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ABSTRACT OF THE DISSERTATION 
 
 

Experience-dependent co-regulation of excitation and inhibition within primary 

somatosensory cortex 

by 

David Richard Clermont House 

Doctor of Philosophy in Neurosciences 

University of California, San Diego, 2010 

Professor Massimo Scanziani, Chair 

 

 Sensory representations in the cortex adapt during experience and learning to 

shape perception.  Behaviorally relevant stimuli strengthen and expand within cortical 

sensory maps, while irrelevant or unused stimuli weaken and shrink.  These changes in 

maps are known to include modifications of excitatory neurons and circuits, but it 

remains uncertain how inhibitory plasticity may be involved.  This thesis investigates 

the cellular basis for experience-dependent plasticity of feedforward inhibition within 

layer 2/3 (L2/3) of rodent somatosensory cortex and addresses how changes of 

excitatory and inhibitory circuits are coordinated during map plasticity.  Experiments 

revealed that sensory deprivation weakens feedforward inhibition onto L2/3 excitatory 

pyramidal cells via local fast-spiking (FS) interneurons.  This weakening reflected 

reduced excitatory synaptic input to FS interneurons, partially offset by increased 

strength of unitary FS to pyramidal cell synapses.  These changes occur in parallel 



 

x 

with previously reported decreases of feedforward excitation onto L2/3 pyramids and 

preserve mean excitatory-inhibitory balance during experience-dependent plasticity. 

 



  

1 

I. Introduction 

During development and learning, or after nerve loss or trauma, the brain is 

remarkably plastic, allowing animals to adapt to their surroundings and to their needs. 

In the brains of mammals, the cerebral cortex is a major site of these changes.  This is 

clear from research on map plasticity in primary sensory cortex, in which topographic 

representations of sensory information are reorganized during learning and experience 

(Buonomano and Merzenich 1998).  Many studies have shown that modifications of 

cortical maps correlate with changes in discrimination and perceptual ability (Gilbert 

1998; Dan and Poo 2006; Han, Kover et al. 2007), suggesting that learning and 

perception are dependent upon map plasticity.   

Classically, map plasticity weakens or shrinks the cortical representation of 

deprived or unused sensory inputs within sensory maps, and expands or strengthens the 

representation of behaviorally relevant or overused inputs.  In this sense, map plasticity 

occurs with many common features in primary visual (V1), somatosensory (S1), and 

auditory (A1) cortex (Feldman 2009).  For example, in V1 after eye closure, less visual 

cortex represents the closed eye and more area represents the spared eye (LeVay, 

Wiesel et al. 1980).  Likewise for touch, cortical representations for fingers disappear 

after denervation of the hand and the areas of cortex that formerly represented those 

fingers will instead begin to represent adjacent skin regions (Merzenich, Kaas et al. 

1983).  Similarly, cortical representations that are necessary for perceptual and tactile 

training will increase in size.  For instance, musicians who learn to play string 

instruments develop a larger part of S1 devoted to the fingers of their left hand than to 
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their right (Elbert, Pantev et al. 1995) because the left hand is needed for fingering the 

strings to produce many different notes.  

Given these and many other studies, a good framework of rules currently exists 

for how sensory experience affects sensory representations.  However, the cellular and 

circuit mechanisms that produce these changes are still not fully understood.  Thus far, 

research on the cellular basis of map plasticity has identified many changes that take 

place within excitatory circuits during experience-dependent plasticity (Fox 1992; 

Feldman, Nicoll et al. 1999; Rittenhouse, Shouval et al. 1999; Glazewski, Giese et al. 

2000; Allen, Celikel et al. 2003; Bender, Rangel et al. 2003; Heynen, Yoon et al. 2003; 

Bender, Allen et al. 2006; Cheetham, Hammond et al. 2007; Crozier, Wang et al. 2007; 

Bruno, Hahn et al. 2009).  But more recent work has shown that structural, synaptic, 

and intrinsic plasticity can also occur in inhibitory circuits (Knott, Quairiaux et al. 

2002; Jiao, Zhang et al. 2006; Maffei, Nataraj et al. 2006; Sun 2009).  The challenge 

now is to determine how different plasticity mechanisms within excitatory and 

inhibitory circuits collectively contribute to changes of cortical maps.  The work 

presented here begins to address this question in layer 2/3 (L2/3) of rodent barrel cortex, 

which is a major site of sensory map plasticity.  We ask whether experience-dependent 

changes occur in inhibitory circuits within L2/3 of S1 and how, in combination with 

excitatory plasticity, these changes affect the function of the layer 4 (L4) to L2/3 

feedforward inhibitory circuit.    
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The whisker barrel system 

Like primary areas of cortex devoted to vision and hearing, the region of rodent 

S1 that represents whiskers on the face, called barrel cortex, contains a map of sensory 

inputs. The large whiskers of rodents (called macrovibrissae) are arranged on the facial 

pad in orderly rows (A-E) and arcs (1-6).  Whisker sensation begins with sensory 

receptors at the base of each follicle and is relayed by trigeminal ganglion axons to cells 

in the brainstem, thalamus, and then to layer 4 of S1 cortex.  In S1, deflections of 

neighboring whiskers on the face activate neurons in neighboring columns of barrel 

cortex.  This forms a topographic map of whiskers in S1. 

There are two principal pathways of whisker input to S1, the lemniscal and 

paralemniscal (although more may exist) (Yu, Derdikman et al. 2006).  Within the 

lemniscal pathway, which encodes whisker contact and movement information, single 

whiskers are represented topographically all the way from the periphery to S1 (Figure 

1.1).  First, whisker sensation is relayed by trigeminal ganglion axons to cells in the 

principal trigeminal nucleus, which in turn activate neurons in the core region of the 

contralateral ventral posteromedial thalamus (VPM).  Thalamocortical axons from the 

VPM then project primarily to dense clusters of cells in L4 of S1 called “barrels,” which 

can be identified anatomically.  Deflections of the corresponding (principal) whisker 

strongly activate neurons within that cortical column and weakly activate neurons in 

surround columns (Fig 1.2A).  This results in a functional whisker map across S1 that 

matches the topographic arrangement of whiskers on the face and the anatomical map 

of barrels in L4 (Fig 1.2B).   
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Types of experience-dependent changes in sensory maps   

Sensory map plasticity shares common features across cortical areas and is 

thought of as the net effect of multiple distinct processes, each of which is regulated by 

development and has it own dynamics over time (Feldman 2009).  However, map 

plasticity, and the individual mechanisms that underlie it, can generally be categorized 

into two groups: Hebbian or homeostatic plasticity. 

Changes in sensory maps that strengthen and increase the representation of used 

or relevant stimuli, or that weaken and decrease the representation of unused or 

irrelevant stimuli, are called Hebbian plasticity (Fig. 1.2C).  This term comes from 

synaptic learning rules first proposed by Hebb in 1949 and is used because these types 

of plasticity are largely explained by use-dependent synaptic strengthening (Hebb 1949) 

or disuse-dependent synaptic weakening (Stent 1973).  Many examples of experience-

dependent Hebbian map plasticity and their underlying Hebbian mechanisms 

(especially forms of excitatory plasticity such as long-term potentiation, depression and 

spike-timing dependent plasticity) have been discovered in visual, auditory, and 

somastosensory cortex (Buonomano and Merzenich 1998; Feldman 2009).  Ultimately, 

Hebbian map plasticity reallocates cortical processing space from deprived toward 

spared inputs, (Buonomano and Merzenich 1998), possibly to optimize sensory 

processing and improve perceptual ability for relevant stimuli. 

The other primary way sensory maps or their underlying circuits can be 

modified is called homeostatic plasticity and is characterized by changes that 

compensate for reduced or increased sensory input and activity.  During homeostatic 

map plasticity, deprivation drives increased cortical excitability and sensory responses, 
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while overuse reduces excitability and sensory responses (Fig 1.2C).  Likewise, on the 

cellular level, homeostatic mechanisms that occur during map plasticity adjust 

excitatory and inhibitory circuits to offset changes in network activity, thereby 

counteracting the hyperactivity of overused inputs by decreasing network spiking 

activity, or counteracting the low activity of underused stimuli by increasing network 

activity (Turrigiano and Nelson 2004).  Homeostatic cellular changes have been well 

characterized for monocular deprivation in both monocular and binocular V1 (Maffei, 

Lambo et al.; Maffei, Nelson et al. 2004; Maffei and Turrigiano 2008).  These 

homeostatic cellular plasticity mechanisms may contribute to multiple types of map 

plasticity.  For instance, during Hebbian map plasticity, homeostatic mechanisms may 

work to offset the reduced or increased activity that comes from Hebbian weakening or 

strengthening of other parts of the cortical circuit. 

 

Whisker map plasticity in L2/3 of S1  

Many different forms of whisker map plasticity have been observed in S1, most 

of which are Hebbian in sign (Feldman and Brecht 2005).  Plasticity in S1 is often 

studied by removing a subset of whiskers, either by plucking or trimming.  Changes in 

whisker maps can be observed by using in vivo extracellular recording (Fox 1992) or 

imaging techniques (Wallace and Sakmann 2008; Drew and Feldman 2009) after days 

to weeks of altered whisker experience.  The spiking and signals recorded by these 

methods primarily represent the activity of excitatory pyramidal cells, which account 

for ~ 80% of neurons within the cortex (Markram, Toledo-Rodriguez et al. 2004).   
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When all but one whisker is removed in adolescent rodents, whisker receptive 

field changes primarily occur in L2/3 of S1.  Two separate components of Hebbian map 

plasticity occur: a rapid weakening of the deprived whisker representations termed 

principal whisker response depression, followed by a slower strengthening of the 

spared whisker representation termed response potentiation (Fig 1.2C) (Fox 2002).  

These two effects also occur separately by using different patterns of whisker 

experience (Glazewski and Fox 1996; Wallace and Fox 1999; Stern, Maravall et al. 

2001) and based on different whisker-deprivation protocols and many examples of 

Hebbian map plasticity in L2/3 of S1 have been characterized (Feldman and Brecht 

2005).   

Studies of homeostatic whisker map plasticity are less prevalent.  If paired with 

exploration of a novel environment, single whisker experience drives contraction of the 

spared whisker representation (Polley, Chen-Bee et al. 1999).  Likewise, exposing rats 

to an enriched, naturalistic environment will weaken principal whisker responses 

(Polley, Kvasnak et al. 2004).  Since enriched and novel environments can increase 

exploratory behavior and whisker use, these examples of decreases in principal whisker 

responses are considered homeostatic changes in maps.  

 Mechanisms of Hebbian map plasticity have been extensively studied in L2/3 of 

rodent barrel cortex.  Importantly, whisker response depression and potentiation are due 

to distinct mechanisms.  Different patterns of whisker deprivation (Wallace and Fox 

1999), developmental age, or genetic manipulations can separate their occurrence.  For 

instance, a mutation that prevents α-CaMKII autophosphorylation blocks response 
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potentiation in juvenile knock-in mice without affecting response depression 

(Glazewski, Giese et al. 2000). 

We can study the mechanisms for whisker response depression in isolation by 

plucking the D-row of whiskers in juvenile rats.  This only drives principal whisker 

response depression, not potentiation (Wallace and Sakmann 2008; Drew and Feldman 

2009) and only in L2/3, not L4 (Drew and Feldman 2009).  Therefore, in this thesis, I 

used D-row plucking of adolescent rats to investigate the cellular and circuit 

mechanisms that underlie principal whisker response depression in L2/3 of S1. 

 

The synaptic basis for whisker response depression in excitatory circuits 

Thus far, most studies of experience-dependent changes in S1 and V1 have 

focused on Hebbian modifications of excitatory connections and cells, including long-

term depression (LTD) and long-term potentiation (LTP).  This is also the case in L2/3 

of barrel cortex, where several mechanisms for both response depression and 

potentiation have been discovered (Glazewski, Chen et al. 1996; Bender, Allen et al. 

2006; Bender, Bender et al. 2006; Clem and Barth 2006).   

For principal whisker response depression, one of the best-characterized 

mechanisms is a decrease in excitation from L4 to L2/3 pyramidal cells.  Within L4 

barrels of S1, excitatory spiny stellate cells receive thalamocortical input from the VPM 

and send dense feedforward projections to L2/3 pyramidal cells within the same cortical 

column.  Slice experiments using stimulation electrodes or glutamate uncaging in L4 

have shown that whisker deprivation weakens this L4 to L2/3 excitatory synapse (Allen, 

Celikel et al. 2003; Shepherd, Pologruto et al. 2003) by reducing the probability of 
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glutamate release (Bender, Allen et al. 2006).  Occlusion experiments in slices from 

sensory-deprived rats suggest that in vivo weakening of this synapse during deprivation 

results from a form of spike-timing dependent LTD that relies on presynaptic 

cannabinoid-1 (CB1) receptors (Bender, Bender et al. 2006).  Therefore, response 

depression in L2/3 is likely to result (at least in part) from reduced L4 to L2/3 excitation 

after whisker deprivation.  Similar mechanisms might also underlie response depression 

to the closed eye during ocular dominance plasticity in V1, since CB1-dependent LTD 

occurs at the L4 to L2/3 excitatory synapse (Crozier, Wang et al. 2007) and systemic 

blockade of CB1 receptors prevents L2/3 response depression in V1 from occurring 

during monocular deprivation (Liu, Heynen et al. 2008). 

Other excitatory changes might also contribute to principal whisker response 

depression in S1.  Whisker deprivation reduces the rate of unitary connections between 

L2/3 pyramidal cells (Cheetham, Hammond et al. 2007) and reduces the density of 

horizontal excitatory axons going into deprived columns of L2/3 (Broser, Grinevich et 

al. 2008; Bruno, Hahn et al. 2009).  Thus, deprivation may also reduce spiking 

responses by weakening of recurrent or horizontal excitation within L2/3, both of which 

are Hebbian in nature.   

 

Models for the role of inhibitory circuit changes during sensory map plasticity 

Besides excitatory changes, recent work has renewed interest in experience-

dependent plasticity mechanisms for inhibitory cells and circuits, and suggests that 

changes in inhibition might contribute to sensory map plasticity in various ways.  Based 

on research in V1, there are four main ideas as to how changes of inhibition might be 
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involved, the last three of which involve or may involve Hebbian or homeostatic 

mechanisms. 

 

The permissive model 

The first proposes that inhibition plays a permissive role in regulating sensory 

map plasticity.  Good evidence for this comes from many studies of ocular dominance 

plasticity in binocular V1 showing that the maturation of inhibition regulates the onset 

of the critical period.  Enhanced inhibition shifts the start of ocular dominance plasticity 

earlier and reduced inhibition can delay plasticity.  Benzodiazepines (which enhance 

GABA function) or BDNF overexpression (which accelerates the maturation of 

inhibition) can start sensory plasticity earlier in V1 (Hanover, Huang et al. 1999; 

Huang, Kirkwood et al. 1999; Fagiolini and Hensch 2000; Iwai, Fagiolini et al. 2003), 

whereas dark-rearing mice or using a GAD65 knockout (both of which slow inhibitory 

maturation) can delay it (Mower 1991; Hensch, Fagiolini et al. 1998; Chen, Yang et al. 

2001; Morales, Choi et al. 2002).   

Remarkably, these effects depend solely on the activity of GABA receptors that 

contain the alpha-1 subunit (Fagiolini, Fritschy et al. 2004).  Since these receptor 

subunits are found primarily at the perisomatic terminals of fast-spiking (FS), 

parvalbumin positive (PV) cells (Klausberger, Roberts et al. 2002), this implicates a 

single class of cortical interneuron in regulating ocular dominance plasticity.  Further 

work supporting this hypothesis has shown that the extracellular matrix (ECM) of 

proteins, sugars, and molecules that surround fast-spiking cells are also involved in the 

induction of V1 ocular dominance plasticity.  In adult animals, when ocular dominance 
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plasticity is over, ECM perineuronal nets enwrap FS large basket cells.  Amazingly, 

disruption of these perineuronal nets with chondroitinases reactivates ocular dominance 

plasticity in adult V1 (Pizzorusso, Medini et al. 2002), this time by decreasing 

perisomatic inhibition (Saghatelyan, Dityatev et al. 2001).   

Based on this research, Hensch (2005) has postulated that local plasticity 

factors, which are known to promote ECM breakdown (Mataga, Nagai et al. 2002), 

spine growth or structural rewiring (Mataga, Mizuguchi et al. 2004; Oray, Majewska et 

al. 2004) might be released from FS cells after altered activity of sensory inputs.  

Hensch suggests these plasticity factors may be dependent on the synchronous activity 

of FS cells that are reciprocally and gap-junction connected.  However, as of yet, no 

clear evidence for the connection between FS cell activity and local accumulation of 

plasticity factors exists.   

Other research supporting the permissive role of inhibition during map plasticity 

comes from transplantation studies in binocular V1.  Transplantation of embryonic 

inhibitory cells induces ocular dominance plasticity in binocular V1 after the critical 

period has ended (Southwell, Froemke et al.).  This induced plasticity peaks when the 

transplanted interneurons are of an equivalent cellular age to endogenous interneurons 

during the normal critical period.  Therefore, this work also suggests a permissive role 

for inhibition by proposing that sensory plasticity may be regulated by the intrinsic 

maturation properties of interneurons. 
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The instructive model 

In the instructive model, experience changes inhibitory circuits or excitatory-

inhibitory balance, either of which then serves an instructive role in driving excitatory 

map plasticity.  For example, during short-term monocular deprivation fast-spiking cells 

increase their responses to the deprived eye in binocular V1 (Yazaki-Sugiyama, Kang et 

al. 2009).  By using spike-timing dependent plasticity rules for excitation onto FS cells 

and a model of pyramidal and FS cell circuits, this study suggests that increased FS cell 

activity to the deprived eye could help drive plasticity of excitation onto the pyramidal 

cells.  In a similar study, short-term monocular deprivation shifts responses in excitatory 

cells to the open eye before changes in inhibitory cells, which still respond strongly to 

the deprived eye (Gandhi, Yanagawa et al. 2008).  As proposed in a model, they suggest 

this initial imbalance in spared eye excitatory and inhibitory responses could accelerate 

Hebbian plasticity onto pyramidal cells, thereby promoting ocular dominance plasticity. 

A study in auditory cortex also suggests an instructive role for experience-

dependent plasticity.  During frequency response potentiation in A1, nucleus basalis 

stimulation to a given auditory frequency in vivo will decrease inhibitory currents 

driven by the stimulus before increasing excitatory current responses (Froemke, 

Merzenich et al. 2007).  This initial change in inhibition may assist or be required for 

the subsequent changes in the excitatory circuits that represent the potentiated 

frequency response.  

Unfortunately, besides models, experimental evidence for a causal relationship 

between inhibitory cell plasticity and the promotion of excitatory plasticity during 

changes in sensory maps is lacking (although much work using in vitro studies of 
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plasticity have shown that inhibition can influence the induction of excitatory 

potentiation or depression).  Hensch (2005) proposes that fast-spiking interneurons in 

particular may be involved by editing the activity of pyramidal cells to incoming 

sensory inputs by strong perisomatic inhibition.  By controlling temporal precision to 

sensory inputs and gating the backpropagation of action potentials, enchanced 

perisomatic inhibition by FS cells might orchestrate spike-timing dependent 

mechanisms (Song and Abbott 2001; Caporale and Dan 2008) to drive map plasticity in 

excitatory cells.  

 

The suppression model 

In the third model, rather than affecting the induction or facilitation of map 

plasticity, inhibitory plasticity might be involved in the direct expression of Hebbian 

forms of sensory map reorganization.  As an example, monocular deprivation from P18 

to P21 in rats increases feedback inhibition in L4 of monocular V1 by increasing 

inhibition from FS to star pyramidal synapses and increasing excitation of the reciprocal 

connection (Maffei, Nataraj et al. 2006).  This increased inhibition after deprivation was 

proposed to suppress unwanted responses to the deprived eye.  Likewise, the 

aforementioned study by Yazaki-Sugiyama (2009) showing increased responses of FS 

cells to the deprived eye after short-term monocular deprivation could also support this 

hypothesis.  Early studies showing that bicuculline could acutely reverse the effects of 

ocular dominance plasticity (Duffy, Burchfiel et al. 1976; Sillito, Kemp et al. 1981) 

might also support this model.  This suggests that inhibition was actively silencing 

neurons which were responsive to the deprived input. 
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However, whether this is a strong component of response reductions to the 

closed eye remains controversial.  A recent study found that blocking both inhibitory 

and excitatory synaptic transmission had little effect on the responses of L4 cells in V1 

after ocular dominance plasticity (Khibnik, Cho et al. 2010), suggesting that depression 

of responses to the deprived eye might only play a small role in Hebbian forms of 

sensory map plasticity.       

 

The homeostatic model 

 Lastly, another way in which inhibition might be involved in sensory map 

plasticity is by homeostatic mechanisms.  As mentioned previously, homeostatic 

plasticity is thought to regulate the excitatory-inhibitory balance of cortical circuits in 

order to maintain stable levels of spiking activity after a change in sensory experience 

(Desai, Cudmore et al. 2002; Turrigiano and Nelson 2004).  After alterations of activity, 

homeostatic changes in excitation are implemented within individual cells by regulation 

of excitatory quantal amplitude (called synaptic scaling) (Fig 1.3).  Reducing activity 

increases the size of miniature excitatory post-synaptic currents, whereas increasing 

activity decreases them.  Within cortical networks, homeostatic changes of sensory 

input and activity are implemented by synaptic changes between excitatory and 

inhibitory cells.  For instance within a recurrent circuit, raising activity will decrease 

recurrent excitation in pyramidal neurons and increase feedback inhibition from 

interneurons, whereas lowering activity will do the opposite (Fig 1.3).   These 

modifications lead to changes in the ratio of cortical excitation and inhibition after a 
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sensory manipulation, presumably to maintain stable levels of spiking activity and 

offset increases or decreases in sensory driven activity.  

Most recent evidence for homeostatic regulation during sensory plasticity comes 

from monocular deprivation studies in L4 of V1.  Eye closure for 2 days between P15 

and P17 in rats increases the spontaneous spiking activity of L4 star pyramidal cells in 

monocular V1 by increasing excitatory drive and decreasing inhibitory drive from 

nearby cells (Maffei, Nelson et al. 2004).  Paired recordings revealed that smaller FS 

unitary IPSPs onto pyramidal cells and larger size unitary EPSPs between pyramidal 

cells after deprivation might be responsible.  In addition, a study in binocular rat V1 

found that homeostatic effects on spontaneous IPSCs (sIPSCs) were dependent upon 

when deprivation was started relative to the critical period.  Two days of deprivation 

decreased sIPSCs if begun before the critical period, and increased sIPSCs if begun 

during the critical period (Maffei, Lambo et al. 2010).  Similar to the potentiation of 

inhibition found in a previous study by the same group (Maffei, Nataraj et al. 2006), 

these results suggest that homeostatic or Hebbian effects on inhibitory circuits may be 

differentially activated over the course of development.   

Evidence for homeostatic regulation of inhibition also comes from 

immunohistochemical studies of GABAergic markers.  In primate V1, blocking retinal 

activity (by eye removal or TTX injection) decreases protein levels of GABA receptors 

and GAD by as much as 50% within 4 to 5 days (Hendry and Jones 1988).  Notably, the 

effect takes much longer (at least 7 weeks) and is more severe in younger animals when 

monocular deprivation is implemented by suturing the eyelid.  Similar effects are seen 

in rodent V1 (Benevento, Bakkum et al. 1995). 
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What is the role of inhibitory plasticity in S1? 

This thesis attempts to ask which of these models for experience-dependent 

changes of inhibition occur during whisker response depression in L2/3 of S1 and 

which types of interneurons might be responsible.  Cortical interneurons are 

heterogeneous in electrophysiological characteristics, morphology, and in profiles of 

protein expression (Kawaguchi 1993; Markram, Toledo-Rodriguez et al. 2004), but they 

can be grouped into two broad categories: fast-spiking (FS) and regular-spiking non-

pyramidal (RSNP) cells.   

FS cells fire at high, relatively non-adapting frequencies and express the calcium 

binding protein parvalbumin.  FS cells form predominately perisomatic or axo-axonic 

synapses onto neighboring pyramidal cells, constituting a subset of morphologically 

defined “basket” or “chandelier” cells, respectively (Kawaguchi and Kondo 2002).   

RSNP cells show lower firing rates and spike frequency adaptation.  FS cells and a 

subset of RSNP cells known as low-threshold-spiking (LTS) cells form two distinct 

functional inhibitory networks in the cortex by way of electrical coupling (Gibson, 

Beierlein et al. 1999).  These LTS cells, known morphologically as Martinotti cells, 

express the protein somatostatin (SOM) and synapse onto the dendrites of pyramidal 

cells (Kawaguchi and Kondo 2002). 

These inhibitory cell types have been well characterized in L2/3 of S1 where 

they can mediate feedforward and feedback inhibition (Fig 1.4).  FS cells are strongly 

and reciprocally coupled to pyramidal cells in layer 2/3 (connectivity rate 

FS Pyramidal, 66.7%, Pyramidal FS, 47.5%) and both synapses show strong 
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synaptic depression (Kapfer, Glickfeld et al. 2007).  Given the high rates of connectivity 

and electrophysiological evidence that these cells mediate feedforward inhibition in 

layer 4 of the barrel cortex (Cruikshank, Urabe et al.; Gabernet, Jadhav et al. 2005; 

Cruikshank, Lewis et al. 2007), it is very likely feedforward inhibition is also mediated 

in L2/3 of S1 by FS cells.  In contrast, a class of RSNP cells that receive facilitating 

synapses from nearby pyramidal cells (Somatostatin-positive cells) mediate feedback 

inhibition in L2/3 of S1 (Kapfer, Glickfeld et al. 2007).   

The possible role of inhibition during whisker map plasticity and which 

interneurons are involved has already partially been explored in S1.  So far, most 

evidence for inhibitory plasticity after whisker deprivation has found homeostatic 

mechanisms.  Using immunochemistry, deafferentation (removing the whisker follicles) 

decreases protein levels of GAD (the enzyme which converts glutamate to GABA in 

inhibitory cells) in the corresponding columns of rodent S1 in as little as 3 days 

(Welker, Soriano et al. 1989).  Conversely, 4 days of increased whisker follicle 

stimulation increases GAD-immunoreactivity in barrel columns (Welker, Soriano et al. 

1989) and repetitive stimulation of whiskers for 24 hours increases the density of 

inhibitory synapses as measured by electron microscopy (Knott, Quairiaux et al. 2002). 

In addition, whisker trimming begun at an early age (P7) decreases the size of layer 4 

evoked inhibitory currents (Jiao, Zhang et al. 2006).   Unfortunately, paired recordings 

have not yet been done to functionally identify which type of inhibitory cell connections 

might be weakened. 

However, some evidence for experience-dependent changes in a specific cell 

type, FS cells, has been found in L4 of S1.  Using GAD65-GFP mice, whisker trimming 
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begun at an early age (P7) can homeostatically reduce the expression and number of 

parvalbumin positive FS cells (Jiao, Zhang et al. 2006).  Similarly, trimming at this age 

reduces the intrinsic excitability of FS cells in L4 of S1 without affecting RSNP cells 

(Sun 2009). 

Despite these two studies, how sensory deprivation affects inhibition within 

L2/3 of S1, where whisker map plasticity has been most extensively studied, remains 

unknown. In addition, how experience-driven changes of inhibition and excitation 

within cortical circuits interact to affect cortical function is unexplored.  Therefore, the 

goal of this thesis was threefold: first, to look for deprivation-dependent modifications 

of L2/3 inhibitory circuits during whisker response depression; second, to attempt to 

address how these changes might fit into existing models of experience-dependent 

inhibitory plasticity; and third, to ask how experience-dependent changes of excitation 

and inhibition of the L2/3 L4 feedforward circuit are coordinated during map 

plasticity. 
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Fig. 1.1  The lemniscal pathway of the whisker barrel system.  

Macrovibrissae are organized in rows (A-E) and arcs (1-6) on the facial pad 
of the rat.  Sensory information from each whisker follicle (for example the 
E1 whisker in red) is topographically preserved as it travels from the 
periphery to the cortex.  For the leminsical pathway, whisker input is 
transferred from the principal trigeminal nucleus in the brainstem to the core 
of the ventral posterior medial nucleus (VPM) of the thalamus.  Cells in the 
VPM then send thalamocortical projections up to aggregates of cells in L4 
called barrels. Cells within that cortical column respond best to the 
corresponding whisker.  
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Fig. 1.2  Functional whisker maps and forms of map plasticity 

A. Functional whisker sensory maps are derived from the regions of cortex 
that respond best to each whisker.  Deflections of the principal whisker (i.e. 
the D1 whisker in yellow) strongly activate L2/3 pyramidal cells (black 
pyramid) in the anatomically corresponding barrel column (the D1 barrel 
column) and weakly activate neighboring regions of cortex (shown by the 
yellow Gaussian of spiking activity distributed spatially over the cortex).  
Other whiskers (E1, red, C1, blue) activate neurons in their corresponding 
barrel columns best (red and blue Gaussians).  B. Viewed from top down, 
this creates a functional whisker map (colors) overlaid on the corresponding 
anatomical map of layer 4 barrels.  C.  Hebbian forms of map plasticity 
strengthen and expand sensory representations with the use of sensory inputs 
and weaken or contract those with disuse.  In contrast, homeostatic forms of 
map plasticity counteract changes in sensory activity to increase levels of 
cortical spiking for unused sensory inputs and decrease levels of cortical 
spiking for used inputs.  Figure adapted from Feldman and Brecht (2005) 
and Feldman (2009). 
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Fig. 1.3  Homeostatic regulation of synapses and circuits  
Within individual cells, quantal amplitude is regulated by prolonged changes 
in activity.  Reducing activity increases the size of miniature post-synaptic 
currents, whereas increasing activity decreases them.  Likewise, for recurrent 
cortical networks, cellular connections will compensate to homeostatically 
maintain levels of network activity.  Raising activity will decrease recurrent 
excitation in pyramidal neurons (blue) and increase feedback inhibition from 
interneurons (red), whereas lowering activity will increase recurrent 
excitation and decrease feedback inhibition. Sensory deprivation has been 
shown to cause similar changes in the cortical excitation–inhibition balance. 
Figure panels from Nelson and Turrigiano (2004). 
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Fig. 1.4  Inhibitory networks in L2/3 of S1  
Whisker-evoked spiking of spiny stellate cells in L4 (red) occurs via the 
ventral posteromedial thalamus (VPM).  These cells in turn activate L2/3 
pyramidal cells (black), and inhibitory cells (blue, right) that mediate 
feedforward inhibition.  Spiking of L2/3 pyramidal cells will in turn drive 
feedback inhibition (blue, left).  Both feedback and feedfoward inhibition 
(shown here in both L2/3 and L4) will affect the integration and output of a 
pyramidal cell in L2/3.  Specific inhibitory cell types have been shown to 
mediate feedback (Kapfer, Glickfeld et al. 2007) or feedforward inhibition 
(Gabernet, Jadhav et al. 2005; Hull, Isaacson et al. 2009) within 
somatosensory cortex. 
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II. Parallel regulation of feedforward excitation and inhibition during whisker 
map plasticity 

 

Introduction 

Experience and learning shape cortical sensory representations and perception.  

In classical map plasticity, cortical representations of deprived sensory inputs weaken 

and shrink, whereas representations of behaviorally relevant or spared inputs strengthen 

and expand (LeVay, Wiesel et al. 1980; Jenkins, Merzenich et al. 1990; Feldman and 

Brecht 2005; Han, Kover et al. 2007).  Although most cellular models of such plasticity 

focus on Hebbian modifications of excitatory neurons and circuits (Glazewski, Herman 

et al. 1998; Feldman, Nicoll et al. 1999; Feldman 2000; Fox and Wong 2005; Feldman 

2009), recent work indicates that inhibitory circuits are also plastic in vivo (Marik, 

Yamahachi et al.; Maffei, Nelson et al. 2004; Maffei, Nataraj et al. 2006; Froemke, 

Merzenich et al. 2007; Gandhi, Yanagawa et al. 2008; Yazaki-Sugiyama, Kang et al. 

2009).  However, the synaptic basis for experience-dependent plasticity of inhibition 

and how inhibitory and excitatory plasticity are coordinated during map plasticity, are 

not fully known.  

We address these questions in layer 2/3 (L2/3) of the whisker region of rodent 

somatosensory (S1 or barrel) cortex, where mechanisms of map plasticity have been 

intensively studied.  Rats have 5 rows of whiskers on the face, labeled A through E.  

Clusters of cells in layer 4 (L4) of S1, called barrels, receive thalamocortical input from 

the topographically matched whisker.  These L4 excitatory cells provide a dense 

feedforward projection to L2/3 pyramidal cells within the same cortical column 

(Feldmeyer, Lubke et al. 2002; Bender, Rangel et al. 2003).  Cells within each column 
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respond most strongly to deflection of the corresponding (principal) whisker (Simons 

1978; Armstrong-James and Fox 1987), resulting in a whisker receptive field map 

across S1.  Plucking or trimming a subset of whiskers in juvenile animals reorganizes 

this cortical map by depressing spiking responses in L2/3 to deprived whiskers 

(Glazewski and Fox 1996; Stern, Maravall et al. 2001) and, more slowly, increasing 

responses to neighboring spared whiskers (Glazewski and Fox 1996; Wallace and Fox 

1999).  Receptive field plasticity in L2/3 is maximal from P10-15 (Stern, Maravall et al. 

2001), a peak period of synaptogenesis in L2/3 (Micheva and Beaulieu 1996), but 

persists significantly into adulthood (Diamond, Armstrong-James et al. 1993; 

Glazewski and Fox 1996).  

Previous work on the cellular basis for map plasticity in L2/3 of S1 has 

concentrated on excitatory circuits.  Deprivation weakens L4 to L2/3 excitatory 

synapses (Allen, Celikel et al. 2003; Shepherd, Pologruto et al. 2003; Bender, Bender et 

al. 2006) and local recurrent excitation in L2/3 (Cheetham, Hammond et al. 2007), and 

reorganizes excitatory horizontal projections (Broser, Grinevich et al. 2008; Bruno, 

Hahn et al. 2009) and vertical projections to L2/3 from L4 barrels and interbarrel septa 

(Shepherd, Pologruto et al. 2003).   However, it remains unknown whether plasticity of 

inhibitory circuits also plays a role in L2/3.  In visual cortex (V1) inhibitory plasticity 

can contribute to changes in sensory maps in various ways.  Maturation of parvalbumin 

(PV) positive interneurons regulates the onset of the critical period for ocular 

dominance plasticity (Hensch 2005), and in L4 of V1, monocular deprivation can either 

potentiate inhibition (Maffei, Nataraj et al. 2006) (helping to suppress responses to 

deprived inputs) or decrease inhibition onto pyramidal cells (Maffei, Nelson et al. 2004) 
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(which should homeostatically increase sensory responses).  Homeostatic effects of 

inhibition also occur in L4 of S1 (Knott, Quairiaux et al. 2002; Jiao, Zhang et al. 2006).  

However, whether inhibitory plasticity in L2/3 contributes to map plasticity in S1, and 

the cell types, sites, and mechanisms for such plasticity have yet to be discovered.   

Another major unexplored issue in prior studies is how inhibitory and excitatory 

plasticity are coordinated during map plasticity.  Excitatory-inhibitory interactions are 

thought to control the flow of information through cortical circuits and shape sensory 

responses (Adesnik and Scanziani 2010; Wehr and Zador 2003; Wilent and Contreras 

2005; Haider and McCormick 2009; Vogels and Abbott 2009).  In feedforward 

inhibitory circuits, where the depolarization of principal cells is rapidly followed by 

disynaptic inhibition (Buzsaki 1984), the relative timing and amplitude of excitation and 

inhibition are critical for sensory processing.  Feedforward inhibition sharpens receptive 

fields (Bruno and Simons 2002), improves spike timing precision (Gabernet, Jadhav et 

al. 2005), and sets the response gain (Carvalho and Buonomano 2009) and dynamic 

range of principal cells (Pouille, Marin-Burgin et al. 2009).  These observations suggest 

that careful co-regulation of inhibition and excitation may be necessary to maintain 

cortical function during experience-dependent plasticity, and to avoid pathological 

states like epilepsy.   

Here we investigate how whisker experience regulates the function of L4 to 

L2/3 feedforward inhibitory circuits during whisker map plasticity in S1.  Results show 

that feedforward inhibition is plastic, and that L4 excitatory synapses onto L2/3 fast-

spiking (FS) cells and unitary FS to pyramidal cell inhibitory synapses are both major 

sites of plasticity.  Deprivation-induced weakening of L2/3 inhibitory circuits occurs in 
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parallel with previously reported weakening of L4 excitation onto L2/3 pyramidal cells 

(Allen, Celikel et al. 2003; Shepherd, Pologruto et al. 2003; Bender, Allen et al. 2006), 

causing mean excitatory-inhibitory balance to be maintained during depression of 

principal whisker responses. 

 

Results 

To study how whisker deprivation affects excitatory and inhibitory circuits, we 

plucked the D-row whiskers on the right side of the face for 6-12 days beginning at P12.  

Deprivation at this age is known to weaken whisker-evoked spiking responses in L2/3 

of deprived barrel columns (Drew and Feldman 2009).  We then prepared oblique 

cortical slices from contralateral S1 that contained a single barrel from each of the five 

rows of whiskers (“across-row” slices) (Finnerty, Roberts et al. 1999).  Since L4 

whisker barrels can be visualized by transillumination and remain unchanged by 

whisker deprivation (Rice and Van der Loos 1977; Fox 1992; Schlaggar, Fox et al. 

1993), these across-row slices allow for identification and targeted recording from 

identified deprived (D) or spared (B) barrel columns (Finnerty, Roberts et al. 1999; 

Allen, Celikel et al. 2003; Bender, Allen et al. 2006).      

 

Deprivation reduces both excitation and inhibition onto pyramidal cells 

To test how deprivation affects L4-evoked feedforward inhibition and excitation 

we recorded mixed excitatory and inhibitory currents in L2/3 pyramidal cells in whole-

cell voltage clamp (Cs+ gluconate internal with 5 mM BAPTA; 50 μM APV in bath).  

Recordings were made in deprived (D) or spared (B) columns after 6-10 days of 
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whisker plucking (Figure 2.1A).  In order to standardize L4 stimulation intensity across 

experiments, we stimulated at 1.2 times the excitatory response threshold measured for 

each cell (see Methods).  We measured currents at multiple holding potentials, and 

calculated excitatory and inhibitory conductance (Ge and Gi) using standard techniques 

(Wehr and Zador 2003) (Fig. 2.1B; see Methods).  Stimulation in L4 typically elicited a 

small, rapid Ge waveform simultaneous with, or followed by, a larger, slower Gi 

waveform.  Our intent was to assay different sources of L4-evoked inhibition and to 

compare this to deprivation induced changes of L4 excitation.   

Ge was reduced in deprived relative to spared columns, in agreement with prior 

results that deprivation weakens excitatory L4 inputs onto L2/3 pyramidal cells (Allen, 

Celikel et al. 2003; Bender, Allen et al. 2006).  In our data, peak Ge was ~ 35% lower in 

D columns than B columns (Fig 2.1C, E, F; N=30 deprived, 1.01 ± 0.11 nS, N=30 

spared, 1.57 ± 0.26 nS; p < 0.05, t-test) and was accompanied by increases in the paired 

pulse ratio of L4 excitation in each cell measured before the conductance experiment 

(data not shown; deprived 1.32 ± 0.08, spared, 1.08 ± 0.06; p < 0.05, t-test). 

Strikingly, Gi was reduced in these same cells (Fig. 2.1D).  Peak Gi was ~60% 

lower in D columns compared to B columns (Fig. 2.1D, E, F; deprived, 3.08 ± 0.61 nS, 

spared 7.80 ± 2.06 nS; p < 0.05).  Gi integral over the first 20 ms of the response was 

also decreased (Fig. 2.1E, deprived, 42.11 ± 8.25 nS*ms, spared, 108.81 ± 28.23 

nS*ms, p < 0.05), and Ge integral showed a similar, though non-significant, trend (Fig. 

2.1E, deprived, 7.54 ± 0.85 nS*ms, spared, 10.16 ± 1.34 nS*ms, p = 0.10).  This Ge and 

Gi reduction occurred without a significant change in stimulus intensity of L4 excitatory 

response threshold (deprived, 7.3 ± 0.9 μA, spared, 7.9 ± 1.1 μA, p = 0.66).  
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In order to compare the relative levels of L4-evoked excitation and inhibition 

within single cells, we calculated the Ge fraction, defined as Ge  / (Ge + Gi).  Ge fraction 

could be highly variable, due to wide variation in the magnitude of Gi.  However, mean 

Ge fraction across cells was identical between spared and deprived columns both for Ge 

fraction calculated from peak Ge and Gi (Fig 2.2A; deprived, 0.41 ± 0.05, spared, 0.40 ± 

0.06, p = 0.87), and Ge fraction calculated from integrated Ge and Gi in the first 20 ms 

of the response (Fig. 2.2B; deprived, 0.33 ± 0.06, spared, 0.32 ± 0.06, p = 0.92).  Thus, 

whisker deprivation drives a strong, coordinated decrease of excitation and inhibition 

onto L2/3 pyramidal cells in which the ratio of excitation and inhibition remains 

constant. 

 

Deprivation preserves excitatory-inhibitory timing 

The relative timing of excitation and inhibition in feedforward circuits provides 

a critical temporal filter for postsynaptic integration and spiking (Pouille and Scanziani 

2001; Gabernet, Jadhav et al. 2005; Wilent and Contreras 2005).  Therefore, we tested 

whether deprivation affects the timing of L4-evoked excitation and inhibition.  To 

evaluate timing initially, we averaged normalized Ge and Gi over the first 20 ms of the 

response and calculated the latency to 50% peak Ge and Gi.  Average normalized Ge and 

Gi waveforms suggested that deprivation delayed the arrival of excitation and inhibition 

(Fig. 2.3A).  Deprivation increased latency to 50% peak Ge from 5.89 ± 0.22 ms (n=30) 

to 6.92 ± 0.36 ms (n=30, p < 0.05, t-test) and latency to 50% peak Gi showed a similar, 

though non-significant trend (spared, n=24, 6.86 ± 0.52 ms, deprived, n=25, 8.29 ± 0.50 

ms, p = 0.06, t-test; remaining cells had no observable Gi) (Fig. 2.3A).  We also found 
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that deprivation increased Ge onset latency from 4.25 ± 0.19 ms (n=30) to 5.08 ± 0.33 

ms (n=30, p < 0.05, t-test) (Fig. 2.3C).   

To further examine Gi timing, we separated Gi into monosynaptic and 

polysynaptic components based on latency criteria established in 18 cells in which 

polysynaptic inhibition was blocked (with the excitatory blockers  50 μM APV and 10 

μM NBQX) (Fig. 2.3B).  In these cells, monosynaptic Gi (measured directly after 

excitatory blockade) began before or < 1 ms after Ge onset latency, while polysynaptic 

Gi (calculated by subtraction of monosynaptic Gi from total Gi) began > 1.5 ms after Ge 

onset (Fig. 2.3B).  These two components are discernable in the average Gi across all 

cells, and both are reduced by deprivation (Fig. 2.1D).  Monosynaptic inhibition may 

arise from L4 interneurons that project densely to L2/3 (Porter, Johnson et al. 2001) or, 

potentially, from antidromic activation of L2/3 interneurons.  Polysynaptic inhibition 

involves feedforward activation of L2/3 interneurons (see below). 

Deprivation did not affect the latency of monosynaptic Gi (spared, 3.63 ± 0.26 

ms, n = 16, deprived, 3.85 ± 0.26 ms, n = 16, p = 0.55; remaining cells did not show 

significant monosynaptic Gi) (Fig. 2.3C).  Deprivation tended to increase polysynaptic 

Gi onset latency, though this did not reach significance (spared, 5.08 ± 0.33 ms, n = 14, 

deprived, 6.99 ± 0.41 ms, n = 18, p = 0.08; remaining cells did not show significant 

polysynaptic component) (Fig. 2.3C).  To measure the relative timing of Ge and Gi, we 

calculated monosynaptic and polysynaptic Gi latency relative to Ge onset latency in 

each neuron.  These relative latencies were unaffected by deprivation (Fig. 2.3D).  

Similarly, Ge fraction, calculated on a ms-by-ms basis after Ge onset for each cell, was 
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unchanged by deprivation (Fig. 2.3E).  Thus, deprivation delays both excitation and 

inhibition to L2/3 pyramids, preserving the relative timing of these signals. 

 

Fast-spiking cells mediate the L4-evoked inhibition 

Next, in order to identify the circuit locus for deprivation-induced reduction of 

inhibition onto L2/3 pyramids, we determined what inhibitory cell types mediate L4-

evoked polysynaptic inhibition. We focused on local L2/3 inhibitory interneurons, 

which provide ~ 80% of inhibitory input onto L2/3 pyramids (Dantzker and Callaway 

2000).  In S1 slices from control animals, we first recorded in a L2/3 pyramidal cell in 

the D column to determine the L4 stimulation strength corresponding to excitatory 

response threshold.  We then made cell-attached recordings from nearby L2/3 cells 

(using K+ gluconate internal solution in the pipette), and measured the probability of 

evoking spikes at 1-6 times excitatory threshold.  Afterwards, we broke into each cell to 

classify it as a pyramidal cell, fast-spiking (FS) interneuron or regular spiking non-

pyramidal (RSNP) interneuron based on intrinsic electrophysiological properties.  

 Electrophysiological classification of cells was based on prior literature 

(Kawaguchi and Kubota 1997) and is illustrated in Fig. 2.4.  Pyramidal neurons were 

recognized during patching by having pyramidal shaped somata, and had adapting spike 

trains and low firing rates to 500-ms current injection (Connors and Gutnick 1990).    

Non-pyramidal cells (interneurons) were categorized as FS or RSNP interneurons based 

on spike frequency adaptation (see Methods and Fig. 2.4).  This spike-based 

classification was confirmed by differences in input resistance, membrane time 

constant, and resting membrane potential between these classes (Fig. 2.4).   Biocytin 
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reconstruction of a subset of cells showed that FS interneurons were primarily basket 

cells (Fig. 2.5A), RSNP cells had varied dendritic morphology (bipolar, bitufted and 

basket) and all suspected pyramidal cells exhibited many dendritic spines, characteristic 

of excitatory cells.  More specific subclasses of interneuron are known to exist, but were 

not used here (Markram, Toledo-Rodriguez et al. 2004; Ascoli, Alonso-Nanclares et al. 

2008).  In particular, the RSNP group showed substantial electrophysiological and 

morphological variability, suggesting a heterogeneous mix of component subtypes.  

Measurements of L4-evoked spiking in cell-attached mode showed that L2/3 FS 

cells had a much higher probability of firing to low-intensity L4 stimulation than L2/3 

pyramidal or RSNP cells (Fig. 2.5B).  Indeed, many pyramidal and RSNP cells never 

fired action potentials, even up to intensities of 6 times the excitatory threshold.  FS 

cells were much more likely than RSNP or pyramidal cells to fire at low stimulation 

intensities similar to those used to demonstrate deprivation-induced weakening of 

inhibition (Fig. 2.1).  The median stimulation intensity required to evoke reliable spikes 

(≥ 1 spike to each stimulus) was 2.5 x excitatory response threshold for FS cells, 5 x 

threshold for RSNP cells, and 5.5 x threshold for pyramidal cells (Fig 2.5C).  This 

finding is consistent with the strong excitation that L2/3 FS cells are known to receive 

from L4 excitatory cells (Helmstaedter, Staiger et al. 2008; Xu and Callaway 2009), and 

implicates L2/3 FS cells in mediating L4 to L2/3 feedforward inhibition.  Further, it 

suggests that L4-evoked inhibition in the experiments in Figs. 2.1 and 2.2 was mediated 

by feedforward activation of FS cells.  Feedback inhibition in L2/3 is less likely because 

L2/3 pyramidal cells did not spike at the low stimulation intensity used in these 

experiments. 
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Deprivation strongly depresses EPSPs onto FS cells 

To determine whether deprivation alters inhibition via L2/3 FS cells, we tested 

first whether deprivation alters L4-evoked excitation onto L2/3 FS cells. L4-evoked 

EPSPs were recorded in current clamp from L2/3 FS, RSNP and pyramidal neurons.  

Cells were recorded in D columns from slices of D-row deprived or sham-deprived rats 

after 8-12 days of whisker plucking.  Recordings were made in focal bicuculline to 

block inhibition (Allen, Celikel et al. 2003) and high-divalent Ringer’s (4 mM Ca++, 4 

mM Mg++) to reduce polysynaptic activity and preferentially isolate monosynaptic 

EPSPs (Allen, Celikel et al. 2003) (Fig. 2.6A).  To standardize L4 stimulation across 

slices, we measured input-output curves (from 1 to 1.8 times threshold) for each neuron 

based on the threshold stimulation intensity to evoke an EPSP in a co-columnar 

pyramidal cell.          

 Matching previous studies (Allen, Celikel et al. 2003; Shepherd, Pologruto et al. 

2003; Bender, Allen et al. 2006), deprivation reduced input-output curves for both 

amplitude and slope of L4-evoked EPSPs, indicating a reduction in L4 excitation to 

L2/3 pyramidal cells (Fig. 2.6B; amplitude, p < 0.001, slope, p < 0.001, 2-way 

ANOVA).  Deprivation also strongly decreased excitation onto L2/3 FS cells.  The 

amplitude and slope of L4-evoked EPSPs was ~ 50% lower in L2/3 FS cells from 

deprived columns compared to those in sham-deprived columns (Fig. 2.6C; amplitude, 

p < 0.0001, slope, p < 0.001).  In contrast, L2/3 RSNP cells showed less clear changes, 

with no significant change in input-output curves for EPSP amplitude, but a significant 

decrease for EPSP slope (Fig. 2.6D; amplitude, p = 0.48, slope, p < 0.05).  
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 As an internal control, we compared L4-evoked excitation onto FS cells and 

pyramidal cells recorded in the same cortical column for each experiment, using 

identical L4 stimulation.  In sham-deprived animals, L4-evoked EPSPs in L2/3 FS cells 

were reliably larger than EPSPs in co-columnar pyramidal cells (Fig. 2.7B; shown for 

1.4x threshold).  This is consistent with strongly driven, highly sensitive feedforward 

inhibition (Porter, Johnson et al. 2001; Bruno and Simons 2002; Swadlow 2002).  

However, in deprived columns, EPSP slope and amplitude was equal or smaller in FS 

cells compared to co-columnar pyramidal cells (Fig. 2.7B).  This was true for all 

stimulation intensities, as shown using an index of relative drive onto FS vs. co-

columnar pyramidal cells, (FS EPSP/ (FS EPSP + PYR EPSP) (Fig. 2.7C).  This index, 

calculated for either EPSP slope or amplitude, showed that FS cells in sham-deprived 

columns received more excitation from L4 than their neighboring pyramidal cells, 

whereas FS cells in deprived columns FS received identical or less L4 excitation than 

co-columnar pyramidal cells (amplitude, p < 0.001, 2-way ANOVA, slope, p < 0.0001).  

 Thus, deprivation decreases L4 excitation onto both pyramidal cells and FS cells 

in L2/3, but decreases excitatory drive onto L2/3 FS cells more.  Since FS interneurons 

within feedforward circuits normally receive very strong excitation relative to the 

excitatory cells they inhibit (Gabernet, Jadhav et al. 2005; Cruikshank, Lewis et al. 

2007; Hull, Isaacson et al. 2009), this suggests that deprivation reduces the recruitment 

L2/3 feedfoward inhibition onto L2/3 pyramidal cells. 
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Deprivation does not change the intrinsic excitability of FS cells 

The intrinsic membrane and spiking properties of cells influence how synaptic 

inputs are translated into changes of intracellular voltage and whether cells reach 

threshold to spike.  Therefore, deprivation-induced changes of FS cell excitability might 

also be involved in the decrease of L4-evoked inhibition onto pyramidal cells.  Using 

slices from deprived and sham-deprived rats after 8-12 days of whisker deprivation, we 

took two approaches to test for shifts in intrinsic excitability.  First, we made whole-cell 

recordings from L2/3 FS cells to measure the resting membrane potential (Vm), input 

resistance (Rin), membrane time constant (τ), spike threshold, and the spiking rates of 

FS cells to calibrated somatic current injection (see Methods).  These intrinsic 

properties were unaffected by deprivation (Fig. 2.8A,B).  

Second, we measured the amount of L4-evoked excitation required to elicit a 

spike from L2/3 FS cells.  We recorded L2/3 FS cell spiking in cell-attached mode (K+ 

gluconate internal, 50 μM APV in bath) and determined the L4 stimulation intensity 

required to elicit 50% spiking probability (Fig 2.9A, range 40-60% spike probability, 

see Methods).  Then, we broke in and measured in voltage clamp the magnitude of the 

L4-evoked excitatory conductance (threshold Ge) at this stimulation intensity (see 

Methods).  This threshold Ge represents the magnitude of excitation required to elicit 

50% spike probability in that cell.    

Deprivation did not significantly alter total integrated Ge (calculated from 

response onset to mean spike latency), or peak Ge (sham-deprived, n = 8, 5.21 ± 0.57 

nS, deprived, n = 6, 3.89 ± 0.56, p = 0.14) (Fig 2.9B, C).  Thus, the integrated excitatory 

drive necessary to spike FS cells was unaltered by deprivation.  However, deprivation 
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did increase both Ge onset latency (sham-deprived, 3.3 ± 0.3 ms, deprived, 4.4 ± 0.2 ms, 

p < 0.05) and spike latency (sham-deprived, 7.8 ± 0.5 ms, deprived, 11.1 ± 1.4 ms, p < 

0.05) in FS cells (Fig 2.9B, D, E) similar to the effects on Ge onset time in pyramidal 

cells (Fig 2.3A,C).  Together, these results suggest that FS cell intrinsic excitability 

remains unaltered after deprivation.     

 

Potentiation of FS cell unitary amplitude by deprivation 

Another part of the feedforward circuit that could affect the magnitude of L4 to 

L2/3 feedforward inhibition onto pyramidal cells is the effective strength of inhibitory 

synapses from L2/3 FS cells onto L2/3 pyramids.  To test if deprivation affects the 

strength and connection rate of this synapse, we made current clamp recordings of L2/3 

FS-pyramidal cell pairs in deprived and sham-deprived D columns after 8-12 days of 

whisker plucking.  Intersoma distance was the same between both groups (sham-

deprived, 52.72 ± 7.95 μm, deprived, 49.47 ± 6.03 μm).  Recordings of pyramidal cells 

were made using a K+ internal with a modified chloride concentration (with a chloride 

reversal potential of -88 mV) so that inhibition would be hyperpolarizing (Fig. 2.10A).  

Unitary inhibitory postsynaptic potential (uIPSP) amplitude in pyramidal cells was 

measured at -50 mV (average Vm for sham-deprived = -50.67 ± 0.13 mV, average Vm 

for deprived = -50.09 ± 0.23 mV).  Connectivity was determined by comparing baseline 

noise to the trough amplitude of the presumed uIPSP (see methods).  

Interestingly, FS cell uIPSP amplitude onto pyramidal cells was increased by 

whisker deprivation (sham-deprived, n = 15, -0.78 ± 0.15 mV, deprived, n = 12, -1.58 ± 

0.34 mV, p < 0.05) (Fig. 2.10B) and uIPSP slope showed a similar, though non-
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significant trend (sham-deprived, -0.15 ± 0.04 mV, deprived, -0.28 ± 0.07 mV, p = 

0.10) (Fig 2.10C).  However, failure rate (sham-deprived, 16.49 ± 5.7%, deprived, 

12.92 ± 6.7%), connection rate (sham-deprived, 76.2%, 95% CI: 52-90, deprived, 

65.0%, 95% CI: 40-85), and coefficient of variation were unaffected by whisker 

deprivation, suggesting that potentiation of inhibition from FS cells probably reflects 

decreased quantal size, rather than synapse number or release probability.   

 

Discussion 

Inhibitory mechanisms for cortical plasticity  

Inhibition has been proposed previously to contribute to sensory map plasticity 

in three major ways.  First, maturation of inhibitory circuits regulates the onset of the 

critical period for sensory plasticity (Hensch 2005).  Evidence for this comes from 

studies of ocular dominance plasticity in binocular V1 showing that enhanced GABA 

activity causes the critical period to occur earlier (Fagiolini and Hensch 2000; Iwai, 

Fagiolini et al. 2003) and reduced GABA activity delays it (Hensch, Fagiolini et al. 

1998).  Second, during classical map plasticity, alterations in sensory use can rapidly 

alter sensory-evoked inhibition or excitatory-inhibitory balance.  This has been 

hypothesized to either serve an instructive role in driving plasticity of excitatory circuits 

(Hensch 2005), or may contribute directly to expression of classical receptive field 

plasticity.  For example, monocular deprivation rapidly potentiates deprived-eye 

responses in FS cells (Yazaki-Sugiyama, Kang et al. 2009) which may suppress 

deprived-eye responses in target pyramidal cells, helping to drive Hebbian synapse 

weakening in excitatory deprived-eye pathways, and strengthening in spared-eye 
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pathways.  Similarly, brief monocular deprivation during the critical period potentiates 

L4 FS synapses onto star-pyramidal cells and star pyramid to FS connectivity, which 

may suppress input from the deprived eye by increasing feedback inhibition (Maffei, 

Nataraj et al. 2006).  Third, changes in the amount of sensory experience can drive 

homeostatic (compensatory) increases or decreases of cortical activity via inhibitory 

plasticity.  Inhibitory plasticity of this type regulates the mean spiking activity and the 

balance of excitation and inhibition within cortical networks (Turrigiano and Nelson 

2004).  For instance, monocular deprivation started before the critical period decreases 

L4 mIPSC amplitude, FS cell unitary connection strength, and feedback inhibition 

strength within L4 of monocular V1, all of which promote increased network activity in 

response to decreased sensory input from the deprived eye (Maffei, Nelson et al. 2004).   

Similarly, whisker overuse is known to drive inhibitory synaptogenesis in L4 of S1 

(Knott, Quairiaux et al. 2002), while early postnatal whisker deprivation can drive 

reduced L4 inhibition (Jiao, Zhang et al. 2006).  Our results show that whisker 

deprivation during the critical period for L2/3 plasticity in S1 reduces feedforward 

inhibition.   This is similar to other examples of homeostatic regulation of inhibition, 

except that it occurs during classical (Hebbian) whisker map plasticity. 

 

Deprivation reduces feedforward inhibition 

We found that whisker deprivation decreases both L4 feedforward inhibition and 

excitation onto L2/3 pyramidal cells when started at the beginning of the critical period 

for L2/3 whisker map plasticity (Stern, Maravall et al. 2001).  Furthermore, our results 

demonstrate that deprivation, by decreasing both L4-evoked excitation and inhibition in 
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parallel, preserved the mean ratio and relative timing of excitation and inhibition 

measured within L2/3 pyramids.  Unfortunately, inherent errors in voltage-clamp 

methods (space-clamp) make it difficult to evaluate absolute values for excitatory and 

inhibitory conductance measured for each cell.  However, assuming that these errors are 

similar between spared and deprived columns (L2/3 pyramidal cell dendritic 

morphology and input resistance are not significantly altered by whisker deprivation) 

(Allen, Celikel et al. 2003; Maravall, Stern et al. 2004), the differences in Ge and Gi that 

we observed between deprived and control conditions are likely to be real.  

Using input-output curve experiments, we next confirmed that deprivation 

weakened L4 excitation onto L2/3 pyramidal cells. Interestingly, we found that 

deprivation also weakened L4 excitation onto L2/3 FS cells, but to a greater extent.  FS 

cells normally receive very strong and fast excitation relative to the pyramidal cells they 

inhibit (Gabernet, Jadhav et al. 2005; Cruikshank, Lewis et al. 2007; Hull, Isaacson et 

al. 2009) and have large IPSPs (Kapfer, Glickfeld et al. 2007), making them poised to 

mediate sensitive, powerful feedforward inhibition.  For instance, in L4 of S1, EPSCs 

from a single thalamocortical axon are almost 4 times larger onto FS cells than onto 

simultaneously recorded excitatory cells (Gabernet, Jadhav et al. 2005; Hull, Isaacson et 

al. 2009).  Consistent with previous work (Helmstaedter, Staiger et al. 2008), we found 

similar ratios in L2/3, where FS cells have a very high connection rate onto pyramidal 

cells (~65%) and FS cell EPSPs are ~ 2 times the size of nearby pyramidal cell EPSPs 

(Fig 2.7C).  Deprivation reduced this ratio such that L4-evoked EPSPs onto L2/3 FS 

cells were now smaller or equal in size to EPSPs onto L2/3 pyramids, suggesting a 

strong reduction in the L4 recruitment of L2/3 FS cells.  
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In contrast, we found no effect of deprivation on the size of L4-evoked EPSPs 

onto RSNP cells within L2/3.  However, since our group of RSNP cells likely contained 

a heterogenous mix of cell types, it remains possible that a subset of RSNP cells may 

have also been affected by deprivation.  Indeed, since some RSNP cells fired at low 

stimulation intensities (the lowest at 1.6 x threshold, Fig 2.5C), it’s likely that a small 

proportion of RSNP cells were also contributing to feedforward inhibition (as found in 

L4 of S1) (Porter, Johnson et al. 2001).   

The mean ratio of feedforward excitation and inhibition onto pyramidal cells 

was unaffected by whisker deprivation.  However, since deprivation preferentially 

weakened L4 excitation onto FS cells over pyramidal cells, this suggested that 

feedforward inhibition might be reduced substantially more than feedforward excitation 

onto pyramidal cells.  This made it necessary to investigate whether other parts of the 

feedforward circuit might account for this discrepancy.  We found that the intrinsic 

excitability of L2/3 FS cells, and the amount of L4 excitation required to activate them, 

were unaffected by deprivation, suggesting that changes of intrinsic excitability in L2/3 

FS cells played no part in changing feedforward inhibition onto pyramidal cells.  This is 

in contrast to previous work in L4 of S1 showing that whisker trimming decreases FS 

cell excitability when started at an earlier age (Sun 2009).  However, deprivation 

increased FS to pyramidal cell uIPSP amplitudes (Fig. 2.10).  Stronger inhibition from 

FS cells might offset the strong weakening of excitation and reduced spiking of FS cells 

after deprivation, thereby keeping the same ratio of excitation and inhibition within 

pyramidal cells.  



 46 

The excitatory plasticity we observe onto FS cells following whisker deprivation 

may be mediated by any number of mechanisms.  Excitatory synaptic long-term 

depression (LTD) onto interneurons in CA3 of the hippocampus is dependent upon both 

postsynaptic calcium-permeable (CP) AMPA receptors and presynaptic mGluR7 

activation (Laezza, Doherty et al. 1999).  FS cells in L4 of S1 are known to contain CP-

AMPA receptors at thalamocortical excitatory synapses (Hull, Isaacson et al. 2009).  

This may also be the case at L4 to L2/3 excitatory synapses onto FS cells (D. House, 

unpublished observations), and therefore excitatory plasticity onto L2/3 FS cells might 

also be mediated by CP-AMPA receptor activation.  Alternatively, a form of excitatory 

LTD onto interneurons exists in the CA1 region of the hippocampus that is TRPV1-

dependent (Gibson, Edwards et al. 2008).  Another possibility, more related to our 

study, shows that correlated spiking activity drives depression of excitatory synapses 

between L2/3 pyramidal and FS cell pairs in S1 (Lu, Li et al. 2007).  This form of 

depression was postsynaptic and blocked by an mGluR antagonist.  This suggests that 

mGluR-dependent LTD may also occur at the L4 to L2/3 FS cell excitatory synapse.  

However, besides changes in excitation onto L2/3 FS cells, other changes induced by 

deprivation could lead to decreased feedforward inhibition.  

Mechanisms for the potentiation of inhibitory synapses have also been 

discovered which may relate to the inhibitory synaptic plasticity we observe.  Increases 

in uIPSP size of FS to pyramidal cell synapses are also found in L4 of V1 after 

monocular deprivation during the critical period (Maffei, Nataraj et al. 2006).  This 

sensory-deprived potentiation occludes a form of long-term potentiation discovered at 

this synapse (LTPi) (Maffei, Nataraj et al. 2006).  A similar form of plasticity might 



 47 

occur in S1.  Potentiation of inhibition may also be mediated by rapid inhibitory 

synaptogenesis (Knott, Quairiaux et al. 2002) or structural plasticity of FS cells.  A 

recent study in S1 has found that axons of inhibitory cells can undergo massive 

reorganization almost immediately following whisker trimming  (Marik, Yamahachi et 

al. 2010). 

 

Combined Hebbian and homeostatic effects on a feedforward circuit 

In classical map plasticity, sensory deprivation reduces cortical responses to 

deprived sensory inputs, while cortical responses to spared or overused inputs increase.  

This is often hypothesized to involve Hebbian synaptic plasticity mechanisms in which 

inactive or ineffective synapses weaken, while active or effective synapses strengthen 

(Hebb 1949) (Stent 1973; Buonomano and Merzenich 1998).  In contrast, homeostatic 

synaptic plasticity is thought to involve distinct cellular mechanisms which counteract 

classical Hebbian changes in cortical activity.  Homeostatic plasticity is thought to 

stabilize mean spiking activity in cortex by altering the balance of excitation and 

inhibition in cortical networks (Turrigiano and Nelson 2004). 

While classical and homeostatic plasticity are often studied separately, in 

response to different sensory manipulations (e.g., whisker trimming vs. whisker 

overuse), at different developmental ages (Maffei, Lambo et al. 2010), or in different 

attentive or neuromodulatory contexts (Polley, Kvasnak et al. 2004), here we find that a 

single manipulation – deprivation of the D row of whiskers – drives both weakening of 

L4 excitation to L2/3 pyramidal cells, which should have the Hebbian effect of 

decreasing cortical representation of deprived whiskers, and weakening of L4 to L2/3 



 48 

feedforward inhibition, which should cause an opposing, homeostatic effect of 

increasing cortical responsiveness.  Coexistence of Hebbian and homeostatic 

mechanisms within a single form of cortical plasticity has been proposed in V1 based 

on sensory-evoked spiking (Mrsic-Flogel, Hofer et al. 2007), but has not been directly 

observed at the synaptic level.  Therefore our results provide evidence for one the 

original proposals of why homeostatic mechanisms might exist, to offset Hebbian 

changes and stabilize cortical circuits (Turrigiano and Nelson 2004). 

Prior work supports the idea that inhibitory plasticity plays a major homeostatic 

role in cortical map plasticity.  In S1, whisker trimming started early in life (P7) 

decreases the number of FS cells in L4, their intrinsic excitability, and the amplitude of 

L4-evoked IPSCs (Jiao, Zhang et al. 2006; Sun 2009).  Conversely, intensive whisker 

stimulation increases inhibition by the formation of new GABAergic synapses (Knott, 

Quairiaux et al. 2002).  Likewise, in L4 of V1, monocular deprivation started before the 

critical period for ocular dominance plasticity weakens feedback inhibition by 

decreasing the amplitude of FS cell IPSPs onto star pyramidal cells (Maffei, Nelson et 

al. 2004). 

We found two different sites of plasticity within the feedforward FS circuit.  

Deprivation weakened feedforward excitation of FS cells from L4, and also potentiated 

the FS to pyramidal cell inhibitory synapse.  Since we saw an overall decrease in 

feedforward inhibition measured in pyramidal cells, this suggests that decreased 

excitatory drive to FS cells is dominant, and that strengthening of the FS to pyramidal 

cell unitary synapse may act to partially compensate.  As mentioned previously, 

monocular deprivation similarly potentiates FS to star pyramidal cell synapses in L4 of 
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V1.  This was interpreted as a mechanism to decrease visual responses of star pyramidal 

cells (Maffei, Nataraj et al. 2006), but could in fact represent part of a decrease in net 

feedforward inhibition in L4, similar to our results.   

 

Balance of Excitation and Inhibition 

We found that whisker deprivation preserved the mean ratio of L4-evoked 

excitation and inhibition within L2/3 pyramidal cells, suggesting that mechanisms exist 

in cortex to keep constant the balance of excitation and inhibition within the overall 

network.  Excitatory-inhibitory balance is critical for governing the normal flow of 

information through cortical circuits (Adesnik and Scanziani; Haider and McCormick 

2009; Vogels and Abbott 2009), shaping sensory evoked responses (Wehr and Zador 

2003; Priebe and Ferster 2008) and for setting dynamic range and gain of cortical 

neurons (Mitchell and Silver 2003; Carvalho and Buonomano 2009; Pouille, Marin-

Burgin et al. 2009).  This suggests that it may be critical to maintain excitatory-

inhibitory ratio during experience-dependent cortical plasticity to preserve normal 

cortical function. 

However, with this in mind, our results differ from conventional homeostatic 

effects of experience-dependent plasticity studied in V1.  Classically, altered sensory 

experience drives changes in the excitatory-inhibitory ratio in order to maintain stable 

levels of network activity (Turrigiano and Nelson 2004).  As mentioned previously for 

feedback circuits of L4 in V1, decreases in FS cell inhibition and increases in recurrent 

excitation between pyramidal cells increase the excitatory-inhibitory ratio in response to 

visual deprivation (Maffei, Nelson et al. 2004).  Likewise, different effects have also 
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been seen in L2/3 of V1 for the same projection we studied in S1.  Monocular 

deprivation (by suturing the eyelid for 3 days during the critical period) decreases L4-

evoked feedforward EPSCs elicited by minimal stimulation without affecting 

feedforward IPSCs, thereby decreasing the ratio of excitation to inhibition (Maffei and 

Turrigiano 2008).  This dissimilarity may be due to differences between visual and 

somatosensory cortex or from the length of sensory deprivation.  Since we believe that 

decreased recruitment of FS cells is responsible for reductions in feedforward 

inhibition, another possibility is that, in combination with potentiation of feedforward 

inhibitory synapses, changes in L4-evoked inhibition were not detected using minimal 

stimulation techniques. 

 

The importance of excitation and inhibition in feedforward circuits 

Feedforward inhibition mediated by FS cells sharpens receptive fields (Bruno 

and Simons 2002), controls spike-timing precision (Gabernet, Jadhav et al. 2005), and 

provides global inhibition to expand the dynamic range of pyramidal cells in S1 

(Pouille, Marin-Burgin et al. 2009).  Since these cortical functions are highly dependent 

upon the relative levels and timing of disynaptic inhibition and excitation a pyramidal 

cell receives, a decrease of feedforward inhibition on its own might have a profound 

effect on the output of pyramidal neurons.  Likewise, a decrease of excitation onto 

pyramidal cells, without a change in feedforward inhibition, might silence all cortical 

activity driven by deprived sensory inputs.  

Therefore, we propose that during classical map plasticity, Hebbian weakening 

of feedforward excitation plus homeostatic weakening of feedforward inhibition occur 
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together in order to sustain normal sensory processing.  The importance of co-regulating 

excitation and inhibition during plasticity is evident from long-term potentiation (LTP) 

studies in hippocampus, in which selective LTP of excitation onto pyramidal neurons 

degrades the temporal fidelity of synaptic integration, while parallel LTP of excitation 

onto both pyramidal cells and feedforward inhibitory interneurons enhances disynaptic 

inhibition and preserves temporal fidelity (Lamsa, Heeroma et al. 2005).  Depression of 

excitation onto both pyramidal and FS cells may perform a similar function during 

deprivation-induced plasticity in S1.  Another possible function of weakened 

feedforward inhibition is to allow weak signals from deprived whiskers to still 

propagate through the network and be recognized as sensory stimuli (i.e., to preserve 

the sensitivity of sensory encoding).  Other functions are also possible, including 

differential roles for inhibitory vs. excitatory circuit plasticity at different temporal 

stages of whisker map reorganization (Froemke, Merzenich et al. 2007; Gandhi, 

Yanagawa et al. 2008; Yazaki-Sugiyama, Kang et al. 2009).  More studies are needed to 

test these hypotheses and how homeostatic and Hebbian mechanisms interact to 

maintain the function of feedforward circuits.   

 

Methods 

All experiments were conducted on Long-Evans rats. Procedures were approved by the 

UCSD and UC Berkeley Institutional Animal Care and Use Committees and are in 

accordance with NIH guidelines.  
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Whisker deprivation: Right-side D-row whiskers D1-D6 and γ were plucked under 

isofluorane anesthesia (3.5% in 3L/min O2) starting at postnatal (P) day 12.  Plucking 

was continued every other day until recording.  Sham-plucked littermates underwent the 

same anesthesia schedule, but were not plucked.  

 

Slice Preparation: Rats (P18 to P24) were anesthetized with isofluorane and the brain 

was quickly removed and sliced in either chilled normal Ringer’s solution (mM: 119 

NaCl, 26.2 NaHCO3, 11 D-(+)-Glucose, 1.3 MgSO4, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2, 

bubbled with 95% O2/5% CO2), a sucrose Ringer’s solution (mM: 250 Sucrose, 15 

HEPES, 11 D-(+)-Glucose, 4 MgSO4, 2.5 KCl, 1 NaH2PO4, 0.1 CaCl2), or a low-

sodium, low-calcium solution (mM: 85 NaCl, 75 Sucrose, 25 D-(+)-Glucose, 4 MgSO4, 

2.5 KCl, 1.25 Na2HPO4*H2O, 0.5 ascorbic acid, 25 NaHCO3, 0.5 CaCl2).  Cortical slices 

(400 μm) were cut from the left hemisphere in an oblique plane of section oriented 50° 

towards coronal from the midsaggital plane.  These slices contain one barrel column 

from each whisker row (A-E) and are termed “across-row slices” (Finnerty, Roberts et 

al. 1999; Allen, Celikel et al. 2003).  Slices were incubated for 30 min at 30° C in 

normal Ringer’s and then 1-6 hr at room temperature before recording.  All recordings 

were made in visually identified D or B columns. 

 

Electrophysiology: All recordings were made at room temperature (22-24°C) with 3-6 

MΩ pipettes using a Multiclamp 700A, 700B, or Axopatch 200B amplifier (Molecular 

Devices, Sunnyvale CA).  For stimulation, a bipolar stimulating electrode (FHC, 
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Bowdoin ME) was placed in the center of a L4 barrel.  Current clamp recordings were 

made using an internal solution with (in mM) 116 K gluconate, 20 HEPES, 6 KCl, 2 

NaCl, 0.5 EGTA, 4 MgATP, 0.3 NaGTP and either 5 Na2phosphocreatine or 0.26 % 

biocytin (pH 7.18-7.25).  Input resistance (Ri) was monitored continuously with a 120 

ms hyperpolarizing pulse and series resistance (Rs) was compensated for by bridge 

balance.  Cells were excluded if initial Rs was > 20 MΩ  or if Ri or Rs changed by > 

30% during the recording.  Pyramidal cells were distinguished from interneurons by 

having pyramidal shaped somata.  Current clamp measurements (wide spike width and 

spiking frequency adaptation) combined with histological reconstruction of a subset of 

recorded cells validated this criterion for selecting pyramidal cells for current or voltage 

clamp recordings.  Voltage clamp recordings from L2/3 pyramidal neurons in the 

stimulated column were made using an internal solution with (in mM) 108 D-gluconic 

acid, 108 CsOH, 20 HEPES, 5 tetraethylammonium-Cl, 2.8 NaCl, 0.4 EGTA, 4 

MgATP, 0.3 NaGTP).  Ri and Rs were monitored during the experiment with a 120 ms 

hyperpolarizing current step.  Pyramidal cells were excluded from analysis if initial 

membrane potential > -70 mV, Rs > 25 MΩ or Ri < 100 MΩ.  Rs was not compensated.  

All membrane potential values were corrected for the measured liquid junction potential 

for the specific solutions (10-12 mV).  Acquisition and analysis were performed using 

custom written software in IGOR Pro (Portland, OR).   

 

Conductance measurements: Voltage clamp recordings of L2/3 pyramidal cells were 

made in normal Ringer’s with 50 μM APV (Tocris Cookson, Ellisville MO) and by 

adding 5 mM BAPTA to the cesium internal (Sigma-Aldrich Corp., St Louis MO) to 
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prevent any calcium-dependent long or short-term plasticity while holding the cells at 

depolarized potentials.  Mean Ri for these measurements was 441 ± 24 MΩ.  Threshold 

L4 stimulation was defined as the minimum stimulation intensity that elicited no 

failures at the reversal potential for excitation (Ee = -68 mV).  Excitatory and inhibitory 

synaptic conductance (Ge and Gi) were measured at 1.2 times the threshold at 10 sec 

intervals.  Average evoked synaptic currents (6-10 repetitions) were measured at -90,    

-68, -40, 0 and +30 mV holding potential (Vhold).  Synaptic conductance was calculated 

based on previous methods (Wehr and Zador 2003).  Briefly, for each time point, total 

synaptic conductance (Gsyn) and the synaptic reversal potential (Erev) were calculated by 

linear fit to the equation: 

   Itotal = Gsyn*( Vhold – Erev) 

assuming an isopotential neuron. Gi and Ge were then calculated based on the reversal 

potentials for excitation (Ee) and inhibition (Ei): 

Gi = Gsyn*(Ee – Erev)/(Ee – Ei)  

Ge = Gsyn – Gi 

Ee (0 mV) and Ei (-68 mV) were measured in control experiments with 

pharmacologically isolated excitation (10 μM DNQX, Tocris Cookson, Ellisville MO) 

and inhibition (100 μM picrotoxin, Sigma-Aldrich Corp., St Louis MO).  Peak 

conductance was averaged over a 2 ms window around the peak.  Integrated 

conductance was calculated from the first 20 ms of the response.  The across cell 

average of Ge and Gi was made from averaging 1 ms bins of the synaptic response of 

each cell’s conductance trace. Latency measurements were made relative to stimulus 

onset.  For paired pulse measurements, cells were held in voltage clamp at Ei before 
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each conductance experiment and stimulated with a 40 ms interstimulus interval for 6-

10 sweeps, every 25 seconds.  A separate group of 18 L2/3 pyramidal cells was used to 

determine the criteria for distinguishing between monosynaptic and polysynaptic Gi.  As 

before, currents were recorded within each cell at the same five Vhold values using L4 

stimulation at 1.2 times threshold allowing for calculation of total Gi.  Then 10 μM 

NBQX was added to the bath to isolate L4 monosynaptic inhibition and the experiment 

was repeated.  After calculation of total Gi and mono Gi within each cell, mono Gi was 

subtracted from total Gi to obtain the polysynaptic component of inhibition (poly Gi).  

The criteria obtained for mono vs. poly Gi (start time of mono Gi < 1 ms and poly Gi > 

1.5 ms after the start of Ge) within these cells was then used to evaluate start times for 

mono and poly Gi in the set of deprived and spared cells in which monosynaptic 

inhibition had not been isolated.  Start times for both mono and poly Gi were based on 

the fast, easily distinguishable rise times of Gi. 

 

Intrinsic excitability measurements: Vm at rest was measured after initial break in, as 

well as Ri and the membrane time constant (using a 500 ms negative current injection).  

Injected current-spiking relationships were measured by finding rheobase (minimum 

current amplitude required to elicit at least one spike) and then increasing the step size 

by 20 pA incrementally up + 200 pA above rheobase.  Spike threshold was defined 

from traces with (rheobase + 40 pA) injected current as the prespike Vm at which dV/dt 

> 10 mV/ms.      
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Interneuron classification: Neurons were initially considered as pyramidal or non-

pyramidal based on somatic cell shape under 40X magnification.  Non-pyramidal cells 

were further classified as RSNP or FS cells based on spike frequency adaptation during 

injected current-spike measurements of intrinsic excitability.  Spike frequency 

adaptation (α) was defined as the last interspike interval divided by the first interspike 

interval.  An average spike frequency adaptation index (αavg) was calculated from α 

across current injections from rheobase to +200 pA above rheobase.  FS interneurons 

were defined as those cells with an αavg < 1.5, RSNP cells as having αavg > 1.5.  Plotting 

αavg against firing frequency for each cell cleanly segregated FS and RSNP cell groups 

(see Fig. 2.4C).  All pyramidal cells had an αavg >> 1.5.  Histological reconstruction in a 

subset of cells confirmed the electrophysiolgical classification of cell type.  Pyramidal 

cells had dendritic spines (characteristic of excitatory cells) and FS interneurons had a 

basket-cell morphology (no chandelier cells were identified), whereas RSNP were 

bipolar, bitufted or basket cells.  

 

Histological reconstructions: Histology on biocytin filled cells was performed as in 

Bender et al. 2003. Briefly, slices were fixed after recording in 4% paraformaldehyde 

(PFA) and 10% sucrose in 0.1 M phosphate buffer (PB) and allowed to sink in the same 

solution with 20% and then 30% sucrose.  Slices were then resectioned at 100 μm on a 

freezing microtome, rinsed in PB, and quenched with 10% MeOH and 1% H2O2 (30 

min).  After 2 hours in blocking serum (1% normal rabbit serum, 0.75% Triton X-100 in 

PB), slices were incubated overnight in primary antibody (1:5000 goat anti-biotin, 1% 
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normal rabbit serum, 0.1 Triton X-100 in PB).   Slices were then rinsed and placed in 

secondary antibody (1:200 biotinylated rabbit anti-goat, 1% normal rabbit serum, 1% 

Triton X-100) for 2 hours.  Biotin was visualized with an avidin-biotin-HRP reaction 

(Vector Laboratories, Burlingame CA) using chromogen diaminobenzidine chloride 

(DAB, 0.1%).  Sections were mounted on Superfrost slides (Fisher, Pittsburgh PA) and 

then the staining was intensified by dehydrating and then clearing the slides in xylene 

overnight, followed by incubation in 1.42% silver nitrate at 56°C (30 min), 0.2% gold 

chloride at room temperature (10 min), and then 5% sodium thiosulfate for 5 min.  After 

dehydrating and clearing in xylenes, sections were then coverslipped in Permount.  All 

antibodies were from Vector Laboratories.  Neurons were reconstructed from 

brightfield images on an Axioskop 2 plus microscope (Zeiss, Thornwood NY) using 

Neurolucida software (Microbrightfield, Williston VT) and a Magnafire camera 

(Optronics, Goleta CA).  Only neurons with consistent staining along the axon length 

were reconstructed.      

 

Excitatory input-output curve experiments: Excitatory potentials in L2/3 neurons were 

recorded with locally applied 5 mM bicuculline methiodide (Feldman 2000) in high 

divalent Ringer’s (containing in mM: 116 NaCl, 26.2 NaHCO3, 8 D-(+)-Glucose, 4 

MgSO3, 2.5 KCl, 1 NaH2PO4, 4 CaCl2) to isolate monosynaptic responses.  Stimulation 

threshold was defined as a L4 stimulation intensity that produced a discernible average 

EPSP (typically 0 to 50 % failure rate) within a L2/3 pyramidal cell.  Measurements of 

EPSPs in FS and RSNP cells were made in current clamp at -60 mV; for pyramidal cells 

at -70 mV; both at 10 sec intervals.  Average amplitudes were made over a 4 ms 



 58 

window of the peak response.  Slope (mV/ms) was measured over the period from the 

beginning of the EPSP to the time at 50% the peak amplitude.   

 

Cell-attached experiments: Recordings were made using the K+ internal solution but 

with normal Ringer’s and 50μM APV to replicate bath conditions during the 

conductance experiments.  After finding the EPSP threshold for L4 stimulation in a 

L2/3 pyramidal cell, nearby neurons were patched in cell-attached mode and tested in 

voltage clamp for spiking up to six times the threshold at 10 sec intervals.  Then each 

cell was broken into to identify cell type based on physiological properties in current 

clamp mode.  For experiments testing L4-evoked Ge within FS cells, 40-60% spiking 

probability was measured in cell-attached mode using 12 or more sweeps at a given 

stimulation intensity.  After break-in, cells were recorded in voltage clamp mode near 

the reversal potential for inhibition.  Ge was calculated based on the driving force for 

excitation: Ge = I / (Vhold – Ee).  

 

Pairs experiments: Recordings were done in normal Ringer’s with the aformentioned K+ 

internal, but using 2 mM KCl and 120 mM K gluconate instead to get a chloride 

reversal potential of -88 mV.  Pyramidal cells were held with a slow current clamp at     

-50 mV to measure the size of hyperpolarizing IPSPs from FS cells.  Short (3 ms) 

duration current pulses (0.5-1 nA) at 10 sec intervals were used to spike FS cells and 20 

to 30 sweeps were used to look for connections.  Connected cell pairs were identified 

using a paired sign rank test, comparing each sweep’s baseline Vm fluctuation (by 

measuring the amplitude of a short region of baseline activity before the presynaptic 
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spike occurred) to the amplitude of the uIPSP.  Unitary responses in pyramidal cells 

were measured for 30 to 40 sweeps to calculate the coefficient of variation, uIPSP 

amplitude (measured as a 10 msec window around the trough of the average uIPSP), 

and uIPSP slope (measured over the first 2 ms of the response).   A failure was defined 

as any response amplitude within 2 standard deviations of the average baseline noise.  

Pairs were searched for within a radius of ~ 150 μm.   

 

Statistics: All reported values are mean ± s.e.m. unless otherwise noted. 
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Fig. 2.1  Whisker deprivation reduces both L4-evoked excitation and inhibition 
within L2/3 pyramidal cells  
A. Schematic of conductance experiments of L2/3 pyramidal cells.  B. Sample 
excitatory (Ge, red) and inhibitory (Gi, blue) conductances measured at 1.2x 
the threshold for L4 excitation from deprived and spared barrel columns.  
C&D. Average Ge (C) and Gi (D) waveform from the stimulus onset are both 
decreased by whisker deprivation (purple, binned in msec, error bars ± SEM).  
E. Deprivation decreases peak Ge and Gi (left) and Gi integrated over the first 
20 msec of the response (right).   F. Cumulative probability plots of peak Ge 
and peak Gi. 



 69 

 
 
 
 

 
 

Fig. 2.2  Mean excitatory-inhibitory ratio in L2/3 pyramids is maintained  
A&B.  A measure of the excitatory to inhibitory balance within each cell 
(the Ge Fraction: ratio of Ge / (Ge + Gi) shows no change with deprivation for 
either peak conductance (A) or integrated conductance (B) over the first 20 
ms of the response.  Cumulative probability plots of peak Ge, peak Gi, and 
the Ge Fraction are shown in each panel on the right. 
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Fig. 2.3  Deprivation delays the arrival of excitation and inhibition without 
changing their relative timing 
A. Average normalized Ge and Gi over the first 20 ms showing a delay in the 
latency to 50% of the peak Ge and trend towards a delay for latency to 50% 
peak Gi.  B. Upper panel, averages of the L4-evoked response where 
monosynaptic inhibition (yellow) was pharmacologically isolated from 
polysynaptic inhibition (green, the subtraction from total Gi, blue). Lower 
panel, histogram of latencies for mono (yellow) and poly Gi (green) relative 
to the start of Ge showing they can be well separated by excluding latencies 
between 1 and 1.5 ms from Ge.  C. Deprivation (purple sympols) delays the 
arrival of excitation (red), with a trend towards a delay for poly Gi (green) 
and no effect on the latency of mono Gi (yellow). D. Deprivation does not 
affect the relative timing of mono or poly Gi. E. Ge Fraction over the first 20 
ms from the start of Gi is the same between spared (grey) and deprived 
conditions. 
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Fig. 2.4  Electrophysiological classification of L2/3 cell types 
A. Histogram of average spike frequency adaptation (αavg) for FS (blue), 
RSNP (grey) and pyramidal cells (white bars) showing that FS cells can be 
separated from the other cell types based on this index.  B. Current-spiking 
relationships showing that FS cells (blue) firing at much higher frequencies 
with increasing current injection than do RSNP (grey) or pyramidal cells 
(black lines, white circles) C. Plotting αavg vs. firing frequency at a single 
current injection value (+100 pA above Rheobase) cleanly separates FS and 
RSNP cell groups.  D.  Example reconstructions of a FS basket cell (left) and 
a RSNP bitufted cell (right); axons (green), dendrites (black).  E,F&G.  
Input resistance, membrane time constant, and resting membrane potential 
measurements for all three cell types. 
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Fig. 2.5  L2/3 fast-spiking cells are strongly activated by L4 stimulation 
compared with other cell types  
A. Two example reconstructions of FS basket cells; axons (green), dendrites 
(black).  B. FS cells (blue) had a higher mean probability of spiking with 
increasing L4 stimulation than did RSNP (grey) or pyramidal cells (black).  
C.  FS cells also had a lower median threshold (bars) for the stimulation 
intensity at which they would spike reliably (≥1 spike/stimulus).  In contrast, 
over half of RSNP and PYR cells never spiked reliably up to 6 x the 
threshold intensity.  
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Fig. 2.6  Deprivation weakens L4 to L2/3 excitation onto pyramidal and FS cells  
 A.  Schematic of dual recordings within L2/3 (upper panel). L4→L2/3 

EPSPs were measured at 1-1.8x the threshold for excitation onto pyramidal 
cells in the presence of local 5 mM bicuculline. Example EPSPs (lower 
panel) from FS cells shown for deprived (purple) and sham-deprived (blue) 
conditions.  B,C&D. Input-output curves showing deprivation weakened L4 
excitation onto pyramidal cells (B) and FS cells (C), without affecting RSNP 
cells (D).  
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Fig. 2.7  Preferential weakening of L4 excitation onto FS cells 

A.  Recording set up for comparing relative L4 excitation onto 
neighboring FS and pyramidal cells in each experiment.  B. EPSP 
amplitude (left) and slope (right) measurements for co-columnar FS and 
pyramidal cells at stimulation intensity 1.4 x excitatory response 
threshold.  FS cells in the deprived (purple) condition showed smaller 
EPSPs than their nearby pyramidal cells, whereas in sham-deprived 
columns (grey, black) FS cells primarily had larger EPSPs than 
pyramidal cells.  C.  A measure of the relative excitatory drive onto FS 
cells (FS EPSP/(FS EPSP + mean pyramidal EPSP)) for both amplitude 
(left) and slope (right) shows that L4 excitation onto FS cells is strongly 
weakened by deprivation across stimulation intensities, more so than 
their neighboring pyramidal cells. 

 



 75 

 
 
 
Fig. 2.8  Intrinsic excitability of FS cells is unaltered by deprivation 

A.  The firing rate of FS cells to somatic current injections from rheobase 
to + 200 pA is unaltered by whisker deprivation. Sham-deprived (blue); 
deprived (purple).  B.  Intrinsic properties of FS cells are unchanged by 
deprivation; resting membrane potential (Vm), input resistance (Rinput), 
membrane time constant (tau); rheobase (Rh).  
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Fig. 2.9  Excitatory drive necessary to activate FS cells is unaffected by 

deprivation 
A. Schematic of L2/3 cell-attached to whole-cell recording (left). 
(Middle) Stimulation of L4 produced a very steep activation curve for FS 
cell spiking (blue, and 2 other examples, black).  Cell-attached spiking 
responses (right, blue FS cell example) were measured until a 
stimulation intensity was found that elicited a 50% spiking probability 
(with an accepted range of 40 to 60% percent). B. Average Ge waveform 
of L4-evoked excitation after break-in measured at the previously 
determined stimulation intensity for 50% spike probability.  Average 
time of cell-attached spike are shown as arrows for both conditions.  
C&D.  Integrated Ge from the response onset to the time of the 
previously measured cell-attached spike was unaffected by deprivation 
(left).  Likewise, Peak Ge was unaffected (right).  E&F.  Deprivation 
delayed both the arrival of L4-evoked Ge onto FS cells measured (E) and 
the latency of the cell-attached spiking (F).   
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Fig. 2.10  Deprivation potentiates L2/3 FS to pyramidal cell synapses 

A. Schematic of paired recordings in L2/3 between FS and pyramidal 
cells (above).  Example average uIPSPs measured in pyramidal cells 
from deprived (purple) or sham-deprived (blue) columns (below).  B.  
uIPSP amplitudes onto pyramidal cells are decreased in deprived 
columns. C. uIPSP slope showed a trend towards a decrease.    
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III. Conclusions 
 

The results presented here suggest that maintenance of excitatory-inhibitory 

balance during experience-dependent plasticity may be necessary to preserve sensory 

processing.  One of the most compelling reasons for why this might be true is that, 

irrespective of plasticity, excitatory and inhibitory interactions are crucial for the 

function of cortical circuits during normal sensory processing.   

This thesis demonstrates that sensory deprivation can drive decreases in 

excitation and inhibition to preserve excitatory-inhibitory balance in a feedforward 

circuit.  However, it has yet to be tested whether these changes actually maintain normal 

aspects of sensory processing.  More studies are needed to confirm that imbalances of 

excitation and inhibition during experience and learning would disrupt normal 

information processing, either by losing signal propagation and sensitivity to inputs 

because of too much inhibition (see Fig. 3.1), or saturation of information transfer, 

hyperactivity, or even epilepsy, because of too little inhibition.   

Alternately, rather than gross imbalances of excitation and inhibition saturating 

or silencing cortical networks, changes in E:I balance are also known to have more 

distinct effects on information processing in cortical circuits such as receptive field 

sharpening (Wehr and Zador 2003), setting dynamic range and response gain (Carvalho 

and Buonomano 2009; Pouille, Marin-Burgin et al. 2009), and maintaining temporal 

fidelity of spiking (Gabernet, Jadhav et al. 2005).  Given that these aspects of cortical 

function are critical for information processing, the next logical step is to investigate in 

slices or in vivo whether these properties are at all altered after sensory manipulations or 
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learning.  In this way, the proposal that excitatory-inhibitory ratio is preserved to 

maintain sensory processing after experience-dependent plasticity can be tested directly. 

Furthermore, excitatory-inhibitory ratio might dynamically change during 

different stages of experience-dependent plasticity.  Although not tested in this thesis, 

many recent studies have proposed that early imbalances in excitatory and inhibitory 

activity may drive sensory plasticity (Gandhi, Yanagawa et al. 2008; Yazaki-Sugiyama, 

Kang et al. 2009).  Likewise, some evidence exists in vivo for rapid plasticity of 

inhibitory inputs occurring before excitatory plasticity (during induction of response 

potentation to a stimulus) (Froemke, Merzenich et al. 2007).  This suggests that 

inhibitory plasticity may facilitate or allow for excitatory plasticity to occur during early 

stages of altered sensory experience.  

Therefore, it remains possible that we did not observe changes in E:I ratio for 

the L4 to L2/3 feedforward circuit in S1 because of the longer time frame of whisker 

deprivation that we used.  In this sense, the fact that we did see a preservation of the E:I 

balance after longer periods of whisker deprivation suggests that inhibitory plasticity 

might serve different roles over the time course of sensory map changes: during early 

stages, rapid changes in inhibition may help to induce plasticity of cortical maps,  

whereas during later stages, inhibitory  circuits may act homeostatically to maintain E:I 

balance and preserve normal sensory processing of inputs. 

Lastly, more studies are needed to understand how Hebbian and homeostatic 

plasticity mechanisms might interact during sensory learning. Homeostatic or Hebbian 

plasticity can occur at different stages of development (Maffei, Lambo et al.) or in 

different types of cortical circuits, such as feedforward or feedback inhibition (Maffei, 
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Nelson et al. 2004; Maffei, Nataraj et al. 2006).  More importantly, as shown in this 

thesis, both homeostatic and Hebbian mechanisms can occur at multiple parts of a given 

cortical circuit. Therefore, to truly understand the net affects on circuit function of a 

sensory manipulation and how these changes result in altered sensory responses, a more 

complete description of the various synaptic, intrinsic, and structural changes that occur 

is needed.   
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Fig. 3.1  Co-regulation of excitation and inhibition during map plasticity 
During learning or sensory map plasticity (such as whisker deprivation, 
purple) decreases in excitatory circuits (blue) without changes in 
inhibitory circuits (red) might suppress remaining levels of sensory input 
from being appropriately represented (upper right).  To preserve 
sensitivity of sensory coding and normal sensory processing, joint 
decreases in both excitatory and inhibitory circuits may be needed (lower 
right). 
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