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ABSTRACT OF THE DISSERTATION  
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Dr. Peter W. Hickmott 
 
 
 

 Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin 

family and is an important signaling molecule that plays a crucial role in the proper 

development and function of the central nervous system. A variety of studies have 

suggested BDNF meets the criteria necessary to modulate cortical reorganization, 

including a study that found its transcription and release to be activity-dependent. 

Horizontal synapses in the primary somatosensory area, S1, facilitate functional 

reorganization across topographical representations. However, the molecular contributors 

to reorganization are not known. Since BDNF is a known modulator of synaptic 

transmission, this dissertation focuses on the effects of BDNF on horizontal synapses in 

S1, hypothesizing that BDNF has the capacity to alter synaptic transmission at these 

synapses.  
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 In chapter 1, we found that acute bath application of BDNF had an inhibitory 

effect on layer II/III local field potentials. The inhibitory effect of BDNF was found to be 

Trk dependent, as inhibiting protein kinase activity proved to prevent BDNF-dependent 

inhibition. The mechanism of inhibition shown by BDNF is likely to be similar to a long-

term depression (LTD) -like mechanism, because inducing LTD prior to BDNF exposure 

occluded the BDNF effect, and BDNF exposure prior to LTD induction occluded the 

LTD effect. The LTD that occluded the BDNF effect was shown to be non-N-methyl-D-

aspartic acid receptor (NMDAR) dependent, as it was unaffected by application of an 

NMDAR antagonist. 

 In chapter 2, we continued to investigate the inhibitory effect of BDNF by 

exploring the mechanism by which the LFP was reduced. Using a whole-cell patch clamp 

technique, we found that BDNF reduces the excitatory post synaptic current, EPSC, of 

both NCB and CB populations without changing the inhibitory post synaptic current, 

ISPC. BDNF was also found to reduce excitability by significantly increasing rheobase, 

the amount of current required to elicit a single action potential. Stimulating trains of 

action potentials resulted in BDNF-exposed cells having a reduction in the amount of 

action potentials they produced.  All together, these findings support BDNF acting to 

inhibit excitation in these populations of cells. This inhibition by BDNF could be 

necessary in supporting the synaptic plasticity that is prompted during reorganization.   
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Chapter 1 

Introduction 

 The primary somatosensory area, S1, contains a topographical representation of 

the entire surface of the body (Killackey et al., 1995). When assessed physiologically, 

discontinuities are found in the responsiveness of the cortical map, forming distinct 

borders that serve to constrain the spread of excitation between neighboring 

representations. The organization of the S1 map is dynamic, and can change in response 

to a variety of manipulations, notably changes in the patterns of incoming sensory 

activity to S1 (Calford, 2002; Toldi, 2008; Kaas et al., 1983; Kaas, 1991; Elbert & 

Rockstroh, 2004). These changes in large-scale organization result from changes in 

synaptic, intrinsic and anatomical properties of the intracortical circuit (Cheetham et al, 

2007; Feldman, 2009). Little is known about the cues that link changes in activity to 

coordinated changes in circuit properties. Research in developmental plasticity has found 

brain-derived neurotrophic factor, BDNF, to be released in the somatosensory cortex 

during changes in neural connectivity (Singh et al., 1997; Erzurumlu & Gaspar, 2012). 

BDNF has also been found to display activity dependent expression and release during 

developmental plasticity (Ghosh, 1996; Caleo & Maffei 2002). These characteristics have 

suggested BDNF to be a candidate molecule that may provide a link between the 

anatomical and physiological bias observed at representational borders. BDNF has been 

well studied in the developing brain; however, its effects on adult organization have not 

been heavily researched. The purpose of this dissertation is to determine the effects of 

BDNF on populations and neurons near representational borders in adult S1. Ultimately, 
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this work was designed to aid in determining if BDNF could have a role in the altering of 

circuit properties seen during adult cortical reorganization of S1. 

 

The somatosensory cortex 

 Sensory information from the periphery is processed in the primary 

somatosensory cortex, S1, and is topographically organized so that adjacent parts of the 

body are represented in adjacent cortical areas (Killackey et al., 1995; Harding-Forrester 

and Feldman, 2018).  This topographical map is also evident in subcortical regions that 

are ultimately connected to the somatosensory cortex, such as the thalamus and brainstem 

(Davidson, 1965; Jang, 2011). During development, these maps emerge sequentially, 

beginning at subcortical regions and ending in the cortex (Erzurumlu and Killackey, 

1983; Belford and Killackey, 1980). Cortical regions of S1 representing areas of the body 

are highly dynamic, with a capacity to expand or diminish in response to changes in 

activity levels (Calford, 2002; Toldi, 2008; Kaas et al., 1983; Kaas, 1991; Elbert & 

Rockstroh, 2004), providing strong evidence for peripheral activity heavily influencing 

the somatosensory map. Decreased activity levels in a region of the periphery due to 

damage, denervation, or pharmacological blockage of afferent nerve impulses can result 

in a shrinking of the cortical representation that corresponds to the treated body surface, 

and the expansion of adjacent untreated areas. This is seen in cortical and subcortical 

maps, including the thalamus and brainstem (Faggin et al., 1997; Krupa et al., 1999; 

Jones, 2000).  
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 When cortical somatosensory maps are assessed physiologically, discontinuities 

in responsiveness are found to create distinctive borders separating representational areas. 

These physiological borders found separating representations in S1 will be used in the 

proposed studies to assess synaptic plasticity of neurons near the border region. 

 

Biasing and constraint around representation borders  

 Axons, dendrites, and synapses near border regions are associated with 

anatomical and physiological biases. Whole cell recordings of neurons located near 

border regions demonstrate synaptic biasing by displaying weaker excitatory and 

inhibitory responses when stimulated across a representational border, and stronger 

responses when stimulated within a representational area (Hickmott, 2010; Hickmott and 

Merzenich, 1998). These neurons also display an orientation bias; their axons and 

dendrites are oriented toward the center of the representation, away from the border 

region (Woolsey & Van der Loos, 1970; Steffen & Van der loos, 1980; Hickmott & 

Merzenich, 1999). This reduction in cross-border excitatory drive may result from weak 

synaptic efficacy at existent synapses (Hickmott, 2010), or reflect inhibition of cross 

border excitatory synapses. These anatomical and physiological biases serve to constrain 

activity within a representational area.  

 

Plasticity 

 The topographical map is capable of structural and functional reorganization in 

response to changes in peripheral input (Calford, 2002; Elbert & Rockstroh, 2004; Toldi, 
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2008; Kaas et al., 1983; Kaas, 1991). Cortical reorganization can be induced by 

manipulations including limb removal (Bowlus et al., 2003), denervation, lesions of the 

dorsal root ganglia, ablation, whisker removal, and by experience-dependent 

mechanisms, as in training and learning (Markham & Greenough, 2004). Deprivation of 

sensory input can induce physiological and structural changes that modify the circuitry 

resulting in reorganization of the somatosensory cortex. Cortical reorganization is 

thought to be the principle process responsible for adaptive changes, such as recovery of 

function after stroke (Johansson, 2000) as well as maladaptive changes responsible for 

phantom limb and regional pain syndromes (Swart et al., 2009; Flor et al., 2006).  

 Cortical reorganization is associated with many changes in the structure and 

function of S1 including expansion, contraction, and a shift in the border separating 

representations. Following the onset of deactivation by subcutaneous lidocaine injections 

to the whisker pad, immediate and simultaneous sensory reorganization was observed in 

the somatosensory cortex. Furthermore, reorganization was also shown in subcortical 

regions, specifically in ventral posteromedial (VPM) nucleus of the thalamus and spinal 

trigeminal nucleus of the trigeminal brainstem complex (Faggin et al., 1997; Jain et al., 

2008). Neurons in S1 undergo changes in local circuit properties, including excitation, 

inhibition, and intrinsic properties during reorganization of the forepaw and lower jaw 

representations (Hickmott and Merzenich, 1998, 2002; Hickmott, 2005). Morphological 

changes in the orientation bias of dendrites and axons have also been observed following 

peripheral denervation and sensory deprivation (Van der Loos and Woolsey, 1973; 

Darian-Smith & Gilbert, 1994; Calford 2002; Hickmott & Steen, 2005). Over the course 
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of several weeks following peripheral denervation, the orientation biases of axonal 

projections and dendritic arbors are remodeled to reflect functional reorganization 

(Hickmott & Steen, 2005; Yamahachi et al., 2009).  

 Cortical reorganization has also been studied in higher order mammals, such as 

macaque monkeys, that have undergone lesions of the dorsal columns of the spinal cord. 

This and other work in adult primates has described large-scale expansion of chin inputs 

into the deafferented hand representation of the primary somatosensory area 3b 

(Merzenich et al., 1983; Pons et al., 1991; Kaas and Florence, 1997; Kambi et al., 2014), 

the area in which the largest extent of cortical reorganization takes place in 

somatosensory cortex.  

 Long-term loss of sensory input engages mechanisms leading to reorganization 

that can operate at the cortical, thalamic, and/or brainstem levels. Injuries have been 

shown to induce plasticity at several locations within the ascending somatosensory 

pathway, whereas sensory deprivation appears only to affect the somatosensory cortex 

(Nicolelis et al., 1993). This could be due to deprivation paradigms inducing plasticity by 

decreasing lateral inhibition in the cortex, while lateral inhibition appears to be far 

weaker in the thalamus than in the cortex (Fox et al., 2002). However, this does not mean 

the thalamus is incapable of plasticity. Jones and Pons (1998) found primates with long-

term deafferented upper limbs (12 to 20 years) showed plasticity in the ventral 

posterolateral (VPL) nucleus of the thalamus, which contains a representation of the 

contralateral body surface. Physiological mapping of the thalamus revealed that the face 

and trunk representations had adjoined. In addition, studies have found single neurons in 
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the VPM to undergo immediate and reversible reorganization after sensory deprivation 

by local anesthesia in the face, showing neurons that originally had receptive fields in the 

anesthetized facial region now responded to adjacent cutaneous regions (Nicolelis et al., 

1993). Research has shown that immediate plasticity in the thalamus depends on 

corticothalamic feedback (Krupa et al., 1999). Simultaneous neuron recordings in rodent 

S1 and VPM during reversible inactivation by muscimol infusion into S1 resulted in 

immediate changes in receptive field properties throughout the VPM. This cortical 

inactivation also significantly reduced VMP receptive field reorganization by reversible 

peripheral deafferentation (subcutaneous lidocaine injection). These results suggest 

thalamic plasticity seen after peripheral deafferentation is dependent on both descending 

corticofugal projections and ascending trigeminothalamic projections (Krupa et al., 

1999). 

 Plasticity has been demonstrated to occur in nearly every subcortical element of 

the somatosensory system in which it has been pursued, for example, in the rodent spinal 

cord (Devor and Wall, 1981; Fitzgerald, 1985), dorsal column system (Basbaum and 

Wall, 1976; Rasmusson, 1988), trigeminal system (Waite 1984), and thalamus (Nicolelis 

et al., 1991; Garraghty and Kaas, 1992). There is also evidence to indicate plasticity is 

actually occurring in S1 and is not simply relayed from subcortical structures. Changes in 

receptive field properties have been observed in the cortex in response to manipulation of 

the periphery. Removing all vibrissa but one in rodent causes plasticity in layer II/III cells 

in the absence of changes to layer IV. Since layer IV provides the main input to 

superficial layers, this result strongly suggests that intracortical pathways are involved in 
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synaptic plasticity seen in cortex of univibrissa reared animals and synaptic changes take 

place within the barrel cortex rather than a relay of changes occurring at subcortical 

levels (Fox, 1992; Glazewski and Fox, 1996).  

 Research in the mammalian brainstem has attributed large-scale reorganization in 

S1 to be due to brainstem plasticity. Following lesions of the dorsal columns of the spinal 

cord of adult primates, face inputs expand into the deafferented hand representation of the 

primary somatosensory area 3b (Pons et al., 1991). Studies show that if information flow 

from the reorganized cuneate nucleus of the brainstem is interrupted, the reorganized 

cortex (expansion of chin inputs into the deafferented hand region of area 3b) becomes 

silent (Kambi et al., 2014). These studies prove that the locus of plasticity varies 

depending on the species under investigation and how the deafferentation was induced.  

 The primary motor cortex, (M1), is also topographically organized similarly to 

S1. Studies have shown that within hours of a peripheral nerve transection in adult rats, 

movements represented in neighboring M1 areas are evoked from the cortical area of the 

affected body part (Jacobs and Donoghue, 1991). Intracortical inhibitory circuits have 

been associated with M1 reorganization. One potential mechanism is adjacent cortical 

regions expand when preexisting lateral excitatory connections are unmasked by 

decreased intracortical inhibition. Using pharmacological blockade of cortical inhibition 

in one part of the M1 representation, movements of neighboring representations were 

evoked by stimulation in adjacent M1 area. These results suggest that inhibitory circuits 

are critically placed to maintain or readjust cortical motor representations (Jacobs and 

Donoghue, 1991). 
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Activity-Dependent Plasticity  

 The processes required for forming the precise neural connections found in the 

adult brain are known to involve both activity-dependent and independent processes. 

Activity-dependent processes are those that require sensory input from the periphery to 

develop early patterning of the neocortex, termed the Protocortex hypothesis (O’Leary, 

1989; Schlaggar and O’Leary, 1991; Nakagawa et al., 1999). While activity-independent 

processes are those that do not require extrinsic cortical inputs to drive arealization, 

rather, being determined by intrinsic qualities, such as proteins and transcription factors 

(Donoghue and Rakic, 1999; Garel et al., 2003; Huffman et al., 2004), termed the 

Protomap hypotheis (Rakic, 1988). It is now widely accepted that both activity-dependent 

and independent mechanisms are involved in forming the cortical map. Cells are first 

generated by continuous cell divisions and their identity as neurons and as particular 

classes of neurons must be determined. Second, neurons from one region extend axons 

along specific pathways to appropriate target regions. These first two steps of cell type 

determination and pathway formation are referred to as “activity-independent” processes 

because neuronal activity between pre and post synaptic terminals is not required for 

these processes to occur (Goodman and Shatz, 1993; Penn 2001). The third step is the 

refinement of neural connections to form specific patterns of connectivity that are found 

in the mature brain.  

 Early studies focusing on activity dependent plasticity in the somatosensory 

cortex found that transecting the median nerve in the adult monkey removes the normal 
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input of digits D1-D3 to both cytoarchitectonic areas 1 and 3b. This manipulation does 

not result in a permanent area of unresponsive cortex associated with that peripheral 

input. Instead, it produces a reorganization of the somatotopic map (Merzenich et al., 

1983a,b). Over the course of a few weeks, representations of the neighboring skin 

surfaces progressively expand to occupy more and more portions of the former cortical 

representational area associated with the median nerve. To continue this work, cortical 

representations of the hand in area 3b were examined before and after the amputation of 

digit D3 (Merzenich et al., 1984). Several months after amputation, most of the cortex 

that originally responded only to the skin surfaces on the amputated digit now responded 

to inputs from adjacent digits or the subjacent palm. These experiments reveal that 

immediately after nerve transection, a large portion of the cortex is unresponsive. Over 

the course of a few weeks, this unresponsive area becomes excited by inputs from 

neighboring skin surfaces. It is thought that this reorganization is due to unmasking of 

existing horizontal connections or thalamocortical inputs that were previously suppressed 

by inhibitory circuitry (Buonomano and Merzenich, 1998). Other similar examples of 

reorganization in adult somatosensory cortex in response to denervation or amputation 

have been reported in the raccoon (Rasmusson, 1982; Kelahan and Doetsch 1984), flying 

fox (Calford and Tweedale, 1988), cat (Kalaska and Pomeranz, 1979), and rat (Wall and 

Cusick 1984). 

 Studies on the discontinuous representation of adjacent digits on the adult owl 

monkey have shown that surgically connecting digits for about 3-7 months results in an 

increased amount of simultaneous input from the normally separated adjacent digits. 
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Cortical maps of the digit surfaces are modified resulting in loss of the normal 

physiological discontinuity between the cortical representations of adjacent fingers. The 

new representational topography of the fused digits was similar to any normal single digit 

and was characterized by a continuous progression of partially overlapping receptive 

fields. These findings reveal that cortical maps can be altered in adult mammals by 

modifying the distributed temporal structure of afferent inputs (Allard et al., 1991).  

 The importance of activity-dependence during development has been shown in 

the primary visual cortex (V1). Retinal ganglion cell (RGC) axons from each eye synapse 

onto cells in the lateral geniculate nucleus (LGN). LNG neurons then project to layer IV 

of the primary visual cortex (Rodieck 1979). The LGN projections to layer IV retain the 

retinotopic map present in the retina. The patterns of connections form ocular dominance 

columns (ODCs), which are alternating columns of cortical neurons driven by input from 

one eye, and form orientation columns, which are groupings of neurons driven by stimuli 

of the same orientation (Rodieck 1979). The projecting axons are intermingled and 

postsynaptic neurons receive binocular innervation (LeVay et al., 1978, Stryker and 

Harris, 1986; Antonini and Stryker, 1993). Axonal segregation in this system is thought 

to be achieved by an activity-mediated competitive process involving the formation and 

elimination of specific synapses. The process is competitive in that unequal levels of 

activity result in the dominance of connections from the more active eye at the expense of 

those from the less active eye (Elliott et al., 1996). Synapses that are not synchronously 

active are consequently weakened and eliminated. Such synapses are strengthened by the 
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synchronous firing of both presynaptic and postsynaptic neurons (Hebb 1949) and have 

been termed “Hebbian” synapses with the phrase, “cells that fire together, wire together”. 

 Early studies of monocular visual deprivation in kittens show that even temporary 

disruption of sensory input can permanently affect cortical patterns of connections if the 

disruption occurs during the appropriate critical period (Hubel and Wiesel, 1965). 

Closing one eye in the kitten during its early postnatal development greatly disrupts the 

pattern of ODCs, resulting in the cortex being dominated by the eye that had visual input 

and loss of connections for the deprived eye (Hubel and Weisel, 1965). These cortical 

connections can be altered with less than a week of deprivation (Hubel and Weisel 1970; 

Blakemore and Van Sluyters, 1975; Antonini and Stryker, 1993). Research shown that 

the balance of activity, not just vision itself, is crucial in shaping these connections. 

When both eyes are closed during the critical period, there is no imbalance in ocular 

activity because RGCs are spontaneously active in the dark (Mastronarde 1989), and the 

ODCs still form (Mower et al., 1985).  

 

 LTP and LTD in the cortex 

 Changes in the frequency or strength of activation across synapses can result in 

long-term increases or decreases in their strength, referred to as either long-term 

potentiation (LTP) or long-term depression (LTD), respectively (Citri and Malenka, 

2008). Both LTP and LTD can be mediated by changes in the release of neurotransmitter 

from presynaptic terminals as well as changes in the number of excitatory receptors on 

postsynaptic neurons (Castillo 2012). LTP can be produced experimentally by rapid 
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repetitive presynaptic stimulation of synapses on pyramidal neurons in the CA1 region of 

the hippocampus; this is the best-studied form of synaptic plasticity (Sastry et al., 1990). 

Tetanic stimulation of synapses opens NMDA glutamate receptors in the postsynaptic 

membrane leading to an increase in intracellular calcium and insertion of AMPA type 

glutamate receptors in the postsynaptic membrane. AMPA receptors move into the 

postsynaptic membrane from a receptor pool located in endosomes within the cytoplasm 

of dendritic spines. In contrast to LTP, LTD is produced by low frequency stimulation of 

excitatory synapses and is associated with reduction in AMPA receptors in the 

postsynaptic membrane as they undergo endocytosis into the cytoplasm (Citri and 

Malenka, 2008).  

 Recent work has shown LTP and LTD to be complex in layer II/III horizontal 

synapses of the somatosensory area. When LTP and LTD paradigms were used on these 

synapses, individual neurons showed diverse synaptic plasticity surrounding the 

forepaw/lower jaw border. Both NCB and CB connections showed enhancement and 

depression following the induction of these paradigms (Marik and Hickmott, 2009; 

Paullus and Hickmott, 2011). These results indicate NCB and CB pathways are capable 

of diverse synaptic plasticity responses that are differentially inducible. Research has 

found nitric oxide to be a contributor to LTP, finding that LTP is reduced in the absence 

of nitric oxide. Nitric oxide is a retrograde signaling messenger that has the ability to 

evoke release of several neurotransmitters including ACh, catecholamines, and 

neuroactive amino acids (Kuriyama and Ohkuma, 1995), both in the hippocampus 

(Phillips et al., 2008) and in the neocortex (Hardingham and Fox, 2006). Studies have 
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shown that the size of the readily releasable pool can be controlled by nitric oxide. In the 

case of LTP, NMDAR activation leads to nitric oxide and calcineurin activation, which 

combine to increase the quantity of vesicles available and increase the readily releasable 

pool (Ratnayaka et al., 2012).  

 

Plasticity in Humans  

 Neural plasticity and cortical reorganization have been well studied and well 

documented following stroke and amputation (Lotze et al., 2001; Bowlus et al., 2003; 

Flor et al., 2006). In stroke patients, large portions of the cortex may sustain extensive 

damage leading to a loss of sensorimotor function. Fortunately, it is possible to recover 

function after stroke and it is thought that cortical reorganization underlies this recovery 

(Cramer, 2008). In the human somatosensory system, plasticity after deafferentation has 

been detected at cortical (Ramachandran, 1993; Elbert et al., 1994; Yang et al., 1994; 

Flor et al., 1995, 1998; Birbaumer et al., 1997; Borsook et al., 1998; Montoya et al., 

1998; Grüsser et al., 2001) and thalamic levels (Davis et al., 1998). Following limb 

amputation, reorganization takes place in S1 as adjacent representations expand into areas 

of the deafferented cortex (Lotze et al., 2001). Neural imaging studies have found 

phantom limb pain and cortical reorganization to be positively correlated (Moore et al., 

2000; Lotze et al., 2001; MacIver et al., 2008), with the probability of pain increasing as 

the degree of cortical reorganization increases. Neurophysiological evidence has found 

larger cortical representation of the reading finger of Braille readers than of their 

contralateral non-reading finger (Pascual-Leone and Torres, 1993). It is suggested that 



 14 

this representational plasticity is a consequence of the heavy differential sensory input. 

This reorganization may not require formation of new corticocortical connections, but 

instead could result from an increase in the effectiveness of pre-existing pathways.  

 Research has found normal aging to include changes in somatosensory 

processing. EPSCs in S1 were found to increase with aging, and IPSCs showed less 

suppression across a stimulated train of action potentials. The IPSC suppression was 

mediated in part by a reduction in GABAB signaling (Hickmott and Dinse, 2012).  

Neurons in aged S1 were also more likely to exhibit burst firing than in adult S1. This 

was due to an increase in T-current. Morphology was found to be significantly different 

in aged S1 than in adult S1. Dendritic spine density was found to decrease in aged S1 

(Hickmott and Dinse, 2012). Reductions have been found in peripheral mechanoreceptors 

(Aydog et al., 2006) and in the size of cortical representations. Expanding receptive fields 

are associated with a decline in tactile acuity and discrimination (Spengler et al., 1995; 

Kalisch et al., 2009) and have been associated with a decline in cortical inhibition.  

 Plasticity is a fundamental property of the central nervous system. However, the 

underlying mechanisms that govern and regulate cortical plasticity are yet to be fully 

understood. 

 

BDNF modulates cortical reorganization 

 Among the various molecular contributors to plasticity, neurotrophins have 

emerged as key regulators of synaptic and structural plasticity during development 

(Thoenen, 1995; Bonhoeffer, 1996; Cellerino and Maffei, 1996; Pizzorusso and Maffei, 
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1996); however, the relationship between the activity and neurotrophic regulation of 

synapse development and plasticity in adults remains unclear. Brain-derived neurotrophic 

factor (BDNF) is a member of the neurotrophin family of neurotrophic growth factors 

and has appeared to be a promising candidate molecule that may provide a link between 

the anatomical and physiological changes seen during cortical reorganization.  

 BDNF is widely expressed in most brain structures, with highest concentrations in 

the hippocampus, followed by the cerebral cortex (Hofer et al., 1990). Cell type analysis 

has shown BDNF to be expressed mainly by principal glutamatergic neurons and absent 

in interneurons (Marty et al., 1997). Activated microglia can also express and release 

BDNF in efforts to control neural excitability by causing disinhibition through targeting 

KCC2 function (Ferrini and De Koninch, 2013). The pre-mRNA sequence directs the 

translation of the BDNF gene to the endoplasmic reticulum (Lessmann et al., 2003). This 

process occurs primarily at the level of the soma, although under specific circumstances 

BDNF synthesis can take place in the dendrite (Heerssen and Segal, 2002). Translation 

gives rise to the dimeric pro-BDNF protein that is cleaved and becomes mature BDNF. 

The pro domain is involved in sorting BDNF into one of two appropriate pathways of 

secretion: the regulated and the constitutive pathway (Mowla et al., 1999). The regulated 

pathway of secretion involves BDNF packaged in large diameter vesicles that fuse with 

the plasma membrane following an intracellular Ca2+ rise. This secretion is triggered in 

distal neuronal processes. The constitutive pathway involves BDNF packaged in smaller 

granules and continuously released through a Ca2+ independent fusion process that occurs 
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in the absence of any specific triggering event. This secretion occurs mainly at the soma 

and proximal processes (Kuczewski et al., 2009) 

 During development, BDNF plays many important roles in the growth of the 

nervous system including roles in migration, morphological differentiation, cell survival, 

and regulator in synapse formation (Gorski et al., 2003; Lipsky & Marini, 2007). Several 

studies have indicated that BDNF meets the criteria necessary to modulate cortical 

reorganization. The transcription and release of BDNF is activity-dependent (Shieh & 

Ghosh, 1999), meaning that changes in activity will lead to changes in BDNF levels. 

Studies have shown elevated expression of BDNF and its receptor in reorganized adult 

visual cortex as early as three days following retinal lesions, providing evidence for 

activity-dependent expression associated with cortical reorganization (Obata et al., 1999). 

On a faster time scale, substantial amounts of BDNF have been shown to secrete from 

hippocampal cell cultures within one minute after a stimulus similar to LTP induction is 

applied (Gärtner and Staiger, 2002). 

 

BDNF alters synaptic transmission 

 Ligand binding of BDNF to the tropomyosin receptor kinase B (TrkB) receptor 

results in dimerization and autophosphorylation of the Trk B receptors, leading to 

activation of the tyrosine kinases (Lu, 2003). Activated receptors, in general, are capable 

of triggering a number of signal transduction cascades that can alter gene expression 

(Patapoutian & Reichardt, 2001) or elicit rapid effects that modulate a selection of cell 

functions such as membrane excitability, synaptic transmission, and activity dependent 
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synaptic plasticity. These rapid effects are known to be primarily mediated through the 

interaction of TrkB receptors with ion channels and ionotropic receptors in the plasma 

membrane (Blum and Konnerth, 2005). The three intracellular cascading pathways that 

are consequently activated by BDNF include the MAPK pathway, phosphatidylinositol 3-

kinase (PI3K) pathway, and the phospholipase C-γ  (PLC- γ) pathway.   

 Various studies have shown BDNF to be capable of modulating synaptic 

transmission (Lu, 2003). In the hippocampus, BDNF has emerged as one of the most 

effective modulators of synaptic transmission, with an ability to induce both pre and 

postsynaptic changes to the synapse, altering synaptic efficacy and neurotransmission 

(Tyler et al., 2006). Facilitation of both glutamatergic and GABAergic transmission has 

been shown by the activation of intracellular signaling cascades elicited by exogenous 

application of BDNF. The BDNF-potentiated glutamate release is through the PLC- γ 

and MAPK pathways, while the potentiated GABA release requires MAPK activation 

(Rutherford et al., 1997; Matsumoto, 2006). Multiple studies show the involvement and, 

at times, necessity of BDNF in excitatory potentiation. This includes a study that found 

blockade of BDNF signaling changes LTP to LTD in the hippocampus (Montalbano et 

al., 2013) and another study that found TrkB signaling to be necessary for LTP 

expression at a critical time during postnatal development of rat visual cortex (Sermasi et 

al., 2000). Much of what’s known concerning the effects of BDNF involves changes in 

gene expression, which can take long periods of time to see extensive effects. However, 

research has emerged to confirm BDNF can also act on a rapid time scale. Jiang et al., 

2004 found BDNF to acutely depress excitatory synaptic transmission to GABAergic 
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neurons in layer II/III V1 slices 5 minutes after the initiation of BDNF application. In 

cultures of hippocampal neurons, the onset of the BDNF-induced potentiation of 

glutamatergic transmission occurs 0.5-5 min following the start of BDNF application 

(Lessmann et al., 1994; Levine et al., 1995; Li et al., 1998; Kovalchuk et al., 2004). One 

prominent type of cellular signaling in response to exogenous application of BDNF is the 

rapid transient elevation in intracellular Ca2+ concentration in cultured hippocampal 

neurons (Berninger et al., 1993). Additional work has recognized this effect to be 

postsynaptic and mediated by inositol 1,4,5-triphosphate (IP3)-sensitive intracellular 

stores, which is consistent with BDNF-TrkB signaling leading to the activation of the 

phospholipase Cγ (PLCγ)-IP3 pathway (Canossa et al., 1997). Furthermore, there is 

evidence to suggest intracellular stores mediate IP3-dependent Ca2+ release because 

extracellular Ca2+ is not required to see this effect (Canossa et al., 1997). BDNF is also 

known to have rapid effect on synaptic transmission through NMDA channels. Studies in 

the hippocampus have revealed a distinct mechanism of enhancement of NMDAR 

currents exclusively by BDNF and no other neurotrophin. This effect was seen 5 minutes 

following BDNF exposure, outlasted BDNF presence, and required tyrosine kinase 

activity (Levine et al., 1998). Further work has found acute exposure of BDNF increases 

the open probability of NMDARs via postsynaptic TrkB receptors and their interaction 

with NR2B subunit-containing NMDARs via postsynaptic interactions that require TrkB 

phosphorylation of NMDA receptor subunits NR1 and NR2B (Suen et al., 1997; Lin et 

al., 1998; Levine and Kolb, 2000). 
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 Research has found the neurotrophin receptor, p75NTR, also binds BDNF and may 

play a role in synaptic depression. All four members of the neurotrophin family (NGF, 

NT-3, NT-4, and BDNF) bind to p75NTR with equal and low affinity (Rodriguez-Tebar et 

al., 1991). Using mice carrying mutations of the p75NTR gene, LTP was found to be 

unaffected in hippocampal slices of two different strains of mice. LTD, however, was 

impaired in both strains of p75NTR–deficient mice. These results indicate p75NTR in 

activity-dependent synaptic plasticity (Rosch et al., 2005). Activation of p75NTR by the 

BDNF precursor, proBDNF, has also been shown to facilitate hippocampal long-term 

depression (Woo et al., 2005; Yang et al., 2014; Mizui et al., 2015). A recent report using 

a cleavage-resistant proBDNF knockin mice demonstrated that the endogenous 

overexpressed proBDNF facilitates the Shaffer collateral LTD (Yang et al., 2014). These 

effects are proposed to be medicated by an upregulation in the expression of GluN2B 

NMDA receptor subunit (Woo et al., 2005), however the signaling mechanisms involved 

remain to be characterized due to the p75NTR having been shown to interact with several 

different intracellular proteins making difficult the analysis of the pathways involved in 

the downstream responses (Simi and Ibanez, 2010).  

 Studies in the visual system have also highlighted important roles for BDNF and 

TrkB during plasticity of synaptic transmission, including the involvement of the TrkB 

receptor in recovery of cortical responses following monocular deprivation (Kaneko et 

al., 2008). BDNF and TrkB signaling have also been shown to be involved in LTP of 

inhibitory synapses of visual cortical pyramidal neurons (Inagaki et al., 2008) and 

regulate the maturation of inhibition in mouse visual cortex (Huang et al., 1999). 
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Developmental studies have found BDNF to influence the growth of axons (Cohen-Cory 

and Fraser, 1995) and remodeling of dendritic arbors in the developing visual cortex 

(McAllister et al., 1995), while also potentiating field potentials and EPSCs in visual 

cortical slices of young rats (P15-P25) (Akaneya et al., 1997). When slices were treated 

with TrkB-IgG fusion protein, a BDNF scavenger, or K252a, a selective inhibitor for 

receptor tyrosine kinases, the BDNF effect on LTP was completely blocked, suggesting 

BDNF plays a role in LTP in the visual cortex (Akeneya et al., 1997). Studies in the 

visual cortex have also found the role for TrkB kinase activity is dispensable for the 

ocular dominance shift caused by monocular deprivation, but is necessary for the 

subsequent recovery of deprived-eye responses that is induced by binocular vision 

(Hanover et al., 1999).  

 BDNFs ability to regulate synaptic plasticity sets a platform for me to hypothesize 

that BDNF will alter synaptic transmission of cells near the representational border 

regions of S1 and possibly act as a molecular contributor to the synaptic plasticity 

observed during reorganization. In this work, I research the acute effects of exogenous 

BDNF on synaptic transmission from CB and NCB populations to ultimately determine 

whether or not BDNF can modulate synaptic efficacies of these neuron populations. 

Efforts are made to determine possible mechanistic means for the BDNF effect, and 

whole cell patch clamp experiments show the synaptic and intrinsic effects of BDNF on 

individual cells.  
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Chapter 2 

Inhibitory effects of BDNF in the mouse primary 

somatosensory cortex 

 

Abstract 

 Horizontal synapses in the primary somatosensory area, S1, facilitate functional 

reorganization across topographical representations. However, the molecular contributors 

to reorganization are not known. Brain-derived neurotrophic factor (BDNF) is a known 

modulator of synaptic transmission and has previously been shown to have both 

excitatory and inhibitory effects on a variety of synapses throughout the mouse brain. 

Due to its properties in modulating synaptic transmission, we focus on the effects of 

BDNF on horizontal synapses in S1, hypothesizing that BDNF has the capacity to alter 

synaptic transmission at these synapses. S1 was located and acute bath application of 

BDNF had an inhibitory effect on layer II/III local field potentials. The inhibitory effect 

of BDNF was found to be Trk dependent, as inhibiting protein kinase activity proved to 

prevent BDNF-dependent inhibition. This effect of BDNF resulted in no change in paired 

pulse facilitation and is thus unlikely to be a presynaptic occurrence. The mechanism of 

inhibition shown by BDNF is likely to be similar to a long-term depression (LTD) -like 

mechanism, because inducing LTD prior to BDNF exposure occluded the BDNF effect, 

and BDNF exposure prior to LTD induction occluded the LTD effect. Lastly, the LTD 
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that occluded the BDNF effect was shown to be non-N-methyl-D-aspartic acid receptor 

(NMDAR) dependent, as it was unaffected by application of an NMDAR antagonist. 

 

Introduction 

 Peripheral sensory information processed in the primary somatosensory S1. Its 

topographical organization in S1 makes it so that adjacent parts of the body are 

represented in adjacent cortical areas (Killackey et al., 1995).  Subcortical regions that are 

connected to the somatosensory cortex, such as the thalamus and brainstem, also display 

topographical representations (Davidson, 1965, Jang, 2011). Cortical regions of S1 

representing areas of the body are highly dynamic, having a capacity to expand or 

contract in response to changes in activity levels (Calford, 2002; Toldi, 2008; Kaas et al., 

1983; Kaas, 1991; Elbert & Rockstroh, 2004). This provides strong evidence for the 

somatosensory map being deeply influenced by peripheral activity. Reduced activity 

levels in a region of the periphery due to damage, denervation, or pharmacological 

blockage of afferent nerve impulses can result in a shrinking of the cortical representation 

that corresponds to the treated body surface, and the expansion of adjacent untreated 

areas. This is also seen in subcortical maps, including the thalamus and brainstem 

(Faggin et al., 1997; Krupa et al., 1999; Jones, 2000; Jain et al., 2008) 

 Reorganization can be induced by manipulations including limb removal (Bowlus 

et al., 2003), denervation, lesions of the dorsal root ganglia, whisker removal and 

trimming (Maier et al., 2003), and by experience-dependent mechanisms, such as training 

and learning (Markham & Greenough, 2004). It is thought that cortical reorganization is 
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the principle process responsible for adaptive changes, such as recovery of function after 

stroke (Johansson, 2000) as well as maladaptive changes responsible for phantom limb 

and regional pain syndromes (Swart et al., 2009; Flor et al., 2006).  

 Axons, dendrites, and synapses near borders separating S1 representations exhibit 

cytological and physiological biases. Whole cell recordings of neurons located near 

border regions have confirmed synaptic biasing of excitatory and inhibitory responses; 

both excitation and inhibition are reduced when stimulated across a representational 

border than when stimulated within a representational area (Hickmott, 2010; Hickmott 

and Merzenich, 1998). These neurons display a morphological bias as well; their axons 

and dendrites are oriented toward the center of the representation, away from the border 

region (Woolsey & Van der Loos, 1970; Steffen & Van der loos, 1980; Hickmott & 

Merzenich, 1999).  

 Neurons located near the border separating the forepaw and lower jaw 

representations undergo rapid and persistent changes in local circuit properties. These 

include changes in excitation, inhibition, and intrinsic properties (Hickmott and 

Merzenich, 1998, 2002; Hickmott, 2005). Morphological changes in the orientation bias 

of dendrites and axons have been observed over a longer time scale (Van der Loos and 

Woolsey, 1973; Darian-Smith & Gilbert, 1994; Calford 2002; Hickmott & Steen, 2005). 

Over the course of several weeks following peripheral denervation, the orientation biases 

of axonal projections and dendritic arbors are remodeled to reflect functional 

reorganization (Hickmott & Steen, 2005; Yamahachi et al., 2009).  
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 Plasticity has now been understood to be a fundamental property of the central 

nervous system. The principal mechanisms that regulate cortical plasticity are yet to be 

fully understood. Little is known about the signals linking changes in sensory activity to 

changes in circuit properties. BDNF stands out as a potential candidate for S1 

reorganization due to its involvement in synaptic and structural plasticity (Lu, 2003), 

activity-dependent release (Balkowiec and Katz, 2002; Shieh and Ghosh, 1999), ability to 

modulate synaptic transmission (Poo 2001; Kowiański et al., 2017), and its influence on 

the growth of dendrites and axons (McAllister et al., 1995; Cohen-Cory and Fraser, 

1995); all of which are observed during cortical reorganization.  

 This study concentrates on the effect of BDNF on adult cortical layer II/III 

horizontal connections of the primary somatosensory cortex; specifically, connections 

crossing a representational border (CB- cross border) and connections within a 

representational area, not crossing the border, (NCB- non cross border). Previous 

research has shown CB connections to be weaker than NCB connections in rat 

somatosensory cortex (Burns & Hickmott, 2003). We hypothesize the difference in NCB 

and CB strength could be due to ongoing long-term depression (LTD) in the CB 

synapses, or long-term potentiation (LTP) in the NCB synapses.   

 Based on BDNFs ability to modulate synaptic plasticity, we hypothesize BDNF to 

have some effect on S1 connections, either by strengthening or weakening NCB and/or 

CB synapses. By observing the acute effects of exogenous BDNF on synaptic 

transmission from CB and NCB populations, we can ultimately determine whether or not 
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BDNF can significantly alter synaptic transmission and/or differentially modulate 

synaptic efficacies of the stronger NCB connections and weaker CB connections. 

 

Materials and Methods 

 All chemicals were obtained from Sigma-Aldrich Chemical Co., St. Louis, MO, 

USA unless otherwise indicated.  

 

Laboratory animals  

Experiments were performed on adult, 3-5 months, 25-34 grams, male and female, 

C57BL/6 mice obtained from The Jackson Laboratory (Bar Harbor, Maine). Animals 

were housed in polycarbonate cages with 2-3 mice/cage. Housing facilities were 

temperature controlled. Pelleted food and water were freely available. The Institutional 

Animal Care and Use Committee at the University of California, Riverside, approved all 

animal procedures described. Animal use protocol number: 20140020. Animals were 

excluded from experiment based on ages outside 3-5 months and animals that did not 

survive the in vivo experimentation.  

 

In vivo mapping of the forepaw/lower jaw border 

 Adult C57BL/6 mice (25-32g) were anesthetized in an isoflurane chamber (5% 

isoflurane) and mounted in a stereotaxic frame. Isoflurane was kept at 1% with airflow of 

0.8 L/min. 2% Lidocaine was injected subcutaneously around the incision area to ensure 

complete analgesia during acute surgery. Rectal temperature was maintained at 37 
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degrees Celsius with heating pad. 2% isoflurane was maintained until the animal showed 

no signs of responsiveness to toe or ear pinching, then a craniotomy was made over S1 

(caudal to bregma) and the exposed cortex was covered with silicone oil. A micrograph 

was taken of the exposed cortex using Pixera VCS 1.2. Carbon-fiber electrodes (7-10μm 

fiber diameter) were used for response mapping. Tactile stimulation was applied to the 

forepaw or lower jaw with a glass probe to elicit cutaneous responses. Responses were 

amplified (10,000X; A-M Systems, Inc.), filtered between 300 Hz and 5 KHz, and fed 

into an audio monitor (Grass Instruments). Responsiveness to forepaw and lower jaw 

stimulations were classified by listening to the audio monitor output. Electrode 

penetrations were introduced into the forepaw area in the rostral/medial area of the 

craniotomy; subsequent penetrations were introduced more laterally until regions that 

respond to tactile stimulation for both forepaw and lower jaw were found. Recordings 

were approximately 400 μm in depth. The locations of penetrations were recorded on the 

micrograph using surface vasculature as landmarks (shown in figure 1). 1-3 forepaw/ 

lower jaw border locations were marked per animal with florescent crystals by inserting 

an electrode coated with DiI into the cortex. 

 

Brain extraction and tissue sectioning 

 After marking the border location, the animal was deeply anesthetized by 

increasing the concentration of isoflurane inhaled. Once the animal showed no signs of 

responsiveness to toe or ear pinching, it was decapitated, the brain was extracted, and 400 

μm coronal slices were sectioned on a vibrating tissue slicer (Leica, Inc.). Slices were 
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maintained for 30 minutes in cutting artificial cerebrospinal fluid (ACSF) in which NaCl 

was replaced by iso-osmotic sucrose (201.6 mM), and kynurenic acid (3 mM) was 

included to block osmotic-induced cell death and to reduce glutamate-mediated 

excitotoxicity after sectioning.  Slices were then transferred to regular ACSF (CaCl2 

2.5mM; NaCl 119mM; KCl 2.5mM; MgSO4 1.3mM; NaH2PO4 1mM; NaHCO3 

26.2mM; (D)-Glucose 11mM) with 95% O2 and 5% CO2 for 45 minutes to regain 

excitability.  

 

In vitro field potential recording  

 Only slices that contained DiI injection sites were used in vitro. Marked slices 

were undercut at 500 μm from the cortical surface to isolate horizontal connections 

(Hickmott and Merzenich, 1998). ACSF was bath-applied via perfusion system at a rate 

of 2 mL/min. Electrodes for in vitro field potential recording were glass (A-M Systems) 

of 1.5 μm tip diameter, filled with ACSF solution (4-6 megaohm resistance). Bipolar 

tungsten stimulating electrodes (FHC, Inc.) were placed approximately 300 μm 

horizontally from the recording electrode (layer II/III). A brief electrical stimulus (100 μs 

duration) was presented at one of two locations: the first location being across the border 

from the recording electrode (CB stimulation) and the second location within the same 

representation as the recording electrode, not crossing the border (NCB stimulation), 

shown in figure 2 (modified from Hickmott & Merzenich, 1999). Both sites were 300 μm 

from the cortical surface and the same distance from the recording electrode. 
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Consequently, one stimulus site was in the forepaw (FP) representation and the other in 

the lower jaw (LJ) representation. 

 Current was used to evoke local field potentials (LFP) at both NCB and CB sites 

starting below the minimal intensity necessary to produce a response and gradually 

increasing to an intensity that produced maximal responses, thus generating a complete 

input-output (IO) curve.  Note that LFP amplitude was determined from baseline to the 

main negative-going peak (figure 3A,B). The same stimulus intensities were used at both 

sites of stimulation except when lower and higher stimuli were necessary to define the 

minimal and maximal responses.  

 Trains of stimuli (n=10 individual stimuli) were delivered to CB and NCB 

horizontal connections at the stimulus intensity required to produce a response half the 

amplitude of the maximal response. These trains of stimuli were performed with six 

interstimulus intervals (ISI): 10, 25, 50, 100, 200, and 400 ms. Refer to figure 5. 

 

BDNF application 

 Baseline recordings were taken prior to bath application of BDNF. In order to 

assess the effects of BDNF on the horizontal field potential response, exogenous human 

recombinant BDNF (Alomone Labs, Inc.) was bath applied at a concentration of 3.7 nM 

for at least 10 minutes prior to recording to allow wash-in; previously published results 

have demonstrated this concentration and amount of wash-in time effectively enhances 

excitatory postsynaptic current (EPSC) frequency in mouse visual cortical slices and 

penetrates the slice within minutes of application (Akaneya et al., 1997; Madara & 
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Levine, 2008). At least 20 minutes of wash out in normal buffer was allowed to collect 

final wash out data.  

 

K252a application 

 Baseline recordings were taken prior to bath application of K252a. In order to 

assess the effects of blocking TrkB receptors prior to BDNF application, K252a (Tocris, 

Cat #168) was bath applied at a concentration of 200nM prior to BDNF application. 

 

LTD induction 

 Baseline IO curves for both NCB and CB sites were produced before LTD 

induction (for recording/stimulating arrangement see figure 2), as well as train 

stimulations to examine possible facilitation and depression of the paired pulse response. 

Pre-LTD recordings of both sites were taken at 0.033 Hz for 10 minutes at the stimulus 

intensity needed to produce half maximal amplitude of the synaptic potential. Following 

baseline recordings, LTD was induced on the NCB or CB population, stimulating at the 

intensity needed to produce maximal amplitude (generally near 0.6mA), at 1 Hz for 10 

minutes, with stimulus duration of 200μs. Following LTD induction, post-LTD 

recordings were taken to ensure long-term stability and depression of the synaptic 

potential (0.033 Hz for 60 min, 100μs stimulus duration, half-maximal intensity). A post-

LTD IO curve was then generated as well as post LTD trains. Following all post-LTD 

recordings, BDNF was bath-applied for at least 10 minutes before IO and train data were 

collected. 



 44 

 

Assessing LTD paradigm’s NMDA receptor dependence  

 Baseline IO curves for both NCB and CB sites were produced. 50μM APV was 

bath applied for at least 10 minutes to allow maximal effect on the slice. IO data was 

recorded after APV wash-in. While APV was continuously applied to the slice, the LTD 

paradigm was induced (stimulating for 200μs, 1Hz, for 10 minutes, stimulating at 

maximum amplitude). After LTD induction, APV was washed out of the slice by 

continuously running ACSF for at least 20 minutes. After APV was washed out, IO data 

was recorded to examine the effects of APV on LTD induction (figure 7).  

 

Statistical analysis  

 IGOR Pro version 6.36 software was used to acquire and perform statistical 

analysis. No blinding was performed during data acquisition. All data was analyzed blind 

by the experimenter and quantified using the peak amplitude of the negative component 

in reference to baseline. Samples with unstable electrophysiological recordings were 

excluded from analysis. Shapiro-Wilk test was used to confirm normally distributed 

populations. No test for outliers was performed and no data points were excluded. An 

exponential curve was fitted to the I-O data to extract the plateau value of maximal 

responsiveness. Two-tailed Student’s t tests were used to determine whether there was an 

effect of the representational border. CB, CB BDNF, NCB, and NCB BDNF responses 

were compared; p<0.05 was taken to be significant. The paired-pulse ratio (PPR) of 

postsynaptic currents was calculated by dividing the peak amplitude of the second evoked 



 45 

response (A2) by the peak amplitude of the first response (A1) (Kim and Alger 2001). 

The steady-state ratio (SSR) of the postsynaptic currents was calculated by averaging the 

last three evoked responses and dividing that value by A1 (Hickmott & Dinse, 2012). The 

effects of BDNF application on the horizontal field potential responses and post synaptic 

potentials were analyzed by examining the change in the maximal amplitude of the 

negative or positive components in response to BDNF application. Responses were 

compared to baseline data taken prior to the application of BDNF. One-way ANOVA and 

two-tailed Student’s t-test were used to compare effects of BDNF, p<0.05 taken as 

significant.  

 

Results 

NCB synapses show greater synaptic response than CB synapses  

 Examples of CB and NCB responses are provided in figure 3A. The stimulus 

artifact is indicated (S.A.), followed by a negative-going potential that reflects the 

excitatory synaptic response, as in previous studies (Burns & Hickmott, 2003).  This 

identity was confirmed, as this potential was blocked by bath-applied kynurenic acid 

(figure 3B). As previously observed in rat S1 (Hickmott & Merzenich, 1998; Burns & 

Hickmott, 2003), the synaptic response was significantly smaller when stimulated from 

across a representational border versus within a representational area. This difference was 

observed for the entire I/O relation of individual LFPs (figure 3C) and was expressed 

over the entire population (figure 3D).  t (44)= 11.70, p<. 01; r= 0.87; NNCB=22; NCB=24. 
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BDNF reduces both NCB and CB synaptic responses 

 Bath-application of BDNF significantly reduced both NCB and CB evoked 

responses to a similar level (figure 4). The NCB responses reduced by 92% (t(30)= 14.19, 

p<. 01; r= 0.93; NNCBBase=16; NNCB BDNF=16) and CB responses reduced by 88% ( t(30)= 

6.78, p<. 01; r= 0.77; NCBBase=16; NCB BDNF=16), as shown in figure 4C. To assure this 

decrease in response was due to BDNF application, the slice was washed with ACSF for 

at least 25 minutes and recordings were obtained after BDNF wash out. The baseline and 

wash out responses were not significantly different (figure 4C). The NCB and CB percent 

reduction by BDNF was not significantly different (figure 4D). To examine whether the 

effect of BDNF was mediated through Trk receptors, a non-selective protein kinase 

inhibitor, K252a, was bath applied prior to BDNF application. First, it was found that the 

addition of K252a had no effect on NCB or CB baseline field potential responses (figure 

4E). Second, it was found that the subsequent BDNF exposure no longer resulted in a 

significant reduction in synaptic response, as seen in figure 4C. This result indicates Trk 

receptors necessary for the BDNF-dependent reduction in response observed in figure 

4C. 

 

BDNF does not alter paired-pulse or steady-state ratios  

 Trains of LFPs were evoked at a variety of ISIs to assess BDNF effects on 

synaptic dynamics (figure 5).  As previously observed (Hickmott, 2010), synaptic 
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responses typically decreased in amplitude during these trains. BDNF application did not 

have a significant effect on these reductions, as measured by PPR and SSR. 

 

The interaction of LTD and BDNF  

 Figure 6 demonstrates the effect of LTD on NCB and CB responses. Note that 

only homosynaptic LTD and BDNF effects were examined. Baseline recordings (figure 

6A and 6B) (light gray) were taken prior to LTD induction. These represent 100% of the 

potential response. All recordings taken thereafter were measured as a percent of the 

original baseline response. Performing a standard LTD paradigm on NCB and CB 

synapses (figure 6A,B; dark gray) demonstrated a reduction in synaptic potential to 78% 

for NCB synapses and 51% for CB synapses (figure 6C), a significant reduction from 

baseline for both NCB (t(14)=4.8; p<0.01; r=0.78) and CB synapses (t(14)=9.43, p<0.01; 

r=0.93). The reduction in response induced by LTD was significantly different for NCB 

and CB synapses (t(14)=3.96; p<0.05; r=0.73), and the reduction in synaptic potential 

remained for a minimum of one hour.  

 The effect of BDNF was attenuated when synapses had undergone LTD. Figure 6 

shows the BDNF effect after synapses were depressed via LTD induction (dotted line in 

6A and 6B). “Base” represents NCB and CB responses before any manipulation (figure 

6A-D). “LTD” represents responses after LTD had been induced. “LTD + BDNF” 

represents responses taken 1 hour after LTD induction, after exposure to BDNF for 20 

minutes. For both NCB and CB responses, the induction of LTD prevented any further 

effect of BDNF (figure 6C), as there was no significant difference between NCB LTD 
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and LTD+BDNF responses, nor CB LTD and LTD+BDNF responses.  Recall that BDNF 

alone resulted in a large reduction (92%) in synaptic amplitude for both NCB and CB 

responses (figure 4).  The amount of reduction induced by LTD alone was considerably 

smaller than reduction induced by BDNF, and prevented subsequent treatment with 

BDNF from reducing the response further (figure 6C, “LTD+BDNF”). These results 

altogether indicate that inducing LTD before the application of BDNF attenuates the 

homosynaptic BDNF depressing effect, possibly due to a convergence of mechanism for 

LTD and BDNF depression. To further test the possibility of convergence in depression 

mechanism, studies were performed to observe if BDNF exposure prior to LTD induction 

occludes the depression observed by LTD induction. It was found that BDNF application 

prior to LTD induction (figure 6D) resulted in responses that were not significantly 

depressed by LTD and were not significantly different from baseline responses. Notably, 

the increase in response following LTD induction occurred at a similar time as BDNF 

wash out (figure 4C). This indicates the LTD paradigm, induced in the presence of 

BDNF, had no mechanistic effect on responses.  

 

Induced depression is not NMDA receptor dependent  

 Figure 7 shows the effect of APV on baseline and LTD responses. The timeline 

(figure 7A) depicts the time course in which APV was introduced to the slice and all 

recordings were measured. Baseline recordings (figure 7B, dashed trace) represent 100% 

of the response amplitude before any manipulations. An increase in LFP amplitude was 

observed after APV was washed in for 10 minutes (figure 7B, gray trace). No significant 
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difference in LFP response was found between pre and post APV application (t(14)=1.53, 

p>0.10). LTD was then induced in the presence of APV. Following LTD induction, APV 

was washed out using regular ACSF for a minimum of 20 minutes before recording 

“APV + LTD” responses (figure 7B, black trace). LTD induction was not affected by the 

presence of APV. As seen previously in figure 6, LTD alone reduced the NCB response 

to approximately 78% of baseline (figure 6C, 7C). With APV present during LTD 

induction, the response reduced to approximately 79% of baseline (figure 7C). In both 

cases, LTD significantly reduced the response from baseline (LTD alone t(14)=4.8; 

p<0.01; r=0.79, figure 6C); APV + LTD t(14)=3.92, p<0.01; r=0.72, figure 7C). 

Therefore the reduction seen by inducing LTD is unaltered by the presence of APV, 

indicating NMDA receptors are not necessary for this depression to occur. These data are 

similar to those observed previously (Marik and Hickmott, 2009). 

 

Discussion  

 The LFP recordings observed in this study presented a difference in synaptic 

potential amplitude between NCB and CB populations in mouse, comparable to the 

previously observed difference in rat (Hess and Donoghue, 1996; Burns and Hickmott, 

2003). Due to the nature of field potential recordings, it is unknown whether the lesser 

CB response is a product of less excitatory drive crossing the physiological border or 

increased inhibitory drive crossing the border, or a combination of both. Further studies 

are required to separate these possibilities. Comparable work in the rat has found both 

excitation and inhibition are reduced in CB synapses (Hickmott and Merzenich, 1998).  
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 These studies also showed the effects of BDNF on synapses of horizontal 

connections in layer II/III of mouse S1. The major finding was BDNF reduced synaptic 

responses for both CB and NCB populations. Previously published work determined that 

BDNF potentiates certain excitatory synaptic responses in the primary visual cortex and 

hippocampus (Kovalchuk et al., 2004; Li et al., 1998; Levine et al., 1995; Lessmann et 

al., 1994; Akeneya et al., 1997).  Furthermore, it has been observed that acute BDNF 

application can depress excitatory synapses, such as those onto PV-positive interneurons 

in visual cortex (Jiang et al., 2004).  Thus, we initially expected to see an overall 

potentiating effect of BDNF on LFPs of layer II/III horizontal connections in adult S1. 

However, our studies showed a reduction in synaptic response following BDNF 

exposure. Although this was not expected, previous studies have also indicated a possible 

role of BDNF in rapid depression of synapses in other systems (Jiang et al., 2004). BDNF 

may also function to increase inhibition.  BDNF has been found to be capable of 

modulating inhibition via MAPK activated GABA release (Matsumoto, 2006) and has 

been found to mediate the activity-dependent regulation of inhibition in neocortical 

cultures (Rutherford et al., 1997). BDNF and TrkB signaling have also been shown to be 

involved in LTP of inhibitory synapses of visual cortical pyramidal neurons (Inagaki et 

al., 2008) and to regulate the maturation of inhibition in mouse visual cortex (Huang et 

al., 1999).  The LFP amplitude used here as a metric of synaptic responsiveness can be 

affected by changes in both excitatory and inhibitory processes; therefore, the reduction 

in the LFP amplitude could reflect BDNF’s effects on excitation, inhibition, or both. 

Additionally, it was shown that the protein kinase inhibitor, K252a, blocked the 
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depression normally seen by BDNF (figure 4E); suggesting Trk receptors are necessary 

for the BDNF-dependent reduction in response. 

 Previous studies have suggested the effect of BDNF is an outcome of presynaptic 

change in mechanism (Abidin et al., 2006; Lohof et al., 1993; Inagaki et al., 2008). To 

identify the possible presynaptic loci for the BDNF effect shown here, train stimulations 

were performed to examine BDNF influence on presynaptic release probability by 

observing facilitation and depression of the paired response and of the steady state 

response at various ISIs: 10, 25, 50, 100, 200, and 400ms. Typically, a decrease in PPR is 

consistent with decreased release of neurotransmitter after the first stimulation and 

suggests that some of the change seen after the application of BDNF is a presynaptic 

change in release probability (Tsodyks and Markram, 1997). This could be due to a 

decrease in the number of docked vesicles available to release neurotransmitter (Wu and 

Borst, 1999) or a change in the amount of presynaptic calcium influx (Zhao et al., 2011). 

The data in figure 5 show no effects of BDNF on either PPR or SSR, suggesting the 

BDNF effect is not primarily presynaptic. These studies showed BDNF to reduce LFP 

response (figure 4) without changing the PPR (figure 5). 

 Given these direct effects of BDNF on synaptic responses, it is not surprising that 

BDNF signaling has been implicated in both LTP and LTD of various synapses. For 

example, BDNF is necessary for LTP induction in neocortex and hippocampus (e.g. 

Korte et al., 1995, see Leal et al, 2014 for review) and BDNF has been found to suppress 

LTD (e.g. Akaneya et al., 1996, Huber et al., 1998).  Additionally, the release of BDNF 

can increase during LTP induction and decreased during LTD induction (Aicardi et al., 
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2004).  These data suggest that the mechanisms by which BDNF and LTP/LTD modulate 

synapses are overlapping. It is, therefore, reasonable to suggest that the activation of one 

process should at least partly occlude the ability of the other process to occur. Such 

occlusion was clearly demonstrated by our studies, as prior LTD induction occluded the 

depressing effect of BDNF on the responses (figure 6C), and BDNF exposure prior to 

LTD induction resulted in lack of sustained depression or further depression from LTD 

(figure 6D). In fact, the increase in response following LTD (figure 6D ‘BDNF+LTD’) 

occurred at a similar amount of time as BDNF washing out of the tissue and regaining 

baseline responsiveness (figure 4C). This suggests LTD induction in the presence of 

BDNF had no effect on LFP response.  

 Connections that cross from one representation to another (CB) are typically 

weaker than those that do not (NCB), and this weakness is at least partly due to weaker 

excitatory synaptic efficacies (Hickmott, 2009).  Also, these synaptic efficacies can 

change rapidly during large-scale reorganization of S1 representations (Hickmott & 

Merzenich, 2002). Our results showed BDNF reduces NCB and CB responses, is 

occluded upon previous LTD, and LTD is occluded when induced in the company of 

BDNF.  

 These results invite us to propose that BDNF could be involved as a signal to 

initiate the rapid synaptic plasticity observed after reorganization is induced. This is 

consistent with our over-arching hypothesis that BDNF is an important signal for 

controlling the efficacies of synapses in layer II/III of S1. Due to the occlusion results, it 

is safe to say BDNF is likely to act via a LTD-like mechanism. We suggest considering 
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LTD when studying how synaptic weights might rapidly change upon inducing 

reorganization. We would further suggest that changes in BDNF levels during 

reorganization of S1 induced by changes in peripheral activity (such as denervation) 

would cause the rapid changes in synaptic efficacies observed during these sorts of 

reorganization (i.e. Hickmott & Merzenich, 2002). Given BDNF’s ability to affect other 

cellular properties, such as axonal and dendritic morphology (McAllister et al., 1995; 

Cohen-Cory and Fraser, 1995), it could also serve as a signal to cause those circuit 

changes as well.  

 The NMDA receptor is required for certain forms of LTD. The protocol used to 

induce LTD in our studies is similar to others that have demonstrated NMDA receptor 

dependence (Urban et al., 2002, Lüscher and Malenka, 2012). However, our data (figure 

7) clearly indicate that the NMDA receptor antagonist, APV, does not block the LTD 

observed here. Additionally, applying APV to the slice did not result in a statistically 

significant change in response (figure 7). Numerous studies have highlighted the complex 

varieties of LTP and LTD that can exist at different synapses, particularly in these 

horizontal connections (Marik and Hickmott, 2009; Paullus and Hickmott, 2011). 

Although our studies showed no NMDAR dependence for LTD induction, the activation 

of NMDAR is typically seen in LTD mechanisms. This form of LTD is triggered by an 

elevation in postsynaptic Ca2+ and activation of serine-threonine protein phosphatase 

activity (Mulkey and Malenka, 1992; Kirkwood and Bear, 1994; Mulkey et al., 1993). 

Here, a possible alternative mechanism to NMDA-independent LTD include those 

mediated by endocannabinoid and metabotropic glutamate receptors, as have previously 



 54 

been observed in cortex (Huang et al., 2008; Birtoli & Ulrich, 2004). Endocannabinoids 

are know to be involved in both short and long term plasticity, specifically LTD, of brain 

structures including the neocortex, cerebellum, striatum, and amygdala (Chevaleyre et al., 

2006). The mechanisms of this endocannabinoid LTD are similar to, while independent 

of, NMDAR activation. 

 Data from the present study proved BDNF to have a depressing effect on CB and 

NCB LFPs. It is unknown if BDNF is having an effect on excitation or inhibition of 

individual neurons near the border region. In order to test the specific effects of BDNF on 

excitation and inhibition of CB and NCB synapses, whole cell data will be needed to 

evaluate the responses of a single cell before and after BDNF exposure. Based on 

previous data from the rat animal model, it has been found that there is a significant 

effect of the representational border, which serves as a block for widespread excitatory 

and inhibitory transmission (Hickmott and Merzenich, 1998). These studies have shown 

differences in both excitation and inhibition evoked by CB versus NCB stimulation. Both 

excitatory and inhibitory responses were smaller for layer II/III neurons near the border 

when stimulated by CB projections versus NCB projections. These EPSCs and IPSCs are 

expected to change in response to BDNF exposure, just as our results have shown CB and 

NCB LPF responses change with BDNF exposure. Changes in inhibitory and excitatory 

PSCs are predicted to support the reduction in LFP response seen after BDNF exposure, 

either by enhancement of inhibitory currents or weakening of excitatory currents.  
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Chapter 3 

Effects of BDNF on synaptic and intrinsic cell properties near 

border regions of adult S1 

 

Abstract 

 Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin 

family and is an important signaling molecule that plays a crucial role in the proper 

development and function of the central nervous system (Chao, 2003; Lu et al., 2005). A 

variety of studies have suggested BDNF meets the criteria necessary to modulate cortical 

reorganization (Poo 2001; Kowiański et al., 2017) including a study that found its 

transcription and release to be activity-dependent (Shieh and Ghosh, 1999).  Studies have 

shown elevated expression of BDNF and its receptor in reorganized adult visual cortex as 

early as three days following retinal lesions, providing evidence for activity-dependent 

expression associated with cortical reorganization (Obata et al., 1999).  

 In our previous studies, we investigated whether BDNF could alter synaptic 

transmission in populations of cells near the forepaw and lower jaw representational 

borders in layer II/III primary somatosensory cortex (S1). We found BDNF to equally 

reduce the local field potential (LFP) of cross border (CB) and non-cross border (NCB) 

populations of cells. This reduction in LFP response was found to be Trk dependent, as 

inhibiting protein kinase activity proved to prevent BDNF-dependent inhibition. Here, we 

continue to investigate this effect by exploring the mechanism by which BDNF is 
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reducing the LFP. Using a whole-cell patch clamp technique, we found that BDNF 

reduces the excitatory post synaptic current, EPSC, of both NCB and CB populations 

without changing the inhibitory post synaptic current, ISPC. BDNF was also found to 

reduce excitability by significantly increasing rheobase, the amount of current required to 

elicit a single action potential. Stimulating trains of action potentials resulted in BDNF-

exposed cells having a reduction in the amount of action potentials they produced.  All 

together, these findings support BDNF acting to inhibit excitation in these populations of 

cells. This inhibition by BDNF could be necessary in supporting the synaptic plasticity 

that is prompted during reorganization.   

 

Introduction  

 BDNF is a member of the neurotrophin family of neurotrophic growth factors and 

has appeared to be a promising candidate molecule that may provide a link between the 

anatomical and physiological changes seen during cortical reorganization. BDNF is 

widely expressed in most brain structures, with highest concentrations in the 

hippocampus, followed by the cerebral cortex (Hofer et al., 1990). Cell type analysis has 

shown BDNF to be expressed mainly by principal glutamatergic neurons and absent in 

interneurons (Marty et al., 1997), and has also been found to be synthesized and secreted 

from microglia (Parkhurst et al., 2013), postsynaptic dendrites (Lessmann and Brigadski, 

2009), and astrocytes (Parpura and Zorec, 2010). During development, BDNF plays 

many important roles in the growth of the nervous system including roles in migration, 

morphological differentiation, cell survival, and regulator in synapse formation (Gorski et 
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al., 2003; Lipsky & Marini, 2007). Several studies have indicated that BDNF meets the 

criteria necessary to modulate adult cortical reorganization. The transcription and release 

of BDNF is activity-dependent (Shieh & Ghosh, 1999), meaning that changes in activity 

will lead to changes in BDNF levels. Studies have shown elevated expression of BDNF 

and its receptor in reorganized adult visual cortex as early as three days following retinal 

lesions, providing evidence for activity-dependent expression associated with cortical 

reorganization (Obata et al., 1999). On a faster time scale, substantial amounts of BDNF 

have been shown to secrete from hippocampal cell cultures within one minute after a 

stimulus similar to LTP induction is applied (Gärtner and Staiger, 2002). 

 Ligand binding of BDNF to the tropomyosin receptor kinase B (TrkB) receptor 

results in dimerization and autophosphorylation of the Trk B receptors, leading to 

activation of the tyrosine kinases (Lu, 2003). Activated receptors, in general, are capable 

of triggering a number of signal transduction cascades that can alter gene expression 

(Patapoutian & Reichardt, 2001) or elicit rapid effects that modulate a selection of cell 

functions such as membrane excitability, synaptic transmission, and activity dependent 

synaptic plasticity. These rapid effects are primarily mediated through the interaction of 

TrkB receptors with ion channels and ionotropic receptors in the plasma membrane 

(Blum and Konnerth, 2005). The three intracellular cascading pathways that are 

consequently activated by BDNF include the MAPK pathway, phosphatidylinositol 3-

kinase (PI3K) pathway, and the phospholipase C-γ  (PLC- γ) pathway.   

 Various studies have shown BDNF to be capable of modulating synaptic 

transmission (Lu, 2003). In the hippocampus, BDNF has emerged as one of the most 
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effective modulators of synaptic transmission, with an ability to induce both pre and 

postsynaptic changes to the synapse, altering synaptic efficacy and neurotransmission 

(Tyler et al., 2006). Facilitation of both glutamatergic and GABAergic transmission has 

been shown by the activation of intracellular signaling cascades elicited by exogenous 

application of BDNF. The BDNF-potentiated glutamate release is through the PLC- γ 

and MAPK pathways, while the potentiated GABA release requires MAPK activation 

(Rutherford et al., 1997; Matsumoto, 2006).  

 Much of what’s known concerning the effects of BDNF involves changes in gene 

expression, which can take long periods of time to see extensive effects. However, 

research has emerged to confirm BDNF can also act on a rapid time scale. Our findings 

in chapter 1 found BDNF capable of reducing the LFP of layer II/III mouse S1 within 

five minutes of BDNF exposure. Jiang et al., 2004 found BDNF to acutely depress 

excitatory synaptic transmission to GABAergic neurons in layer II/III V1 slices 5 minutes 

after the initiation of BDNF application. In cultures of hippocampal neurons, the onset of 

the BDNF-induced potentiation of glutamatergic transmission occurs 0.5-5 min following 

the start of BDNF application (Lessmann et al., 1994; Levine et al., 1995; Li et al., 1998; 

Kovalchuk et al., 2004). One prominent type of cellular signaling in response to 

exogenous application of BDNF is the rapid transient elevation in intracellular Ca2+ 

concentration in cultured hippocampal neurons (Berninger et al., 1993). Additional work 

has recognized this effect to be postsynaptic and mediated by inositol 1,4,5-triphosphate 

(IP3)-sensitive intracellular stores, which is consistent with BDNF-TrkB signaling 

leading to the activation of the phospholipase Cγ (PLCγ)-IP3 pathway (Canossa et al., 
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1997). Furthermore, there is evidence to suggest this IP3-dependent Ca2+ release is 

mediated by intracellular stores because extracellular Ca2+ is not required to see this 

effect (Canossa et al., 1997). BDNF is also known to have rapid effects on synaptic 

transmission through NMDA channels. Studies in the hippocampus have revealed a 

distinct mechanism of enhancement of NMDAR currents exclusively by BDNF and no 

other neurotrophin. This effect was seen 5 minutes following BDNF exposure, outlasted 

BDNF presence, and required tyrosine kinase activity (Levine et al., 1998). Further work 

has found acute exposure of BDNF increases the open probability of NMDARs via 

postsynaptic TrkB receptors and their interaction with NR2B subunit-containing 

NMDARs via postsynaptic interactions that require TrkB phosphorylation of NMDA 

receptor subunits NR1 and NR2B (Suen et al., 1997; Lin et al., 1998; Levine and Kolb, 

2000). 

 Studies in the visual system have also highlighted important roles for BDNF and 

TrkB during plasticity of synaptic transmission, including the involvement of the TrkB 

receptor in recovery of cortical responses following monocular deprivation (Kaneko et 

al., 2008). BDNF and TrkB signaling have also been shown to be involved in LTP of 

inhibitory synapses of visual cortical pyramidal neurons (Inagaki et al., 2008) and 

regulate the maturation of inhibition in mouse visual cortex (Huang et al., 1999). 

Developmental studies have found BDNF to influence the growth of axons (Cohen-Cory 

and Fraser, 1995) and remodeling of dendritic arbors in the developing visual cortex 

(McAllister et al., 1995), while also potentiating field potentials and EPSCs in visual 

cortical slices of young rats (P15-P25) (Akaneya et al., 1997). Studies in the visual cortex 
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have also found the role for TrkB kinase activity is dispensable for the ocular dominance 

shift caused by monocular deprivation, but is necessary for the subsequent recovery of 

deprived-eye responses that is induced by binocular vision (Hanover et al., 1999).  

 Here, we continue the work covered in chapter 1 and observe the effects of BDNF 

in the NCB and CB populations of layer II/III cells in mouse S1. Based on chapter 1 

findings, we hypothesized BDNF reduces the LFP by either reducing excitation or 

enhancing inhibition, or a combination of both. We found BDNF to reduce excitation 

without affecting inhibition. Further studies revealed BDNF also decreased excitability of 

cells in this region, requiring more current to elicit a single action potential. All together, 

these findings support BDNF having a capacity to regulate synaptic and intrinsic 

plasticity in this population. These findings support the original hypothesis that BDNF 

could act as a molecular contributor to initiation of synaptic plasticity during 

reorganization in adult S1. 

 

Materials and Methods 

 All chemicals were obtained from Sigma-Aldrich Chemical Co., St. Louis, MO, 

USA unless otherwise indicated. Experiments were performed on adult, 3-5 months, 25-

34 grams, male and female, C57BL/6 mice obtained from The Jackson Laboratory (Bar 

Harbor, Maine). Animals were housed in polycarbonate cages with 2-4 mice/cage. 

Housing facilities were temperature controlled. Pelleted food and water were freely 

available. The Institutional Animal Care and Use Committee at the University of 

California, Riverside, approved all animal procedures described. Animals were excluded 
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from experiment based on ages outside 3-5 months and animals that did not survive the in 

vivo experimentation.  

 

In vivo mapping of the forepaw/lower jaw border 

 Adult C57BL/6 mice (25-32g) were anesthetized in an isoflurane chamber (5% 

isoflurane) and mounted in a stereotaxic frame. 2% Lidocaine was injected 

subcutaneously around the incision area to ensure complete analgesia during acute 

surgery. Rectal temperature was maintained at 37 degrees Celsius with heating pad. 2% 

isoflurane was maintained until the animal showed no signs of responsiveness to toe or 

ear pinching, then a craniotomy was made over S1 (caudal to bregma) and the exposed 

cortex was covered with silicone oil. Once animal showed no signs of responsiveness, 

isoflurane was maintained at 1% with airflow of 0.8 L/min. Tactile stimulation was 

applied to the forepaw or lower jaw with a glass probe to elicit cutaneous responses. 

Responses were amplified (10,000X; A-M Systems, Inc.), filtered between 300 Hz and 5 

KHz, and fed into an audio monitor (Grass Instruments). Responsiveness to forepaw and 

lower jaw stimulations were classified by listening to the audio monitor output. Electrode 

penetrations were introduced into the forepaw area in the rostral/medial area of the 

craniotomy; subsequent penetrations were introduced more laterally until regions that 

respond to tactile stimulation for both forepaw and lower jaw were found. Recordings 

were approximately 400 μm in depth. 1-3 forepaw/ lower jaw border locations were 

marked per animal with florescent crystals by inserting an electrode coated with DiI into 

the cortex. 
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Brain Extraction and Tissue Sectioning 

 After marking the border locations, the animal was deeply anesthetized by 

increasing the concentration of isoflurane inhaled. Once the animal showed no signs of 

responsiveness to toe or ear pinching, it was decapitated, the brain was extracted, and 400 

μm coronal slices were sectioned on a vibrating tissue slicer (Leica, Inc.). Slices were 

maintained for 30 minutes in cutting artificial cerebrospinal fluid (ACSF) in which NaCl 

was replaced by iso-osmotic sucrose (201.6 mM) and kynurenic acid (3 mM). Kynurenic 

acid was included to reduce glutamate-mediated excitotoxicity after sectioning.  Slices 

were then transferred to regular ACSF (CaCl2 2.5mM; NaCl 119mM; KCl 2.5mM; 

MgSO4 1.3mM; NaH2PO4 1mM; NaHCO3 26.2mM; (D)-Glucose 11mM) with 95% O2 

and 5% CO2 for 45 minutes to regain excitability.  

 

In vitro Intracellular Recording  

 Only slices that contained DiI injection sites were used in vitro. ACSF was bath-

applied via perfusion system at a rate of 2 mL/min. Slices were maintained at 30.5°C. 

Electrodes for in vitro whole-cell recording were glass (A-M Systems) of 1.5 μm tip 

diameter, filled with solution containing either Cs-based solution for recording synaptic 

currents, or K-based for recording intrinsic properties. Solutions contained (in mM) either 

Cs-gluconate or K-gluconate, 128; CsCl or KCL, 7; EGTA, 1; HEPES, 10; QX-314 (in 

Cs-gluconate only), 10; Mg-ATP, 2; Na-GTP, 0.2; pH 7.0-7.4. Electrodes had tip 

resistances of 4-6 megaohms. Bipolar tungsten stimulating electrodes (FHC, Inc.) with a 
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tip separation of 50 μM were placed approximately 300 μm horizontally from the 

recording electrode (layer II/III). A brief electrical stimulus (100 μs duration) was 

presented at one of two locations: the first location being across the border from the 

recording electrode (CB stimulation) and the second location within the same 

representation as the recording electrode, not crossing the border (NCB stimulation). 

Both sites were 300 μm from the cortical surface and the same distance from the 

recording electrode. Consequently, one stimulus site was in the forepaw (FP) 

representation and the other in the lower jaw (LJ) representation.  

 Neurons were discovered using blind whole-cell recording (Blanton et al., 1989). 

Only neurons with initial resting potentials more negative than -55 mV and stable input 

resistances greater than 50 megaohms were used. Recordings were amplified using an 

Axoclamp 2B amplifier (Axon Instruments) in voltage-clamp or current-clamp mode, 

digitized at 15 kHz for synaptic currents and 40 kHz for intrinsic properties (National 

Instruments), and saved to the hard disk of a Macintosh computer using the IgorPro 

(Wavematrics, Inc.) data acquisition software. 

 

Analysis of post synaptic currents 

 Post synaptic currents were recorded at both NCB and CB sites starting below the 

minimal intensity necessary to produce a response and gradually increasing to an 

intensity that produced a maximal plateau response, thus generating a complete input-

output (IO) curve (figure 8A-D). Note that post synaptic current amplitude was 

determined from baseline to the greatest negative or positive-going peak. EPSCs were 
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isolated by recording at the chloride reversal potential (-55 mV) and IPSCs were isolated 

by recording at the glutamate reversal potential (0 mV). 

 

Analysis of intrinsic cell properties 

 To observe intrinsic cell properties, neurons were current clamped at -70 mV and 

injected with square pulses of current for 600 ms. The current intensity that was injected 

started low and increased until a single action potential was produced by the cell. The 

amplitude of the single action potential was measured from the initial rising phase to the 

peak (figure 9A). The half-width was measured as the width of the depolarizing spike at 

half the spike amplitude (figure 9A). The fAHP was measured as the mV difference 

between the initial rising phase and the peak of the rapid hyperpolarization after the 

action potential (figure 9B).  

 The current was then increased in small increments until a maximum amount of 

action potentials that were produced by the cell reached a plateau and increasing the 

current did not result in increased action potentials (figure 10B). The maximal action 

potential plateau count was used for significance testing.  

 Another quantified measure of the maximal train of action potentials was the 

interspike interval (ISI). The first ISI was measured as the time separating the first and 

second action potentials of the train. The last ISI was measured as the time separating the 

penultimate and last and action potentials of the train. 
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BDNF application 

Baseline recordings were taken prior to bath application of BDNF. In order to assess the 

effects of BDNF on post synaptic currents and intrinsic properties of a single neuron, 

exogenous human recombinant BDNF (Alomone Labs, Inc.) was bath applied at a 

concentration of 3.7 nM for at least 10 minutes prior to recording to allow wash-in; 

previously published results have demonstrated this concentration and amount of wash-in 

time effectively enhances EPSC frequency in mouse visual cortical slices and penetrates 

the slice within minutes of application (Akaneya et al., 1997; Madara & Levine, 2008).  

 

Statistical analysis  

 IGOR Pro version 6.36 software was used to acquire and perform statistical 

analysis. No blinding was performed during data acquisition. All data was analyzed blind 

by the experimenter. Samples with unstable electrophysiological recordings were 

excluded from analysis. Shapiro-Wilk test was used to confirm normally distributed 

populations. No test for outliers was performed and no data points were excluded. An 

exponential curve was fitted to the spike I-O data to extract the plateau value of maximal 

responsiveness and rheobase (figure 10B). Rheobase was quantified in order to assess the 

effects of BDNF on action potential excitability and is the minimum amount of current 

required to elicit a single action potential. 

 One-Way AVOVA and Student’s t tests were used to determine whether there 

was an effect of BDNF on excitatory and inhibitory post synaptic currents. CB Base, CB 

BDNF, NCB Base, and NCB BDNF responses for both excitatory and inhibitory post 
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synaptic currents were compared; p<0.05 was taken to be significant. The effects of 

BDNF application on post synaptic current was analyzed by examining the change in the 

maximal amplitude of the negative or positive-going components in response to BDNF 

application. Responses were compared to baseline data taken prior to the application of 

BDNF.  

 Student’s t test was used to determine whether there was an effect of BDNF on 

the plateau spike count of a train of action potentials. The maximum action potential 

count was compared before and after BDNF exposure; p<0.05 was taken to be 

significant. Student’s t test was used to determine whether there was an effect of BDNF 

on the first ISI and last ISI of the train; p<0.05 was taken to be significant.  

 

Results 

 A total of 12 cells were used for PSC analysis in 12 adult mice (3-5 months) and 

16 cells were used for AP recordings from 16 adult mice (3-5 months). Resting potential 

and input resistance were compared separately for PSC and AP analysis, as filling 

solutions varied (Cs-gluconate for PSC recordings and K-gluconate for AP recordings). 

The addition of BDNF did not alter resting membrane potential or input resistance for 

PSC or AP recordings. PSC recordings [Cs-gluconate] resting potential: -66.8 ± 1.3 mV 

for baseline, -65.2 ± 1.3 mV for BDNF. Input resistance: 124.6 ± 5.1 MΩ for baseline, 

116.8 ± 5.3 MΩ for BDNF. AP recordings [K-gluconate] resting potential: -64.5 ± 1.1 

mV for baseline, -65.3 ± 0.9 mV for BDNF. Input resistance: 114.2 ± 4.1 MΩ for 

baseline, 106.8 ± 8.6 MΩ for BDNF. 
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BDNF reduces EPSC of S1 neurons stimulated within and across representational borders 

 As the stimulus intensity increased, so did the PSC amplitude until it reached a 

plateau. Figures 8A and 8B show the maximum plateau responses for NCB (figure 8A) 

and CB (figure 8B) populations. The maximum plateau responses were used for 

significance testing. In comparing voltage clamp EPSCs, it was found that the baseline 

maximal EPSC was significantly smaller when stimulated from across a representation 

border (CB) versus within a representational area (NCB) (figure 8E) [t(22)= 5.09, p<. 01; 

r= 0.72; NNCB Base=12; NCB Base=12.], as seen in Hickmott and Merzenich, 1998. 

 Bath application of BDNF was used to assess the effects of BDNF on excitation 

of a single cell. BDNF significantly reduced both NCB and CB evoked EPSCs. BDNF 

exposure reduced NCB EPSCs reduced to 63% of baseline [NCB (t(22)= 4.80, p<. 01; r= 

0.69; NNCB Base=12; NNCB BDNF=12) and CB EPSCs reduced to 61% of baseline (t(22)= 4.85, 

p<. 01; r= 0.70; NCB Base=12; NCB BDNF=12), as shown in figure 8E,G. The normalized 

EPSC reduction by BDNF was not significantly different between NCB and CB 

populations, suggesting the EPSC reduction by BDNF was the same for both populations 

(figure 8G). 

 

BDNF has no effect on IPSC stimulated within and across representational borders 

 When assessing baseline IPSCs, we found that there was no significant difference 

in IPSC between NCB and CB populations (figure 8F) [t(22)= 1.23, p= 0.23; r= 0.32; 
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NNCB Base=12; NCB Base=12]. This is in marked contrast to the significant difference in NCB 

and CB EPSCs mentioned above (figure 8F). This differs from previous data that found 

NCB populations showed larger IPSCs than CB populations in rat somatosensory cortex 

(Hickmott and Merzenich, 1998). 

 Bath application of BDNF was used to assess the effects of BDNF on inhibition 

of a single cell. BDNF had no significant effect on NCB IPSCs [t(22)= 1.09, p=0.31. ; r= 

0.20; NNCB Base=12; NCB Base=12] or CB IPSCs [t(22)= 1.23, p=0.23. ; r= 0.66; NNCB Base=12; 

NCB Base=12] (figure 8F,G).  

 

Effects of BDNF on single action potentials 

 In comparing rheobase before and after BDNF exposure, it was found that BDNF 

significantly increased rheobase (figure 9C) [t(30)= 2.14, p=0.03. ; r= 0.67; Nbase=16, 

NBDNF=16], therefore requiring more current intensity to elicit a single action potential. 

Aspects of the action potential that were not significantly changed by BDNF were the 

amplitude [t(30)= 1.61, p=0.11. ; r= 0.28; Nbase=16, NBDNF=16], the half-width [t(30)= 

1.32, p=0.19. ; r= 0.20; Nbase=16, NBDNF=16], and the fAHP [t(30)= 0.02, p=0.97 ; r= 0.02; 

Nbase=16, NBDNF=16]. Figures 9D, 9E, and 9F graph the results of those findings.  

 

Effect of BDNF on trains of action potentials 

 The number of action potentials produced by the cell was dependent on the 

stimulating intensity (figure 10B). Increased current intensity correlated with increased 

train of action potentials. Once the minimum amount of intensity was found to produce a 
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single action potential, the stimulating intensity was increased until the number of action 

potentials reached a plateau and increasing the intensity would not produce more action 

potentials. Trains of action potentials were elicited by stimulating the cell at a current 

intensity large enough to produce the maximum amount of action potentials within the 

600ms stimulus duration. Both traces in figure 10A are from the same cell stimulated at 

the same current intensity. The top trace represents the baseline recording. After 10 

minutes of BDNF exposure, the maximum amount of action potentials was significantly 

reduced (figure 10A, bottom trace). In quantifying this data, figure 10C shows that the 

maximum amount of action potentials a cell would produce was significantly reduced to 

67% of baseline after BDNF exposure [t(30)= 6.81, p<0.01 ; r= 0.78; Nbase=16, 

NBDNF=16]. We also examined the differences between the first ISI and last ISI. The time 

separating the first ISI was unchanged with the addition of BDNF (figure 10E) [t(30)= 

1.25, p=0.22 ; r= 0.23; Nbase=16, NBDNF=16]. The time separating the last ISI significantly 

increased with the addition of BDNF (figure 10F) [t(30)= 4.43, p<0.01 ; r= 0.62; 

Nbase=16, NBDNF=16]. 

 

Discussion 

 In this chapter, we compare the synaptic and intrinsic properties of S1 neurons of 

adult mice before and after BDNF exposure. The major findings were that BDNF 

significantly reduces EPSCs, increases rheobase, decreases the maximum amount of 

action potentials produced by the cell, and increases the time separation the last ISI in the 

train of action potentials.  
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BDNF effect on PSCs 

 The results of these experiments show that BDNF significantly reduces EPSCs of 

both NCB and CB populations in S1 layer II/III. Both populations were reduced on 

average to 60% of their baseline responses. EPSCs were obtained by recording at the 

chloride reversal potential (-55 mV). Doing so allows the recoding of excitatory current 

passing through open ion channels. IPSCs were obtained by recording at the glutamate 

reversal potential (0 mV), allowing the recording of inhibitory current passing through 

open ion channels. We also found that NCB and CB IPSCs were not significantly 

different, and when BDNF was applied, IPSCs were unchanged for both populations. 

These results support our previous findings of BDNF reducing LFP response in NCB and 

CB populations via Trk receptors. It was previously unknown how BDNF was reducing 

the LFP response, whether by a reduction of excitation or enhancement of inhibition, or 

some combination of both. Here, we prove BDNF reduces the LFP via a reduction in 

excitation without a change in inhibition. 

 Effects of BDNF have been widely studied throughout cortex and hippocampus. 

In these studies, it is not unusual to find BDNF having both inhibitory and excitatory 

effects in varying regions of the CNS. Our studies found BDNF to decrease excitation 

without having any effect on inhibition in this particular region of S1. However, studies 

with differing results have found BDNF to increase excitation by increasing AMPA 

receptor mediated excitatory current in hippocampal cultures (Bolton et al., 2000). 

BDNF’s ability to increase AMPA receptors and upregulate AMPA subunits has been 
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found in other studies (Li and Wolf, 2011; Caldeira et al., 2007; Carvalho et al., 2008; 

Nakata and Nakamura, 2007; Jourdi and Kabbaj, 2013), however, to our knowledge, it is 

unknown if BDNF can downregulate AMPA receptors and subunits. Researchers have 

also found that BDNF potentiated EPSCs in layer II/III of the visual cortex. The 

potentiation lasted after long after discontinued BDNF application (Akaneya et al., 1997). 

Other studies have found BDNF to reduce excitation to areas of the CNS. In the dorsal 

root ganglion, BDNF inhibited neuronal excitability by hyperpolarizing the resting 

membrane potential, increasing rheobase, and decreasing frequency of action potentials 

(Li et al., 2016).  

 In the visual cortex, BDNF has been found to acutely depress excitatory synaptic 

transmission to GABAergic neurons in layer II/III V1 slices. An unchanged paired-pulse 

ratio of excitatory postsynaptic potential amplitudes indicate the site of depression is 

likely postsynaptic (Jiang et al., 2004). These results are very similar to our findings here. 

We, too, found BDNF to depress S1 layer II/III excitatory synaptic transmission and our 

earlier studies found the reduction in LFP to likely be postsynaptic. In the dentate gyrus, 

BDNF reduced the excitability of fast-spiking interneurons within minutes, thereby 

reducing GABAergic inhibition (Holm, et al., 2009). This was found to be mediated by 

BDNF binding to the TrkB receptor.  

 Our results show BDNF to have no effect on IPSCs, however, other studies have 

found BDNF to have differing effects on IPSCs of glutamatergic and GABAergic 

neurons. In glutamatergic hippocampal neurons, BDNF decreased IPSC amplitude. In 

GABAergic neurons, BDNF increased ISPC amplitude (Wardle and Poo, 2003). 
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Considering our finding show BDNF to have no effect on IPSCs and other studies 

showing differential effects on IPSCs, it is evident that the effects of BDNF are region 

and cell-specific. All together, these findings indicate a general role for BDNF in 

regulating neuronal excitation and inhibition.  

 

BDNF effect on Action Potentials 

 Our current clamp experiments found BDNF significantly increased rheobase by 

34% (figure 9C). This reduction in excitability results in more current being required to 

elicit a single action potential. Other aspects of the action potential (spike amplitude, half 

width, and fAHP) were unchanged by BDNF (figure 9D-F). When a train of action 

potentials was elicited by stimulating at a high current intensity, it was found that BDNF 

significantly reduced the number of action potentials produced by the cell to about 67% 

of baseline. These results coincide with our findings that BDNF significantly increased 

rheobase. Regardless of the increased current intensity, BDNF-exposed cells would not 

produce the amount of action potentials that were produced prior to BDNF exposure. 

Trains of action potentials were produced by stimulating at the maximum current 

intensity required to elicit the greatest amount of action potentials. These trains were also 

analyzed by the time separating the first two spikes of the train (first ISI, figure 10E) and 

the last two spikes of the train (last ISI, figure 10F). When BDNF was introduced, the 

amount of time separating the last ISI significantly increased by 42%, while the first ISI 

was not altered by BDNF. The increase in last ISI is, again, consistent with the increase 

in rheobase and decrease in cell excitability.  
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 The change in rheobase and maximum AP output, mainly associated with the later 

part of the AP train could, in part, be due to the effect BDNF has been known to have on 

Ca2+ activated K+ currents. Ca2+ activated K+ currents are found in most types of cells 

(Blatz & Magleby, 1987) and are known to be involved in setting the firing frequencies 

(Sah, 1996) and responsible for spike-frequency adaptation (Sah 1996; Engle et al., 1999 

). They are also involved in modulating synaptic activity and transmitter release 

(Robitaille et al., 1993). Studies have found BDNF- activated protein kinase cascades can 

alter intracellular Ca2+ within minutes in various types of neurons (Berninger et al., 1993; 

Montcouquiol et al., 1997; Kleiman et al., 2000; Matsumoto et al., 2001; Numakawa et 

al., 2001) and potentially serve to depress small-conductance Ca2+ activated K+ channels 

(Kramar et al., 2004). Large-conductance Ca2+ activated K+ channels are involved in the 

control of neuronal excitability (Zhang et al. 2003; Gu et al. 2007). In primary sensory 

neurons, BDNF was found to suppress large-conductance Ca2+ activated K+ channels 

(Cao et al., 2012). Considering these findings, it is possible that BDNF is acting to 

suppress Ca2+ activated K+ channels in our experiments, resulting in the reduction of the 

amount of action potentials produced in a single train. Additionally, we show BDNF to 

decrease intrinsic excitability resulting in an increase in the amount of current required to 

elicit a single action potential. In other studies, BDNF application was also found to 

decrease excitability in cortical neurons by altering both Na+ and K+ current (Desai et al., 

1999). In contrast, reducing BDNF levels increased excitability. Since BDNF is known to 

have a capacity to alter ion channel properties and modulate synaptic activity (Rose et al., 
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2004), it is possible that it is acting here to decrease intrinsic excitability by altering Na+ 

and K+ currents. 

 These results all together, along with our PSC data, support BDNF acting as an 

inhibitor of synaptic strength for the S1 layer II/III neurons observed. These changes that 

BDNF exudes on action potentials are significant in that during and after reorganization, 

a new border location will arise that will have newly and distinctly formed NCB and CB 

synaptic strength. Neurons have an ability to scale the strength of excitatory synaptic 

inputs up or down in response to changes in activity (Lissin et al. 1998; O’Brien et al. 

1998; Turrigiano et al. 1998) and BDNF might be a contributor to those changes in 

activity. These studies have proven BDNF to be able to alter excitatory currents and 

action potential output. 

 Studies have shown the effect of BDNF on intrinsic properties to be cell type-

specific in the hippocampus subiculum (Graves et al., 2016). In these studies, BDNF was 

found to increase excitability of early-bursting neurons by doubling the number of action 

potentials and decrease excitability of regular-spiking neurons by decreasing their action 

potential output by more than half. These results are similar to our findings, considering 

the data reported here are from regular spiking cells. Our S1 layer II/III regular spiking 

cells also had a reduction in action potential output, however, our reduction was less than 

cells reported by Graves et al., 2016. Although not quantified, it appears that first and last 

ISI was increased by the addition of BDNF in Graves et al., 2016 regular spiking cells. In 

other studies, BDNF has been shown to increase  
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action potential firing of hippocampal neurons by enhancing neurotransmission (Cunha et 

al., 2010). 

 Another area of the CNS that has found differential BDNF effects on intrinsic cell 

firing is in the dorsal horn of the spinal cord.  Exogenous BDNF in dorsal horn neurons 

has been shown to differentially affect action potential firing in distinct cell types through 

effects on synaptic efficacy (Lu et al., 2007). In these studies, researchers found BDNF 

differentially affected excitatory delay neurons and inhibitory tonic neurons. The BDNF 

effect on delay neurons was presyantpic and increased mEPSC frequency and amplitude 

without a change in AMPA receptors postsynaptically. In contrast, BDNF exerted both 

pre and postsynaptic changes on inhibitory tonic firing cells, with a decrease in mEPSC 

frequency and decrease in amplitude.  
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Chapter 4 

Conclusion 

 Rapid synaptic plasticity is an exceptional feature of the brain. The underlying 

mechanisms for rapid synaptic plasticity that support a reorganizing cortex are yet to be 

fully understood. This dissertation focuses on the rapid plasticity of synapses neighboring 

representational borders in S1 for adult aged mice. Specifically, this work focuses on the 

role that BDNF plays in the rapid plasticity of these synapses. Multiple studies have 

focused on the role BDNF plays in synaptic plasticity during development, however, very 

few studies have investigated the role of BDNF in adult cortical organization. The work 

in this dissertation is the first to describe the effect of BDNF on adult horizontal synapses 

neighboring representational borders in S1, as there are currently no studies that have 

looked at the role BDNF might play in the rapid synaptic plasticity seen in the border 

region of the adult mouse. Researching basic circuit-level changes in the adult will 

provide the plasticity field with novel insights into the mechanisms underlying neural 

plasticity as well as more general aspects of the key molecules involved in large scale 

synaptic changes. These studies provide new evidence for the role of BDNF in rapid 

synaptic plasticity and suggest a role for BDNF in adult cortical reorganization. 

 Neuronal plasticity allows the central nervous system to reorganize neuronal 

networks to recover from brain and spinal cord injuries as well as adapt to peripheral 

modifications. Neuronal plasticity is usually adaptive in that it supports beneficial 

responses and behaviors, but it can also be maladaptive and responsible for neurological 

disorders. Activity-dependent synaptic plasticity is one of the basic mechanisms involved 
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in plasticity and this dissertation serves to gain a better understanding of the possible 

molecular contribution involved in the rapid activity-dependent changes in synapses 

responsible for adaptive, as well as maladaptive, plasticity.  

 Clinical cases demonstrating adaptive neuronal plasticity include reorganization 

of cortical maps in response to constraint-induced movement therapy to improve 

hemiparesis caused by stroke or cerebral palsy. Constraint-induced movement therapy 

has benefited individuals unable to move an affected upper limb due to stroke. By 

restraining the unaffected arm, patients practice repetitive exercises with the affected 

limb and the brain undergoes cortical reorganization to provide new neural pathways to 

regain motor output to the affected limb (Charles and Gordon, 2005). Successful cases 

have shown patients recovering function of a once impaired limb. 

 Although neuronal plasticity is usually noted as adaptive, excessive plasticity has 

been implicated in the pathogenesis of neurological disorders. Two examples of 

maladaptive plasticity are use-dependent dystonia and phantom limb pain. Musicians or 

writers can develop involuntary contractions of the muscles in the hands and fingers after 

prolonged use (Quartarone et al., 2006). Physiological studies in these patients have 

revealed a less segregated representation of the individual digits in the somatosensory 

homunculus than in non-dystonic subjects. These findings suggest the development of 

hand dystonia due to overuse results from abnormal cortical plasticity. Certain cases of 

phantom limb pain following amputation reflect a similar phenomenon occurring in 

sensory cortex (Flor, 2008). Phantom limb pain occurs more commonly after amputation 

in adults than children and is associated with reorganization at multiple levels in the 
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spinal cord, brain stem, thalamus, and cerebral cortex. Studies in individuals with arm 

amputation indicate that pain is associated with reorganization of sensory cortex so that 

the representation of the mouth area moves into the area normally occupied by the arm 

(Johnston 2009). Imaging studies have found the greater the extent of cortical 

reorganization, the greater the probability of experiencing phantom pain (Moore et al., 

2000; Lotze et al., 2001; MacIver et al., 2008).  

 Understanding brain plasticity and the plasticity of synapses responsible for 

adaptive and maladaptive outcomes was the emphasis of this dissertation, as well as 

providing a basis for developing better therapies to improve the outcome of acquired 

brain, spinal cord, and peripheral injuries. Understanding the mechanisms responsible for 

plasticity is an area of knowledge important for all neuroscience research and the 

advancement of medical treatment and therapy.  

 Chapter 2 investigates the effect of BDNF on NCB and CB horizontal synapses. It 

was discovered that BDNF reduced the synaptic responses for both NCB and CB 

populations. This finding was somewhat surprising, considering a majority of literature 

from various cortical areas, including visual cortex and hippocampus, have found BDNF 

potentiates excitatory responses (Kovalchuk et al., 2004; Li et al., 1998; Levine et al., 

1995; Lessmann et al., 1994; Akaneya et al., 1997). Trk receptors were found to be 

necessary for the observed reduction, as the application of a protein kinase inhibitor 

prevented the effect. In order to reveal a possible loci for the BDNF effect, train 

stimulations were provoked before and after BDNF exposure. The result of these 

experiments revealed the effect of BDNF was likely postsynaptic. BDNF signaling has 
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been implicated in both LTD and LTP induction in the neocortex and hippocampus (e.g. 

Korte et al., 1995, see Leal et al, 2014 for review), with data suggesting that the 

mechanisms by which BDNF and LTP/LTD modulate synapses may overlap. I, then, 

proceeded to evaluate the possible mechanism of BDNF depression by assessing its 

interaction with LTD. In those studies, I induced LTD in layer II/III and proceeded to 

bath-apply BDNF. When LTD as induced prior to BDNF exposure, the BDNF effect was 

subdued. This was followed by experiments that exposed BDNF to tissue prior to LTD 

induction, resulting in a lack of sustained depression from LTD. This occlusion convinces 

us that it is possible BDNF and LTD are reducing synaptic response via a similar 

mechanism. Lastly, in this chapter I evaluated the necessity of the NMDA receptor in 

LTD induction for these synapses. Using an NMDA receptor antagonist, APV, the results 

found LTD was still induced when the tissue had prior exposure to APV. This indicates 

that this form of LTD does not require the NMDA receptor to depress synaptic response.   

  The LFP amplitude used here as a metric of synaptic responsiveness can be 

affected by changes in both excitatory and inhibitory processes; therefore, the reduction 

in the LFP amplitude could reflect BDNF’s effects on excitation, inhibition, or both. The 

experiments described in chapter 3 uncover the once unknown effects of BDNF on 

excitatory and inhibitory currents, as well as changes in intrinsic properties of cells in this 

population.  

 Chapter 3 further expanded on the findings of chapter 2, mainly exploring the 

synaptic and intrinsic effects of BDNF on cells near border regions of S1 representations. 

Using the whole-cell patch clamp technique, BDNF was found to reduce the EPSC of 
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both NCB and NCB populations. IPSCs were unchanged by BDNF exposure. Upon 

examining neuronal intrinsic properties, BDNF was found to reduce excitability of the 

cell by significantly increasing rheobase, resulting in more current necessary to elicit an 

action potential. When stimulating a cell long enough to evoke a train of action 

potentials, BDNF was found to reduce the amount of action potentials the cell produced.  

Overall, the findings in chapter 3 show BDNF acts as an inhibitor of excitation in neurons 

located near border regions.  

 It was particularly interesting to see BDNF work as an inhibitor in this population 

of neurons, considering the numerous studies that have found BDNF to enhance 

excitation.  BDNF is a widely distributed and greatly studied neurotrophin. The spectrum 

of processes controlled by BDNF includes effects that can be contradictory depending on 

the location, binding of different receptors, and proceeding activation of diverse signaling 

pathways (Kowianski et al., 2017). The context-dependence of BDNF effects elucidates 

the diversity of roles BDNF may play in synaptic plasticity. These findings are likely to 

be specific to S1 layer II/III cell populations near representational border regions, as other 

areas of CNS have reported varying effects of BDNF exposure. The region focused on in 

this study is required to undergo rapid synaptic plasticity upon induced reorganization. 

For example, following a deafferentation of the forelimb radial and median nerves, the 

lower jaw representation in S1 rapidly moves into the once-occupied forepaw region. 

Neurons located near the border of the forepaw/lower jaw representation undergo rapid 

synaptic plasticity to accommodate the newly expanded lower jaw representation 

(Hickmott and Merzenich, 2002). I propose that BDNF could be involved as a signal to 
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initiate the rapid synaptic plasticity observed after reorganization is induced. BDNF has 

previously been found to regulate neuronal excitability, synaptic efficacies (Kang and 

Schuman, 1995; Patterson et al., 1996; Levine et al., 1995; Magby et al., 2006) and 

inhibition (Huang et al., 1999; Bolton et al., 2000). These properties would make BDNF 

a potential candidate to induce the synaptic plasticity that is rapidly required in this 

neuronal population upon inducing reorganization. Interestingly, in studies where 

reorganization was induced and changes in neuronal excitability were measured, the 

action potential threshold and last ISI were increased after reorganization was induced by 

peripheral denervation (Hickmott 2005). The decrease in intrinsic excitability shown after 

reorganization is similar to results generated here and suggests BDNF could be the 

molecule that initiates synaptic plasticity when reorganization is induced.  Furthermore, 

additional evidence linking BDNF production to decreased excitably after reorganization 

is found when assessing the relationship between BDNF and activity levels. When 

activity increases and BDNF production rises, the properties of cortical networks are 

altered to favor inhibition. However, when activity decreases and BDNF production is 

reduced, the properties of cortical networks are modified to favor excitation (Rutherford 

et al., 1998). 

 Here, the role of BDNF in reducing excitatory postsynaptic current could support 

the required reduction in communication when reorganization is induced. A reduction in 

excitability would be necessary in converting NCB populations into CB populations after 

reorganization is induced. In these studies, BDNF has been shown to provide that same 
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required decrease in excitability, making the study of BDNF in possibly initiating 

synaptic plasticity all the more alluring. 
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