 

     Neurons with initial resting potentials  ≤ -35 mV, input resistances ≤ 50 MΩ, or 

changes in input resistance greater than 20% were excluded from analysis (n = 24).  All 

data was analyzed offline with Igor Pro (WaveMetrics, Colorado Springs, CO) and 

Statview software (SAS Institute Inc., Cary, NC).        

 

Analyzing I/O response curves 

     Complete I/O response curves were evoked immediately after patching onto cells.  

The stimulation intensity activating discontinuous and continuous connections were 

incrementally increased until maximum responses were evoked.  The amplitude (baseline 

to peak) of each trace was determined for the excitatory and/or inhibitory components 

and plotted against the stimulation intensity.  The plots were then fitted with an 

exponential function, and the inverse tau was taken for each pathway and used as a metric 

for sub-maximal synaptic efficacy.  Maximum responses were not used because unlike 

inverse tau, they are subject to ceiling effects and do not always assess synaptic 

transmission within its dynamic range.   

     To investigate changes in direct inhibition, another I/O response curve was taken after 

washing in CNQX and APV to pharmacologically isolate IPSCs.  The inverse tau of the 

I/O response curves was determined as before, and a Mann Whitney test was used to 

compare the inverse tau from a group of tetanized neurons to a separate control group 
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that was treated identically, accept for tetanic stimulation.  P-value < 0.05 was taken as 

significant.  Data points are reported as mean ± SEM.             

 

Determining post-synaptic reversal potential and slope conductance 

     For baseline and post-tetanic stimulation data, two to four traces of EPSCs, compound 

PSCs, and IPSCs were averaged and the amplitude was determined for the excitatory and 

inhibitory components.  Amplitudes were plotted against membrane potential and the 

best-fit linear function was calculated.  The Y-intercept of the fitted line was used as a 

metric for the post-synaptic reversal potential and the slope of the line was used as a 

metric for the post-synaptic slope conductance.      

 

Analysis of synaptic plasticity 

     The amplitude and initial slope (from10% to 60%) of  averaged EPSCs, IPSCs, and 

the excitatory and inhibitory component of compound PSCs were quantified.  Post-tetanic 

amplitudes, initial slopes, and slope conductances (see above) were compared to baseline 

responses by calculating the percent change. 

 

               post-tetanic response – baseline response 
Percent change =  ----------------------------------------------------------  * 100                                        

                  baseline response 

 

     To examine changes in population mean, the percent change in amplitude, initial slope, 

or slope conductance of EPSCs and IPSCs were averaged and compared to baseline 
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values.  Because the data appeared nonparametric (i.e. nonparametric distribution, 

differences in variance between experimental groups, and small sample size), a Mann-

Whitney test was used for analysis.  Since both potentiation and depression of responses 

were observed (see below), just examining mean values obfuscates relevant changes 

elicited by tetanic stimulation.  To examine individual changes, I functionally grouped 

each cell based on whether it showed potentiation, depression, or no change; the criterion 

for change was +/- 20%.  This is a standard synaptic plasticity criterion and it is resistant 

to PSC drift during long recording periods.  Distributions of neurons within these groups 

were compared across treatments with a Chi-Square test.  A P-value < 0.05 was taken as 

significant for all data.  Data points are reported as mean ± SEM.        

 

Results: 

     Fifty-four neurons from 31 animals were studied.  The cells did not significantly differ 

in resting membrane potential, input resistance, distance between FP/LJ border and 

recorded cell, distance between pia and recorded cell, initial EPSC amplitude, and initial 

IPSC amplitude (Table 2.1, Kruskal Wallis test, P-value > 0.05).  To examine cell-type, 

twelve cells loaded with biocytin were randomly selected and reacted with ALEXA-

labeled streptavidin.  All cells possessed typical morphology of excitatory supragranular 

pyramidal neurons (data not shown).  The cells maintained stable EPSC and IPSC 

amplitudes in the absence of tetanic stimulation for more than 20 minutes (Tables 2.2 and 

2.3, Figures 2.4 and 2.7; control group).  Thus, long recording durations and 0.1 Hz 

stimulation does not affect PSC recordings.   
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 N RMP (mV) Input Resist. 
(MΩ) 

Distance from 
border (µm) 

Distance from 
pia (µm) 

No tetani 11 -50.5 ± 3.5 132.2 ± 25.3 93.3 ± 11.7 236.7 ± 37.6 

Continuous tetani 22 -56.4 ± 1.8 175 ± 16.8 111.7 ± 19.0 334.2 ± 24.5 

Discontinuous 
tetani 

21 -54.8 ± 2.5 172.9 ± 17.6 91.3 ± 12.5 307.5 ± 34.1 

Total 54 -54.6 ±1.4 165.7 ± 10.1 101.2 ± 9.7 303.5 ± 24.5 

 
Table 2.1.  Basic parameters for all cells recorded in the study.  Values include SEM.  No 
significant differences were found (P-value > 0.05; Kruskal Wallis test). 
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Population analysis: excitatory PSC component 

     Excitatory synaptic plasticity could mediate functional reorganization by coupling or 

decoupling neural connections.  I used an in vivo/in vitro recording method (Figures 2.1 

and 2.2A) to examine excitatory synaptic plasticity in discontinuous and continuous 

connections.  I recorded isolated EPSCs by clamping the membrane potential to the IPSC 

reversal potential before and 20 minutes after applying tetanic stimulation to continuous 

connections, discontinuous connections, or not at all (Figure 2.2A).  The tetanic 

stimulation was applied in current clamp mode and at normal resting membrane potential.  

Examples of baseline EPSCs (black) and the effect of tetanization of the two pathways on 

them (grey) are presented in figure 2.2B and C.  I did not find a significant difference in 

the mean percent change in EPSC amplitude or initial slope after tetanizing either 

pathway (Figure 2.3, Mann-Whitney, P-value > 0.05). However, the increase in SEM 

after tetanization (Figure 2.3B, left and center) suggested that there were diverse 

individual outcomes that implicate distinct forms of synaptic plasticity (Figure 2.4 and 

see below). 

 

Individual analysis: excitatory PSC component 

     Mean analysis can be insufficient to detect changes in populations that contain 

opposing subpopulations.  Given the elevation in SEM after tetanic stimulation and 

reports of several independent forms of activity-dependent synaptic potentiation and 

depression in the cortex (Malenka and Bear, 2004; Marik and Hickmott, 2009), I 

examined individual plasticity outcomes.  Figure 2.4 plots the percent change in the 
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Figure 2.2.  Examples of typical EPSC responses to tetanizing the continuous (left) or 
discontinuous pathway (right).  A.  Schematic of the preparation; EPSCs were evoked in 
continuous or discontinuous supragranular horizontal connections in SI before and after 
tetanizing one of the pathways (arrows).  B.  Example of common forms of synaptic 
plasticity observed in neurons: homosynaptic LTP induced via tetanizing continuous 
connections (left) and non-specific LTP induced via tetanizing discontinuous connections 
(right).  Black traces are baseline EPSCs; grey traces are EPSCs recorded approximately 
20 minutes after tetanizing the indicated pathway; traces are averages of 2 to 4 EPSCs.  C.  
Percent change in EPSC amplitude with respect to time after applying repeated tetani to 
cell shown in B.    
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Figure 2.3. Tetanization does not change the mean percent change in EPSC amplitude.  
A. Schematic of in vitro slice preparation diagramming continuous pathway tetanization 
(left), discontinuous pathway tetanization (middle), and no tetanization (right).  B. Mean 
percent change in EPSC amplitude for the continuous (solid bars) and discontinuous 
pathways (striped bars) after applying repeated tetani to the continuous pathway (left), 
discontinuous pathway (middle), or not at all (right).  Treatment groups were not 
significantly different (Mann-Whitney, P-value > 0.05).  Error bars represent SEM.  
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amplitude of discontinuous verses continuous evoked EPSCs in individual neurons after 

tetanizing the discontinuous pathway (Figure 2.4A), continuous pathway (Figure 2.4B), 

or not tetanizing either pathway (Figure 2.4C).  The control data (Figure 2.4A) are 

clustered in the central region of the plot, indicating no change in either pathway.  Data 

after tetanization (Figure 2.4B and C) clearly show distinct subpopulations of individual 

responses, consisting of potentiation and/or depression of either pathway, despite no 

change in the population’s mean (Figure 2.3).   

     To categorize the data I functionally grouped the percent change in EPSC amplitude 

according to a standard +/- 20% criterion for long term potentiation and depression.  The 

results are displayed in table 2.2.  In continuous horizontal connections I observed 

homosynaptic LTP 29.4%, heterosynaptic LTP 0%, and non-specific LTP 23.5%.  In 

discontinuous connections, I observed homosynaptic LTP in 17.6%, heterosynaptic LTP 

0%, and non-specific LTP 29.4%.  Interestingly, depression of one or both pathways was 

also observed in 35.3% and 41.2% of the cases in the continuous and discontinuous 

pathway, respectively.  However, LTP was more common in both pathways (continuous: 

LTP/LTD = 1.5; discontinuous: LTP/LTD = 1.14).  Both distributions were significantly  
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Figure 2.4. Tetanization induces diverse forms of excitatory synaptic plasticity.  In each 
plot percent change in EPSC amplitude for the continuous pathway is plotted against the 
percent change for the discontinuous pathway.  Points outside the center square reflect 
change in one or both pathways, based on a 20% criterion.  A. Control – no tetanization. 
B. Continuous pathway tetanization. C. Discontinuous pathway tetanization. 
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 N Cont. 
pot. 

Discont. 
pot. 

Both 
pot. 

No 
change 

Cont. 
dep. 

Discont. 
dep. 

Both 
dep. 

No tetani 9 0.0 0.0 0.0 100.0 0.0 0.0 0.0 

Cont. tetani * 17 29.4 0.0 23.5 11.8 23.5 5.9 5.9 

Discont. tetani * 17 0.0 17.6 29.4 11.8 23.5 5.9 11.8 

 
Table 2.2.  Diverse excitatory synaptic plasticity outcomes.  Summary of individual 
percent changes in EPSC amplitude 20 minutes after tetanizing supragranular continuous 
or discontinuous horizontal connections in SI.  Data was functionally grouped into seven 
categories according to our +/- 20% criteria for excitatory LTP or LTD, respectively.  *, 
distribution is significantly different than control (i.e. no tetani; Chi Square test, P-value 
<< 0.005).   
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different from control (chi-square, P-value << 0.005) and similar results were found 

when I compared ~4 minute post-tetanic responses to baseline responses (data not shown).  

These results suggest both pathways are capable of producing diverse forms of long 

lasting excitatory synaptic plasticity in response to tetanic stimulation.   

     I have occasionally observed changes in the PSP reversal potential during long 

recordings.  Large changes in reversal potential could obfuscate data analyzed by EPSC 

amplitude or initial slope if the membrane potential is held too close to the reversal 

potential.  Consequently, I determined the reversal potential for excitatory responses (see 

methods) in several experiments (n = 25).  The EPSC reversal potential did not 

significantly change during the experiments in any treatment group (data not shown; one 

sample sign test, P-value >> 0.05).  Furthermore, I found similar results when I analyzed 

the data with indexes independent of reversal potential; there was no significant 

difference between the mean percent change in EPSC amplitude and slope conductance 

or between EPSC amplitude and slope conductance functionally grouped distributions.  

Thus, the EPSC reversal potential remained relatively stable during our recordings and 

did not obscure our analysis. In addition, changes in EPSC reversal potentials do not 

contribute to the observed plasticity outcomes.  

     Next, I examined changes in slope conductance during excitatory synaptic plasticity.  I 

determine the slope conductance of excitatory synaptic transmission before and after 

tetanization (see methods) and functionally grouped the percent change in slope 

conductance as described above.  Both continuous and discontinuous tetanized 

distributions were significantly different from control (data not shown; chi-square, P-
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value << 0.005).  Furthermore, as mentioned above there was no significant difference 

between the mean percent change in EPSC amplitude and slope conductance in either 

pathway, or between EPSC amplitude and conductance functionally grouped distributions.  

These results suggest the excitatory synaptic plasticity responses are mediated by changes 

in synaptic slope conductance. 

     Since the border represents a discontinuity in neural circuits, the pattern of activity in 

discontinuous connections should be different than continuous connections (Marik and 

Hickmott 2009).  This could affect synaptic plasticity.  To examine differences in the 

capacity for excitatory synaptic plasticity between continuous and discontinuous 

horizontal connections I compared their functionally grouped distributions with a chi-

square test.  I did not find a significant difference (Table 2.2, P-value > 0.05), suggesting 

the capacity of excitatory synaptic plasticity is similar in discontinuous and continuous 

connections despite putative differences in activity patterns. 

 

Population analysis: inhibitory PSC component 

     Changes in inhibition could reorganize cortical topography by increasing or 

decreasing the tangential flow of activity (Alloway et al. 1989, Dykes et al. 1984).  To 

examine the capacity of inhibitory synaptic plasticity in continuous and discontinuous 

horizontal connections, I recorded IPSCs by clamping the membrane potential to the 

EPSC reversal potential before and 20 minutes after applying repeated tetani to one of the 

pathways (Figure 2.5A).  This approach allowed us to better model in vivo conditions by 

retaining excitatory drive onto interneurons and direct inhibition.  An example of baseline  
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Figure 2.5.  Examples of typical IPSC responses to tetanizing the continuous (left) or 
discontinuous pathway (right).  A. Schematic of the preparation; IPSCs were evoked in 
continuous or discontinuous supragranular horizontal connections in SI before and after 
tetanizing one of the pathways.  B. Example of common forms of synaptic plasticity 
observed in neurons: heterosynaptic LTD induced via tetanizing continuous connections 
(left) and non-specific LTP induced via tetanizing discontinuous connections (right).  
Black traces are baseline IPSCs; grey traces are IPSCs recorded approximately 20 
minutes after tetanizing one of the pathways; traces are averages of 2 to 4 IPSCs.  C. 
Percent change in IPSC amplitude with respect to time after applying repeated tetani to 
cell shown in B.     



79 
 

 

Figure 2.6. Tetanization does not change  the mean percent change in IPSC amplitude.  
A. Schematic of in vitro slice preparation diagramming continuous pathway tetanization 
(right), discontinuous pathway tetanization (middle), and no tetanization (right).   B.  
Mean percent change in IPSC amplitude for the continuous (solid bars) and discontinuous 
pathways (striped bars) after applying repeated tetani to the continuous pathway (left), 
discontinuous pathway (middle), or not at all (right).  Treatment groups were not 
significantly different (Mann-Whitney, P-value > 0.05).  Error bars represent SEM.  
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IPSCs (black) and the effect of tetanization of the two pathways on them (grey) is shown 

in figure 2.5B and C.  Like the excitatory data, I did not find a significant difference in 

the mean percent change in IPSC amplitude or initial slope after tetanizing either 

pathway compared to control (Figure 2.6; Mann-Whitney, P-value > 0.05).  However, as 

before the increase in SEM after tetanization (Figure 2.6B left and center) implicates a 

variety of plasticity outcomes for IPSCs, as seen in Figure 2.7 and discussed below.  

      

Individual analysis: inhibitory PSC component 

     Figure 2.7 plots the percent change in the amplitude of discontinuous verses 

continuous evoked IPSCs in individual neurons after tetanizing the discontinuous 

pathway (Figure 2.7A), continuous pathway (Figure 2.7B), or not tetanizing either 

pathway (Figure 2.7C).  Like the EPSC data, the plot clearly reveals distinct 

subpopulations of individual responses, even in the absence of changes in the 

population’s mean.  As before, I categorized the data by functionally grouping them 

according to a standard +/- 20% criterion for long term potentiation and depression.  The 

results are presented in table 2.3.  When analyzed by IPSC amplitude, I observed 

homosynaptic LTP 0%, heterosynaptic LTP 5.9%, non-specific LTP 23.5%, 

homosynaptic LTD 17.6%, heterosynaptic LTD 5.9%, and non-specific LTD 35.3 in 

continuous horizontal connections.  In discontinuous connections, I observed 

homosynaptic LTP in 11.8%, heterosynaptic LTP 0%, non-specific LTP 17.6%, 

homosynaptic LTD 5.9%, heterosynaptic LTD 5.9%, and non-specific LTD 41.2%).   
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Figure 2.7. Tetanization induces diverse forms of inhibitory synaptic plasticity.  In each 
plot percent change in IPSC amplitude for the continuous pathway is plotted against the 
percent change for the discontinuous pathway.  Points outside the center square reflect 
change in one or both pathways, based on a 20% criterion.  A. Control – no tetanization. 
B. Continuous pathway tetanization. C. Discontinuous pathway tetanization. 
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 N Cont. 
pot. 

Discont. 
pot. 

Both 
pot. 

No 
change 

Cont. 
dep. 

Discont. 
dep. 

Both 
dep. 

No tetani    9 0.0 0.0 0.0 100.0 0.0 0.0 0.0 

Cont. tetani * 17 0.0 0.0 23.5 17.6 17.6 5.9 35.3 

Discont. tetani * 17 5.9 11.8 17.6 11.8 5.9 5.9 41.2 

 
Table 2.3.  Diverse inhibitory synaptic plasticity outcomes.  Summary of individual 
percent changes in IPSC amplitude 20 minutes after tetanizing supragranular continuous 
or discontinuous horizontal connections in SI.  Data was functionally grouped into seven 
categories according to our +/- 20% criteria for inhibitory LTP or LTD, respectively.  *, 
distribution is significantly different than control (i.e. no tetani; Chi Square test, P-value 
<< 0.005).   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 
 

Unlike excitatory synaptic plasticity, depression was more prevalent than potentiation in 

both pathways (continuous: LTP/LTD = 0.5; discontinuous: LTP/LTD = 0.56).  Both 

distributions were significantly different from control (chi-square, P-value << 0.005) and 

similar results were found when I compared ~4 minute post-tetanic responses to baseline 

responses (data not shown).  These results suggest both pathways are capable of 

producing several forms of long lasting inhibitory synaptic plasticity in response to 

tetanic stimulation and the plasticity responses are primarily input non-specific 

(continuous: non-specific plasticity/specific plasticity = 2.50; discontinuous: non-specific 

plasticity/specific plasticity = 2.75). 

     I determined the reversal potential for inhibitory responses (see methods) in several 

experiments (n = 26).  The IPSC reversal potential did not significantly change during the 

experiments in any treatment group (data not shown; one sample sign test, P-value >> 

0.05).  Furthermore, I found similar results when I analyzed the data with indexes 

independent of reversal potential; there was no significant difference between the mean 

percent change in IPSC amplitude and slope conductance or between IPSC amplitude and 

slope conductance functionally grouped distributions.  Thus, the IPSC reversal potential 

remained relatively stable during our recordings and did not obscure our analysis. In 

addition, changes in IPSC reversal potentials do not contribute to the observed plasticity 

outcomes.  

     Next, I examined changes in slope conductance during inhibitory synaptic plasticity.  I 

determine the slope conductance of IPSCs before and after tetanization (see methods) and 

functionally grouped the percent change in conductance as described above.  Both 
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continuous and discontinuous tetanized distributions were significantly different from 

control (data not shown; chi-square, P-value << 0.005).  Furthermore, as mentioned 

above there was no significant difference between the mean percent change in IPSC 

amplitude and slope conductance in either pathway (data not shown; Mann-Whitney test, 

P-value >> 0.05), or between IPSC amplitude and slope conductance functionally 

grouped distributions (data not shown; Chi Square, P-value < 0.05).  These results 

implicate changes in synaptic slope conductance during inhibitory synaptic plasticity. 

     Finally, I examined if there were differences in the capacity for inhibitory synaptic 

plasticity between the two pathways by comparing their functionally grouped 

distributions with a chi-square test.  I did not find a significant difference (Table 2.2, P-

value > 0.05) suggesting the capacity of inhibitory synaptic plasticity is similar in 

discontinuous and continuous connections, despite putative differences in activity 

patterns.   

 

No correlation between synaptic strength and synaptic plasticity 

     Horizontal connections respond variably to tetanic stimulation.  Since Hardingham 

and colleges (2007) found a negative correlation between excitatory synaptic plasticity 

and the initial efficacy of the connection, I decided to examine the relationship between 

the variable plasticity outcomes and initial synaptic strength.  I did not find a correlation 

between the percent change of post-tetani EPSCs or IPSCs and the respective inverse tau 

of EPSC or IPSC I/O response curves evoked before tetanization (data not shown; r2 = 
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0.008, 0.002, respectively).  This suggests the excitatory and inhibitory synaptic plasticity 

outcomes are independent of the initial strength of the connection.   

 

Relationship between excitatory and inhibitory synaptic plasticity 

     To examine the relationship between excitatory and inhibitory synaptic plasticity in 

the same cell, I plotted post-tetani percent change in EPSC verses IPSC amplitude (data 

not shown). Even though I did not find a correlation (r2 = .041), figures 2.4 and 2.8 

clearly shows potentiation is more dominant during excitatory synaptic plasticity and 

depression is more dominant during inhibitory synaptic plasticity in both continuous and 

discontinuous connections (excitatory synaptic plasticity: continuous LTP/LTD = 1.5, 

discontinuous LTP/LTD = 1.14; inhibitory synaptic plasticity: continuous LTP/LTD = 

0.5, discontinuous LTP/LTD = 0.56).  Furthermore, while no statistical significance was 

found in the population’s mean, there was a trend in which EPSCs potentiated and IPSCs 

depressed after tetanization (Figures 2.3 and 2.6).  These results suggest excitatory and 

inhibitory synaptic plasticity may be differentially regulated in horizontal connections.   

 

Isolated inhibitory synapses undergo homosynaptic LTP in continuous connections  

     Changes in inhibition could result from changes in excitatory synapses on 

interneurons (interneuron EPSC; iEPSC) and/or direct changes in inhibitory synapses.  In 

order to determine whether our tetanization paradigm affected IPSCs directly, I isolated 

them with bath-application of CNQX+APV after tetanizing the continuous or 

discontinuous pathway.  This procedure meant that I could not individually analyze the 
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data as before because I could not compare IPSCs before and after the tetanus in the same 

cells; instead, it was necessary to compare naive IPSCs to IPSCs after tetanization in 

different populations of neurons.  To perform this, I analyzed the complete I/O curve of 

IPSCs in a group of control neurons that were treated the same except they did not 

receive tetanization, and compared that to the I/O curve of a different group of tetanized 

neurons.  An exponential function was fit to the I/O plot and the inverse tau was used as a 

measure of submaximal synaptic strength (see methods for more details).  I found a 

significant increase in the inverse tau of I/O plots that received tetanic stimulation to the 

continuous pathway, but not the discontinuous pathway (Figure 2.8).  These results 

suggest supragranular horizontal connections in SI can undergo homosynaptic inhibitory 

LTP, and its capacity is greater in continuous connections than connections that cross a 

functional border.  However, because I could not individually analyze the data, I cannot 

exclude the possibility that both connections undergo plasticity, but the plasticity 

outcomes are variable and cannot be assessed by population analysis.  Furthermore, these 

results suggest that synaptic plasticity may be regulated differently at iEPSCs and IPSCs, 

especially in continuous connections.  Recall that tetanization of disynaptic IPSCs leads 

to more LTD responses than LTP responses (continuous: LTP/LTD = 0.5; discontinuous: 

LTP/LTD = 0.56).   

 

Discussion: 

     Excitatory and inhibitory synaptic plasticity can modify horizontal connections, and 

has been proposed to contribute to activity-dependent functional reorganization.   
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Figure 2.8. Tetanization induces homosynaptic inhibitory LTP in monosynaptic 
continuous connections A. Schematic of in vitro slice preparation diagramming 
continuous pathway tetanization (right), discontinuous pathway tetanization (middle), and 
no tetanization (right).   B. Inverse tau of I/O plots of pharmacologically isolated IPSCs 
for the continuous (solid bars) and discontinuous pathways (striped bars) after applying 
repeated tetani to the continuous pathway (left), discontinuous pathway (middle), or not 
at all (right).  Significance values are from Mann-Whitney Test; *, significantly different 
from corresponding pathway of control (i.e. no tetani; P-value < 0.05). Error bars 
represent SEM.   
 

 

 

 

 

 

 

 

 



88 
 

However, little is known about activity-dependent coordinated changes in excitation and 

inhibition in horizontal connections; particularly the characteristics of inhibitory synaptic 

plasticity, its relationship to excitatory synaptic plasticity, and their relationship to the 

functional organization of the cortex.  Here, I demonstrate supragranular horizontal 

connections near functional borders remain plastic in adulthood, and undergo diverse 

forms of excitatory and inhibitory synaptic plasticity in response to tetanization.  The 

border did not restrict this plasticity, excitation and inhibition appeared to be 

differentially regulated, and the plasticity of inhibitory synapses was independent of their 

excitatory inputs.     

 

Technical factors regarding the experimental paradigm 

     I used in vivo mapping of cutaneous responses to locate a functional border between 

the forepaw and lower jaw representation in SI.  I then probed excitatory and inhibitory 

synaptic plasticity in polysynaptic horizontal connections near the border in vitro by 

applying multiple trains of high frequency stimulation.  This stimulation paradigm is a 

reliable way to elicit excitatory (Hirsch and Crepel, 1990) and inhibitory synaptic 

plasticity (Komatsu, 1994; Komatsu and Iwakiri, 1993) in the cortex.  While it does not 

normally occur in the brain, tetanization-induced synaptic plasticity may be relevant to 

physiological reorganization, as auditory stimulation can induce inhibitory LTP in vivo in 

goldfish (Oda et al., 1998) that shares many properties of LTP after tetanic stimulation 

(Korn et al., 1992; Oda et al., 1995).   
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     All cells examined had typical morphology of excitatory supragranular pyramidal 

cells.  Considering that pyramidal cells have relatively large somata and make up 

approximately 70% of cortical cells (Powell, 1981; Sloper et al., 1979), I believe I 

recorded PSCs from pyramidal cells exclusively.  The PSCs were similar to those 

recorded previously after stimulating horizontal connections (Hickmott and Merzenich, 

1998) and they remained stable for more than 20 minutes in the absence of tetanization.  

This is consistent with a previous study in our lab; Marik and Hickmott (2009) showed 

stable recordings of PSP amplitude and slope for over 60 minutes.  Thus, the recording 

procedure and 0.1 Hz stimulation does not affect PSC recordings.  Furthermore, earlier 

control studies from our lab demonstrated that the in vivo mapping procedure and border 

marking technique does not alter cortical-circuitry (Burns and Hickmott, 2003; Hickmott 

and Merzenich, 1998).     

 

Diverse excitatory synaptic plasticity outcomes in complex circuits  

     As with pairing postsynaptic depolarization with afferent stimulation (Marik and 

Hickmott, 2009), tetanic stimulation induced diverse forms of long-lasting synaptic 

plasticity of EPSCs in supragranular horizontal connections near a functional border in SI.  

These included homosynaptic and non-specific LTP, as well as homosynaptic, 

heterosynaptic, and non-specific LTD.  The LTP outcomes were more prevalent the LTD 

outcomes.  These results are similar, but not completely consistent with findings from 

other labs.  Tetanization commonly induces homosynaptic LTP exclusively in excitatory 

hippocampal and cortical connections (Malenka and Nicoll, 1999).   
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     How could the same synaptic plasticity induction paradigm produce several different 

response outcomes?  One potential source of variability is synapse normalization 

mechanisms.  Hardingham and colleagues (2007) demonstrated that a pairing paradigm 

induced LTP, LTD, or no synaptic plasticity.  The direction of plasticity depended on 

initial neurotransmitter release probability and distance from the soma.  Lower release 

probabilities and synaptic inputs further from the soma were more likely to potentiate 

while higher release probabilities and synaptic inputs closer to the soma were more likely 

to depress.  However, similar normalizing functions do not explain our response 

outcomes, as I did not find a correlation between initial synapse strength and synaptic 

plasticity.   

     Alternatively, different estrous cycle periods could lead to variable response outcomes.  

The animals used in this study were female rats in unknown estrous states.  The ability to 

induce LTP and LTD are dependent on the estrous cycle.  During proestrous, when 

estrogen levels are elevated, LTP is enhanced and LTD is suppressed (Good et al., 1999; 

Warren et al., 1995).  Since synaptic plasticity was probed at random time points in the 

estrous cycle, some should be in proestrous and have increased capacity for LTP.  This 

could explain some, but not all of the variation.  Proestrous is only approximately 15% of 

the entire estrous cycle (Mandl, 1951).  Furthermore, it is not completely understood how 

estrogen modulates synaptic plasticity.  If it works by modulating neurotransmitter 

receptors, the effect would be washed out during the in vitro preperation.  Thus, estrogen 

levels are insufficient to explain the variability observed here.       
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     What then could account for the variable plasticity outcomes?  Much of what we 

know about excitatory synaptic plasticity is derived from studies that use hippocampal 

slice preparations (Malenka and Nicoll, 1999).  In these studies, evoked EPSPs are 

monosynaptic (Sarvey et al., 1989) and inhibition is often blocked.  In this study, I 

choose not to block inhibition to better model the complexity of in vivo cortical-circuitry.  

Our PSCs retained monosynaptic and polysynaptic activity, as well as excitatory and 

inhibitory components (Hickmott and Merzenich, 1998).  While tetanization commonly 

induces homosynaptic LTP in simple hippocampal circuits (Malenka and Nicoll, 1999), 

similar induction paradigms induce diverse forms of synaptic plasticity in complex 

circuits that retain inhibition that are generally consistent with our findings (Hirsh and 

Gilbert, 1993; Ismailov et al., 2004; Marik and Hickmott, 2009).  For instance, Marik and 

Hickmott (2009) found homosynaptic and non-specific LTP and LTD, after pairing 

postsynaptic depolarization with afferent stimulation in the same polysynaptic horizontal 

cortical-circuits.  

     There are several potential sources of variability of synaptic plasticity in complex 

circuits.  First, several distinct forms of synaptic plasticity have been documented in 

excitatory synapses on principle cells, excitatory synapses on interneurons, and inhibitory 

synapses (Gaiarsa et al., 2002; Kullman and Lamsa, 2007; Malenka and Bear, 2004; 

Nugent and Kauer, 2008; see below).  These synaptic plasticity mechanisms interact in 

complex ways.  For instance, inhibitory synaptic plasticity can modulate excitatory 

synaptic transmission by altering EPSC shunting (Ormond and Woodin, 2009).  Different 

combinations of synaptic plasticity at each synaptic locus could produce different 
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plasticity outcomes.  For example, perhaps in some cases heterosynaptic 

endocannabinoid-dependent LTD was induced after LTP induction in other synapses 

similar to that shown by Huang and colleagues (2008).  This would lead to depression in 

a subset of neurons that commonly potentiate, as found in a few cases here.  Second, the 

direction and synaptic specificity of excitatory synaptic plasticity can depend on the 

magnitude, timing, and spatial distribution of intracellular calcium transients in the cortex.  

Large increases in intracellular calcium are associated with LTP, while small increases 

are associated with LTD (Yasuda and Tsumoto, 1996).  Furthermore, global calcium 

responses from voltage-gated calcium channels can result in input non-specific synaptic 

plasticity after depolarization (Balaban et al., 2004; Huang and Malenka, 1993).  This 

could explain some of the variability of our plasticity outcomes, including input non-

specific responses.  Finally, metaplasticity has been found throughout the brain and can 

change synaptic plasticity operational rules (Abraham and Bear, 1996).  Different sensory 

experience prior to our experiments could have differentially modified plasticity 

thresholds, leading to different plasticity outcomes.   

     While this study cannot determine the specific source of the variability with certainty, 

it nicely illustrates the complexity of large neural circuits.  These circuits must contain 

complex interactions of excitatory connections on principle cells, excitatory connections 

on interneurons, and inhibitory connections on principle cells.  A simple linear function 

that adds the properties of each synaptic connection may be insufficient to explain the 

complexity of the complete circuit.   
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     The FP/LJ border did not affect excitatory synaptic plasticity.  Both homosynaptic and 

non-specific LTP, as well as LTD, was induced in continuous and discontinuous 

horizontal connections.  Thus, somatotopic boundaries do not limit excitatory synaptic 

plasticity induced by tetanic stimulation.  This is different from findings reported in 

Marik and Hickmott (2009).  They found homosynaptic, heterosynaptic, and non-specific 

enhancement of continuous connections after pairing postsynaptic depolarization with 

afferent stimulation, but only homosynaptic and non-specific enhancement of 

discontinuous connections.  Furthermore, continuous connections appeared to have 

greater capacity to engage enhancement mechanisms than discontinuous connections that 

crossed a functional border.  The discrepancy may result from differences in induction 

paradigms.  Depolarization alone can induce enhancement in both pathways, especially 

the continuous pathway (Marik and Hickmott, 2009).  Thus, depolarization pairing may 

engage an additional input non-specific enhancement mechanism that has enhanced 

capability in continuous connections where synapses are more prevalent (Hickmott and 

Merzenich, 1998).  This could lead to heterosynaptic enhancement of continuous 

connections.  Tetanization may not activate this mechanism, resulting in reduced 

heterosynaptic LTP outcomes in our study. 

     The mechanisms responsible for these plasticity responses are not known.  However, I 

observed similar plasticity outcomes when I functionally grouped our data by slope 

conductance.  This suggests postsynaptic changes in conductance contribute to the 

expression of different plasticity outcomes.  Changes in the synaptic density of 2-amino-

3-(5-methyl-3-oxo-1,2- oxazol-4-yl)-propanoic-acid (AMPA) receptors, subunit 
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composition of AMPA receptors, phosphorylation state of AMPA receptors, and spine 

morphology have all been found during NMDA receptor dependent and independent LTP 

and LTD (Malenka and Bear, 2004). 

 

Diverse inhibitory synaptic plasticity outcomes in complex circuits 

     Inhibitory synaptic transmission opposes excitation and restrains the spread of neural 

activity (Akermann and Cline, 2007; Farrant and Nusser, 2005).  Thus, changes in 

inhibition could alter activity patterns in the brain and contribute to functional 

reorganization after sensory loss (Gaiarsa et al., 2002).  As of yet, inhibitory synaptic 

plasticity has not been examined in horizontal connections near the FP/LJ border; 

connections that undergo robust reorganization after sensory loss (XXX).  Here I 

demonstrate tetanization of continuous or discontinuous connections elicited diverse 

outcomes of inhibitory synaptic plasticity, including homosynaptic, heterosynaptic, and 

non-specific LTP and LTD.  Unlike excitation, depression was more common than 

potentiation.   

     Diverse forms of inhibitory synaptic plasticity have been reported in the hippocampus 

and cortex (for review Kullman and Lamsa, 2007; Nugent and Kauer, 2008).  Here, I 

found different outcomes in the same population of cells.  Like excitatory synaptic 

plasticity, the source of variability here may have resulted from the complexity of 

horizontal cortical circuits.  Unlike most inhibitory synaptic plasticity studies that isolate 

monosynaptic inhibitory connections in the hippocampus (Chevaleyre et al., 2007; 

Chevaleyre and Castillo, 2003; Lu et al., 2000; McLean et al., 1996; Stelzer et al., 1987), 
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I applied tetanic stimulation to complex cortical microcircuits that contain monosynaptic 

and disynaptic excitatory and inhibitory components.  It is well established that excitatory 

synapses on principle neurons can undergo several independent forms of plasticity (see 

above).  Both excitatory drive onto interneurons and inhibitory connections on principle 

neurons can also undergo several independent forms of synaptic plasticity (see below; 

Kullman and Lamsa, 2007).  Interestingly, stimulus paradigms that normally elicit 

potentiation at excitatory synapses on principle cells often elicit depression at iEPSCs.  

For instance, tetanic stimulation induces LTD at recurrent collateral-CA3 stratum 

radiatum interneuron and mossy fiber-CA3 stratum lucidum interneuron synapses 

(Laezza et al., 1999).  However, the direction of the change usually depends on the 

relative density of calcium permeable AMPA and NMDA receptors.  Inhibitory 

connections onto principle cells can also undergo many forms of synaptic plasticity 

including: NMDA receptor-dependent LTD, calcium channel-dependent LTP, IP3-

mediated LTP, and endocannabinoid mediated LTD (Nugent and Kauer, 2008).  Overall, 

the plasticity outcome often depends on the source of calcium transients (Caillard et al., 

1999).  In complex cortical circuits, the net plasticity outcome should depend on the 

specific plasticity responses at excitatory synapses on interneurons and inhibitory 

synapses on pyramidal cells as well as the interactions between them.  Considering that 

the microcircuit contains diverse types of interneurons organized into feedforward, 

recurrent, and lateral inhibitory circuits (Shepherd, 2004), the variable plasticity 

outcomes are not surprising. 
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     By stimulating two afferent pathways differentially I was able to determine if the 

synaptic plasticity was restricted to activated synapses.  While input specific outcomes 

were observed, the plasticity tended to be input non-specific.  This is distinct from most 

excitatory synaptic plasticity outcomes (Malenka and Bear, 2004) and suggests changes 

in inhibition may be relatively diffuse.  While some researchers have found input 

specificity in monosynaptic cortical connections (Kamatsu and Iwakiri, 1993), 

interneurons are aspiny and inhibitory synapses commonly innervate the base of spines or 

the shaft of dendrites.  Spines are assumed to provide the biological 

compartmentalization necessary for input specific synaptic plasticity (Nimchinsky et al., 

2002; Yuste and Majewska, 2000).  Without spines, it is hard to imagine what could limit 

the diffusion of biochemical signaling molecules to activated synapses.  This limitation in 

specificity should be especially apparent in polysynaptic circuits. 

     As with excitatory synaptic plasticity, the inhibitory plasticity outcomes were not 

limited by a functional border.  This suggests horizontal connections are capable of both 

excitatory and inhibitory synaptic plasticity, independently of somatotopic organization.  

Since these connections change during reorganization (Hickmott and Merzenich, 2002; 

Hickmott and Steen, 2005; Paullus et al., 2011), these synaptic plasticity mechanisms 

may contribute to reorganization.  

     The mechanisms responsible for these plasticity responses are not known.  

Considering the extent of the variability, there is likely more than one process.  However, 

similar plasticity outcomes were observed when I functionally grouped our data by slope 

conductance.  This suggests the expression of the different plasticity outcomes converge 
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on postsynaptic changes in conductance.  This is consistent with other studies that have 

reported changes in postsynaptic number or conductance of GABAA receptors (Kano, 

1994; Maffei et al., 2006; Ouardouz et al., 2000) or GABA release probability 

(Chevaleyre et al., 2007).  

 

LTP of monosynaptic IPSCs 

     Changes in disynaptic IPSCs could result from synaptic plasticity of iEPSCs or IPSCs 

on principle cells.  Here I partially disentangled these elements by pharmacologically 

isolating IPSCs after recording more than 20 minutes of post-tetani data (see above).  

Tetanization induced potentiation of IPSCs in pharmacologically isolated monosynaptic 

inhibitory circuits and tended to induce depression of IPSCs in disynaptic inhibitory 

circuits.  This indicates that monosynaptic inhibitory connections are capable of LTP, and 

this plasticity response is regulated differently than synaptic plasticity at iEPSCs.  While 

many studies have demonstrated LTP in isolated inhibitory inputs (Gaiarsa et al., 2002), 

it is interesting that the direction of change between iEPSCs and IPSCs tends to be 

inversely related.  Isolated iEPSCs and IPSCs can both undergo bidirectional 

modifications (for review see Kullman and Lamsa, 2007; Nugent and Kauer, 2008).  The 

density of rectifying AMPA receptors and NMDA receptors in interneurons and the 

concentration of calcium transients in principle cells seems to be important for 

determining the polarity of the plasticity (Kullman and Lamsa, 2007; Nugent and Kauer, 

2008).  Future studies are needed to characterize the operational rules of synaptic 

plasticity at these loci, as well as their computational consequences.       
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     Unlike disynaptic inhibitory connections, the plasticity of monosynaptic IPSCs 

appeared to be limited by a functional border.  This could be due to differences in local-

circuit properties at the border.  Fewer axon projections cross functional borders and 

evoked IPSCs are weaker in discontinuous connections than continuous connections 

(Hickmott and Merzenich, 1998; Steen et al., 2007).  Thus, tetanizing discontinuous 

inhibitory connections may fail to recruit enough afferents to reliable induce LTP.  

Komatsu (1994) has already demonstrated that inhibitory LTP is cooperative in the visual 

cortex.   

    

Coordinate excitatory and inhibitory synaptic plasticity  

     The relationship between excitatory and inhibitory synaptic plasticity has not been 

examined in the same cortical cell.  In this study I disentangled inhibitory synaptic 

plasticity from excitatory synaptic plasticity and examined their relationship to each other.  

I did not find a direct correlation between them.  This could be because synaptic plasticity 

outcomes were variable and depend on multiple factors.  However, tetanization of the 

intact circuit clearly tended to potentiate excitatory connections and depress inhibitory 

connections.  This suggests excitatory and inhibitory synaptic plasticity may be inversely 

regulated.  This is congruent with another study that examined inhibitory synaptic 

plasticity in the cortex.  Komatsu and Iwakiri (1993) demonstrated that inhibitory 

synaptic plasticity outcomes depend on NMDA receptor activation; when NMDA 

receptors are maximally stimulated LTD is induced; when NMDA receptors are poorly 

stimulated induces LTP instead.  This is inversely correlated with NMDA receptor-
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dependent synaptic plasticity of excitatory synapses; strong NMDA receptor activation 

by high frequency stimulation generally leads to LTP (Bliss and Lomo, 1973), while 

weak NMDA receptor activation by low frequency stimulation leads to LTD (Dudek and 

Bear, 1992; Mulkey and Malenka, 1992).  During normal sensory experience, this could 

reconfigure cortical circuits to improve response selectivity to optimal sensory stimuli, as 

only optimal sensory inputs would strongly activate NMDA receptors, potentiating 

excitatory inputs and depressing inhibitory inputs.   

 

Conclusion 

     Using our lab’s novel in vivo/in vitro preparation, I probed complex horizontal 

connections’ capacity to undergo experience-dependent synaptic plasticity near a 

functional border in SI.  Our study demonstrates that these connections can undergo 

diverse forms of excitatory and inhibitory synaptic plasticity.  The synaptic plasticity was 

not restricted by the border, and LTP dominated for excitation, while LTD dominated for 

inhibition.  Furthermore, pharmacologically isolated IPSCs potentiate after tetanization of 

continuous, but not discontinuous connections.  These results suggest different forms of 

synaptic plasticity operate at different synaptic loci (i.e. excitatory synapses of principle 

cells, excitatory synapses of interneuron, and inhibitory synapses of principle cells) in 

complex intracortical circuitry.  The net result depends on the properties of the specific 

types of synaptic plasticity and the interaction between them.  Thus, individual neurons 

are capable of diverse modifications, which could produce large-scale changes in 

topography after robust activity paradigms, such as sensory loss.  Elucidating the general 
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principles of the different types of synaptic plasticity at each loci of the circuit 

undergoing reorganization, and the interactions between them, are required to advance 

our understanding of functional reorganization.      
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Chapter 3 

Bidirectional axonal plasticity during reorganization of adult 

rat primary somatosensory cortex 

 

Abstract 

     Cortical sensory maps contain discrete functional subregions that are separated by 

borders that restrict tangential activity flow.  Interestingly, the functional organization of 

border regions remains labile in adults, changing in an activity-dependent manner.  Here I 

investigated if axon remodeling contributes to this reorganization. I located the border 

between the forepaw and lower jaw representation (forepaw/lower jaw border; FP/LJ 

border) in SI of adult rats, and used a retrograde axonal tracer (cholera toxin subunit B; 

Ctb) to determine if horizontal axonal projections change after different durations of 

forelimb denervation or sham-denervation.  In sham-denervated animals, neurons close to 

the border had axonal projections oriented away from the border (axonal bias).  Forelimb 

denervation resulted in a sustained change in border location and a significant reduction 

in the axonal bias at the original border after 6 weeks of denervation, but not after 4 or 12 

weeks.  The change in axonal bias was due to an increase in axons that cross the border at 

6 weeks, followed by an apparent loss of these axons by 12 weeks.  This suggests that 

bidirectional axonal rearrangements are associated with relatively long durations of 

reorganization and could contribute transiently to the maintenance of cortical 

reorganization.      



108 
 

 

Introduction 

     Cortical sensory maps are highly organized structures that contain point-to-point 

representations of sensory inputs from the periphery.  For instance, the primary 

somatosensory cortex (SI) is topographically organized into a map of the entire body, 

with a representation of the leg, hand, face, etc.  These representations are dynamic and 

can reorganize following various manipulations to afferent activity including peripheral 

denervation, nerve stimulation, and sensorimotor learning (for review, see Buonomano 

and Merzenich, 1998; Feldman and Brecht, 2005; Kaas, 2002; Schriener and Winer, 

2007).  This reorganization is associated with important physiological and patho-

physiological processes.  These include sensory-motor learning, phantom limb pain and 

sensation, recovery of function after stroke, childhood learning disabilities, and others 

(Jenkins et al., 1990; Merzenich et al., 1993; Merzenich et al., 1996; Nudo et al., 1996; 

Tallal et al., 1996).  Thus, understanding the mechanisms underlying cortical 

reorganization is critical for advancing both basic and clinical neuroscience.  

     Cortical reorganization could result from direct cortical changes or indirect subcortical 

changes that relay information to the cortex.  Even though subcortical changes have been 

found, the cortex appears to be the first to reorganize (Diamond et al., 1994; Wang et al., 

1995).  Within the cortex, border regions between deprived and spared cortical territories 

play a critical role in reorganization.  For instance, in normal cortex dendrites and axons 

are oriented away from the FP/LJ border (dendritic bias; Hickmott and Merzenich, 1999; 

axonal bias; Steen et al., 2007), and the spread of excitation and inhibition is limited 
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across the border (physiological bias; Burns and Hickmott, 2003; Hickmott and 

Merzenich, 1998).  These local-circuit properties presumably maintain representational 

boundaries by restricting activity to appropriate representations.  During reorganization, 

the dendritic and physiological bias at the original border relocates to track the location of 

the novel border (Hickmott and Steen, 2005).  These changes could mediate 

reorganization by permitting activity to flow across the border into deprived cortical 

territories.   

     The translocation of the border occurs rapidly after sensory loss (Burns and Hickmott, 

2003; Hickmott and Merzenich, 2002) and is maintained for a long period of time.  While 

the initial reorganization is thought to depend on synaptic plasticity (Buonomano and 

Merzenich, 1998; Calford and Tweedale, 1991; Hickmott& Merzenich, 2002), structural 

plasticity could contribute to later durations of reorganization.  Changes in horizontal 

axons are particularly well suited for this.  Horizontal axons connect functionally-related 

cortical columns and are oriented away from the FP/LJ border (Steen et al., 2007).  Thus, 

axon remodeling across the border could reorganize the cortex by forming new patterns 

of connections between spared and deprived cortical territories.  This hypothesis is 

supported by several studies that have documented activity-dependent changes in 

dendrites and axons during reorganization of developing and adult cortex.  Removing or 

cauterizing a row of mystacial vibrissal follicles in neonatal mice changes the orientation 

of dendrites in activity-deprived and adjacent SI barrels (Harris and Woolsey, 1981; 

Steffan and Van Der Loos, 1980).  Less severe manipulations elicit similar results; 

whisker trimming changes the spatial structure of secondary dendritic branches (Maravall 
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et al., 2004) and monocular deprivation changes the orientation of dendrites toward 

ocular dominance columns representing the spared eye (Kossel et al., 1995).  Similar 

findings have been reported following sensorimotor learning (Chang and Greenough, 

1982; Greenough et al., 1985), cortical damage (Jones and Schallert, 1992), chronic 

exposure to drugs (Robinson and Kolb, 2004), and housing animals in socially and 

perceptually enriched environments (Kolb and Whishaw, 1998).  Axons also undergo 

experience-dependent modifications.  Prism rearing induces axon sprouting in the inferior 

colliculus of juvenile barn owls (DeBello et al., 2001), and divergent strabismus changes 

supragranular horizontal trajectories between ocular dominance columns in the striate 

cortex (Trachtenberg and Stryker, 2001).  These structural changes corresponded to 

changes in behavior and physiology.   

     Less is known about activity-dependent structural changes in adult animals.  While 

some studies have found dendrites to be generally resistant to deprivation induced 

structural changes (Grutzendler et al., 2002; Trachtenberg et al., 2002), others have found 

them to be amenable to several different manipulations to afferent activity.  For instance, 

changes in dendritic structure have been found in the sensorimotor cortex after housing 

rats in enriched environments and training paradigms (Black et al., 1989).  Recently our 

lab demonstrated changes in dendritic structure that reflected the translocation of the 

FP/LJ border of the SI after peripheral denervation (Hickmott and Steen, 2005), and 

similar findings have been reported in barrel and hand representations (Churchill et al., 

2004; Tailby et al., 2005).  Changes in axon structure have also been found during adult 

reorganization.  Severe and long-lasting trauma to the forelimbs of adult macaques 
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changed intracortical axonal projections in area 3b and 1 of the somatosensory cortex 

(Florence et al., 1998), and similar findings have been found following cerebellar lesions 

(Keller et al., 1990), retinal lesions (Darian-Smith and Gilbert, 1994), and stroke 

(Carmichael et al., 2001; Dancause et al., 2005).  However, there is still considerable 

disagreement about axonal changes after sensory loss in adults, and its time course is 

poorly characterized.   

     To help resolve these issues, I directly compare the translocation of a discrete 

representational border (cortical reorganization) to changes in the axonal bias at the same 

border (axon remodeling) at different time points of forelimb denervation.  I located the 

FP/LJ border in adult SI and denervated or sham-denervated the region of forepaw 

representation immediately adjacent to the border by severing the radial and median 

nerves.  After 4, 6, or 12 weeks, I bulk labeled horizontal axons with Ctb to examine 

axonal projections.  I found evidence for temporary, directed axonal rearrangements 

during long durations of reorganization.  These axonal changes could contribute to later 

durations of cortical reorganization by forming new patterns of connections between the 

lower-jaw representation and the deafferented forepaw representation.        

 

Materials and Methods 

     Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO). 

 

Experimental design 
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     The location of the border between the forepaw and lower-jaw representations (FP/LJ 

border) in adult rat SI was determined using standard electrophysiological techniques 

(Figure 3.1), and the contralateral forepaw was partially denervated or sham-denervated.  

After approximately 4, 6, or 12 weeks (Table 3.1), the location of the novel border was 

determined and horizontal axon trajectories near the original border were labeled by 

injecting the retrograde axonal tracer Ctb (Molecular Probes, Eugene, OR) 300 µm 

medial to the original border in the forepaw representation.  Sham-denervated animals 

were treated identically to denervated animals except their forelimb was not denervated.  

Intact control animals (most intact control data were reanalyzed from Steen et al., J Comp 

Neurol, 104:5727, 2007, N = 10) did not receive the sham-denervation, denervation, and 

second surgery used to map the novel border.  To examine differences in horizontal axon 

trajectories near the border, I defined the term axonal bias as the difference between 

horizontal axonal projections within an individual representation and horizontal axonal 

projections that cross the FP/LJ border.  It was calculated by comparing the number of 

Ctb-labeled somata within the forepaw representation (non cross border, NCB) to the 

number of Ctb-labeled somata across the original border in the lower-jaw representation 

(cross border, CB) and normalizing the difference by the mean (NCB/CB normalized 

difference).  To determine changes in axonal trajectories, the axonal bias of appropriate 

intact, sham-denervated, and denervated rats were compared.  This approach allowed us 

to directly compare the translocation of a discrete representational border (cortical 

reorganization) with changes in the axonal bias at the border (axon remodeling) at 

different time points of forelimb denervation.  By including intact and sham-denervated 



113 
 

controls, I was able to reliably control for open-skull conditions, recording procedures, 

and forelimb surgeries.  The NCB/CB normalized difference allowed us to make 

comparisons across different experiments in which the injection diameter (as measured at 

the gain and offset used to acquire data) and total number of labeled cells varied 

considerably.  Furthermore, because peripheral denervation does not induce degeneration 

of the cortex at this time course, degenerative effects from the denervation could be 

separated from changes in neural activity.        

 

In vivo mapping of the original FP/LJ border  

     All experiments were done on Sprague-Dawley rats in accordance with the University 

of California at Riverside IACUC and NIH institutional guidelines.  Detailed methods of 

in vivo FP/LJ border mapping were reported previously in Hickmott and Merzenich 

(1998, 2002).   A summary is provided here.  Adult female Sprague-Dawley rats (mean 

age = 170.66 days, range = 105 – 231 days; mean weight = 322.44, range = 261 g – 421 g; 

N = 64; raised in house) were anesthetized with sodium pentobarbital (50 mg/kg, i.p.; 

Henry Schein, Port Washington, NY) until areflexic and mounted in a stereotaxic frame.  

Additional doses of pentobarbital were administered when necessary to maintain general 

anesthesia throughout the surgery.  To reduce respiratory secretions, brain edema, and 

bacterial infections atropine sulfate (54 mg in 3 ml ringers solution, i.p.; Neogen 

Veterinary, Lexington, KY), dexamethasone sodium phosphate (0.6 mg in 3 ml ringers 

solution, i.p.; American Regent Inc., Shirley, NY), and enrofloxacin (0.22 mg/1 kg, 

subcutaneous; Bayer Health Care LLC, Shawnee Mission, Kansas) were provided prior 
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to surgery.  Lidocaine (2%; Abbott Laboratories, North Chicago, IL) was injected 

subcutaneously within all surgical perimeters and pressure points and rectal temperatures 

were monitored and maintained between 35 and 38º C with a heating pad.  Surgeries 

were done under aseptic conditions.   

     SI was exposed by reflecting the rat’s skin and temporalis muscle and performing a 

craniotomy at the intersection of bregma and the temporal crest.  The dura mater was left 

intact because a survival period of 1-13 weeks was required.  A digital image of the 

cortex was recorded through the dura using a Leica ICA videocamera (Leica 

Microsystems, Bannockburn, IL) and then transferred to Canvas (ACD Systems of 

America, Miami, FL) for rendering.   

     The border between the forepaw and lower-jaw representation of the SI was mapped 

via extracellular multi-unit recordings (Hickmott and Merzenich, 1998).  Carbon-fiber 

electrodes (10 µm fiber diameter) were cut back to the glass so they could penetrate the 

dura without substantial reflection.  Transdural penetrations were made approximately 

650 µm deep perpendicular to the pial surface at several different rostral-caudal and 

medial-lateral positions.  When approaching the FP/LJ border, penetrations were made 

less than 40 µm apart in the medial-lateral axis.  Tactile stimulation was applied during 

each penetration to the contralateral forepaw and lower-jaw to evoke multi-unit 

cutaneous responses in SI.  Responses were amplified 10,000x and filtered between 300 

Hz and 5000 Hz with an AM Systems Microelectrode AC Amplifier (Model 1800; AM 

Systems Inc., Carlsborg, WA) and transduced into audio signals with an AM10 audio 

monitor (Grass Astro-Med Inc. Product Group, West Warwick, RI).  Responses were 
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characterized as forepaw, lower-jaw, or dual forepaw/lower-jaw responsive (FP/LJ 

border) subjectively by listening to the auditory output.   Since dual responsive regions 

rarely exceeded tens of micrometers in the medial-lateral axis, I am confident that this 

technique accurately located the border in all experiments.  One border point was then 

marked with fluorescent crystals by inserting an electrode coated with DiI 555 

(Molecular Probes, Eugene, OR; DiCarlo et al., 1996; Hickmott and Merzenich, 2002) 

into the cortex for approximately 5 minutes.  Gelfoam was then applied to the craniotomy 

and the incision was sutured.  To document the map, all responses were recorded on the 

digital image of the surface of the cortex using the vasculature as landmarks (Figure 3.1).   

 

Forepaw denervation 

     To induce sensory map reorganization, the rat’s forelimb contralateral to the in vivo 

map of the SI was partially denervated.  The skin of the forelimb was incised and 

reflected to expose the nerves.  The radial and median nerves were located proximally in 

the forelimb and severed by removing 2 to 4 mm of nerve.  To prevent regeneration, the 

severed ends of the nerves were tightly ligated with 6-0 suture thread.  The incision was 

sutured, and the rats were recovered and returned to their cage for approximately 4, 6, or  
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Figure 3.1.  In vivo mapping of the forepaw/lower jaw border of SI.  Inset illustrates a 
schematic of a lateral view of a rat cortex showing the somatotopic representation of the 
body surface (“ratunculus”).  The micrograph shows the surface of S1 in the region of the 
FP/LJ border with a schematic diagram of SI representations superimposed on it.  FP, 
forepaw representation; LJ, lower-jaw representation; HP, hindpaw representation; T, 
trunk representation; white solid circles, forepaw responses; white open circles, lower-
jaw responses; white solid squares, combined forepaw and lower-jaw responses; X, dye 
mark labeling the FP/LJ border; black solid circle, Ctb injection site.  The dashed lines 
represent a coronal section containing the Ctb injection site and dye mark.  Such sections 
were used for analysis of Ctb-labeled axons.  Medial is up, rostral is toward the right, 
scale bar is 1 mm.  
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12 weeks (Table 3.1).  These time points were based on previous observations of 

structural plasticity in our model system (Hickmott and Steen, 2005).  When necessary, 

the rat's trachea was suctioned and doxapram (20 mg/ml, i.p., 0.1 ml every 15 minutes for 

up to 1.5 hours; Bedford Laboratories, Bedford, OH) was administered to prevent 

respiratory distress.  To control pain, Buprenex (0.03 mg in 1 ml saline, i.m.; Rickitt 

Benckiser Healthcare Ltd., Hull, England) was provided immediately after the recovery 

and the following morning.       

     To control for open-skull conditions, recording procedures, and forelimb surgeries, 

sham-denervations were included in the study.  Sham-denervated animals were treated 

identically to denervated animals except radial and median nerves were not severed or 

ligated.  The skin was still incised and reflected to locate the proximal segment of the 

radial and median nerves.  The incision was then sutured and the rats were recovered.  

     To ensure that forelimb denervations were maintained for the entire length of the 

experiments, radial and median nerves were randomly inspected in 11 animals.  After 

transcardially perfusing them with 10% buffered neutral formalin (see below, 

experimental procedures), I incised and reflected the skin of their forearm to expose their 

nerves.  To assess nerve regeneration I examined the ligated ends of the radial and 

median nerves under a light compound microscope.  I classified nerves as regenerated if I 

observed a bundle of nerve-like fibers spanning the distance between the two ligated ends.  

I found nerve regeneration in only one animal (data not shown), in which the median 

nerve partially regenerated after 12 weeks of denervation.  I do not believe this nerve 

regeneration biased my data for several reasons.  First, previous work has shown that our 
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lab’s denervation technique, in which we remove several millimeters of nerve and ligate 

both ends of the nerve sheaths, does not induce nerve regeneration after 1, 2, and 4 weeks 

of denervation (Hickmott, 2005; Hickmott and Merzenich, 2002; Steen et al., 2007).  This 

is consistent with our findings; no nerve regeneration was found after 4 weeks of 

denervation.  Second, 12 weeks of denervation resulted in 0 cases of radial nerve 

regeneration and only 1 case of partial median nerve regeneration.  The former point is 

especially important considering that the radial representation is immediately adjacent to 

the FP/LJ border.  Thus, the forepaw representation closest to the border was 

deafferented for the entire length of the experiments in all cases examined, including the 

animal with partial median nerve regeneration.  Finally, in the animal with partial median 

nerve regeneration the extent of the nerve regeneration was small, the axonal bias was 

similar to other 12 week denervated animals, and like other denervated animals, the SI 

significantly reorganized; the border shifted 120 µM into the deafferented forepaw 

representation.  

 

In vivo mapping of the sham-denervated or denervated FP/LJ border  

     The location of the FP/LJ border in the SI after approximately 4, 6, or 12 weeks of 

sham-denervation or denervation of the contralateral forepaw was determined and 

marked by the method described above.   

 

Tracer injections 
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     To examine horizontal axon trajectories near the FP/LJ border in the SI, Alexa 488 or 

647 conjugated Ctb (1% in 100 mM phosphate buffer (PB); Invitrogen-Molecular Probes, 

Eugene, OR) was iontophoresed 300 µm directly medial to the DiI mark representing the 

original border in the forepaw representation (Figures 3.1 and 3.3; Steen et al., 2007).  

The tips of filamentous glass microelectrodes (#603500, A-M Systems, Carlsborg, WA) 

were broken back to 7-12 µm inner-tip diameter and backfilled with Ctb.  The electrodes 

were then inserted into the cortex and Ctb was iontophoresed with a direct current source 

(Model 260; World Precision Instruments, New Haven, CT) at 1 µA (2 s duty cycle), 200 

and 400 µm below the pial surface for 30 minutes each.  The rats were then recovered 

and returned to their cage as described previously. 

     To prevent knowledge of the treatment from biasing injection site locations, tracer 

injections were placed by naïve participant whenever possible (n = 26).  However, in 

some cases this was not possible.  I am confident that this did not bias data acquisition 

because I did not find a significant difference in the injection site distance from the 

original border between any experimental groups, including those with naïve and non-

naïve Ctb injection placements (Table 3.1; Kruskal-Wallis test, H corrected for ties = 

7.526, P-value = 0.5826). 

 

Tissue preparation  

     Approximately 7 days after tracer injections, animals were transcardially perfused 

with 10% buffered neutral formalin (VWR International, West Chester, PA) while under 

heavy anesthesia (sodium pentobarbital, 200 mg/kg).  Their brains were then removed, 



120 
 

post-fixed in 10% buffered neutral formalin overnight, transferred to 100 mM PB, and 

sectioned into 100 µm thick coronal slices with a Vibratome Series 1000 sectioning 

system (Technical Products International, Saint Louis, MO).  Coronal sections located 

near DiI marks were then incubated in 70% and then 90% glycerol in PB for 

approximately 15 minutes each, mounted onto single frosted micro slides (Corning Inc., 

Corning, NY), and stored at -20º C until ready to image.   

 

Confocal imaging 

     For each experiment I imaged the section that contained the DiI marks labeling the 

original and novel borders whenever possible.  This allowed us to determine the 

relationship between the original border, novel border, and injection site, and helped us 

compare the number of Ctb-labeled cell bodies across different experiments (see below, 

experimental procedures).  However, in some cases the original border was not visible 

(see below, experimental procedures).  Sections were imaged with a Zeiss 510 laser 

scanning confocal microscope (Thornwood, NJ) using 50% laser power.  They were 

acquired at 512 x 512 pixels, a 0.7 magnification factor, a speed of 4, a pinhole adjusted 

to approximately 3 airy units, and a Plan Neofluar 10x lens.  Z-stacked images were 

taken throughout the thickness of the slice at optimal intervals and projected using the 

maximum function of the Zeiss 510 software.  Because imaged sections were analyzed 

for labeled somata, the gain was adjusted so that the brightest soma contained several 

pixels at maximum intensity.  This was necessary to increase the intensity of lightly 

labeled somata.  To increase contrast, the offset was set so that areas lacking labeled cell 
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bodies had lightly stippled amounts of zero intensity labels.  The gain and offset were 

adjusted in the image containing the putative SGL with the most signal.  This was 

consistently the image on the NCB side of the injection site.  Beginning with this image, 

six overlapping images around the Ctb injection site were acquired and montaged into a 

single composite.  Because the Ctb injection site was often intensely labeled and could 

bleed into adjacent areas, image locations were selected so that analysis squares (see 

experimental procedures) were confined to images that excluded the injection site.  

During acquisition, the gain, offset, and Z-stack focus levels were held constant for all 

images.        

     To examine the relative position of the Ctb injection site and DiI marks representing 

the original and novel borders, I subsequently acquired a single image containing the Ctb 

injection site and DiI mark (data not shown).  Sections were imaged under the same 

conditions as mentioned above except images were not Z-stacked.  Unfortunately, the DiI 

signal labeling the original border was often not visible (> 75%).  Consequently, I 

calculated the distance between the injection site and original border from the digital 

image of the original and second FP/LJ map (see experimental procedures).  

 

Analysis 

 Determining the extent of cortical reorganization: 

    Changes in the location of the FP/LJ border were used as a metric for cortical 

reorganization.  To measure this, I superimposed the second FP/LJ map onto the first map 

and measured the distance between border points that were marked with DiI.  I  
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Treatment Treatment 
duration 
(days) 

Ctb injection 
diameter (µm) 

Distance; non-
naive (µm) 

Distance; naive  
(µm) 

Distance;  
total (µm) 

4 wk. sham 
(N = 10) 

27.4 ± 0.6 
25.0 – 31.0 

503.7 ± 32.4 
300.0 – 616.7 

293.3 ± 7.6 
233.3 – 306.7  

N = 0 293.3 ± 7.6 
233.3 – 306.2 

4 wk. denerv. 
(N = 8) 

28.4 ± 0.7 
25.0 – 31.0 

437.5 ± 44.1 
300.0 – 583.3 

302.2 ± 2.2 
300.0 – 306.7 

304.5 ± 2.2 
300.0 – 306.7 

303.3 ± 1.5 
300.0 – 306.7 

6 wk. sham 
(N = 9) 

42.1 ± 1.1 
38.0 – 46.0 

524.1 ± 46.0 
300.0 – 666.7 

300.0 ± 3.9 
293.3 – 306.7 

318.3 ± 13.7 
293.3 – 353.3 

309.2 ± 7.5 
293.3 – 353.3 

6 wk. denerv. 
(N = 9) 

42.4 ± 0.5 
40.0 – 44.0 

460.4 ± 64.2 
316.7 – 883.3 

320.0 ± 13.9 
300.0 – 346.7 

300.0 ± 6.2 
273.3 – 313.3 

306.7 ± 6.6 
273.3 – 346.7 

12 wk. sham 
(N = 8) 

84.0 ± 0.5 
81.0 – 85.0 

 656.3 ± 163.3*  
450.0 – 916.7 

300.0 
300.0 – 300.0 

301.9 ± 2.4 
293.3 – 313.3 

301.7 ± 2.1 
293.3 – 313.3 

12 wk. denerv. 
(N = 9) 

82.9 ± 0.5 
79.0 – 84.0 

407.4 ± 31.3 
300.0 – 566.7 

288.9 ± 5.9 
280.0 – 300.0 

301.7 ± 4.2 
293.3 – 313.3 

296.2 
280.0 – 313.3 

Total 
(N = 53) 

50.6 ± 3.4 
25.0 – 85.0 

497.1 ± 15.0 
300.0 - 916.7 

298.5 ± 3.8 
233.3 – 346.7 

304.4 ± 3.0 
273.3 – 353.3 

301.5 ± 2.4 
233.3 – 353.3 

 
Table 3.1. Mean values with s.e.m. and ranges for duration of treatment, Ctb injection 
diameter (as measured at the gain and offset used to acquire data), and distance between 
Ctb injection site and the original border (non-naïve, naïve, and total) from 4, 6, or 12 
week forepaw sham-denervated or denervated animals. The intact control data is reported 
in Steen et al., J Comp Neurol, 104:5727, 2007, N = 10.  *, significantly different from 
mean total ( P < 0.05; Mann Whitney). 
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am confident that this method was sufficient to detect the distance between the original 

and novel border for several reasons.  First, even though our multiunit extracellular 

recording technique probably detects neural discharges greater than 100 µm (the 

approximate mean distance of border translocation), Hickmott and Merzenich (1998) 

demonstrated that the trajectory of summated forepaw and lower jaw responses allow us 

to precisely locate the border within well-less than 100 µm. Second, there was fine 

surface vasculature in the SI of all animals, and as in previous studies (Hickmott and 

Merzenich, 2002) the large blood vessel patterns did not change during the experiments, 

and thus provided reliable reference points.  This enabled us to accurately reconstruct 

electrode responses in digital images of the cortex and superimpose the second maps onto 

the first maps.  Third, I used a high density of electrode penetrations near the border (< 

40 µm) and there was minimal overlap between representations.  Finally, previous studies 

used these methods to determine the location of the FP/LJ border for similar amounts of 

reorganization (Hickmott & Merzenich, 2002; Hickmott & Steen, 2005).  These studies 

successfully detected specific changes in circuit properties that reflect the location of the 

novel border.  It is hard to explain these findings without accepting the validity of our 

border detection method.   

     The distance of border translocation was then averaged for each experimental group.  

Denervated groups were compared to time matched sham-denervated groups with a 

Mann-Whitney test (see below, experimental procedures).  A P-value < 0.05 was taken as 

significant.  All data points were reported as mean ± SEM.  
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Determining changes in the axonal bias: 

     To measure changes in the axonal bias I calculated the NCB/CB normalized 

difference (see below, experimental procedures) for labeled cell bodies for each 

experiment.  Using Photoshop (Adobe Systems, Inc., San Jose, CA), overlapping 

projected stacks were aligned and montaged into a single composite image and overlay 

diagrams were added to indicate analysis areas.  The medial-lateral center of the injection 

site was determined visually for each composite image and labeled with a black line 

(Figure 3.3, center line).  Analysis squares (500 x 500 µm; Figure 3.3) were placed 500 

µm on both sides of the center line and parallel to the pial surface.  The 2 superficial 

analysis squares (SGL) were located 100 µm below the pial surface and represent SGL 

II/III (Steen et al., 2007).  The 2 deeper analysis squares (IGL) were located 700 µm 

below the pial surface and represent IGL V (Steen et al., 2007).   Consequently, Ctb-

labeled cell bodies in NCB analysis areas represent horizontal axon trajectories that do 

not cross the FP/LJ border and Ctb-labeled cell bodies in CB analysis areas represent 

axon trajectories that cross the border. 

     All experiments with a Ctb injection site diameter less than 300 µm (n = 4) or severe 

edema or dura damage (visually determined; n = 4) were excluded from analysis.  To 

quantify the axonal bias, analysis overlays were blindly counted and expressed as an 

NCB/CB normalized difference.  To ensure that counters could not identify analysis 

regions, each analysis region was cropped from its original montage, saved as a new file, 

and encoded.  Using identical criteria to identify Ctb-positive cell bodies, 3 counters 

blindly counted the number of cell bodies in each analysis overlay manually.  In order to 
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include analysis regions with zero cell counts, a value of 1 was added to all data points.  

For both SGL and IGL, NCB/CB normalized differences were calculated by comparing 

the number of Ctb-positive somata between NCB and CB analysis overlays and 

normalizing the difference by the mean.   

 

                                              NCB – CB                                          
NCB/CB Normalized Difference =  ----------------------  * 100                                                      

                                               (NCB + CB) * 1/2 

 

     Because this metric depends on the difference in labeled cells between CB and NCB 

analysis regions, it is relatively resistant to differences in the size of the Ctb injection site 

(as measured at the gain and offset used to acquire data) and total number of labeled cells.  

Consequently, it provides a reliable index for changes in axonal trajectories.  The 

NCB/CB normalized difference values were averaged across counters for each 

experiment.  The average NCB/CB normalized difference was then calculated for each 

treatment group.  Denervated groups were compared to time matched sham-denervated 

groups, the intact group, and all other denervated groups.  Sham-denervated groups were 

compared to the intact group and all other sham-denervated groups.  Because the data 

appeared nonparametric (i.e. differences in variance between experimental groups and 

small sample size), a Mann-Whitney test was used for all comparisons with P-value < 

0.05 taken as significant.  All data points were reported as mean ± SEM.    

 

Determining the direction of axonal rearrangements: 
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     A change in the axonal bias could result from either a directionally non-specific or 

specific process.  Non-specific axonal changes would increase or decrease the number of 

labeled cells in both CB and NCB analysis regions, thereby reducing or increasing the 

axonal bias, respectively.  Alternatively, directionally specific axonal rearrangements 

could reduce the axonal bias by increasing the number of CB labeled cells and/or 

decreasing the number of NCB labeled cells.  For instance, novel axons sprouting across 

the border from the intact lower-jaw representation into the activity-deprived forepaw 

representation would increase the number of CB labeled cells, and axons retracting away 

from the reorganizing border in the activity-deprived forepaw representation would 

decrease the number of NCB labeled cells (Figure 3.7).  To determine the direction of 

axonal rearrangements, I compared the average number of Ctb-positive cell bodies from 

NCB and CB analysis regions in SGL and IGL between appropriate groups.  Ctb-labeled 

cell bodies were counted by the method described above.  Denervated groups were 

compared to time matched sham-denervated groups and all other denervated groups.  

Sham-denervated groups were compared to all other sham-denervated groups.  Because 

there was a correlation between injection site diameter and number of Ctb-labeled cell 

bodies (r² = 0.222, P-value = 0.0005), the cell counts were normalized to injection site 

diameter (measured at the gain and offset settings used to acquire data).  They were also 

normalized to the average number of labeled cells to facilitate comparisons across 

treatment group.  Because the data appeared nonparametric (i.e. differences in variance 

between experimental groups and small sample size), a Mann-Whitney test was used for 
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all comparisons with a P-value < 0.05 taken as significant.  All data points were reported 

as mean ± SEM.    

 

Limitations of experimental paradigm 

     Our experimental paradigm has a few technical caveats.  First, I did not map the entire 

forepaw field before and after forepaw denervation so it is difficult to determine the exact 

location of the Ctb injection site relative to the cortical region that lost its peripheral drive.  

Previous experiments have found that denervation of the radial and median nerves 

deafferented 500-600 µM of cortex immediately medial to the FP/LJ border (Hickmott, 

unpublished results).  Since Ctb was injected 300 µM medial to the border and the mean 

Ctb injection site diameter was approximately 500 µM (Table 3.1), Ctb injections likely 

covered most of the deafferented field.  Second, in some cases (N = 9), the radius of the 

Ctb injection site was greater than 300 µM.  Consequently, small volumes of extracellular 

Ctb may have diffused across the border into the lower-jaw representation, affecting the 

NCB/CB normalized difference in those experiments.  I do not think this significantly 

biased my data because I did not find a correlation between the injection site diameter 

and the NCB/CB normalized difference (r2 = 0.006, P-value = 0.4385), and my basic 

statistical conclusions were the same when I excluded those experiments.  Third, the Ctb 

injection site diameter (and thus presumably the effective uptake zone) was large relative 

to the measured shift in the border.  However, our metric for the extent of reorganization 

may represent a low estimation of reorganization (see above, discussion).  If in fact the 

overlap is small, our ability to detect small changes in axonal trajectories in the 
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forepaw/lower-jaw reorganizing field would be diminished.  Consequently, negative 

results would be more difficult to interpret.  However, positive results would be more 

difficult to observe and thus even more indicative of structural changes.  Therefore, a 

decrease in the axonal bias (as observed after 6 weeks of forelimb denervation; see results) 

provides strong evidence that axons remodel during reorganization.   

     Axonal tracers are differentially taken up and transported by neurons (Chen and 

Aston-Jones, 1998).  Thus, differential uptake/transport could explain our data without 

involving axonal rearrangements.  For example, if the Ctb uptake/transport is activity-

dependent, then relative changes in activity in S1 induced by peripheral denervation 

could lead to changes in the numbers of Ctb-labeled cells without changes in axon 

trajectories.  However, this appears unlikely, as the uptake/transport of tracers appears 

mostly activity-independent (Heinrich et al., 1998).  Furthermore, the change in the 

axonal bias was not correlated with the change in the activity of the reorganized field.  In 

nearly all of the experiments, the deafferented zone was completely responsive to 

adjacent receptive fields by 4 weeks of denervation, while the axonal bias did not change 

until 6 weeks of denervation.  Ctb uptake/transport may also be different between mature 

and novel axons since novel axons have several properties that are different than mature 

axons.  Unfortunately, there is insufficient data to resolve this question.  However, 

differential uptake/transport of Ctb between mature and novel axons would not change 

our basic conclusion that axons remodel during reorganization, only our interpretation of 

the specific axonal changes.  If Ctb is poorly taken up/transported by novel axons our 

data would be even more supportive of biphasic processes of axonal sprouting and 
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retraction, as positive results would be more difficult to ascertain.  However, if Ctb is 

preferentially taken up/transported by novel axons, the reduction in the axonal bias after 

12 weeks of reorganization could be explained by axonal retraction or differential 

uptake/transport.  For instance, the reestablishment of the axonal bias could be due to a 

maturation of previously sprouted axons.      

 

Results 

Peripheral denervation induces long-lasting cortical reorganization 

     Partial forepaw denervation induced the FP/LJ border in the SI to shift medially into 

the deafferented forepaw representation (Figures 3.1 and 3.2).  The mean border shift was 

120.95 ± 23.92 µm after 4 weeks, 95.35 ± 19.68 µM after 6 weeks, and 85.93 ± 31.88 µm 

after 12 weeks of denervation.  Each of these values was significantly greater than time 

matched sham-denervation values and there was not a significant difference between 

different denervation groups. These results suggest two things.  First, forepaw 

denervation induces long-lasting topographical reorganization of the cortex (> 12 weeks), 

in which forepaw responsive cortical areas are reassigned to adjacent cortical areas.  The 

time points used in this study appear to be from a relatively stable phase of this 

reorganization.  Second, the reorganization was not caused by an open craniotomy or a 

reduction in forelimb use as a result of forelimb surgery.   
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Figure 3.2. Reorganization of SI is induced by forepaw denervation.  (A) Schematic of 
SI before and after forepaw denervation.  FP, forepaw representation; LJ, lower-jaw 
representation.  Note translocation of the border in the medial direction.  Rostral is 
toward the right, medial is up.  (B)  Mean translocation of FP/LJ border after 
approximately 4, 6, or 12 weeks of sham-denervation (black bars) or denervation 
(hatched bars) of the forepaw.  **, significantly different from corresponding sham-
denervated group (P < 0.01; Mann Whitney U-test).  Error bars represent the SEM. 
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Profile of Ctb-labeled sections 

     The average Ctb injection site diameter was 497.06 ± 14.95 µm and ranged from 300 

to 916.67 µm (measured at the gain and offset settings used to acquire data; Tables 3.1 

and 3.2).  Most of the label was contained in supragranular (SGL) and granular layers, 

but it commonly labeled tissue throughout infragranular layers (IGL), as well.  Examples 

of typical injection sites are shown in Figure 3.3.  All mean injection site diameters for 

the experimental groups were not significantly different from the average injection site 

diameter except the 12 week sham-denervated group (Table 3.1; P-value = 0.017).  I am 

confident that this did not bias my data acquisition for two reasons.  First, there was not a 

correlation between injection site diameter and NCB/CB6 normalized difference (r2 = 

0.006, P-value = 0.4385; see experimental procedures).  Second, the basic results did not 

change when I excluded experiments with injection site diameters larger than 600 µm to 

minimize the potential impact of extracellular Ctb diffusing across the border (data not 

shown; see experimental procedures).   

     The typical pattern of Ctb-labeled cell bodies is shown in Figure 3.3.  In all 

experimental groups labeled somata were found in putative supragranular, granular, and 

infragranular layers on both sides of the injection site.  Labeled cell bodies could be 

found over 2 mm away from the injection site, but the largest density was usually located 

within 800µm of the injection site perimeter in SGL and IGL.   
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Figure 3.3. Example of Ctb-labeled cell bodies in coronal sections from a (A) 6 week 
sham-denervated animal and (B) 6 week denervated animal. Sections contain an injection 
site of Ctb 300 µm medial to the original FP/LJ border (OB).  Retrogradely-labeled 
neuronal somata are visible as bright puncta.  Fewer labeled neurons lie across the FP/LJ 
border (CB) than in the same representation as the injection (NCB).  The relative 
amounts of labeled somata in the CB and NCB regions are affected by denervation (see 
text).  Ctb, Ctb injection site; OB, FP/LJ border before denervation (or sham); NB, FP/LJ 
border after denervation (or sham); SGL, supragranular layers; IGL, infragranular layer V;  
The line bisecting the Ctb injection site (center line) defined the center of the Ctb 
injection site used for analysis (see Methods).  The squares represent analysis regions 
(500 X 500 µm) used to count Ctb-labeled cells 500 µm from the center of the injection 
site and 100 and 700 µm below the pial surface. Contrast was adjusted to maximize 
detection of Ctb-labeled cell bodies.  Medial is toward the left, pial surface is up.  Scale 
bar = 500 µm. 
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Cortical reorganization is associated with axon remodeling 

     To investigate if axon remodeling is associated with cortical reorganization, I 

examined the axonal bias at the FP/LJ border for each treatment group.  Despite some 

individual variation (Figure 3.4A and see Table 3.2 for raw data), I found a significant 

reduction, but not elimination, in the axonal bias after 6 weeks of forepaw denervation, 

but not after 4 weeks (Figure 3.5A, hatched bars).  An example of this is shown in Figure 

3.3.  Notice the reduction in the axonal bias in the IGL of the denervated rat.  These data 

suggest robust axon remodeling is associated with a stable period of reorganization. 

However, the axon remodeling does not completely eliminate the axonal bias at the 

border.  Interestingly, this reduction was not found in rats that underwent 12 weeks of 

denervation (Figures 3.4A and 3.5A, hatched bars).  This suggests the axonal changes are 

not permanent, even though the reorganization is stable.  Consequently, the axonal bias at 

the FP/LJ border is temporarily attenuated during reorganization.  Similar effects were 

observed when the data from supragranular and infragranular layers were analyzed 

separately (Figure 3.4B and C and 3.5B and C, hatched bars).  This indicates that the 

changes in axonal bias were fairly uniform across layers.   

 

Axon remodeling induced by peripheral denervation is directionally specific 

      The reduction in the axonal bias after 6 weeks of denervation could result from 

directionally specific axon sprouting or retraction.  For instance, novel axonal projections 

sprouted across the border from the intact lower-jaw representation into the reorganizing 

field would increase the number of CB labeled somata, while axons retracting away from 
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Figure 3.4. Forepaw denervation induces axon remodeling after 6 weeks. Individual 
NCB/CB normalized differences for intact (stipple), sham-denervated (black), and 
denervated (hatched) animals are shown.  Treatments are for 4 (left), 6 (middle), and 12 
(right) weeks. Non-zero differences indicate axonal bias.  These data were used to 
construct the mean data presented in Figure 3.5.  (A) Combined data from SGL and IGL 
analysis boxes (see Figure 3.3).  (B) Data from SGL analysis boxes (see Figure 3.3).  (C) 
Data from IGL analysis boxes (see Figure 3.3).  
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Figure 3.5. Forepaw denervation induces axon remodeling after 6 weeks.  Mean 
NCB/CB normalized difference for intact (stipple), forepaw sham-denervated (black), 
and forepaw denervated (hatched) animals are shown.  Treatments are for 4 (left), 6 
(middle), and 12 (right) weeks. Non-zero differences indicate axonal bias. (A) Combined 
data from SGL and IGL analysis boxes (see Figure 3.3).  (B) Data from SGL analysis 
boxes (see Figure 3.3).  (C) Data from IGL analysis boxes (see Figure 3.3).  N = 11 
(intact), 10 (4 week sham), 8 (4 week denervated), 9 (6 week sham), 9 (6 week 
denervated), 8 (12 week sham), 9 (12 week denervated).  Error bars represent the SEM.  
All treatment groups are significantly different than 0 (P < .01); One sample sign test.  
All other significance values are from Mann-Whitney U Tests; *, significantly different 
from corresponding sham-denervation group (P < 0.05); †, ††, significantly different 
from intact group (P < 0.05, 0.01, respectively); ψ, significantly different from 12 week 
denervation group (P < 0.05); •, significantly different from 4 week and 6 week sham-
denervation groups (P < 0.05).  
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the reorganizing field from the ulnar representation would decrease the number of NCB 

labeled somata (Figure 3.7).  Furthermore, a general increase in labeled somata could also 

affect the ratio.  To differentiate between these hypotheses, I compared the normalized 

number of Ctb-positive cell bodies from NCB and CB analysis regions from 6 week 

denervated animals to 6 week sham-denervated animals.  I found a significant increase in 

the number of CB labeled cells in 6 week denervated animals, without a significant 

change in the number of labeled cells in the NCB analysis region (Figure 3.6A and D, 

hatched bars; see Table 3.2 for raw data).  This suggests that the change in the axonal 

bias after 6 weeks of denervation resulted from the sprouting of novel axonal projections 

across the border from the intact lower-jaw representation into the deafferented forepaw 

representation.  These changes appear to be uniform across layers, as similar trends in 

Ctb-labeled cells were observed when the data from supragranular and infragranular 

layers were analyzed separately (Figure 3.6B, C, E, and F).  However, the mean values 

from SGL and IGL were below significance (CB: SGL 6 week denervated vs. SGL 6 

week sham-denervated: Z tied = -1.898, P-value = 0.0576; CB: IGL 6 week denervated 

vs. IGL 6 week sham-denervated: Z tied = -1.280, P-value = 0.2004).     

     The reestablishment of the axonal bias at the border after 12 weeks of denervation 

could have resulted from the retraction of newly sprouted axons across the border from 

the lower-jaw representation and/or the sprouting of new axons from the medially-

adjacent ulnar representation, which presumably expanded into the deafferented 

representation from the opposite direction.  To delineate these 2 hypotheses, I compared 

the number of normalized Ctb-positive cell bodies from NCB and CB analysis areas 
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between 6 week and 12 week denervated animals.  I found a significant decrease in the 

number of CB labeled cells in 12 week denervated animals, without a significant change 

in the number of labeled cells in the NCB analysis region (Figure 3.6A and D, hatched 

bars).  Similar results were observed when the data from supragranular and infragranular 

layers were analyzed separately (Figure 3.6B, C, E, and F, hatched bars).  However, the 

IGL did not reach significance (Z tied = -1.369, P-value = 0.1711).  These data suggest 

the sprouting of novel axonal projections into the reorganizing field is followed by the 

retraction of axonal projections away from the reorganizing field.  Given that the number 

of labeled cells in CB regions of 12 week denervated animals was not significantly 

different from the number of labeled cells in CB regions of 4 and 6 week sham-

denervated animals (Figure 3.6), axon retraction appears to reestablish the original axonal 

bias at the border.   

 

Non-specific axonal rearrangements are induced by 12 weeks of sham-denervation in 

superficial layers of the cortex 

     Open-skull conditions can induce certain forms of structural plasticity (Pan and Gan, 

2008; Xu et al., 2007).  To investigate if the craniotomy, forelimb surgery, or recording 

procedures induced axon remodeling, I determined the axonal bias at the FP/LJ border for 

intact and 4, 6, and 12 week sham-denervated animals.  I did not find a significant 

difference between intact animals and 4 and 6 week sham-denervated animals (Figures 

3.4 and 3.5, solid bars).  This suggests that the forelimb surgery, recording procedures,  
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Figure 3.6. Axon remodeling is bidirectional, with separate phases of axon sprouting and 
retracting.  Normalized Ctb-positive cell body counts for forepaw sham-denervated 
(black) and denervated (hatched) animals after 4 (left), 6 (middle), and 12 (right) weeks 
of treatment.  (A) Combined data in NCB SGL and IGL analysis boxes (see Figure 3.3).  
(B) Data from NCB SGL analysis box (see Figure 3.3). (C) Data from NCB IGL analysis 
box (see Figure 3.3).  (D) Combined data from CB SGL and IGL analysis boxes (see 
Figure 3.3).  (E) Data from CB SGL analysis box (see Figure 3.3).  (F) Data from CB 
IGL analysis box (see Figure 3.3).  N = 10 (4 week sham), 8 (4 week denervated), 9 (6 
week sham), 9 (6 week denervated),  8 (12 week sham), 9 (12 week denervated). Error 
bars represent SEM.  Significance values are from Mann-Whitney U Test; *, **, 
significantly different from corresponding sham-denervation group (P < 0.05, 0.01, 
respectively); ψ, significantly different from 12 week denervation group (P < 0.1). 
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Experiment 
 
 
 

Treatment 
 
 
 

Ctb inj. 
Diameter 

(µm) 

 

NCB 
Mean 
cell 

counts 

CB 
Mean 
cell 

counts 

 
NCB/CB 
Norm. 
Diff. 

 

NCB 
Mean 
cell 

counts 

CB 
Mean 
cell 

counts 

NCB/CB 
Norm. 
Diff. 

 
SGL IGL 

9-10-07a Control NR 24.67 4.00 143.23 30.67 5.00 138.03 
1-21-05b Control NR 23.67 8.00 89.25 22.33 7.33 103.06 
1-25-05a Control NR 46.33 2.33 167.22 22.00 7.33 60.28 
2-15-05a Control NR 68.33 61.33 102.98 21.67 47.67 27.64 
3-18-05a Control NR 9.33 1.33 129.76 33.33 7.33 83.06 
4-905a Control NR 19.33 8.00 64.67 27.33 5.67 119.71 

6-19-05a Control NR 79.00 1.00 190.68 30.67 5.33 133.43 
6-19-05b Control NR 25.00 2.67 150.44 56.33 2.67 175.43 
6-20-05b Control NR 8.33 3.00 87.85 21.67 9.00 84.11 
6-5-05a Control NR 14.00 7.00 56.80 23.33 8.00 90.04 
7-10-05b Control NR 17.33 1.00 157.78 25.33 2.00 153.90 
11-6-07a 4 wk. sham 616.67 32.00 7.00 127.18 33.67 6.33 128.40 

11-13-07a 4 wk. sham 583.33 47.67 7.67 139.37 80.00 7.67 161.58 
11-15-07a 4 wk. sham 300.00 25.33 9.00 94.93 20.67 6.67 88.41 
11-15-07b 4 wk. sham 583.33 19.67 6.00 96.45 9.33 0.67 119.05 
11-15-07c 4 wk. sham NR 28.00 3.67 149.65 5.67 3.00 -9.52 
3-24-08a 4 wk. sham 433.33 17.33 5.00 108.81 13.33 3.67 107.17 
3-25-08b 4 wk. sham 550.00 69.00 4.33 172.05 62.67 5.33 166.00 
3-27-08a 4 wk. sham 466.67 10.67 2.50 133.97 5.67 6.00 6.35 
3-27-08b 4 wk. sham 500.00 10.00 5.33 56.87 16.00 8.67 62.47 
4-4-08b 4 wk. sham 500.00 39.67 20.00 66.28 39.33 14.67 88.22 
3/21/07a 4 wk. denerv. 483.33 68.33 10.00 144.67 57.67 31.33 60.08 
3/21/07b 4 wk. denerv. 566.67 117.33 36.33 94.81 58.00 29.67 60.51 
3-28-07a 4 wk. denerv. 316.67 5.00 0.00 142.06 7.00 0.67 90.98 
7-2-07a 4 wk. denerv. 333.33 7.33 0.00 112.32 6.00 0.67 118.18 
7-6-07a 4 wk. denerv. 350.00 15.00 1.00 139.12 15.00 3.00 106.56 
9-22-08b 4 wk. denerv. 583.33 6.00 8.67 -36.01 8.33 3.33 42.31 
9-25-08a 4 wk. denerv. 300.00 13.00 9.67 26.82 8.00 2.67 73.39 
9-25-08b 4 wk. denerv. 566.67 34.33 4.33 149.57 19.00 2.67 137.92 
3-10-09a 6 wk. sham 500.00 47.00 3.00 9.65 30.00 4.00 70.59 
3-11-09a 6 wk. sham 366.67 44.33 12.67 112.55 10.00 4.67 59.37 
3-11-09b 6 wk. sham 400.00 14.00 8.67 37.49 31.00 6.00 133.99 
3-19-09a 6 wk. sham 616.67 12.67 6.67 57.94 26.00 6.67 121.35 
3-19-09b 6 wk. sham 583.33 80.67 12.67 148.06 68.33 3.33 177.00 
3-27-09a 6 wk. sham 300.00 18.33 1.33 143.50 10.67 6.00 67.13 
3-30-09a 6 wk. sham 616.67 68.67 9.33 153.43 45.00 12.33 110.28 
3-30-09b 6 wk. sham 666.67 58.33 16.33 113.23 50.00 26.00 63.30 
3-31-09b 6 wk. sham 666.67 57.67 14.67 120.98 33.67 10.67 103.25 
7-27-07a 6 wk. denerv. 450.00 17.67 4.67 103.87 27.33 1.33 170.03 
8-8-07a 6 wk. denerv. 333.33 2.00 3.67 -30.16 2.00 1.00 40.00 
8-14-07a 6 wk. denerv. 366.67 26.67 11.33 104.83 4.00 3.33 16.93 

11-19-07a 6 wk. denerv. 433.33 22.33 15.67 37.02 27.00 29.00 11.58 
11-19-07b 6 wk. denerv. 500.00 26.33 6.33 117.95 24.67 21.00 15.86 
11-26-07a 6 wk. denerv. 883.33 51.33 32.67 57.45 35.00 33.67 6.97 
11-26-07b 6 wk. denerv. 316.67 27.67 13.00 68.27 20.33 16.00 28.07 
11-29-07b 6 wk. denerv. 400.00 33.00 11.00 123.08 37.33 7.67 130.26 
10-25-07a 6 wk. denerv. NR 46.33 19.67 84.49 10.67 37.67 -114.23 
11-11-08a 12 wk. sham 500.00 13.33 11.67 24.89 20.67 5.67 71.11 
11-17-08a 12 wk. sham 583.33 63.67 13.67 127.29 117.00 54.00 69.35 
12-8-09a 12 wk. sham 666.67 112.33 15.00 150.53 87.00 8.33 162.91 
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12-8-09b 12 wk. sham 550.00 8.33 5.33 33.95 22.00 8.00 92.45 
2-23-09a 12 wk. sham 916.67 31.00 22.33 30.47 50.67 13.67 109.12 
3-4-09a 12 wk. sham 833.33 19.00 14.33 21.87 26.33 6.67 117.77 
3-4-09b 12 wk. sham 450.00 8.67 6.67 3.97 39.33 8.33 129.21 
3-10-09a 12 wk. sham 750.00 47.00 3.00 169.93 30.00 4.00 151.42 
4-4-08a 12 wk. denerv. 566.67 7.33 6.33 13.49 5.33 5.33 -2.96 
4-8-08a 12 wk. denerv. 450.00 20.00 5.00 111.46 17.33 1.67 151.57 
4-8-08b 12 wk. denerv. 450.00 19.00 2.33 142.56 17.00 3.67 85.41 
4-15-08a 12 wk. denerv. 450.00 16.67 1.33 153.03 41.00 1.33 179.21 
5-16-08a 12 wk. denerv. 300.00 10.67 1.67 130.28 11.00 3.00 103.64 
5-21-08a 12 wk. denerv. 316.67 33.00 3.00 158.02 25.33 4.33 140.35 
5-23-08a 12 wk. denerv. 483.33 26.33 2.33 157.60 39.67 5.00 146.93 
5-30-08a 12 wk. denerv. 300.00 2.33 1.67 16.67 18.00 2.67 141.27 
6-6-08b 12 wk. denerv. 350.00 26.00 1.33 165.35 15.33 6.00 91.83 

 
 
Table 3.2. Raw data of Ctb injection diameters (as measured at the gain and offset used 
to acquire data), mean cell counts for each analysis area, and mean NCB/CB normalized 
differences from intact or 4, 6, or 12 week forepaw sham-denervated or denervated 
animals. Most of the intact control data was reanalyzed from Steen et al., J Comp Neurol, 
104:5727, 2007, N = 10.  NR, not reported. 
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and 6 weeks or less of open-skull conditions does not induce axon remodeling of 

supragranular or infragranular horizontal projections.  However, when I compared the 

axonal bias of 12 week sham-denervated animals to intact, 4 week sham-denervated, 6 

week sham-denervated, and 12 week denervated animals, I found a significant reduction 

in the axonal bias in SGL, but not IGL (Figure 3.4B and C and Figure 3.5B and C, solid 

bars).  These results are consistent with the hypothesis that long periods of open-skull 

conditions induce axon remodeling in superficial layers of the cortex near the open 

craniotomy.  However, I cannot rule out the possibility that changes in forelimb use 

resulting from the forelimb surgery caused the shift in the axonal bias.  However, this 

appears unlikely, as the reduction in forelimb use associated with forelimb surgery occurs 

much earlier than 12 weeks after surgery (Jones and Schallert, 1994).   

     For forepaw-denervated animals, the decrease in axonal bias was due to an increase in 

cells labeled from across the border (CB; Figure 3.6, hatched bars), and was thus 

directionally specific.  To investigate if the axonal rearrangements in 12-week sham 

animals were directionally specific, I compared the normalized number of Ctb-positive 

cell bodies from the supragranular NCB and CB analysis areas between 12-week sham-

denervated animals and 4 and 6-week sham-denervated animals.  I did not find a 

significant difference in either analysis region (Figure 3.6, solid bars).  Because the cell 

counts were normalized to the average number of cells (see experimental procedures), the 

axonal bias may have been reduced by an equivalent increase in labeled cell bodies in 

both analysis regions.  This is consistent with non-specific axonal rearrangements.  For 

instance, consider a naive rat with 50 labeled cell bodies in the NCB analysis region and 
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10 cell bodies in the CB analysis region.  The NCB/CB normalized difference (i.e. axonal 

bias) would be approximately 133 (see experimental procedures).  If during 

reorganization, 10 axonal projections sprouted into the reorganized field from both 

analysis boxes, the number of labeled cell bodies in the NCB and CB analysis regions 

would increase to 60 and 20, respectively.   This would decrease the NCB/CB normalized 

difference to 100.   

 

Discussion 

     Structural changes have been hypothesized to underlie cortical reorganization.  Here, I 

demonstrate long durations of cortical reorganization are associated with directed axonal 

sprouting and retraction.   

 

Peripheral denervation induces long-lasting cortical reorganization 

     Partial forepaw denervation caused the FP/LJ border in the SI to shift approximately 

100 µM medially into the deafferented forepaw representation (Figure 3.2). This is 

consistent with previous findings reported in our model system (Hickmott, 2005; 

Hickmott and Merzenich, 2002; Hickmott and Steen, 2005) and others (McCandlish et al., 

1996; Merzenich et al., 1983).  However, in many of these studies, 4 weeks of 

denervation resulted in larger shifts in the border (mean, ~200 µm).  The difference may 

be accounted for by the different methods used to quantify border changes.  In several of 

the aforementioned studies, the distance between DiI marks representing the original and 

novel borders were directly measured in vivo.  Because DiI marks were often not visible 
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after 4 weeks of denervation, it was not possible to measure the distance between them in 

many experiments.  Thus, I used the digital images of the first and second maps to 

measure the distance between the original and novel borders.  I am confident this method 

reliably detected changes in the location of the border (see experimental procedures).  

However, because direct in vivo measurements of the reorganizing field from rats that 

received the same treatment found more reorganization, our data represent lower 

estimates of the extent of reorganization (Hickmott, 2005; Hickmott and Merzenich, 2002; 

Hickmott and Steen, 2005). 

     Previous studies of the FP/LJ border demonstrated rapid shifts in the border that lasted 

for at least 4 weeks.  This is the first study in which our lab denervated the forepaw for 

longer durations.  I did not find additional changes in the border location at later time 

points (Figure 3.2). This suggests that the expansion of the lower-jaw representation 

reached its maximum value sometime before 4 weeks of denervation and was maintained 

for at least another 8 weeks.  This is distinct from other reports of a continuous 

progression of reorganization lasting several months or even years (Calford and 

Tweedale, 1991; Merzenich et al., 1983: Pons et al., 1991).  This discrepancy may be 

because the forepaw was only partly denervated in our studies, and substantial expansion 

of the more correlated ulnar representation may have prevented, and even reversed 

further expansion of the lower-jaw representation.  This is consistent with our 

reconstruction of reorganized FP/LJ maps.  The putative ulnar representation was just 

medial to the novel border in 84.62% of the forepaw denervation experiments. 
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Cortical reorganization is associated with directionally-specific axon remodeling 

     I found a reduction in the axonal bias after 6 weeks of forepaw denervation.  The 

reduction resulted from an increase in the number of labeled cells across the border in the 

lower-jaw representation, without a change in the forepaw representation (Figure 3.6).  

Despite minor limitations in our experimental paradigm (see experimental design), these 

data suggest axons sprout from the intact lower-jaw representations into the reorganizing 

field during late durations of cortical reorganization (Figure 3.7).  This is consistent with 

findings reported in Carmichael et al. (2001), Darian-Smith and Gilbert (1994), Dancause 

et al. (2005), Florence et al. (1998), and Keller et al. (1990).  However, I observed large 

individual variation in the number of labeled cells (Figure 3.6).  This was likely caused 

by the variation in the effective Ctb uptake zone (Tables 3.1 and 3.2).  Despite this, I am 

still confident in my conclusion.  The reduction in the axonal bias could have only 

resulted from one of two biological processes: axon sprouting into the reorganizing field 

from the lower-jaw representation or axon retraction away from the reorganized field 

from the forepaw representation (Figure 3.7).  Our data clearly supports the former 

hypothesis (Figure 3.6).   

     By injecting a retrograde axonal tracer into the reorganizing field, I was able to 

examine differences in axon dynamics between cells that crossed the original FP/LJ 

border (CB) and cells that remained within the forepaw representation (NCB).  I expected 

to find equivalent reorganization from the intact ulnar representation (i.e. NCB).  

Surprisingly, I only found evidence for axon sprouting from cells across the original 

border (i.e. reduction in axonal bias), and not from the preserved ulnar representation 
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(Figures 3.4, 3.5, and 3.6).  This may be because our tracing method was not sensitive 

enough to detect changes in the large population of axons from the ulnar representation.  

Recall that there are considerably more horizontal axonal projections in the radial-median 

representation from somata in the ulnar representation than from somata across the border 

in the lower-jaw representation (Steen et al., 2007).  If radial/median denervation induces 

axon sprouting equally in cells from the ulnar and lower-jaw representations, it would be 

more difficult to detect changes when the original number of axons was relatively large.   

Alternatively, the axons from across the border may be more susceptible to sprouting 

than those from the ulnar representation.  This would be expected if axonal plasticity, like 

many forms of synaptic plasticity, is subject to associative and normalizing learning rules.  

Experimental models of synaptic plasticity are correlated with changes in cell structure 

(Abraham and Williams, 2003; Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001).  

Because the activity of cells in the ulnar representation is relatively correlated with the 

radial-median cortical fields, axon sprouting from cells in the ulnar representation may be 

saturated, hindering sprouting during cortical reorganization.  On the contrary, the 

activity of cells across the FP/LJ border is poorly correlated with cells in the radial-

median representations.  Thus, their axons may be in a sprouting permissive state, 

undergoing robust axonal remodeling during reorganization.  Since our lab has already 

determined that the ability to induce synaptic plasticity differs between NCB and CB 

connections (Marik and Hickmott, 2009), it may follow that their ability to undergo 

activity-dependent axonal modifications also differs.  
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    In ischemic stroke models, novel axons can be detected anatomically approximately 4 

weeks after the central lesion (Carmichael et al., 2001).  Unfortunately, there have not 

been many studies in adult animals that document the temporal progression of directed 

axon sprouting induced by peripheral denervation alone, without central damage.  

Florence and colleagues (1998) found evidence for axon sprouting 1 to 10 years after 

accidental trauma to monkey’s forelimbs, and Darian-Smith and Gilbert (1994) found 

evidence for axon sprouting approximately 8 months after bilateral focal lesions to cat’s 

retinas.  Our study presents a more temporally resolved description of axon sprouting 

during adult cortical reorganization.  I found evidence for axon sprouting approximately 

6 weeks after forepaw denervation, but not after 4 weeks (Figures 3.2, 3.4, and 3.5).  This 

was during the maintenance, but not progression, of topographical changes in the cortex.  

This suggests axon sprouting requires more than 4 weeks of peripheral denervation to be 

detected anatomically, and is associated with longer durations of cortical reorganization 

that may be important for maintaining and refining topographical changes.  However, I 

can not rule out the possibility that small levels of axon sprouting occur at earlier time 

points that are not detected by the population analysis used in this study.  For instance, 

Yamahachi et al. (2009) found evidence of rapid axonal plasticity in the adult primary 

visual cortex using two-photon microscopy of individual axons.  Our findings are more 

similar to observations of deafferentation following ischemic stroke.  Growth cone 

formation has been detected within 7-14 days after central lesions (Stroemer et al., 1995), 

but novel axons forming new patterns of connections have not been found until 

approximately 28 days after the lesion (Carmichael et al., 2001).   
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Cortical reorganization is associated with directionally-specific axon retraction 

     The reduction in the axonal bias at the border returned to normal values by 12 weeks 

of denervation.  This was due to a decrease in the number of CB labeled cells, without a 

significant change in the number of NCB labeled cells (Figure 3.6).  This suggests that 

there are two phases of axonal rearrangements during cortical reorganization; an early 

phase of axon sprouting across the border into the reorganizing field, followed by a later 

phase of axonal pruning that reestablishes the axonal bias (Figure 3.7).  This is similar to 

a study by Yamahachi et al. (2009) in which they used two-photon microscopy to image 

small populations of axon dynamics in lesion projection zones of adult macaque visual 

cortex after bilateral focal lesions.  They found evidence that parallel processes of axon 

sprouting and retraction compete during reorganization.  The current study extends these 

findings to large populations of axons in SI at later time points of reorganization.  The 

results are reminiscent of axon dynamics during development.  During development 

several cortical areas produce exuberant axon collaterals that are subsequently pruned 

back in an activity-dependent manner (Durack and Katz, 1996; O’Leary and Koester, 

1993).  This is thought to provide the flexibility and specificity required for cortical 

development.  Adult cortical reorganization may recapitulate developmental processes, as 

similar axonal changes have been found in the adult; electrolytic lesions induced 

dendritic branching in the cortex that was subsequently pruned back in a glutamate 

receptor-dependant manner (Jones and Schallert, 1994; Kozlowski and Schallert, 1998),  
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Figure 3.7. Schematic diagram modeling bidirectional axonal rearrangements during 
cortical reorganization.  In normal SI (left) there is a large axonal bias at the original 
FP/LJ border (OB) in which cells close to the border have more axonal projections within 
individual representations (NCB) than across representational borders (CB).  Following 6 
weeks of forepaw denervation (middle), the border shifts medially into the activity-
deprived FP representation (NB; i.e. cortical reorganization).  This is associated with an 
increase in the number of labeled cells in areas across the border (CB) and a 
corresponding reduction in the axonal bias at the border via axon sprouting from the LJ 
representation into the FP representation.  This is followed by a later phase of axon 
pruning that reestablishes the original axonal bias (right). OB, original border; NB novel 
border; LJ, lower-jaw representation; FP forepaw representation; Ctb, Ctb injection site; 
CB, cross border analysis box; NCB, non-cross border analysis box.  Medial is toward 
the left.  
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and crushing the cuneate fasciculus induced extensive retraction of axon terminals in the 

thalamus and cortex (Graziano and Jones, 2009).   

     What role then does axon sprouting and retracting in SI play in cortical reorganization?  

One possibility is that it could contribute to the maintenance and refinement of cortical 

reorganization.  Axon sprouting and retracting were observed when the FP/LJ border was 

relatively stable.  Newly sprouted axonal projections across the  

border could initially reinforce synaptic changes, facilitate new synaptic plasticity in 

cross-border connections, and form novel patterns of connections.  Subsequent axon 

retraction could then eliminate asynchronous axonal inputs and refine receptive field 

properties, an important feature of late periods of cortical reorganization (Churchill et al., 

1998; Merzenich et al., 1983).  Furthermore, the elimination of axonal inputs could 

increase the transmission of activity across the border via compensatory mechanisms.  

Stable connections across the border could compensate for retracted projections by 

increasing synaptogenesis and/or the strength of preexisting synaptic connections.  

Similar findings have been reported (Colman et al., 1997; Hashimoto and Kano, 2003; 

Jones, 2000; Lichtman, 1977; Lu and Trussell, 2007).  Thus, a temporary increase in 

excitatory drive across the border from the recruitment and elimination of novel axonal 

projections could be transferred to a long lasting increase in synaptic strength and/or 

synaptogenesis in cross-border connections.  Thus, axon dynamics (both sprouting and 

retracting) may be a critical process that helps maintain and refine functional 

reorganization without significantly changing the gross cellular anatomy.  As such, the 
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organization of the physiological sensory map would no longer reflect the axonal bias at 

the border, as observed in this study.    

     Another possibility is that axon remodeling in SI has no role in reorganization.  The 

exuberant axon sprouting across the border after sensory loss may not form stable 

connections with their respective targets and may be subsequently eliminated.  If that is 

the case, what then maintains the topographical changes?  Obviously, one possibility is 

long lasting synaptic plasticity.  However, another is thalamocortical and/or subcortical 

structural plasticity.  While thalamocortical and subcortical axons are generally regarded 

as more stable, axon plasticity has been documented at all levels of the somatosensory 

systems during reorganization, especially the thalamocortical level (Wimmer et al., 2011; 

Sadaka et al., 2003).  Furthermore, our lab has preliminary data that suggest that novel 

thalamocortical axonal projections sprout into the reorganizing field and adjacent lower 

jaw representation during similar time periods of reorganization (Nolen et al. 2007).  

These axonal changes could maintain functional reorganization in the cortex in the 

absence of sustained cortico-cortical axonal changes.   

     How could peripheral denervation lead to axon sprouting?  In a recent study, 

Carmichael and Chesselet (2002) found that synchronous neuronal activity was 

associated with early phases of axon sprouting after a cortical lesion.  Interestingly, the 

synchronous activity was only found in lesions associated with axon sprouting and it 

expanded into several brain structures that sprouted novel axonal projections.  

Furthermore, the axon sprouting was blocked when tetrodotoxin was used to arrest the 

synchronous activity.  This suggests synchronous activity may direct axon sprouting in 



151 
 

adult cortex, and may be involved in cortical reorganization.  After peripheral 

denervation, cross border inputs become the main drivers of neighboring deafferented 

neurons.  This should increase synchronous activity across the border, and could lead to 

changes in growth related molecules that promoted axon sprouting into denervated cortex.       

     For axon sprouting to occur, differentiated adult neurons must construct a growth cone, 

extend an axon, and establish novel connections.  This requires changes in the molecular 

environment that transitions it from a growth inhibitory state to a growth promoting state.  

During ischemic stroke models, axon sprouting is associated with sequential changes in 

growth related molecules in the periinfarct cortex.  In general, growth inhibiting 

molecules (ex. condroitin sulfate proteoglycans) are downregulated, and growth 

promoting molecules (ex. GAP43, CAP23, and c-jun) are upregulated (Carmichael et al. 

2005).  One class of growth molecules of particular interest to functional reorganization 

is neurotrophic factors.  Neurotrophic factors and their receptors are critical to brain 

development, highly expressed in the cortex, hippocampus, and cerebellum (McAllister 

et al 1999), and their release is regulated by neuronal activity.  For instance, depolarizing 

cultured hippocampal or cerebellar cells with high potassium or glutamate agonists up 

regulates brain derived neurotrophic factor (BDNF) and nerve growth factor (NGF) 

mRNA levels (Berninger et al 1995, Berzaghi et al 1993, Bessho et al 1993, Lindholm et 

al 1994, Lu et al 1991, Zafra et al 1990, Zafra et al 1991, Zafra et al 1992), while 

applying GABAA agonist downregulates them (Berninger et al 1995, Berzaghi et al 1993, 

Zafra et al 1991).  Epileptiform activity increases BDNF mRNA levels more than six fold 

in dentate granule cells (Ernfors et al 1991).  During development BDNF has been 
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directly implicated in changing the spatial organization of axonal arbors.  Infusing BDNF 

into the Xenopus optic tectum increases axonal branching in retinal ganglion cells, and 

BDNF antibodies hinders axonal branching and outgrowth (Cohen-Cory and Fraser 1995).  

Thus, activity dependent neurotrophic factors and other growth related molecules could 

be released near representational borders during peripheral denervation, and these factors 

could cause anatomical changes that contribute to the functional reorganization of 

sensory maps.   

 

Non-specific axonal rearrangements after 12 weeks of sham-denervation 

     Sham-denervation alone reduced the axonal bias at the border, but only after 12 weeks 

of treatment and only in superficial layers of cortex (Figure 3.4 and 3.5).  The reduction 

appeared to be due to an increase in labeled cells from both sides of the border (Figure 

3.6).  This suggests that non-specific axonal rearrangements are induced by long 

durations of open-skull conditions in superficial layers of the cortex.  How could robust 

axonal rearrangements be induced by open-skull conditions?  While primary dendrites 

remain largely stable during several weeks of open-skull conditions, smaller anatomical 

structures are remarkably plastic.  For instance, Xu et al. (2007) found that dendritic 

spines in superficial cortex are stable when imaged through thinned-skull windows but 

quite labile when imaged through open-skull windows.  Furthermore, they found 

extensive glial activation in superficial layers of the cortex under open-skull windows.  

Activated glia may release growth related factors that influence cell structure (Rudge et 

al., 1992; Schaar et al., 1993; Viwatpinyo and Chongthammakun, 2009).  Perhaps, long 
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periods of open-skull conditions induce more robust changes than previously thought, 

like changes in axonal projections.  It is notable that both the activated glia found in Xu et 

al. (2007) and axonal changes documented here were found in superficial layers of the 

cortex under the open window.    

 

Conclusion 

 

     I used in vivo mapping of the FP/LJ border of SI and tracer injections to determine if 

the axonal bias at the border changed after different periods of sham-denervation or 

partial denervation of the contralateral forelimb.  I found evidence suggesting that long 

durations of cortical reorganization are associated with directed axonal sprouting and 

retraction.  Thus, the cellular structure of the cortex may be more plastic than previously 

thought, and structural (i.e. axonal) changes may be involved in functional reorganization.   
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Chapter 4 
 

Conclusion 
 

 

     The ability to modify neural circuits in response to experience is a critical feature of 

brain function.  It allows the brain to acquire and retain novel information about the 

environment, predict changes in the environment, refine sensorimotor behavior to 

accomplish goals, and recover function after brain injury.   Understanding the 

mechanisms responsible for this reorganization is a major goal of basic and clinical 

neuroscience.  While substantial progress has been made (Maren, 2005; Weinberger, 

2007; Sossin et al., 2008), the local-circuit mechanisms responsible for functional 

reorganization are not completely understood.  Cortical sensory maps have served as 

useful models for this endeavor.  They contain topographically organized representations 

of the sensory world and undergo robust experience-dependent modifications, especially 

after sensory loss.  In this dissertation I examined plasticity of local-circuit properties of 

border regions between deprived and spared representations.  In normal cortex, they 

maintain representational boundaries by restricting activity flow to the corresponding 

representation.  For instance, both dendrites and axons are oriented away from the FP/LJ 

border (dendritic bias; Hickmott and Merzenich, 1999; axonal bias; Steen et al., 2007), 

and the spread of excitation and inhibition is limited across the border (physiological bias; 

Burns and Hickmott, 2003; Hickmott and Merzenich, 1998).  During reorganization, 

deprived cortical territory is reassigned to adjacent spared inputs as the border 

translocates across the reorganizing field.  I provide evidence that this reorganization 



162 
 

could be mediated by changes in local-circuit constraint properties at the border that 

permit activity to flow across the border into deprived cortical territories.   

     Synaptic plasticity could modify local-circuit constraint properties of border regions 

and change the spread of activity across the border.  In chapter 2 I examined excitatory 

and inhibitory synaptic plasticity in continuous and discontinuous horizontal connections 

near a functional border.  Very little is known about synaptic plasticity in these horizontal 

connections; particularly the characteristics of inhibitory synaptic plasticity, its 

relationship to excitatory synaptic plasticity, and their relationship to the functional 

organization of cortex.  I demonstrated that tetanic stimulation induces diverse forms of 

excitatory and inhibitory synaptic plasticity in individual neurons, with LTP dominating 

for excitation and LTD dominating for inhibition.  The border did not restrict this 

plasticity in either case.  In contrast, tetanization resulted in LTP of pharmacologically 

isolated IPSCs in continuous connections only.  These results demonstrate that 

continuous and discontinuous horizontal connections are capable of undergoing diverse 

forms of excitatory and inhibitory synaptic plasticity that could modify local-circuit 

constraint properties of border regions and change the spread of activity across the border.      

     These results are important for several reasons.  First, synaptic plasticity was probed 

in polysynaptic horizontal connections that are similar to those that occur in vivo.  The 

data demonstrates that these connections are highly plastic and much more interesting 

than monosynaptic connections, as they are capable of diverse synaptic plasticity 

outcomes.  Second, by also isolating monosynaptic inhibitory connections we were able 

to partially disentangle monosynaptic IPSCs from EPSCs that activate interneurons.  
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Interestingly, they responded differently to tetanic stimulation.  Third, excitatory and 

inhibitory connections tended to respond to tetanic stimulation differently from one 

another, with potentiation dominating for excitation, and depression dominating for 

inhibition.  This is novel information regarding the relationship between excitatory and 

inhibitory synaptic plasticity in the same cell, and could help us more fully understand 

the operational roles of synaptic plasticity in complex circuits.  Forth, functional 

discontinuities (i.e. borders) are found all over the nervous system and are important for 

restricting the lateral spread of activity.  Our examination of synaptic plasticity is 

uniquely tied to these borders and suggests that borders do not restrict synaptic plasticity, 

enhancing brain capacity for large-scale functional reorganization.  Finally, synaptic 

plasticity of horizontal connections, especially those that cross borders, could mediate 

cortical reorganization.  This study demonstrates that these connections are capable of 

coordinated excitatory and inhibitory synaptic plasticity that could theoretically 

contribute to functional reorganization.     

     This leads to intriguing questions about the causal relationship between excitatory and 

inhibitory synaptic plasticity and functional reorganization.  Several studies have shown a 

direct relationship between synaptic plasticity and functional reorganization.  Finnerty 

and colleagues (1999) reported long lasting changes in the efficacy of synaptic 

transmission of supragranular connections in barrel cortex after sensory deprivation.  The 

synaptic changes may have resulted from LTP/LTD-like processes, as whisker 

deprivation induces column specific LTD-like depression in deprived barrels (Allen et al., 

2003) and the potentiation of spared columns requires alphaCaMKII autophosphorylation 
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(Hardingham et al., 2003), a NMDA receptor-dependent LTP constituent.  Inhibition 

changes as well, as GABA, GABA receptors, GAD, and GABAergic puncta are reduced 

during early periods of reorganization in somatosensory (Foeller and Feldman, 2004) and 

visual cortex (Hendry and Jones, 1988).  However, not all studies have found a 

relationship between synaptic plasticity and functional reorganization.  For instant, 

several manipulations that block LTD do not block reorganization (Hanover et al., 1999; 

Hensch, 2005).  The findings reported in this dissertation could help explain these 

discrepancies; synaptic plasticity is not a homogenous process.  Cortical circuits are 

capable of diverse forms of excitatory and inhibitory synaptic plasticity.  Functional 

reorganization may recruit different forms of synaptic plasticity at different or even the 

same synaptic locus of the circuit undergoing reorganization.   

     To advance our knowledge of reorganization, we need to elucidate the general 

principles of the different types of synaptic plasticity at each loci of the circuit 

undergoing reorganization, and the interactions between them.  This will require 

multicellular recording techniques to examine plasticity in different monosynaptic 

connections alone and in complex neural-circuits.  Bi and Poo (1999) have already 

demonstrated that paired-pulse stimulation modifies distinct polysynaptic connections in 

networks of cultured hippocampal neurons.  Similar examinations of cortical networks in 

situ will allow us to address fundamental questions about reorganization.  What are the 

general properties of synaptic plasticity at excitatory connections on principle cells, 

excitatory connections on interneurons, and inhibitory connections on principle cells?  

How do they interact in complex neural-circuits?  Which synaptic loci undergo plasticity 
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during functional reorganization?  What form of synaptic plasticity do they undergo?  

Can we specifically block different synaptic plasticity mechanisms and examine if they 

are required for functional reorganization?  Answer to these questions will give us a 

better understanding of how multifarious synaptic plasticity mechanisms collaborate to 

functionally reorganize the cortex. 

     Morphological changes are associated with synaptic plasticity (Abraham and Williams, 

2003; Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001) and could also alter activity 

flow across the border.  In chapter 3 I examined the role of axonal plasticity in functional 

reorganization.  Forelimb denervation resulted in a sustained change in border location 

that was associated with a significant reduction in the axonal bias at the original border 

after 6 weeks of denervation, but not after 4 or 12 weeks.  The change in axonal bias was 

due to an increase in axons that cross the border at 6 weeks, followed by an apparent loss 

of these axons by 12 weeks.  This suggests bidirectional axonal rearrangements are 

associated with relatively long durations of reorganization, and could transiently 

contribute to functional reorganization.   

     These results are important for several reasons.  Much is known about the contribution 

of structural plasticity to the development of the cortex during critical periods.  However, 

much less is known about the role structural plasticity plays in the functional 

reorganization of adult cortex.  Even though a few studies have found large-scale cellular 

structures to be generally resistant to structural plasticity in adult cortex, this study 

provides evidence that certain cellular structures are subject to robust activity-dependent 

plasticity.  Activity-dependent structural plasticity could change the functional 



166 
 

organization of the cortex by establishing new patterns of connections, reinforcing 

synaptic changes, and facilitating synaptic plasticity.  Thus, the cortex may be more 

plastic than previously thought.  In addition to experience-dependent changes in small 

cellular structures, large neural components may also change in response to experience.  

This is consistent with several findings reported over the last couple of decades.  

Divergent strabismus is associated with changes in supragranular horizontal trajectories 

between ocular dominance columns in striate cortex (Trachtenberg and Stryker, 2001).  

Similar findings have been reported in juveniles following whisker trimming or removal 

(Harris and Woolsey, 1981; Maravall et al., 2004), monocular deprivation (Kossel et al., 

1995) and sensorimotor learning (Chang and Greenough, 1982; Greenough et al., 1985).  

In adults, axons are generally more resistant to deprivation induced structural changes 

(Grutzendler et al., 2002; Trachtenberg et al., 2002).  However, several studies have 

found changes in the sensorimotor cortex.  Severe and long-lasting trauma to the 

forelimbs of adult macaques is associated with changes in intracortical axonal projections 

in area 3b and 1 of SI (Florence et al., 1998), and similar findings have been found 

following cerebellar lesions (Keller et al., 1990), retinal lesions (Darian-Smith and 

Gilbert, 1994; Yamahachi et al. 2009), and stroke (Carmichael et al., 2001; Dancause et 

al., 2005).  Thus, large-scale structural rearrangements may play an important role in 

functional reorganization.  Since cortical reorganization likely underlies sensorimotor 

learning and memory and certain neuropathologies like “phantom” pain and sensation 

and recovery of function after stroke, this work is of interest to both basic and clinical 

system neuroscientists.    
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     The time course of axonal changes during reorganization induced by peripheral 

denervation is poorly characterized.  Our study presents a more temporally resolved 

description of axonal changes during reorganization without central lesions.  Interestingly, 

our data implicates distinct phases of axon sprouting and axon retracting in functional 

reorganization.  This could increase the brain’s capacity to sample novel synaptic inputs 

and modify spacio-temporial properties in the facing of an ever changing sensory world.   

     By examining structural changes during topographical reorganization of the cortex 

this study helps elucidate basic structure-function relationships in local-circuits of SI.  

Interestingly, the changes in somatotopic organization outlasted the changes in axonal 

trajectories.  This indicates that changes in the structure of SI are not sufficient to fully 

account for functional reorganization.  Thus, other plasticity mechanisms must be 

required for functional reorganization.  One obvious possibility is excitatory and 

inhibitory synaptic plasticity of supragranular horizontal connections.  As mentioned 

above, the extent of activity flow in the cortex is determined by the balance of excitation 

and inhibition and both are capable of diverse plasticity responses after tetanization and 

postsynaptic depolarization (Marik and Hickmott, 2009).  Interestingly, synaptic 

plasticity is associated with morphological changes (Abraham and Williams, 2003; 

Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001) and actin polymerization is both 

correlated (Fukazawa et al., 2003) and required for LTP (Kim and Lisman, 1999; Krucker 

et al., 2000).  This leaves open the intriguing possibility that coordinated synaptic and 

morphological plasticity work together to functional reorganize the cortex.  This may be 
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especially important for large-scale reorganization, such as that after sensory loss, where 

novel pathways must be generated by reconfiguring neurites, spines, and synapses.   

     In this dissertation I provided evidence that horizontal connections are capable of 

diverse forms of experience-dependent synaptic and structural plasticity.  This plasticity 

could functionally reorganize the cortex by modifying the spread of cortical activity.  

These findings and others support a model that consists of several independent synaptic 

and cellular plasticity mechanisms at different sites of horizontal cortical connections, as 

well as others, during reorganization.  In normal SI, fewer horizontal projections cross the 

FP/LJ border than remain within individual representations (Steen et al., 2007) and 

synaptic connections are weaker in discontinuous connections (Hickmott, 2010).  This 

structural and physiological bias at the border constrains the transmission of activity 

across the border, facilitating point-to-point specificity in the sensory map.  Immediately 

following sensory loss, cortical territory reallocates toward spared inputs as the border 

translocates into the reorganizing field (Hickmott and Merzenich, 2002; Merzenich et al., 

1983).  This reorganization appears to involve horizontal intracortical connections near 

borders between spared and deprived regions, as they undergo substantial changes in 

local-circuit properties that reflect the changes in the overlying topography (Hickmott 

and Steen, 2005; Hickmott and Merzenich, 2002; Paullus et al., 2011).  The initial 

reorganization is thought to result from the unmasking of previously subthreshold 

responses, possibly by the occlusion of tonic inhibition (Calford and Tweedale, 1991).  

Over the next several weeks or months, adjacent representations gradually expand into 

deafferented cortex.  It is widely assumed that Hebbian synaptic plasticity contributes this 
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phase of reorganization (Buonomano and Merzenich, 1998).  It is rapidly induced, long 

lasting, and couples temporally correlated inputs.  In this dissertation, I found diverse 

forms of Hebbian and non-Hebbian excitatory and inhibitory synaptic plasticity after 

tetanization.  During reorganization, different features of the novel sensory experience 

could engage different synaptic plasticity mechanisms at the different loci of the neural-

circuit.  For instance, after sensory loss cross border inputs become the main drivers of 

neighboring deafferented cells, increasing correlated activity between them.  

Consequently, cross border excitatory synaptic connections could be strengthened by 

Hebbian and non-Hebbian LTP-like process (i.e. NMDAR-dependent LTP and 

homeostatic LTP, respectively), while cross border inhibitory connections could be 

weakened by an inhibitory LTD-like process.  While I found potentiation and depression 

of excitatory and inhibitory connections, potentiation dominated for excitation and 

depression dominated for inhibition.  This could attenuate local-circuit constraint 

properties at the border and increase the lateral flow of activity across the border into 

deprived cortical territories, shifting receptive field properties in deafferented neurons 

toward the lower jaw.   

     In this dissertation I observed axon sprouting and retracting during relatively stable 

periods of reorganization.  After the initial changes in synaptic organization, longer 

latency structural plasticity mechanisms could engage to reinforce synaptic changes and 

form novel pathways.  Given that several researchers have found axon sprouting in 

association with synaptogenesis (Chen et al., 2005; Darian-Smith and Gilbert, 1994), the 

novel connections may increase the number of synaptic connections across the border, 
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augmenting the transmission of information across the border into the deafferented cortex.  

Subsequent axon retraction could then eliminate asynchronous axonal inputs and refine 

receptive field properties, an important feature of late periods of cortical reorganization 

(Churchill et al., 1998; Merzenich et al., 1983).  Furthermore, the elimination of axonal 

inputs could increase the transmission of activity across the border via compensatory 

mechanisms.  Stable connections across the border could compensate for retracted 

projections by increasing synaptogenesis and/or the strength of preexisting synaptic 

connections.  Similar findings have been reported (Colman et al., 1997; Hashimoto and 

Kano, 2003; Jones, 2000; Lichtman, 1977; Lu and Trussell, 2007).  Thus, a temporary 

increase in excitatory drive across the border from the recruitment and elimination of 

novel axonal projections could be transferred to a long lasting increase in synaptic 

strength and/or synaptogenesis in cross border connections.  Thus, axon dynamics (both 

sprouting and retracting) and synaptic plasticity may be critical processes that 

functionally reorganize the cortex.   

     While this hypothetical model is still under construction, substantial progress has been 

made by using an in vivo/in vitro approach to probe the FP/LJ border region during 

reorganization.  Local-circuit properties of discontinuous connections across functional 

borders are markedly different from the properties of continuous connections (Burns and 

Hickmott, 2003; Hickmott and Merzenich, 1998; Hickmott and Merzenich, 1999; Steen 

et al., 2007).  This makes it easy to identify properties associated with the FP/LJ border 

and track how they change during reorganization.  In this dissertation and previous 

studies we have demonstrated that there is an anatomical and physiological bias at the 
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border that attenuates during reorganization (Hickmott and Merzenich, 2002; Hickmott 

and Steen, 2005).  Subsequent studies can now examine the synaptic and cellular 

mechanisms responsible for the changes in local-circuit properties.       
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