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ABSTRACT 

Cortical GABAergic inhibitory interneurons are highly diverse in their morphologies, 

action potential firing patterns and biochemical markers.  Fast spiking (FS) interneurons 

express parvalbumin, and low threshold spiking (LTS) interneurons express somatostatin as 

their biochemical markers. FS interneurons possess autaptic, synaptic, and electrical synapses 

that serve to mediate a fast, coordinated response in their postsynaptic targets and participate 

in numerous and diverse functions associated with cortical oscillations, sensory processing 

and developmental plasticity. Layer 4 FS interneurons can be strongly activated by thalamic 

afferents whereas the response of LTS interneurons to thalamic afferents is weak. LTS 

interneurons form electrical synapses and involve intracortical inhibitory transmissions.  

In rodent barrel cortex, little is known about the contributions of individual cells and 

synapses in long-term sensory deprivation. We studied synaptic inhibition in four major 

types of neurons in layer 4 tangential slices. We discovered that long-term whisker 

deprivation selectively sped up the decay kinetics and increased the amplitude of the 

inhibitory postsynaptic currents (IPSCs) in LTS interneurons. Furthermore, through a 

combined pharmacologic and genetic approach, we identified the synaptic changes in LTS 

interneurons as an increase in α1-subunit mediated function. Because α1 subunits are 

commonly associated with circuit specific plasticity in sensory cortex, the switch in LTS 

interneuron synaptic inhibition may signal necessary circuit changes required for plastic 

adjustments in sensory-deprived cortex.  
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We examined the heterogeneity of FS interneurons in layer 4 barrel cortex using 

functional criteria previously employed to identify interneuron populations. We found that 

FS interneurons can be subclassified into two functional categories based on the onset of the 

first action potential at depolarization: Delayed Firing FS cells (FSD) and Early Onset Firing 

FS cells (FSE). Subtle variations in action potential firing patterns reveal 6 subtypes within 

these two categories. We discovered that FSD and FSE interneurons differ in intrinsic 

properties, inhibitory synaptic properties and in their responses to the evoked thalamic 

afferents. This study represents the first grouping of cortical FS interneurons into two distinct 

functional categories in layer 4 of the mouse barrel cortex. 
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CHAPTER I: INTRODUCTION 

 

 

A. THE SENSORY SIGNALING PATHWAY FROM WHISKER TO CORTEX  

Rodents, such as rats or mice, are nocturnal animals and often live in underground 

tunnels. Their facial whiskers, also called facial vibrissae, are crucial for them to collect 

information from the nearby environment, such as to recognize the position of floors, walls 

and other objects, particularly in dark surroundings. Once they encounter an object they 

collect additional information about its features, including its size and shape and surface 

texture, through active moving their whiskers back and forth at a frequency of as high as 20 

Hz (Carvell & Simons, 1990). The large posterior facial whiskers are arranged in a highly 

stereotypical pattern including five rows (A-E) and each whisker can be identified with a 

number. For example, D2 stands for the second whisker along the posterior-anterior axis in 

row D. There are also four whiskers at the most posterior region that don‘t belong to any 

rows, namely, α, β, γ and δ whiskers (Figure 1).   

            How does a whisker gather surrounding information? Each whisker is anchored to a 

follicle, which is innervated by nerve endings from trigeminal ganglion. These nerve endings 

can convert mechanical energy into action potentials. These afferent signals travel through 

brain stem, to the contra-lateral ventral posterior medial (VPM) nucleus of the thalamus, then 

directly to layer 4 barrels of the somatosensory cortex (Dorfl, 1985). Each barrel is a multi-

cellular architectonic unit exhibiting a ―barrel‖ shape in its three dimensional structure.  The 

layout of the barrel pattern in the posteromedial barrel subfield (PMBSF) of the 

somatosensory cortex replicates the layout of the whiskers on the snout (Woolsey & Van der 

Loos, 1970). Same layout pattern is also found at each level of the afferent signal pathway, 

for example, the ―barreloids‖ in the ventroposterior medial nucleus (VPMdm) of the 
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thalamus. It is therefore suggested that there should be a ―whisker-to-barrel‖ connection.  For 

this reason, the barrel cortex has become a very good model system for unraveling cortical 

circuits and sensory information processing because it offers the advantage that the sensory 

organ (facial whiskers) can be selectively manipulated and its correlating functional column 

can be studied across the sensory pathway, especially in certain cortical layers.  If a mouse 

brain was sliced tangentially to its somatosensory cortex pia surface, tangential sections of 

layer 4 can reveal the barrel patterns and barrel structures. Each barrel has a high cell density 

―Wall‖. Inside the wall is low cell density ―Hollow‖. Each barrel is separated from its 

neighbors by an almost non-cellular area called ―Septa‖(Woolsey & Van der Loos, 1970). On 

the other hand, if a brain was sectioned along the thalamus-cortex plane to keep intact 

thalamocortical circuits, the thalamocortical sections can reveal all six layers of the 

somatosensory cortex. The barrels in layer 4 exhibit vertical columnar structure, with a 

proximate cell number of 4,400 in each barrel (Meyer et al.), of which about 15% are 

inhibitory (GABAergic) interneurons and 85% are excitatory (glutamatergic) neurons (Lin et 

al., 1985). 
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Figure 1. Layout of layer 4 somatosensory cortex barrel pattern reveals the “one to 

one” relationship of mice facial whisker and layer 4 barrels. (A) Schematic drawing of 

facial whisker position. α, β, γ and δ represent the four whiskers at the most posterior region. 

The letters A, B, C, D, and E refer to the five rows of whiskers corresponding to the five 

barrel rows in the PMBSF shown in panel C. (B) Low-magnification image of live tangential 

slice of layer 4 barrel cortex in the recording chamber. (C) Tangential slice of layer 4 barrel 

cortex processed for cytochrome oxidase staining showing typical barrel patterns as facial 

whiskers in panel A.   
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B. INTERNEURON DIVERSITY 

Both excitatory neurons and inhibitory interneurons work together to maintain the 

balance between inhibition and excitation that is necessary for the correct functioning of the 

cortex. Excitatory neurons in layer 4 compose two major types: pyramidal neurons and spiny 

stellate neurons. All excitatory neurons have high density spines along their dendrites 

(Staiger et al., 2004). On the contrary, inhibitory interneurons have diverse morphological, 

physiological, molecular and synaptic characteristics. Therefore, most of the approaches to 

study inhibitory interneurons employ one or more of three essential types of characteristics: 

morphology, biochemistry and action potential firing patterns; however, no singular 

classification technique is fail-safe as there are often overlapping features.  

1. Morphology 

Inhibitory interneurons vary greatly in their somatic locations, dendritic projections 

and axonal arborizations.  Dendritic projection is the most variable feature and cannot be 

used alone to identify the type of an interneuron. However, the axonal arborizations can be 

used to identify an interneuron because different types of interneurons seem to target 

different domains of neurons, different layers of a column and different columns (Markram et 

al., 2004). Inhibitory interneurons can be functionally classified as axon-targeting, soma-

targeting, proximal dendrite-targeting, dendrite-targeting and tuft targeting interneurons 

based on their axon targeting objects (DeFelipe, 1997; Somogyi et al., 1998).  Based on their 

axonal arborizations in the layers and columns of the cortex, cortical inhibitory interneurons 

can be categorized as intralaminar–intracolumnar, interlaminar–intracolumnar, intralaminar–

intercolumnar and interlaminar–intercolumnar interneurons (Markram et al., 2004). The most 

prevalent classification of inhibitory interneurons is based on both their dendritic projections 
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and axonic arborizations. As such, interneurons can be divided into basket cells, chandelier 

cells, Martinotti cells, bipolar cells, bitufted cells and double bouquet cells.  

Baskets cells: Basket cells occupy about 50% of total inhibitory neuron population. 

On the basis of their dendritic and axonic projections, basket cells can be further divided into 

three subgroups: large basket cells (LBC), small basket cells (SBC) and nest basket cells 

(NBC) (Wang et al., 2002). All basket cells are aspiny and mainly soma-targeting 

interneurons (Kawaguchi & Kubota, 1997).  

LBCs have large, multi-polar dendrites and give rise to many long horizontally and 

vertically oriented axonal collaterals extending up to the distance of 900-1000 μm from the 

cell body. LBCs are thus the primary source of horizontal inhibition across columns within 

the layer that contains their cell bodies (Somogyi et al., 1983). The local axonal collaterals of 

LBCs is sparse, has a low bouton density. The axon collaterals of LBCs often branched at 

approximately 90 degree to the parent axon. LBCs are mainly located in layer 3-5, as high as 

50% of the LBCs are in layer 4 (Druga, 2009). 

SBCs can be distinguished from LBCs by their dense branching and ‗curvy‘ axons. 

SBCs have high density of axonal arborizations that limited their projections to the same 

cortical layer. The horizontal extent of axonal arborizations is more limited than in LBCs 

(Wang et al., 2002; Markram et al., 2004). SBCs often have multi-polar dendritic projections 

in layer 4 whereas bitufted or bipolar dendritic projections in layer 2/3.  Occasionally, SBCs 

were seen to have a few axon collaterals extend out of the local axonal cluster. 

NBCs were so called because they have a ―bird nest‖ like appearance and irregular 

arborizations that are soma-targeting interneurons (DeFelipe & Fairen, 1982; Wang et al., 

2002). NBCs seem to be a hybrid of LBCs and SBCs: the local axonal cluster of NBCs is 



7 

 

similar to SBCs; the less frequent branching and longer axonal collaterals with a low density 

of boutons make the NBCs resembling LBCs (Markram et al., 2004). 

Chandelier cells: Chandelier cells (ChCs) demonstrate characteristic vertical arrays 

of terminal buttons like ―chandeliers‖ and ChCs are targeting the axon initial segments of 

their target neurons (Somogyi, 1977; Kawaguchi & Kubota, 1998). This axon-axonic 

targeting makes ChCs very powerful in controlling their postsynaptic cells and modulating 

their complex dendritic integration and somatic gain settings (Buhl et al., 1994). The 

dendritic projection of a ChC can be multipolar or bitufted. ChCs have local axonal clusters 

formed by high-frequency branching at shallow angles, often ramifying around, above or 

below their somata with a high bouton density (Del Rio & DeFelipe, 1994, 1997). ChCs are 

rare in layer 4 somatosensory cortex and they never innervate other interneurons (Markram et 

al., 2004). 

Martinotti cells: Martinotti cells (MCs) are mainly located in layer 2-4, representing 

about 15% of total inhibitory neuron population. MCs project their axons up to layer 1 and 

inhibit the tuft dendrites of pyramidal neurons in neighboring and distant columns. MCs 

target the distal dendrites, as well as the proximal dendrites and somata (Wang et al., 2004). 

The dendritic projections of MCs is the most expansive of all interneurons, MCs are 

therefore unusual in that they target multiple barrel columns and multiple layers. They most 

often have bitufted morphology with a more elaborate dendritic tree than most interneurons. 

The axons of MCs can form spiny boutons, which is unusual for interneurons (Markram et 

al., 2004).  

Bipolar cells: Bipolar cells (BPCs) are located in layer 2-4, with bipolar or bitufted 

dendrites that extend vertically up to layer 1 and down to layer 6. In layer 4, they represent 
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about 3% of total inhibitory neuron population. The cell bodies of BPCs are relatively small, 

exhibiting a spindle or ovoid shape (Peters & Harriman, 1988; Markram et al., 2004). Their 

axon commonly emerges from one of the primary dendrites and forms a narrow band that 

crosses all layers. BPCs form synapses mainly on pyramidal neurons, controlling limited 

number of pyramidal neurons because of their low bouton density. 

 Double bouquet cells: Double bouquet cells (DBCs) are located in layers 2–4, but 

are preferentially located in the supragranular layers, with only 1-2% of total inhibitory 

neuron population in layer 4 (Markram et al., 2004). DBCs usually have a bitufted dendritic 

morphology. The axons of DBCs are descending, vertically oriented, branch frequently to 

form horse-tail like axonal arborizations. Their axonal collaterals have high density of 

boutons (DeFelipe et al., 1990).  DBCs mainly innervate dendritic spines and shafts and are 

therefore dendritic-targeting cells.  

 

2. Interneuron firing patterns and biochemical markers  

Different types of inhibitory interneurons tend to have different combinational 

expression of calcium binding proteins (CBPs) or neuropeptides as their biochemical markers 

(Markram et al., 2004). There are three types of CBPs: parvalbumin (PV), calretinin (CR) 

and calbindin (CB). There are four types of neuropeptides: neuropeptide Y (NPY), 

somatostatin (SST), vasoactive intestinal peptide (VIP) and cholecystokinin (CCK).  

CBPs share a distinctive helix–loop–helix sequence which will undergo a 

conformational change when binding calcium (Ca
2+

). The Ca
2+

 that enters the cell is 

sequestered in organelles such as the smooth endoplasmic reticulum, mitochondria and in 

synaptic vesicles (Eyles et al., 2002). Fluctuations in intracellular calcium (Ca
2+

) are 
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important for neurotransmission and the operation of a wide range of neuronal functions 

(Katz & Miledi, 1969). Therefore, decreasing CBP content of a neuron experimentally will 

transit this neuron into a less excitable state (Kohr et al., 1991). This will presumably reduce 

the ability of an interneuron to buffer intracellular Ca
2+

 transients, thus potentially altering 

the timing of the depolarization and more importantly the speed of repolarization (Chard et 

al., 1995). Prolonged firing in interneurons with reduced CBP content could lead these 

neurons to be inactive and would therefore weaken their inhibitory control over those 

excitatory inputs. A decrease in the number of PV containing interneurons or their fibers 

would presumably have the same disinhibitory effect over excitation of the circuits  (Eyles et 

al., 2002).  

 Cortical interneurons have various active and passive intrinsic properties, and thus 

exhibit different firing patterns under the challenge of above threshold depolarizing current. 

  FS interneurons are named for their ability to fire sustained trains of action 

potentials at remarkably high frequency of as high as 300Hz (McCormick et al., 1985; 

Swadlow, 2003). FS interneurons can be either basket cells or chandelier cells based upon 

their morphology (Kawaguchi & Kubota, 1998). Most, if not all, of FS interneurons express 

PV as their biochemical marker (Markram et al., 2004).  

Low-threshold-spiking (LTS) cells, also known as burst-spiking non-pyramidal cells 

(Kawaguchi, 1993), usually have one or more typical rebound burst discharges after a 

hyperpolarizing pre-pulse. LTS cells have typical biphasic after-hyperpolarization (AHP) in 

their action potentials (Beierlein et al., 2003) and also exhibit strong adaptation. For LTS 

cells, the peak of the first AHP was more hyperpolarized than that of subsequent AHPs. 

Comparing to FS cells, LTS cells have larger action potential half-width, larger input 
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resistance and more positive resting membrane potential. LTS cells express somatostatin as 

their biochemical marker. Besides somatostatin, LTS cells also co-express other biochemical 

markers such as VIP, and CCK (Markram et al., 2004). Morphologically an LTS cell can be 

a multi-polar cell, a double bouquet cell, or a bitufted cell (Kawaguchi, 1995; Kawaguchi & 

Kubota, 1997). 

Regular-spiking non-pyramidal (RSNP) cells also express somatostatin as their 

biochemical marker, but discharge in a manner that resembles regular-spiking pyramidal 

cells at threshold. Comparing to FS cells, RSNP cells have larger action potential half-width, 

larger input resistance and more positive resting membrane potential.  A RSNP cell can be a 

multi-polar cell, a bipolar cell or a bitufted cell (Kawaguchi, 1995).  

 

C. TWO DISTINCT INHIBITORY CIRCUITS: LTS AND FS CELLS 

Both excitatory and inhibitory neurons in barrel cortex are activated by excitatory 

thalamocortical inputs (Agmon & Connors, 1991, 1992). Inhibitory interneurons are essential 

for sensory processing at the very first stage of cortical integration in layer 4 of rodent 

somatosensory cortex (White & Rock, 1981). Both feedforward and feedback inhibition from 

local circuit inhibitory interneurons regulates the integration of thalamic and intracortical 

inputs (Agmon & Connors, 1992; Thomson et al., 1996). Cortical inhibitory neurons are 

largely separated into two functional circuits that are thought to carry out two intertwined yet 

separate functions in sensory processing: LTS cells and  FS cells (Beierlein et al., 2003).  

Although involved in somatosensory information processing, LTS cells are weakly 

activated by thalamic afferents (Beierlein et al., 2003) (Figure 2). LTS cells contribute to 

intracortical inhibitory transmission and form mainly axo-dendritic connections over their 
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target neurons. Excitatory synapses onto LTS cells tend to be facilitating. High frequency 

excitatory input (above 30 Hz) will increase the amplitude of the excitatory postsynaptic 

potential (EPSP) recorded from LTS cells (Gibson et al., 1999). LTS cells form electrically 

coupled network with only other LTS cells through gap junctions, which in turn can fire in 

synchronization and mediate inhibitory control over local network. Moreover, LTS cells are 

more sensitive to metabotropic glutamate receptor agonists and noradrenergic receptor 

agonists (Beierlein et al., 2000). Therefore, LTS cells play an important role of synchronized 

inhibition when they are activated by these modulators.  

 

FS cells differ from LTS cells because they exhibit a robust and larger 

thalamocortical (TC) evoked responses (Figure 2), higher saturation firing frequency, smaller 

input resistance and faster decay kinetics. FS cells are considered the primary mediators of 

the feedforward inhibitory response (Porter et al., 2001; Beierlein et al., 2003). FS cortical 

interneurons comprise cells that can form synapses onto the axon initial segment (e.g., 

chandelier cells) or perisomatic (e.g., basket cells) regions of their target neurons, permitting 

efficient control of action potential initiation in the axon initial segment and proximal axon 

(Cobb et al., 1995). These intrinsic and synaptic specializations allow FS interneurons to 

form complex feedforward and feedback circuits (Thomson & Bannister, 2003) to regulate 

rhythmic activity and sensory evoked responses (Porter et al., 2001; Sohal et al., 2009).  FS 

cells selectively express Ca
2+

 permeable glutamate receptors of the L-α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionate (AMPA) subtype (Koh et al., 1995; Lei & McBain, 2002; 

Goldberg et al., 2003). Recently a study on thalamic activation of layer 4 barrel cortex 

neurons showed that thalamocortical activation of FS cells is predominantly mediated by 

calcium-permeable GluR2-lacking AMPA receptors (Hull et al., 2009). Moreover, the 
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NMDA receptor mediated current, although not participating in the firing of FS cells, 

contributes to the recruitment of regular spiking (RS) cells in layer 4 in response to thalamic 

activity (Hull et al., 2009).  

In the cortex, FS cells are frequently interconnected to other FS cells by electrical 

synapses through gap junctions (Gibson et al., 1999). These electrical connections enable FS 

cells to have synchronized firing to perform feedforward inhibition within the cortical 

microcircuits and generate synchronous and rhythmic network activity (Traub et al., 2004).  

 

D. GABA RECEPTORS 

  

In the central nervous system (CNS), inhibitory interneurons release GABA (γ-

aminobutyric acid) as their inhibitory neurotransmitter and perform inhibitory control over 

their postsynaptic neurons. GABA binds to and activates both ionotropic receptors (GABAA 

and GABAC) and metabotropic G-protein coupled GABAB receptors.  

GABAA receptors are ligand-gated chloride ion channels contributing to fast 

inhibitory transmission. They form pentameric channels assembled from a large family of 

subunits: α1–6, β1–3, γ1–3, δ, ε, π, and θ (Barnard et al., 1998; Owens & Kriegstein, 2002; 

Sieghart & Sperk, 2002) (Figure 3). The assembly of each GABAA receptor appears to be 

strictly controlled, typically having two α subunits, two β subunits, and either one δ or γ 

subunit (McKernan & Whiting, 1996; Tretter et al., 1997; Baumann et al., 2002). Around 

50% of GABAA receptors in the brain contain the α1 subunit, along with β2 and γ2 (Benke et 

al., 1994). GABAA receptors containing α1 subunit have fast decay kinetics. The expression 

of α1 subunit increases during postnatal development, causing inhibitory synaptic 

transmission to become faster (Vicini et al., 2001; Bosman et al., 2002) (Figure 3). GABAA  
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Figure 2. Two networks of inhibitory interneurons in neocortex. Thalamocortical 

excitatory inputs project mainly to regular spiking (RS) excitatory neurons and FS 

interneurons. FS interenurons and LTS interneurons form inhibitory synapses onto RS 

neurons. Electrical synapses exist between FS interneurons and between LTS interneurons. 

An FS interneuron can form robust inhibitory synapses onto other FS interneurons. An LTS 

interneuron can form only weak synapses onto other LTS interneurons. 
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receptors containing α1-subunit are expressed in pyramidal neurons but are more abundant in 

PV interneurons (Gao & Fritschy, 1994). Other types of interneurons, such as those 

expressing calbindin, are apparently devoid of α1- GABAA receptors (Gao & Fritschy, 1994),  

but the type of receptor they carry has not been identified.  

An α subunit, such as α1, α2, α3, or α5, can form a benzodiazepine site with its 

adjacent γ2 subunit. Receptors containing an α1 subunit exhibit the highest affinity for the 

benzodiazepine type 1 agonist, zolpidem.  Receptors having an α2 or α3 subunit have a lower 

affinity for zolpidem (Munakata et al., 1998), whereas α5 subunit–containing receptors have 

extremely low affinity for zolpidem (Puia et al., 1991; Burgard et al., 1996). Recent studies 

have shown that GABAA receptors containing α1 subunits mediate the sedative, 

anticonvulsant and amnestic effects of benzodiazepines, whereas the α2 and α3 subunits 

mediate their anxiolytic effects (Rudolph et al., 1999; McKernan et al., 2000). All GABAA 

receptors can be blocked by bicuculline (Bormann, 2000). 

GABAC receptors are pentameric, ionotropic, chloride-sensitive channels that are 

composed of a single or multiple ρ subunits.  GABAC receptors are pharmacologically 

different from GABAA receptors for their insensitivity to the GABAA receptor antagonist 

bicuculline (Bormann, 2000). Moreover, GABAC receptors are unaffected by typical 

modulators of GABAA receptor channels such as benzodiazepines and barbiturates (Sivilotti 

& Nistri, 1991; Bormann & Feigenspan, 1995) . 

 GABAB receptors are metabotropic receptors that mediate inhibition through the 

activation of heterotrimeric G proteins. All GABAB receptors are bicuculline-insensitive, but 

bacolfen-stimulated G protein coupled receptors (GPCRs). GABAB receptors use different 

mechanisms to regulate cell excitability depending on their pre or post-synaptic localization. 
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Pre-synaptic GABAB receptors serve as autoreceptors and mediate a reduction in calcium 

currents at the nerve terminal and a subsequent reduction in transmitter release, whereas post- 

synaptic GABAB receptors mediate the inhibition through activation of potassium channels 

to hyperpolarize the neuron (Bormann, 1988; Owens & Kriegstein, 2002). 

 

E. SYNAPTIC PLASTICITY  

 Synaptic plasticity refers to the process by which synapses are modified in structure 

and function in response to different stimuli or environmental cues. Over the past 20 years, 

the synaptic plasticity field has expanded explosively. More and more studies are focusing on 

the mechanisms of long-term potentiation (LTP) and long-term depression (LTD) at both 

excitatory and inhibitory synapses (Feldman et al., 1999; Allen et al., 2003; Wright & 

Bourke, 2008). 

 The one-to-one manner of ―whisker-to-barrel‖ connection makes the somatosensory 

cortex a very good model system for unraveling cortical circuits and synaptic plasticity. One 

advantage is that the facial whiskers can be selectively manipulated and its correlating 

functional column can be studied across the sensory pathway. Whisker deprivation (trimming 

or plucking) can cause a long-lasting depression of sensory responses to stimulation of the 

deprived input in barrel cortex. In Hebbian synaptic plasticity, synapses strengthen between 

neurons with highly correlated firing, and weaken between neurons with poorly correlated 

firing (Stent, 1973). Thus, synaptic connections between spared and deprived columns, or 

between two deprived columns, will become weaker; whereas connections between two 

spared columns will become stronger. Consistent with this model, spared whisker 

represtations expand preferentially into nearby spared whisker columns in adults 
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 Figure 3: Relatedness of GABAA receptor subunits and differences on alpha subunit 

weighted mean deactivation time. (A) Dendrogram depicting the relatedness of amino acid 

sequences between GABAA receptor subunits. (B) 1 or 3 mM GABA was applied for 5 msec 

to macropatches pulled from transiently transfected human HEK-293T cells. Representative 

currents are shown for patches held at -70 mV obtained from cells expressing each of the six 

isoforms, as indicated. (C)The current decay was fit with the sum of two exponential 

distributions. The weighted mean deactivation time was the sum of each time constant 

multiplied by its relative area. Bars represent the average ± SEM, and the number of patches 

is given by the number in parentheses. Panel A modified with permission from Barnard et al, 

1998; Panel B, C reprinted with permission from Picton and Fisher, 2007, see appendix for 

permission. 
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(Diamond et al., 1993; Diamond et al., 1994) and preferentially withdraw from deprived 

columns in young animals (Wallace & Sakmann, 2008; Drew & Feldman, 2009). 

 In the barrel cortex, the basic neural circuits are formed during a critical period of the 

first 1-2 weeks after birth (Fox, 1992). Therefore, different forms of plasticity can been found 

depending on the pattern of sensory deprivation and age. Early age whisker deprivation will 

cause rapid map plasticity in Layer 4 (Drew & Feldman, 2009). However, whisker 

deprivation in older age rodents can cause plasticity in Layer 2/3 and 5, but rarely in layer 4 

somatosensory cortices (Diamond et al., 1994; Glazewski & Fox, 1996; Stern et al., 2001). 

This suggests that these Layer 4 synapses exhibit an early critical period for rapid plasticity, 

whereas those synapses in other layers remain highly plastic.    

 Inhibitory circuits are also altered along with excitatory circuits. Levels of GABA and 

α1-subunit GABAA receptors, as well as GABA-synthesizing enzyme GAD67 (glutamic acid 

decarboxylase) are regulated by sensory deprivation. In layer 4 barrel cortex, the number and 

density of GABA synapses are decreased after whisker deprivation (Wellman et al., 2002; 

Foeller & Feldman, 2004). However, the role of inhibitory circuits in primary somatosensory 

cortex under sensory deprivation is still not well understood, especially the regulations of cell 

type specific GABAA receptor subtype expression. In the present study in Chapter II, we 

performed long term whisker trimming starting from young age mice, aiming to study the 

inhibitory circuits involving α1-subunit containing GABAA receptors, and to understand the 

synaptic plasticity of inhibitory circuits in different cell types. 
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F. THE CHARACTERISTICS AND FUNCTIONS OF FS INTERNEURONS 

 Cortical FS interneurons have variety of morphologies, which can be basket cells 

(LBC, SBC and NBC) and chandelier cells (Kawaguchi & Kubota, 1997, 1998; Wang et al., 

2002). However, not all basket cells are FS interneurons (Cea-del Rio et al., 2010; Markram 

et al., 2004). Cortical FS interneurons express parvalbumin as their biochemical marker 

(Kawaguchi & Kubota, 1997).  A recent study found about 10% of parvalbumin expressing 

interneurons also co-express somatostatin at mRNA level (Lee et al.), however, no 

parvalbumin and somatostatin co-expressing interneuron has ever been found at protein level.  

The destiny of this special neuronal population, especially of their biochemical marker co-

expression, morphology and circuit function, remained to be identified. In my present study, 

I used post hoc parvalbumin immunostaining to confirm the recorded high frequency firing 

interneurons of their parvalbumin expression. This further helped us to identify the high 

frequency firing interneurons are FS interneurons, since some non-parvalbumin expressing 

neurons are firing at relatively high frequency (Ma et al., 2006).  

The high firing frequency of the FS interneuron is determined mainly by the somatic 

expression of voltage-gated K
+
 channels composed of Kv3.1 and Kv3.2 subunits, which 

enable the fast repolarization of the action potential at the FS terminal (Goldberg et al., ; 

Rudy & McBain, 2001; Goldberg et al., 2008). FS cells have also been found to have 

different Na
+
 channels that recover from inactivation rapidly (Martina et al., 1998). All above 

characteristics enable FS interneurons to fire at high frequency.  

Cortical inhibitory interneurons exhibit different firing patterns (Gupta et al., 2000). 

Certain voltage-gated K
+
 channels, such as Kv1 channels, play important roles at their action 

potential threshold, which could therefore contribute to the regulation of the action potential 
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firing patterns. Kv1 channels are assembled as tetramers from ion-conducting trans-

membrane Kvα subunits and cytosolic auxiliary Kvβ subunits in a 1:1 ratio. Kvβ subunits 

consist of three subtypes: β1, β2 and β3. An important difference between Kvβ1 and the 

other two subunits is that Kvβ1 contains an inactivating ball domain and confer rapid N-type 

inactivation to the Kv1 channel (Coetzee et al., 1999).  

 In FS interneurons, Kv1.1 channel were found to operate at the action potential 

threshold and regulate the action potential firing pattern at near threshold (Toledo-Rodriguez 

et al., 2004). In layer 2/3 FS interneurons, Kv1.1 expression at axon initial segment (AIS) 

may cause the delay of action potential onset time (Goldberg et al., 2008).   

 FS interneurons can also have variable degree of self inhibitions through autaptic 

connections, namely autapses (Tamas et al., 1997). Autaptic inhibition represents a novel 

form of feedback inhibition in FS interneurons. Autaptic inhibition may alter the cell 

excitability and affect the firing probability of the neuron itself. Having or lacking autapses, 

or having how many autapses, are therefore important for FS interneuron firing properties 

and functions (Bacci et al., 2003a).  

 Previous functional studies of FS interneurons tend to take all FS basket interneurons 

as one group and study their feedforward and feedback inhibitions. However, FS 

interneurons are involving numerous neocortical functions from sensory processing to 

synchronous and rhythmic activity, to the regulation of critical period of sensory map 

formation (Swadlow, 2003; Traub et al., 2004; Hensch & Fagiolini, 2005; Cruikshank et al., 

2007). Moreover, emerging evidence suggests that cortical FS interneurons are 

heterogeneously coupled to spindle and gamma oscillations (Puig et al., 2008). Are ALL the 

FS interneurons involving ALL these neocortical functions? Reductions in FS interneurons 
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are consistent features of the pathophysiological process in several neurological diseases 

(Bortel et al., ; Hashimoto et al., 2003; Selby et al., 2006). Layer 4 somatosensory FS 

interneurons have also been found to decrease in number after whisker trimming (Jiao et al., 

2006). Could ―a reduction of FS interneurons‖ imply that there is a depletion of one 

particular subtype of FS interneurons?   

 

 

G. HYPOTHESIS 

Our hypothesis is that heterogeneity exits in FS interneurons not only in their 

morphologies, but also in their functional circuits. Sensory deprivation may reform certain 

inhibitory circuits in layer 4 somatosensory cortex.  
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I. GENERAL METHODS  

Animal use: Control mice (C57BL/6J; The Jackson Laboratory), gene-targeted mice [α1 

(H101R)] and wild-type control mice [α1 (H101) from the C57BL/6J strain] were maintained 

and all experiments were conducted according to protocols approved by Children‘s National 

Medical Center and Georgetown University Medical Center.  

Brain slice preparation for electrophysiology: Mice were anesthetized with carbon dioxide 

until unresponsive to tail pinch. Brains were removed, blocked, and placed in an ice-cold-

oxygenated slicing solution for 2 min containing (in mM): 234 sucrose, 11 glucose, 26 

NaHCO3, 2.5 KCl, 1.25 NaH2PO4*H2O, 10 MgSO4*7H2O and 0.5 CaCl2*2H2O; gassed with 

95% O2 / 5% CO2. Tangential or thalamocortical brain slices were prepared in ice-cold 

slicing solution using a Leica Vibratome (details in Chapter II and III Methods). Slices were 

collected and incubated in pre-warmed (32ºC), oxygenated artificial cerebrospinal fluid 

(ACSF), containing the following (in mM): 126 NaCl, 26 NaHCO3, 10 glucose, 2.5 KCl, 

1.25 NaH2PO4*H2O, 2 MgCl2*7H2O, and 2 CaCl2*2H2O for one hour before being allowed 

to return to room temperature (RT, ~23°C), and then transferred to the recording chamber, 

where they were continuously perfused with RT oxygenated ACSF at a rate of 2-3mL/min.  

Whole-cell electrophysiology: Live brain slices were visualized with a fixed staged, upright 

microscope (Nikon, E600 FN) equipped with a 4x objective and a 60x insulated objective, 

infrared (IR) illumination, Nomarski optics, and an infra-red (IR)-sensitive video camera 

(COHU). Whole cell current clamp or voltage clamp recordings were performed using 

recording pipettes pulled from borosilicate glass capillaries (King Precision Glass), with an 

access resistance (Ra) of 2.5-3.5 MΩ when filled with intracellular recording solution. The 

whole-cell recording configuration was acquired by applying negative pressure to the cell 
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membrane, such that a tight, stable seal of at least 1 GΩ was established between the 

membrane and recording pipette tip, and then rupturing the membrane by applying brief 

suction pulses using a CPI™ pulse generator. Data were acquired using a Multiclamp 700A 

patch-clamp amplifier, Digidata 1322A digitizer, and pClamp 9.2 acquisition software 

(Molecular Devices). Data were analyzed offline, using pClamp and MiniAnalysis 6.0.7 

software (Synaptosoft).  

Neuronal morphology: To further investigate cell morphology and biochemical 

characterization of each recorded cell, biocytin (1%, Thermo Scientific) was added to the 

intracellular solution and injected into the cell with 4 to 5 depolarizing current pulses of 1 nA 

amplitude.  Images were captured (Scion) in order to record the position of each cell in the 

barrel pattern. Slices were transferred from the recording chamber and fixed overnight in 4% 

paraformaldehyde in 0.1M phosphate buffer (PB, pH 7.4). Subsequent processing details are 

indicated in Chapter II and III Methods.  

Statistical analysis: Isolated IPSCs were aligned and averaged into a single averaged event. 

Double-exponential fits of baseline subtracted averaged inhibitory events were made with the 

offset forced to zero. The decay of averaged IPSCs from peak to baseline is based on the 

double-exponential function:  

                                    ƒ(t) = A1exp
-t/τD1

 + A2exp
- t/τD2

  

These fits were used to determine a weighted time constant:  

 τD,W = (τD1A1 + τD2A2)/(A1 + A2) 

Data were analyzed with Origin, version 7.0 (MicroCal Software), and statistical significance 

was measured using both independent and paired t tests and X
2
 tests. All data are presented as 

mean ± s.e.m. 
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CHAPTER II: LONG-TERM SENSORY DEPRIVATION SELECTIVELY 

REARRANGES FUNCTIONAL INHIBITORY CIRCUITS IN MOUSE BARREL 

CORTEX 

 

 

A. BRIEF OVERVIEW 

 

Synaptic inhibition is involved in sensory processing at the very first stage of cortical 

integration in layer 4 of the rodent primary somatosensory cortex (White & Rock, 1981). 

Both feedforward and feedback inhibition from local circuit inhibitory neurons regulates the 

integration of thalamic and intracortical inputs (Agmon & Connors, 1992). Inhibitory 

neurons are distinguished from each other by action potential firing properties, morphology, 

and biochemical expression (Markram et al., 2004; Wang et al., 2004). Cortical inhibitory 

neurons are largely separated into two functional circuits that are thought to carry out two 

intertwined yet separate functions in sensory processing (Beierlein et al., 2003). FS 

interenurons are readily activated by thalamic afferents and are the primary mediator of 

thalamocortical feedforward inhibition, and recurrent synaptic inhibition onto FS 

interneurons is very fast (Bacci et al., 2003b; Beierlein et al., 2003). LTS interneurons 

express varying combinations of somatostatin (SST), vasoactive intestinal peptide (VIP), and 

cholecystokinin (CCK) (Markram et al., 2004), are weakly activated by thalamic afferents, 

and contribute to intracortical inhibitory transmission. The recurrent synaptic inhibition onto 

LTS interneurons decays slowly (Beierlein et al., 2000; Bacci et al., 2003b). 

In cortex and other regions, an emerging feature in brain networks is the ‗‗GABAA-

specific circuit‘‘(Fritschy & Brunig, 2003). This circuit has three main components: (i) the 

type of presynaptic inhibitory neuron, (ii) the subcellular location of the postsynaptic contact 

(e.g., soma and dendrite), and (iii) the subunit composition of postsynaptic GABAA receptors 

at those locations (Nyiri et al., 2001; Klausberger et al., 2002; Fritschy & Brunig, 2003; Ali 
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& Thomson, 2008). For example, α1-subunit-containing GABAA receptors contribute to fast 

synaptic currents, are positioned in somatic locations, and are often the postsynaptic target of 

parvalbumin-containing FS basket cells (Fritschy & Brunig, 2003). Therefore, in circuits 

where feedforward inhibition is required to ensure the temporal fidelity of the postsynaptic 

response, the fast currents through somatically located α1-containing GABAA receptors are 

proposed to allow the postsynaptic neuron to detect coincident responses from convergent 

excitatory afferents (Pouille & Scanziani, 2001). In mouse visual cortex, only α1-subunit-

containing GABAA-specific circuits were associated with controlling the onset of the critical 

period for ocular dominance shifts after monocular deprivation (Fagiolini et al., 2004). This 

does not occur with pharmacological enhancement of synaptic inhibition using the α1-

selective agonist zolpidem in α1 (H101R) knockin mice (Rudolph et al., 1999; Fagiolini et 

al., 2004). 

In the present study, we performed whole-cell recordings to differentiate synaptic 

inhibition among the four most common neurons in layer 4 of mouse barrel cortex. Using a 

combined pharmacologic and genetic approach, we found that inhibitory postsynaptic current 

(IPSC) decay depends largely on the presence of α1 subunit expression. To understand the 

role of GABAA specific circuits after long-term deprivation, we measured synaptic inhibition 

in all cell types from whisker-trimmed mice. We found that whisker removal increased the 

amplitude and sped up the decay rates of spontaneous IPSCs in LTS interneurons. To 

determine if subunit composition was responsible for this change in decay, we recorded from 

whisker-trimmed α1 (H101R) knockin mice and wild-type controls and tested for the 

increased presence of α1 subunits with zolpidem. In both α1 (H101R) and wild-type controls, 

whisker trimming resulted in faster IPSC decay in LTS interneurons. In addition, IPSCs in 
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LTS interneurons became highly sensitive to zolpidem in wild-type controls and insensitive 

to zolpidem in α1 (H101R) knockin mice. Taken together, these data suggest that long-term 

whisker deprivation rearranges inhibitory circuits through the emergence of α1 subunit 

function at inhibitory synapses in LTS interneurons. This represents changes for the 

postsynaptic GABAA receptor configuration in a type of neuron that is normally not 

identified with the classic GABAA -specific circuit required for plasticity. 

 

B. MATERIALS AND METHODS 

 Slice Preparation for Electrophysiology:  Control mice (C57BL/6J; The Jackson 

Laboratory), gene-targeted mice [α1 (H101R)], and wild-type control mice [α1 (H101) from 

the C57BL/6J strain] of either sex were used in this study. Mice age is between postnatal day 

21 (P21) and three months. Brains were removed, blocked, and placed in an ice-cold-

oxygenated slicing solution for 2 min. Tangential slices were employed in order to isolate the 

columnar and cross-columnar connections within layer 4. Slices were generated by placing 

the brain ventral side down on a constructed angle indicator and sliced with a sterilized razor 

blade at simultaneous 10° and 30° from the midline cuts.  The blocked brain was glued (cut 

side down) on a vibratome stage and immersed in cold sucrose-slicing solution.  Once the 

position of the pial surface of the brain was identified, the first two slices at 50µm and 

250µm were discarded and a third slice of 250µm in thickness was collected and incubated 

for 1 h in preheated (32 °C), oxygen-equilibrated standard ACSF. After incubation, the 

tangential slice was then transferred to the recording chamber and visualized with a fixed 

staged, upright microscope (Nikon, E600 FN) equipped with a 4x objective and a 60x 
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insulated objective, infrared (IR) illumination, Nomarski optics, and an IR-sensitive video 

camera (COHU).. 

 Electrophysiology: Whole-cell recordings were obtained from visually identified 

barrel cortex neurons. Recordings were made at room temperature (21–23 °C) to allow for 

more accurate analysis of IPSC decay and retains the health of slices from older animals. 

Brief suction pulses generated from a solenoid-controlled vacuum transducer were applied to 

break into the cell and establish whole-cell configuration. Voltage- and current-clamp 

recordings were obtained using a Multiclamp amplifier (700A; Molecular Devices) and 

digitized with a DigiData (1322A; Molecular Devices). The intracellular pipette solution 

contained high chloride to enhance the driving force of IPSCs (70 mM K-gluconate, 70 mM 

KCl, 2 mM NaCl, 10 mM HEPES, and 4 mM EGTA, pH 7.3, corrected with KOH; 

290mOsM). In some cases, biocytin was added to the pipette solution for post-hoc 

morphological and biochemical characterization. Inhibitory postsynaptic currents were 

recorded from barrel cortex neurons in voltage-clamp mode held at -60 mV. Inhibitory 

postsynaptic currents were measured at a sampling rate of 125 µs intervals (8 kHz) and 

filtered at 2 kHz. To measure the short time frame of rise times (the time measured from the 

start of an event to the peak ≈ 0.5–1.5 ms), a sampling rate of 50 µs (20 kHz) and 10 kHz 

filtering were required. At this rate, IPSCs were accurately sorted by slow versus fast rise 

times, and we only compared IPSCs under a threshold of rise time duration not to exceed 1.5 

ms. Spontaneous GABAA-receptor- mediated IPSCs were isolated by applying 6,7-

dinitroquinoxaline-2,3-dione (20 µM DNQX, Tocris) and (+/-)-2-amino-5-

phosphonopentanoic acid (100 µM APV, Tocris).  Zolpidem (200 nM; Tocris) was bath 

applied. Two different analysis programs [Clampfit, version 9.2, and Detector (J. R. 
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Huguenard, Stanford University)] were used to measure action potential patterns and IPSC 

decay kinetics. Isolated IPSCs were analyzed as illustrated in Chapter I.  

 Immunohistochemistry: Fixed slices were cryoprotected in 30% sucrose in 0.1M 

phosphate buffer saline (PBS) for at least 30 minutes, then re-sectioned at 50 μm on a sliding 

microtome (Leica), collected in 0.1M PBS, incubated in 0.6% H2O2 for 30 minutes, and 

transferred into 50% ethanol for 10 minutes twice. After a 10 minute rinse of 0.1M PBS, 

sections were then incubated for one hour in Texas-red (or FITC) conjugated Avidin-D 

(1:200, Vector Laboratory) in 0.1M PBS containing 10% normal goat serum, 2% BSA and 

0.5% Triton X-100. Slices were briefly rinsed with 0.1M PBS, then transferred into primary 

antibody primary antibody [somatostatin 1:300 (Chemicon) or parvalbumin 1:4,000 (Sigma)] 

and incubated at 4°C overnight. The following day, sections were rinsed twice with 0.1M 

PBS for 20 minutes each and incubated in fluorescein conjugated secondary antibody (1:200 

in 0.1M PBS, Vector Laboratory) for one hour at room temperature. After two 15 minutes 

washes, sections mounted and cover slipped with Vectashield mounting medium. Images of 

cells were analyzed and captured under confocal microscopy (Olympus Fluoview). 

 Cytochrome oxidase histochemistry:  Sections were rinsed in two washes of 0.1M 

PBS. In a small flask, 20 mg of diaminobenzidine (Sigma) was mixed in 36 mL of 0.1M PBS 

and filtered. Then, 1.6 g of sucrose and 16 mg of cytochrome c (Sigma) were added. Sections 

were incubated at 37 °C for 2 h, then rinsed with 0.1M PBS, mounted on subbed slides, and 

cover slipped. 

 Sensory Deprivation: Whiskers were trimmed under light anesthesia (isofluorane) 

starting at P7. The first four whiskers from rows D (D1-D4) and E (E1-E4) were trimmed, 

leaving the remaining three rows (A, B, and C) intact and repeated every 2–3 days. After 7–8 
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weeks of trimming, recordings were made from the contra-lateral hemisphere from whisker-

trimmed mice in deprived barrels and compared with age-matched controls.  

 

C. RESULTS 

Layer 4 cortical neurons can be identified from their action potential firing properties 

Whole-cell patch-clamp recordings of visually identified cortical interneurons were 

performed from layer 4 tangential slices in adult mice. A total of 278 cortical interneurons 

from three different strains of mice were recorded and synaptic and intrinsic properties 

(Table 1) across barrel structures in tangential slices (Figure 4). The tangential slice isolates 

layer 4 and portions of layers 3 and 5 (Fleidervish et al., 1998). The barrels that correspond 

to the PosteoMedial Barrel SubField (PMBSF) for the main mystacial whiskers are easily 

visible under differential interference contrast (DIC) optics (Figure 4A-C). All recordings 

were made from neurons (Figure 4C) in the hollow and wall of the barrel sub-compartments.   

Interneuron populations were categorized using intrinsic physiological properties and 

the shape and frequency of action potential firing patterns at threshold, supra- and sub-

threshold responses to current pulses. Figure 4 illustrates the four most common types of 

interneurons in layer 4 include regular spiking (RS) excitatory neurons (Figure 4D1-D4), 

low-threshold spiking (LTS) inhibitory neurons (Figure 4E1-E4), fast spiking (FS) inhibitory 

neurons (Figure 4F1-F4), and multiple variations of Martinotti cells (MC) (Figure 4G1-G4). 

Mean values of action potential firing properties and intrinsic properties revealed clear 

delineations of cell types (Table 1).  FS interneurons were set apart by high frequency firing 

patterns and low membrane resistance (Rin). LTS interneurons were set apart by high Rin 

values and the amplitude of the Ih current sag in hyperpolarizing pulses. There were subtle 
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variations of spiking behavior within the FS, RS, and MC interneuron classes. The most 

heterogeneous group is the MC cell with most layer 4 cells pertaining to the classic 

accommodating group (c-AC) however a few cells exhibited bursting behavior (b-AC) and 

some cells had very minimal action potential accommodation (Wang et al., 2004). FS 

interneurons also had subtle variations with respect to the onset of spiking at threshold. RS 

cells fell into two categories: regular spiking and others that stuttered at threshold pulses 

[RSst, (Krook-Magnuson et al., 2008)].   The overall cellular distribution of recorded 

interneurons across the hollows and walls differed for each cell type. RS cells (wall: 57.4% 

vs. hollow: 42.5%) (Figure 4D4), LTS (wall: 51.9% vs. hollow: 48.1%) (Figure 4E4), and 

MC (wall: 48.2% vs. hollow: 51.9%)  (Figure 4G4) were equally distributed across barrel 

walls and hollows. In contrast, most of the FS interneurons that we recorded from were 

positioned in the walls of the barrels (wall: 67.14% vs. hollow: 32.9%) (Figure  4F4).  

Layer 4 cortical neurons can be distinguished by morphology and biochemistry. 

Neurons after whole cell recording were selectively labeled with biocytin for further 

morphological and immunohistochemical study. Intracellular labeling with biocytin clearly 

distinguished the morphologies of excitatory RS neurons from inhibitory neurons, including 

LTS, FS and MC neurons. Also, immunohistochemical study of the expression of different 

biochemical markers (parvalbumin or somatostatin) helped to identify different inhibitory 

interneuron subtypes.  

RS neurons: Layer 4 RS cells (n = 25) have numerous spines on their dendrites 

(Figure 5A) and are negative for the expression of parvalbumin or somatostatin. In layer 4 

barrel cortex, a RS neuron can be of pyramidal neuron morphology, or (as shown in Figure 

5A) be of spiny stellate morphology.  
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LTS interneurons: LTS interneurons are non-spiny inhibitory interneurons. 

Comparing to other inhibitory interneurons, LTS interneurons fire at low frequency below 

100Hz. And to the untrained eye, the action potential firing patterns can appear to be quite 

similar as RS neurons. Additionally, most of LTS interneurons always produce one or 

multiple rebound bursts. This is compounded by the fact some RS cells in layer 4 can also 

fire a rebound burst (although this is rare). However, there are several key features that 

differentiate these two neurons. In the present study, we elected to use the nomenclature of 

Connors and colleagues (Beierlein 2003), which used paired recordings in layer 4 to 

definitively show that LTS interneurons are inhibitory. By comparing the change in 

afterhyperpolarization (AHP) amplitude during a depolarizing train, Beierlein et al. can 

clearly differentiate LTS interneurons from excitatory cells. They found that the AHP 

decreases in all LTS interneurons but increases in all excitatory cells. Additionally, there are 

also biophysical measures that differ between LTS interneurons and other layer 4 neurons 

such as a biphasic AHP (Figure 4E2), input resistance, and the size of the Ih current (or 

‗‗sag‘‘) (Table 1 and Figure 6). LTS interneurons are also somatostatin positive (n = 3; 

Figure 5B).    

FS Interneurons: All FS interneurons are initially categorized by high-frequency 

firing of exceeding 150 Hz and parvalbumin expression (Figure 5, Figure 6, and Table 1). 

Within the FS category, there can be subtle variations within this class with regard to the 

onset of action potential firing (delay versus early) and the existence of stuttering of action 

potential firing at threshold levels. In all cases where FS neurons were selected for 

immunocytochemistry based on firing properties, they were found to be parvalbumin positive 

(n = 27; Figure 5C and Table 1). 
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Martinotti cells:  MCs were identified based on their spiking patterns, intrinsic 

properties, and somatostatin expression (Figure 5D, Table 1, and Figure 6). Only those 

neurons that fit into the strict spiking properties reported in Wang et al. were grouped into 

this category.  Layer 4 MCs are somatostatin positive (n = 7; Figure 5D), and unlike those 

reported in other layers, they typically retain connections within layer 4. Although LTS 

interneurons also express somatostatin, MCs exhibit very ‗‗sharp‘‘ fast rising AHPs (LTS 

interneurons are distinctively biphasic; see Figure 4E2 and G2), lower spike amplitude, and 

have significantly lower input resistance values (Table 1 and Figure 6). 

 

Heterogeneous IPSCs in the four main types of layer 4 neurons. 

In order to examine inhibitory function within the confines of a barrel, biophysical 

properties of spontaneous IPSCs in the four main groups of interneurons were measured 

using high chloride electrodes and in the presence of glutamatergic neurotransmission 

blockers APV (100 µM) and DNQX(20 µM).  The analysis revealed that the IPSC decay 

kinetics of layer 4 cortical neurons is heterogeneous (Figure 7, table 2).  In a previous study, 

major differences between the decay properties of spontaneous IPSCs were detected between 

LTS and FS interneurons in layer 5 cortical neurons (Bacci et al., 2003b). Therefore, those 

findings were confirmed and extended to layer 4 cortical neurons. Based on double 

exponential fits of averaged inhibitory events, FS and LTS interneurons represented the 

fastest and slowest decay kinetics of layer 4 interneurons respectively.  The weighted decay 

time of IPSCs recorded in FS neurons were very brief (FS: τd,w  = 3.82 ± 0.15 ms, n = 29). 

LTS interneurons in layer 4 barrel cortex exhibited the slowest decay rates of all interneurons 

(τd,w = 11.05 ± 0.62 ms, n = 19, p < 0.0001), which is similar to the characteristics of layer 5 
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LTS interneurons. IPSC decay in RS excitatory cells (τd,w = 8.27 ± 0.31 ms, n = 17) and MC 

(τd,w = 6.77 ± 0.61 ms, n = 14) exhibited intermediate IPSC decay rates.  

In order to verify subunit contributions to IPSC decay kinetics in layer 4 interneurons, 

we used subunit selective pharmacology in combination with the use of the 1(H101R) 

transgenic knock-in mice and wildtype control mice (Rudolph et al., 1999; Crestani et al., 

2000). The 1(H101R) knock-in mice have a point mutation in the 1 subunit at a conserved 

histidine site located on all benzodiazepine sensitive alpha subunits ( 1, 2, 3 & 5). This 

switch to the arginine residue renders the 1 subunit benzodiazepine site non-functional. 

Therefore, if 1 subunits are involved in IPSC decay kinetics, then there should be 

benzodiazepine enhancement to the wildtype control mice, but no prolongation of IPSCs 

with the application of benzodiazepines in the 1(H101R) knock-in mice. 

Zolpidem binds at the benzodiazepine site and is often used for its selectivity to slow 

the decay rates of IPSCs from neurons that express 1-containing GABAA receptors 

(Hollrigel & Soltesz, 1997; Bacci et al., 2003b). In the present study, in wildtype mice, 

zolpidem had the maximum effect on IPSCs in FS interneurons in which the characteristic 

τd,w = 

3.83 ± 0.24 ms, zolpidem τd,w = 5.97 ± 0.59 ms, p = 0.0002, n = 11, Table 3, Figure 8A1, A2, 

E, F).  However, as expected IPSCs in FS interneurons in 1(H101R) knock-in mice showed 

no enhancement (control τd,w = 3.48 ± 0.17 ms, zolpidem τd,w = 3.7 ± 0.59 ms, p = 0.1546, n 

= 10, Figure 8C, D). This confirms that the 1 subunit that corresponds to fast decay in FS 

interneurons also plays a significant role in the zolpidem mediated enhancement. 

Additionally, IPSC decay rates recorded in both excitatory RS neurons and inhibitory MC 
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neurons showed the same trend as seen in FS interneurons with enhancement in wildtype 

mice and no effect in 1(H101R) knock-in mice (Table 3, Figure 8E, F). RS cells in wildtype 

control mice: (control: τd,w = 8.2 ± 0.42 ms, zolpidem: τd,w = 10.45 ± 0.82 ms, p = 0.0179, n = 

7) and in 1(H101R) knock-in mice: (control: τd,w = 7.89 ± 0.49 ms, zolpidem: τd,w = 8.06 ± 

0.38 ms, p = 0.3350, n = 7). MC cells in wildtype control mice: (control: τd,w = 8.19 ± 0.24 

ms, zolpidem: τd,w = 10.07 ± 0.53 ms, p = 0.0137, n = 5) and in 1(H101R) knock-in mice: 

(control: τd,w = 7.31 ± 0.86 ms, zolpidem: τd,w = 7.99 ± 0.76 ms, p = 0.0619, n = 5).  By 

contrast to all other interneurons in layer 4, IPSCs recorded from LTS interneurons from 

wildtype  mice were not significantly affected by application of zolpidem (control: τd,w = 

11.24 ± 1.3 ms, zolpidem: τd,w = 12.36 ± 1.1 ms, p = 0.09021, n = 6) or in 1(H1010R) 

knockin mice (control: τd,w = 11.27 ± 1.2 ms, zolpidem: τd,w = 12.05 ± 1.6 ms, p = 0.1008, n = 

5,  Table 3, Figure 8B1,B2,E, F), suggesting little 1 contribution to LTS interneurons IPSC 

decay rates.   

Long term whisker removal alters synaptic inhibition in LTS interneurons 

A key advantage of using the tangential slice through layer 4 barrel cortex is that it 

allows us to visually identify and record from neurons in whisker-deprived barrels.  As 

mentioned previously, our tangential slice isolates the PMBSF, which includes the main 

facial whiskers on the contra-lateral snout. In order to determine the effects of sensory 

deprivation on synaptic inhibition, we chronically trimmed the D1-D4 and E1-E4 facial 

whiskers corresponding to the first four barrels in rows D and E of the PMBSF (Figure 9B). 

As noted by others, whisker deprivation does not produce macroscopic cellular changes and 

we did not observe this in the live slice (Petersen, 2003). Therefore to verify decreased 

cellular activity, we stained select slices with cytochrome oxidase (CO) following 
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physiological recordings (Figure 9C, D). As expected, sensory deprived barrels showed 

decreased levels of CO reaction product following long term deprivation (Wong-Riley & 

Carroll, 1984; Land & Simons, 1985). 

We then measured differences of IPSC decay kinetics between neurons in barrels 

corresponding to deprived whiskers and those corresponding to intact whiskers in control 

mice.  We examined the effects of sensory deprivation in the four main types of neurons in 

layer 4 barrel cortex. In comparison to IPSCs recorded from non-deprived mice, we did not 

observe major differences in synaptic decay from either RS, FS or MC (RS deprived: τd,w = 

7.41 ± 0.43 ms, n = 7, p = 0.1652; FS deprived: τd,w = 4.32 ± 0.23 ms, n = 14, p = 0.5476; 

MC deprived: τd,w = 6.39 ± 0.27 ms, n = 5, p = 0.9601)(Table 2).  In contrast, the largest 

impact of sensory deprivation was observed in LTS interneurons, where synaptic decay time 

was significantly decreased by 28% (Figure 9E-I, Table 2). In neurons from deprived barrels, 

we found that IPSCs in LTS interneurons were considerably faster than the characteristic 

slowly decaying IPSCs recorded in non-deprived mice (Figure 9F,G) (LTS deprived: τd,w = 

7.95 ± 0.38 ms, n = 9; non-deprived: τd,w = 10.95 ± 0.69 ms; n = 12,  p = 0.0026, Table 2). A 

similar decrease in decay time was also noted for half-width values as well (LTS deprived: 

HW = 4.66 ± 0.18 ms n = 9; non-deprived: HW = 8.68 ± 0.88 ms; n = 12, p = 0.0009). In 

addition to decay kinetics, we observed an increase in IPSC amplitude for LTS interneurons 

in whisker-deprived barrels (LTS deprived: A = 51.68 ± 10.22 pA; n = 9; control values from 

Table 2: A = 28.03 ± 4.5 pA; n = 12, p = 0.0032). 

Alterations in the decay kinetics of IPSCs are likely dependent on many factors. One 

key factor may be the stochastic nature of the ion channels via GABAA receptor subunit 

switching. One factor that determines the speed of IPSC decay in cortical interneurons 
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depends upon the presence of 1 subunits (Bacci et al., 2003b). Therefore, we deprived 

1(H101R) knock-in mice and background strain wildtype mice for the same duration as the 

C57BL/6 control mice and examined the effectiveness of zolpidem on IPSC decay in LTS 

neurons (Figure 10, Table 4).  Similar to LTS interneurons from deprived C57BL/6 mice, 

IPSCs from LTS interneurons in whisker deprived barrels from control mice showed a 

decrease in the time course of IPSC decay (control: τd,w = 11.24 ± 1.3 ms, n = 6; deprived: 

τd,w = 7.46 ± 0.44 ms, n = 9, p = 0.0061 ). Additionally, and in contrast to non-deprived 

animals, LTS interneurons in deprived barrels from control mice showed significant 

enhancement in the presence of 200 nM zolpidem (τd,w = 9.95 ± 0.43 ms, n = 9, p = 0.00083). 

To determine whether this change in zolpidem sensitivity is 1 subunit-dependent, we 

recorded from LTS interneurons in whisker-deprived 1(H101R) knock-in mice (Figure 10). 

Once again, IPSC decay in LTS interneurons was faster in the deprived 1(H101R) knock-in 

mice (Table 4), but in this case showed only minimal zolpidem sensitivity (knock-in 

deprived: τd,w = 7.38 ± 0.35 ms, n = 6; knock-in deprived with zolpidem: τd,w = 8.15 ± 0.40 

ms, n = 6, p = 0.1799), indicating significant contribution of 1 subunits (Figure 10).  
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Figure 4. Action potential firing properties and relative barrel position of cortical 

neurons in layer 4 tangential slices. (A) Schematic drawing of whisker position on the face. 

(B) Low-magnification image of live tangential slice in the recording chamber. The letters A, 

B, C, D, and E refer to the barrel rows of the PMBSF. (C) High-magnification image of 

living tangential slice of barrel subfield shows the hollow (H), wall (W), and septa (S). (D–

G) Action potential firing patterns of the four most common neuron cell types in layer 4. For 

all cells: column 1, sub-threshold and near threshold traces from hyperpolarizing and 

depolarizing current pulses; column2, near threshold trace; column3, supra-threshold trace; 

column4, schematic of the proportion of cells recorded in the walls and hollows of a barrel in 

the tangential slice. (D1–D3) Regular-spiking cell firing properties.  (E1–E3) Low threshold-

spiking cell firing properties. These two cell types are differentiated from each other by 

action potential shape (* in D2 and E2), by the positioning of the last afterhyperpolarization 

potential in supra-threshold traces (dotted lines, arrows in D3 and D4), and prominent sag 

(arrow in E1). (F1–F3) Firing properties of a fast-spiking cell (FS). (G1–G3) Firing 

properties of a Martinotti cell. (H) Percentages of cell location in the different barrel 

compartments used to determine shading in column 4 for each cell type. (Scale bars: column 

1: 20 mV, 200 ms; column 2: 20 mV, 25 ms; column 3: 20 mV, 100 ms)  
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Figure 5. Layer 4 neurons are additionally distinguished by morphology and 

biochemistry. (A) Morphology of a biocytin labeled spiny stellate RS neuron (in green) 

revealed as multiple dendritic projections with numerous spines (scale bar in all images: 50 

µm).  Inset is a current clamp trace recorded from this neuron. Scale bar: vertical 20 mV, 

horizontal 200 ms.  (B) Biocytin filled morphology of an LTS neuron (in red) showed no 

spine on its dendrites. Immunohistochemistry confirmed the expression of somatostatin in 

this neuron (arrow). Inset is current clamp trace recorded from this neuron. (C) Morphology 

of an FS neuron labeled with biocytin (in red). This neuron is non-spiny and expresses 

parvalbumin as its biochemical marker (in green, arrow). Inset is a typical high frequency 

firing trace recorded from this neuron. (D) Morphology of an MC neuron labeled with 

biocytin (in red). This neuron is non-spiny with somatostatin expression (in green, arrow). 

Inset is a current clamp trace recorded from this neuron. Insets in B, C, D share the scale bar 

as shown in D: vertical 20 mV, horizontal 200 ms.   
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Table 1. Electrophysiological properties of layer 4 neurons. 

 

 RS, n = 49 LTS, n = 56 FS, n = 72 MC, n = 34 

Rin, MΩ 197.4 + 15.2   259.4 + 14.5* 142.4 + 6.4 161.7 + 13.7 

Vrest, mV 65.6 + 1.4  63.77 + 0.97 61.92  + 0.6  

 

64.21  + 1.5 

Spike height, mV 84.02 + 1.5  87.15 + 1.5   55.33 + 1.4   77.89 + 2.7   

Spike frequency, 

Hz 

33.38 +  1.1  34.93 + 1.4 

  

184.26 + 3.2 

  

41.71 + 3.9  

Sag height, mV 4.02 + 0.4  8.81 + 0.9*   3.98 + 0.3   2.63 + 0.4   

 

*Significance of P<0.05 from all other neurons. 
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Figure 6. Differences of intrinsic properties for layer 4 neurons. Histograms of mean 

values for input resistance (A), sag height (B), spike amplitude (C), membrane potential at 

rest (Vrest; D), and spike frequency (E). All statistics are based on paired t tests using LTS 

cells as a reference point to distinguish these cells from all others. 
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Figure 7. Layer 4 cortical neurons display unique IPSC decay kinetics. (A) Current-

clamp recording showing firing behavior of a RS neuron from a depolarizing current pulse. 

To the right is the voltage-clamp recording of the cell representing a continuous raw trace of 

IPSCs spanning 2 s. (B–D) Current-clamp and voltage-clamp recordings for: an LTS neuron, 

an FS neuron, and a burst accommodating MC neuron respectively. [Scale bars: for the 

current-clamp traces, 20 mV, 200 ms; for the voltage-clamp traces, 50 pA, 200 ms.] (E) 

Isolated IPSCs from cells in A–D (in matching colors to the recordings above) were collected 

and averaged into a single trace (RS, n = 188; LTS, n = 173; FS, n = 161; MC, n = 89). 

Amplitudes of all averaged IPSCs were scaled to illustrate decay differences. All averaged 

IPSC traces were fit with a double-exponential decay function, and then weighted time 

constant (τd,w) values were derived from these fits. (F) Mean values of τd,w from pooled 

data of all cells in each neuron category. 
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Table 2. Mean values for properties of IPSCs of cortical neurons in control and whisker 

trimmed mice. 

 Weighted 

decay, ms 

Amplitude, 

pA 

Frequency, 

Hz 

Half-width, 

ms 

10-90 rise 

time, ms 

RS, n = 11 8.40 + 0.43   24.25 + 3.7 5.42 + 1.02 5.43 + 0.51 1.41 + 0.21 

RS deprived, 

n = 7 

7.41 + 0.43, 

 P = 0.165 

32.70 + 6.4; 

P = 0.243 

4.71  + 1.28,   

P = 0.668 

4.85  + 0.27,   

P = 0.401 

1.04 + 0.1,   

P = 0.199 

LTS, n =12 10.95 + 0.69  28.03 + 4.50   4.26 + 0.56   8.68 + 0.88   1.11 + 0.20   

LTS deprived, 

n =9 

7.95 + 0.38, 

 P = 0.0026 

51.68 + 10.22, 

 P = 0.032 

4.48 + 0.85, 

 P = 0.825 

4.66 + 0.18, 

 P = 0.0009 

0.93 + 0.29, 

 P = 0.471 

FS, n = 19 4.55 + 0.26  27.28 + 3.9   6.24 + 0.66   4.12 + 0.42   0.86 + 0.06   

FS deprived, 

n = 14 

4.32 + 0.23, 

 P = 0.548 

31.77 + 3.1, 

 P = 0.40881 

6.32 + 0.86, 

 P = 0.942 

4.17 + 0.63, 

 P = 0.935 

0.72 + 0.03, 

 P = 0.120 

MC, n = 5 6.35 + 0.18  33.67 + 7.4   5.46 + 0.77   4.29 + 0.51   0.97 + 0.16   

MC deprived, 

n = 5 

6.39 + 0.27, 

 P = 0.906 

32.81 + 5.9, 

 P = 0.930 

3.35 + 0.71, 

 P = 0.079 

4.06 + 0.09, 

 P = 0.158 

1.07 + 0.10, 

 P = 0.620 

Based on two sample independent Student‘s t test 
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Figure 8. Fast decay of IPSCs in cortical neurons depends upon the 1 subunit. Shown 

are representative raw traces of IPSCs from an FS (A1) and an LTS (B1) from wildtype mice 

in control (black trace) and during bath application of 200 nM zolpidem (gray trace). (A2) 

Superimposed averaged IPSCs from the recorded FS cell shown in control (n = 180 events) 

and zolpidem (n = 164 events). (B2) Superimposed averaged IPSCs from the LTS cell shown 

from B1 in ACSF (n = 193 events) and during application of zolpidem (n = 130 events). Note 

that zolpidem slows IPSC decay of the FS cell (arrow) but only slightly in the LTS cell. (C) 

Averaged IPSCs in control (n = 259 events) and zolpidem (n = 219 events) from an FS cell 

from an 1(H101R) knockin mouse. In A2, B2, and C, the current clamp recording for each 

cell is shown below the averaged IPSC. [Scale bar: 20 mV, 200 ms] In 1 (H101R) knockin 

mice with a dysfunctional benzodiazepine site, zolpidem has no effect on time decay. (D) All 

four traces from the two FS cells in A2 and C are superimposed to illustrate that zolpidem 

affects IPSCs (arrow) only from wild-type mice, indicating 1 subunit-mediated 

enhancement of IPSCs. Peak amplitudes of averaged IPSCs were normalized to illustrate 

changes in decay. Histograms of mean values of τd,w for all 4 layer 4 cell types in wild-type 

control mice (E) and in 1 (H101R) mice (F). Zolpidem significantly enhances IPSC decay 

in all cell types from control mice with the exception of LTS cells. (*, P < 0.05; **, P < 

0.001.) 
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Table 3. Values for weighted time constant of IPSC decay in ACSF and zolpidem (200 

nM) for α1H101 wild-type (WT) mice and α1H101R knock-in mice (KI) 

 RS LTS FS MC 

α1(H101) WT ACSF 8.20 + 0.42 ms 11.24 + 1.3 ms 3.83 + 0.24 ms 8.19 + 0.24 ms 

α1(H101) WT 200 nM 

zolpidem 

10.45 + 0.82 ms, 

P = 0.0179, n = 7 

12.36 + 1.1 ms, 

P = 0.0902, n = 6 

5.97  + 0.59 ms,   

P = 0.0002, n = 11 

10.07 + 0.53 ms,  

P = 0.0137, n = 5 

α1(H101R) KI ACSF 7.89 + 0.49 ms 11.27  + 1.2 ms 3.48  + 0.17 ms 7.31  + 0.86 ms 

α1(H101R) KI 200 nM 

zolpidem 

8.06  + 0.38 ms,  

P = 0.335, n = 7 

12.05  + 1.6 ms, 

p = 0.101, n = 6 

3.7  + 0.59 ms,    

 P = 0.155, n = 10 

7.99  + 0.76 ms,   

P = 0.062, n = 5 

Based on two sample independent Student‘s t test 
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Figure 9. Sensory deprivation reduces synaptic decay kinetics in LTS interneurons.  

 (A and B) Schematics of whisker trimming showing the first 4 whiskers of the D and E rows 

were removed. (C and D) Image of a tangential slice from a deprived mouse in a recording 

chamber (C) and the same slice was re-sectioned and processed for cytochrome oxidase 

staining (D). [Scale bar: 500 µm] Note the reduction of reaction product for CO in the barrels 

corresponding to trimmed whiskers. (E) Cumulative probability histogram of half-width 

distribution of inhibitory postsynaptic currents (IPSCs) from an LTS cell in a control mouse 

(gray) and an LTS cell in a whisker-trimmed mouse (black). The use of a nonlinear scale 

illustrates the relative distributions of events within the recording period. (F and G) 

Representative raw traces of IPSCs from an LTS cell in a control mouse (F) and an LTS cell 

from a deprived barrel from a whisker-trimmed mouse (G). (H) Superimposed averaged 

IPSC traces from the two LTS cells in F (gray trace, n = 203 events) and G (black trace, n = 

142 events) with corresponding current-clamp traces on the right control mouse (gray) and 

the deprived mouse (black). [Scale bar: 20 mV, 200 ms.] Histograms of mean values for τd,w 

(I) and amplitude (J). 
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Figure 10. Inhibitory circuit remodeling depends upon increased 1 subunit function. 

(A1) Averaged inhibitory postsynaptic current (IPSC) traces from a whisker deprived wild-

type C57BL/6J mouse in artificial cerebral spinal fluid (ACSF; black, n = 81 events) and in 

zolpidem–ACSF (gray, n = 75 events). (A2) Cumulative distribution plot of IPSC half-width 

(using a nonlinear scale for the y axis) from the cell in A1 during ACSF (black) and zolpidem 

application (gray). (B1)Averaged IPSC traces from a deprived 1(H101R) knockin mouse in 

ACSF (black, n = 206 events) and during zolpidem (gray, n = 66 events). (B2) Cumulative 

distribution plot of IPSC half-width recorded from cell in B1 during ACSF (black) and 

zolpidem application (gray). (C) Histogram of pooled values of τd,w derived from fitted 

IPSCs from LTS cells recorded from wild-type (Left) and 1(H101R) (Right) knockin mice. 

The hatched lines separate nondeprived from whisker-trimmed mice. Note that the 

deprivation-induced enhancement of IPSC decay in wild-type mice is eliminated in 

1(H101R) mice. 
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Table 4. Values for weighted time constant of IPSC decay in ACSF and zolpidem (200 

nM) for LTS cells recorded from intact and whisker trimmed wild-type (WT) and 

1(H101R) knockin (KI) mice. 

 

Based on two sample independent Student‘s t test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 WT Deprived WT α1(H101R)KI Deprived 

α1(H101R)KI 

ACSF 11.24 + 1.3 ms 7.46 + 0.44 ms 11.27 + 1.2 ms 7.38 + 0.35 ms 

200 nM zolpidem 12.36 + 1.1 ms,  

P = 0.090, n = 6 

9.95 + 0.43 ms, 

P = 0.0008, n = 9 

12.05  + 1.6 ms,   

P = 0.101, n = 6 

8.15 + 0.40 ms,  

P = 0.180, n = 6 
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D. DISCUSSION 

With a combined pharmacologic and genetic approach, our primary findings suggest 

that prolonged sensory deprivation triggers a remodeling of inhibitory synapses on LTS 

inhibitory neurons. We compared biophysical characteristics of spontaneous IPSCs recorded 

from layer 4 neurons and examined the effects of long-term sensory deprivation on these 

characteristics. The specific findings are as follows: (i) the biophysical properties of GABAA-

receptor-mediated IPSC decay kinetics differ among physiologically identified layer 4 

neurons, (ii) cells with fast decaying IPSCs contain functional 1 subunits, whereas LTS 

cells in whisker intact barrels have slow decay kinetics and little to no 1 subunit function, 

(iii) in LTS cells selectively, long-term sensory deprivation speeds IPSC decay and increases 

the amplitude of IPSCs. This alteration of IPSC decay is accompanied by an increased 

sensitivity to zolpidem, and further experiments indicate that this phenomenon is mediated 

through an increase in 1 subunit functionality. 

Long-term sensory deprivation causes a switch in functional synaptic GABAA receptors 

expressed on LTS cells.  

Location and pharmacological sensitivity indicate subunit-specific contributions to 

IPSC biophysics. Although there are multiple factors that determine decay time course—

including the GABA transient, uptake mechanisms, or even the structure of presynaptic 

terminals (Thompson & Gahwiler, 1992; Barberis et al., 2005; Szabadics et al., 2007)—the 

stochastic nature of ion channels formed by different GABAA receptor subunits is also a 

factor. Many studies point to the correlation between fast synaptic events and high 1 

subunit expression as evidence of this association (Hollrigel & Soltesz, 1997; Huntsman & 

Huguenard, 2000; Vicini et al., 2001; Bacci et al., 2003b), and in the present study, we show 
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that layer 4 cortical neurons with relatively fast IPSC decay rates contain the 1 subunit in 

postsynaptic GABAA receptors (Figure 6 and 7). Additionally, we and others show that a 

characteristic feature of synaptic inhibition in LTS cells is the slow decay of GABAA-

receptor-mediated IPSCs (Bacci et al., 2003b). We further show that these cells likely do not 

have a large degree of 1 subunit function in their IPSCs and indicate that IPSCs in LTS 

cells are likely originating from an  subunit other than an 1 subunit. In barrel cortex, 1 

and 2 subunits are the two main GABAA receptor subunits expressed in layer 4 (Golshani et 

al., 1997).  

Remarkably and unexpectedly, we show that long-term whisker deprivation causes a 

speeding of decay and an increase in the amplitude of IPSCs in LTS cells, suggestive of a 

possible increase in 1 subunit function (Figure 9). This is further supported by the increased 

zolpidem sensitivity in these neurons (Kiss et al., 2006). Importantly, this zolpidem 

sensitivity does not occur in 1(H101R) mice, indicating that this increased sensitivity is 

mediated by the increased functionality specifically of 1 subunits in IPSCs in these LTS 

interneuorns. The imidazopyridine zolpidem binds at the benzodiazepine site and is often 

used for its selectivity to slow the decay rates of IPSCs from neurons that express 1-

containing GABAA receptors (Hollrigel & Soltesz, 1997; Bacci et al., 2003b). However, in 

addition to its high potency at 1-containing GABAA receptors, it also has a moderate 

potency at 2- and 3-containing GABAA receptors and is thus not absolutely 1-specific 

(Graham et al., 1996). Questions remain as to the cause of increased 1 function. One 

possibility could be changes in GABAA receptor subunits that result in a subunit switch in 

postsynaptic receptors. Data pertaining to subunit changes are conflicting. Long-term 

whisker removal decreases muscimol binding (Simons & Land, 1987), yet decreasing 
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activity in barrels does not seem to affect 1 subunit expression (Penschuck et al., 1999). 

However, sensory deprivation can cause an increase in benzodiazepine sensitivity in the 

mouse visual system (Madar et al., 1994; Wang et al., 2003). There is possibly a switch of 

synaptic GABAA subunits in LTS cells from a majority of 2-containing receptors to 1 via 

a homeostatic up-regulation of 1 subunits (as noted by amplitude increases) or a down-

regulation of 2 subunits (as noted by decay decreases). Although we show an increase in 1 

function, data from the present study indicate that possible changes may involve alterations 

that do not involve changes in expression levels, such as phosphorylation (Kittler et al., 

2008). A major redistribution of 1 subunits from synaptic to extrasynaptic locations on the 

cell membrane appears unlikely, because we observed no significant changes in rise times 

(Zhang et al., 2007). Our finding of increased 1 subunit functionality does not rule out 

additional contributions to altered IPSC properties through presynaptic mechanisms, such as 

altered structure of presynaptic terminals or the selective loss of specific types of presynaptic 

inhibitory neurons (Micheva & Beaulieu, 1995b; Nusser et al., 1996; Jiao et al., 2006; 

McRae et al., 2007; Zhang et al., 2007; Ali & Thomson, 2008; Bartley et al., 2008). 

Interestingly, we do not observe changes in IPSCs in RS cells from whisker-deprived mice 

(Jiao et al., 2006). However, this may be due to different deprivation times and recording 

conditions. 

 

Are specific inhibitory networks required for cortical plasticity? 

  A role for inhibitory neurotransmission in plasticity is by no means a new idea (Jones, 

1993). In sensory cortex GABAergic neurons, synapses and GABAA receptors are altered by 

sensory deprivation (Hendry & Jones, 1986; Simons & Land, 1987; Huntsman et al., 1994; 
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Micheva & Beaulieu, 1995a). However, the concept of specialized inhibitory circuits 

involving specific GABAergic neurons and defined GABAA receptor subtypes in precise 

cellular locations has only recently emerged. GABAA specific circuits are likely mediators of 

plastic changes in sensory cortex in developing and early postnatal development (Fagiolini et 

al., 2004; Hensch & Fagiolini, 2005; Jiao et al., 2006). For example, GABAA-specific 

circuits involving postsynaptic 1 subunits (and not 2 subunits) appear to be able to speed 

the onset of the critical period (Fagiolini et al., 2004). There is also evidence showing that 

inhibitory neurotransmission is critical for the developmental maturation of neurons (Mataga 

et al., 2004) and the absence of inhibition at critical times in development may underlie 

dysfunction in diseases such as autism (Rubenstein & Merzenich, 2003). Data from the 

present study show that long-term deprivation periods trigger a switch in 1-subunit-

mediated inhibition in an inhibitory neuron that is not typically associated with fast 1-

subunit-mediated inhibition (Bacci et al., 2003b). Does this switch in functional inhibition on 

LTS interneurons signify an attempt to create a novel GABAA-specific circuit? If so, what 

would a change of only a few milliseconds contribute to overall cortical function in deprived 

sensory cortex? Even though LTS interneurons are only a fraction of the overall inhibitory 

neuronal population, the output of inhibition from this particular type of interneuron may 

yield wide reaching effects at the network level. Changes in decay kinetics, even on the 

millisecond timescale, can alter the synchronization of large populations of neurons 

particularly if fast decay from 1 subunits is involved (Huntsman et al., 1999; Bartos et al., 

2001). Thus, even subtle changes in recurrent inhibition onto LTS interneurons, as our result 

of increased firing frequency in LTS interneurons shows, may result in significant 

consequences such as observed in basket cell development (Doischer et al., 2008). The fact 
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that this change occurs on LTS interneurons is especially significant. LTS interneurons are 

interconnected to each other through electrical synapses and are readily recruited into 

synchronous activation via metabotropic glutamatergic transmission (Gibson et al., 1999; 

Beierlein et al., 2000). Presumably, LTS interneuron synchrony could have wide ranging 

effects on excitatory neuron firing. LTS interneurons are weakly activated by thalamic 

afferents and are considered to be more involved in intracortical rather than thalamocortical 

inhibitory transmission (Beierlein et al., 2003). 

Therefore, alterations in recurrent inhibition onto LTS interneurons may account for 

increased cell synchrony observed in nondeprived barrels (Cheetham et al., 2007). 

Consequently, deprivation may require a new GABAA-specific circuit that involves increased 

1-subunit mediated function in LTS interneurons for the repositioning of sensory maps after 

deprivation.
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CHAPTER III: TWO FUNCTIONAL INHIBITORY CIRCUITS ARE COMPRISED 

OF A HETEROGENEOUS POPULATION OF FAST SPIKING CORTICAL 

INTERNEURONS 

 

A. BRIEF OVERVIEW 

 

Heterogeneity of inhibitory function is often associated with inhibitory interneuron 

diversity. Nomenclature for cortical interneurons is generally based on broad descriptive 

characteristics of morphology, biochemistry and action potential firing patterns; however, no 

singular classification technique is fail-safe as there are often overlapping features (Ascoli et 

al., 2008). In some cases, interneurons with multiple biochemical markers and diverse firing 

patterns are collectively grouped into a heterogeneous group based on specificities of circuit 

connectivity such as ―dendritic targeting‖ interneurons. FS interneurons are characterized by 

high frequency action potential firing, the expression of the calcium binding protein 

parvalbumin and fast inhibitory GABAA receptor mediated synaptic currents and autaptic 

connections (Kawaguchi & Kubota, 1997; Gupta et al., 2000; Bacci et al., 2003a; Bacci et al., 

2003b). The FS interneuron class is comprised of cells that can synapse onto the axon initial 

segment (e.g., chandelier cells) or somatic (e.g., basket cells) regions of their target neurons 

(Markram et al., 2004). These intrinsic and synaptic specializations enable FS interneurons to 

form complex feedforward and feedback circuits (Thomson & Bannister, 2003) to regulate 

rhythmic activity and sensory evoked responses (Porter et al., 2001; Sohal et al., 2009). 

Though FS interneurons have numerous and complex functional attributes, they remain 

grouped together in a singular functional category with no defined identification of diversity 

of function within this interneuron class.  
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The rodent barrel cortex represents a key platform to examine divergent functionality 

of FS interneurons. Within the barrel structures (Woolsey & Van der Loos, 1970) FS 

interneurons are present at increased numbers and participate In layer 4 synaptic inhibition 

from FS interneurons is critical in sensory processing at the very first stage of cortical 

integration (Porter et al., 2001). Whisker driven thalamic afferents synapse onto both 

excitatory and inhibitory interneurons in layer 4 (White & Rock, 1981). This anatomical 

arrangement is the basis for feedforward inhibition – a mechanism that is required to 

suppress non-optimal responses and permit only the most pertinent sensory information 

(Swadlow, 2003). Based on spiking properties and reactivity to thalamic activation, FS 

interneurons are considered the primary mediators of the feedforward inhibitory response 

(Porter et al., 2001; Beierlein et al., 2003).  

Emerging evidence suggests that cortical FS interneurons differentially respond to 

heightened and reduced activity.   In the present study, we propose action potential onset as 

an identifier of different populations of layer 4 FS interneurons into two functional groups. 

We have examined the biochemical, electrophysiological and circuit properties germane to 

barrel cortex function and confirmed the heterogeneity of FS interneuron functions. We 

propose that layer 4 FS interneurons can be classified into two functional groups: Early Onset 

Fast Spiking (FSE) and Delayed Fast Spiking (FSD) interneurons.  

These data are the first to report a new functional grouping of FS interneurons and the 

existence of specialized FS cell circuits in barrel cortex. Given the commonality of action 

potential onset in certain populations of FS interneurons in other cortical layers (Goldberg et 

al., 2008; Woodruff et al., 2009), this categorization likely extends beyond layer 4. We 

employed a combined biochemical, electrophysiological and molecular biological approach 
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to study the morphology, intrinsic properties, voltage gated K
+
 channel expression and the 

synaptic characteristics of FS interneurons in layer 4 barrel cortex.  
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B. MATERIALS AND METHODS 

Slice preparation for electrophysiology 

For all experiments, adult (P21-40) mice (C57BL/6, Jackson Laboratories) of either 

sex were used. Animals were deeply anaesthetized with brief exposure to carbon dioxide 

(CO2) and decapitated. Brains were removed, blocked, and placed in an ice-cold and 

oxygenated high sucrose slicing solution for 2 minutes. Slices including the somatosensory 

cortex were cut in either the tangential (as demonstrated in chapter II) or thalamocortical 

configuration. Thalamocortical brain slices were prepared by making simultaneous 10° 

horizontal and 35° from the midline, with the brain placed ventral side down in a constructed 

angle indicator.  The blocked brain was glued cut side down on a vibratome stage and 

immersed in cold sucrose-slicing solution. Once the position of the pial surface of the brain 

was identified, the first 2400µm were cut and discarded and three consecutive slices of 

300µm were collected. After incubation, tangential or thalamocortical slices were transferred 

to the recording chamber.  

Electrophysiological recordings 

Whole-cell recordings from layer 4 neurons in barrel cortex were performed at room 

temperature (21-23°C) with continuous perfusion (2ml/minute) of ACSF. Two intracellular 

solutions were used in present study. A high chloride concentration solution was used in all 

tangential slice recordings to enhance GABAA receptor-mediated inhibitory currents (in mM): 

70 K-gluconate, 70 KCl, 2 NaCl, 10 HEPES, 4 EGTA, 2 Na2-ATP, 0.5 Na2-GTP (Ecl -16 

mV). For thalamic activation of fast glutamatergic currents a solution containing 

physiological levels of chloride was used (in mM): 130 K-gluconate, 10 KCl, 2 MgCl2, 10 

HEPES, 10 EGTA, 2 Na2-ATP, 0.5 Na2-GTP. All electrophysiological recordings were 
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performed in the whole cell configuration. All recordings were performed in either current 

clamp or voltage clamp mode and digitized for fast acquisition of raw traces and offline 

analysis.  

All cortical FS interneurons were characterized in current clamp mode using multiple 

biophysical parameters including membrane potential, input resistance and rheobase current. 

Additionally, using a series of hyperpolarizing and depolarizing current injections, we 

measured variations in action potential firing patterns and properties for additional 

characterization: saturation frequency, accommodation ratio, action potential duration at half-

width, action potential amplitude and rise time.  Spontaneous IPSCs were recorded in voltage 

clamp mode (VHold = -60mV) in the presence of the glutamate receptor blockers, 6,7-

Dinitroquinoxaline-2,3-dione (DNQX, 20 μM final, Tocris) and DL-2-Amino-5-

phosphonopentanoic acid (DL-AP5, 100 μM final, Tocris).  

GABAA receptor mediated autaptic inhibitory postsynaptic currents (autIPSCs) were 

obtained in voltage clamp mode using a brief (0.5 ms) depolarization step from -70mV to 

+10 mV to elicit an escape spike followed by an inward GABAA receptor mediated IPSC 

(identified by blocking with the competitive GABAA receptor antagonist, 5 µM SR 95531 

hydrobromide (gabazine, Tocris).  

For thalamic activation of glutamatergic currents, a 25μm concentric bipolar 

stimulating electrode (FHC) was positioned such that it contacted intact fibers projecting 

from the ventrobasal complex of the thalamus. Recordings of excitatory postsynaptic currents 

(EPSCs) were made from layer 4 FS neurons in barrels receiving input from the targeted 

fibers in the whole-cell configuration (VHold = -60mV). After determining cell type, 

depolarizing current pulses were delivered to ascending thalamocortical fibers at a rate of 
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once every 15 seconds (Isoflex, A.M.P.I.; CPI, Carl Pisaturo, Stanford University). In order 

to measure thalamic evoked EPSC characteristics, a minimal stimulation protocol was 

employed, such that external stimulus amplitude was adjusted to generate an EPSC with a 

failure rate of approximately 50%. Depending on each individual cell, the amplitude of the 

current pulse ranged between 8.8 μA and 150 μA. Stimulus duration was 0.1 ms in all cases. 

Evoked EPSC amplitude was measured from the baseline to the peak of the initial response 

and stimulus intensity values were collected.   

Electrophysiological parameter definitions (in alphabetical order) 

 

Accommodation ratio (dimensionless): The value of the first interspike interval (ISI) over 

the average of the last three ISIs. 

Action potential amplitude (in mV): the difference between threshold and voltage at peak 

of action potential. 

Action potential threshold (in mV): the membrane potential at the point at which an action 

potential can be evoked with the smallest current step. 

Action potential half-width (in ms): measured at 50% of the action potential amplitude. 

Afterhyperpolarization (AHP; in mV): the difference between threshold and the most 

negative membrane potential after the spike, measured on the response to the smallest current 

step evoking an action potential. 

Input resistance (in MΩ): the slope of the regression line fitted to the V–I curve, measured 

from the response to small current steps resulting in deflections of 10 mV on both sides of 

resting potential. 

Rise time (10-90%) (in ms): The time it takes for an action potential to rise from 10% to 

90% of its action potential amplitude.  



67 

 

Rheobase (in pA): the current it takes for the cell to depolarize from holding potential to 

action potential threshold. 

Saturation frequency (in Hz):  The frequency of action potentials measured at 800pA 

depolarization current step.  

Sag (in mV): the difference between the most negative membrane potential during a 600 ms 

hyperpolarizing current step and the membrane potential at the end of the step. 

Time constant (in ms): membrane time constant, determined from the mono-exponential 

curve best fitting the rising of the response to a small hyperpolarizing current step (-10 mV 

from resting potential). 

Vrest (in mV): resting potential, the stable membrane potential reached a few minutes after 

breaking the seal, with no current applied. 

 

Single-cell RT-PCR 

Analysis of Kv1.1 and Kvβ1subunit mRNA expression, as well as the positive control of the 

house keeping gene GAPDH mRNA expression, was achieved
 
by single-cell reverse 

transcription polymerase chain reaction amplification (SC-RT-PCR) as previously described 

(Huntsman & Huguenard, 2006). Briefly, sterile gloves were worn
 
at all times in order to 

avoid RNase contamination and all solutions were autoclaved prior to use. The cytoplasm of 

each FS neuron was
 
aspirated into the pipette by applying negative pressure after whole-cell 

patch clamp
 
recordings. Glass pipettes were pulled

 
to a resistance in the range of 2.0–3.0 MΩ 

in order to aid in the harvesting of mRNA. For the purpose of optimizing reaction product, 

the pipette was filled with no more than 5 μl of the intracellular solution. RT-PCR 

experiments were performed immediately following physiological recordings
 
in order to 



68 

 

avoid any freeze–thaw irregularities. The cell
 

cytoplasm was harvested under visual 

observation and expelled into an
 
autoclaved 0.5ml Eppendorf tube containing 0.5 μl of oligo-

dT (100ng/μl) and 0.5 μl of dNTPs (10mM) and mixed well. Contents from each individual 

cell were saved on ice until the last cell was harvested
 
and then all samples were processed 

together. Two controls were used during reverse transcription to eliminate false positive 

reactions at this step:  nuclease-free
 
water and intracellular pipette solution (a pipette filled 

with
 
intracellular solution and held above a tangential slice under

 
flowing ACSF for a few 

minutes). The solution was brought to a volume of 6 µl
 
with nuclease-free water, incubated at 

65°C for 10 min and
 
put on ice. Each reaction was then added to a new autoclaved tube

 

containing: 5 x First-strand transcription buffer (2 μl), 100 mM dithiothreitol
 
(DTT) (1 μl), 40 

units/ μl RNase inhibitor (RNasin; Promega, Madison
 
WI, USA) (0.5 μl), and 100 units/ μl of 

M-MLV reverse transcriptase (Ambion) (0.25 μl).
 
This mixture was incubated for 10 min at 

25°C, followed by 50 min at 37°C, then heat
 
inactivated at 70°C for 15 min. The entire 

cDNA template
 
reaction (10 µl) was used in the first round of PCR amplification.

 
Two outer 

primers (forward: 5‘- GCC GCA GCT CCT CTA CTA TC-3‘; reverse: 5‘- CGC CAC TCC 

CCA AAT TCA CA-3‘) were chosen to amplify the Kv1.1 subunit of potassium channel 

corresponding to nucleotides 3405-3710 (NCBI Blast Accession number NM010595.3). For 

the second
 
round of PCR, two nested primers were used (forward: 5‘-CGC AGC TCC TCT 

ACT ATC AGC-3‘; reverse: 5‘-CTA CAG AGC GGG ACA GGA GTC-3‘) corresponding 

to nucleotides 3407-3631 of the rodent
 
sequence yielding a single PCR product of 225 bps. 

For Kvβ1 subunit, two pairs of primers were used to amplify the mRNA expression. Out 

primers (forward: 5‘- GGA GTT GGT GCA ATG ACA TGG -3‘; Reverse: 5‘- CTC GTT 

CAC CAC GTG AGA TG-3‘) are corresponding to nucleotides 1199-1540 (NCBI Blast 
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Accession number NM010597.2) and the two nested primers amplify the sequence of 1218-

1522 which will yield a single PCR product of 305 bps. Primers (Forward: 5‘-CCA GCC 

TCG TCC CAT TGA CAA-3‘; Reverse: 5‘-CAC ACC CAT CAC AAA CAT GGG-3‘) of 

the ubiquitously expressing GAPDH gene were used in both rounds of PCR reactions as a 

positive control of successful cell content extraction with the PCR product of 427bps (NCBI 

Blast Accession number XM 983505.2, corresponding sequence: 630-1056).  Each first 

round reaction was prepared as follows (in µl): 10xPCR buffer (5), 50mM MgCl2 (1.5), 

10mM dNTPs (1.0), three 20pM forward out primers (3), three 20 pM reverse primers (3), 

total reaction content from reverse transcription (10) and 5U/µl Taq DNA polymerase (Fisher 

Scientific)  (0.5), DEPC treated H2O (26).  The thermal cycling program for PCR (Applied 

Biosystems) was: 94°C for 1min, 30 cycles of amplification representing three steps of 

denaturing, annealing and extension (94°C for 30 sec; 55°C for 1 min; 72°C for 1 min) and a 

final extension at 72°C for 7 min.  After
 
the reaction was complete, 5 µl of the 50 µl first 

round reaction was diluted with 95µl of RNase free water.
 
Then 2 µl of this dilution was used 

as the template for
 
the second round of PCR. For the second round of PCR reactions, nested 

primers of different genes were in different reaction tubes. Negative controls of DEPC 

treated water were added for the second round PCR to ensure contamination did not occur 

during this step.  Amplification products were analyzed
 
on a 2% agarose gel and visualized 

by staining with ethidium bromide. Cells expressing Kv1.1, Kvβ1 or GAPDH should have 

the corresponding band of predicted molecular size. The molecular weight
 
marker (100bp) 

was the pBR322 DNA–MspI digest (New England Biolabs).  Verification of Kv1.1 and Kvβ1 

amplification was tested with restriction mapping.  
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Morphology and immunohistochemistry 

After overnight fixation in 4% paraformaldehyde, slices with biocytin-filled cells were 

transferred to 0.1M PBS. If to study the morphology only, fixed slices were rinsed twice in 

0.1M PBS, then incubated in Fluorescein conjugated Avidin-D (1:200, Vector Laboratory) in 

0.1M PBS containing 10% normal goat serum, 2% BSA and 0.5% Triton X-100 for one hour. 

After three rinses of 0.1M PBS, 10 minutes each, slices were mounted and cover slipped with 

Vectashield mounting medium. If to check parvalbumin expression of recorded cells, slices 

should be cryoprotected in 30% sucrose in 0.1M PBS for at least 30 minutes, then re-

sectioned at 50 μm on a sliding microtome (Leica), collected in 0.1M PBS, incubated in 0.6% 

H2O2 for 30 minutes, and transferred into 50% ethanol for 10 minutes twice. After two rinses 

of 0.1M PBS, sections were then incubated for one hour in Texas-red conjugated Avidin-D 

(1:200, Vector Laboratory) in 0.1M PBS containing 10% normal goat serum, 2% BSA and 

0.5% Triton X-100. Slices were then transferred into primary antibody mouse anti-

parvalbumin (1:4,000 in 0.1M PBS, Chemicon) and incubated at 4°C overnight. The 

following day, sections were rinsed twice with 0.1M PBS for 20 minutes each and incubated 

in fluorescein conjugated secondary antibody (1:200 in 0.1M PBS, Vector Laboratory) for 

one hour at room temperature. After two 15 minutes washes, sections were mounted and 

cover slipped. Images of cells were analyzed and captured under confocal microscopy 

(Olympus Fluoview). 

 

Statistical Analysis  

All measurements of intrinsic and synaptic properties were analyzed off-line using Clampfit 

software (v. 9.2 Axon Instruments, Union City, CA). We followed the methodology for 
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obtaining electrophysiological parameters for active and passive membrane properties 

including: input resistance, resting membrane potential (Vrest), rheobase, action potential 

threshold, action potential half-width, action potential amplitude, action potential 

accommodation ratio, action potential saturation frequency, rise time, sag and time constant. 

Isolated sIPSCs from different subtype of FS interneurons were further analyzed as 

illustrated in Chapter I.  
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C. RESULTS 

 In the present study, a total of 252 FS interneurons with somata located in the barrel 

structures of layer 4 primary somatosensory cortex were recorded from acute slices in both 

the tangential and thalamocortical orientations. All FS interneurons examined in this study 

exhibited a high saturating frequency in excess of 150 Hz. This holds true for all high 

frequency firing layer 4 interneurons with the exception of the somatostatin positive ―X94‖ 

interneuron (Ma et al., 2006). The most consistent feature of high frequency firing FS 

interneurons is the expression of the calcium binding protein parvalbumin (Cauli et al., 1997; 

Kawaguchi & Kubota, 1997; Ascoli et al., 2008). Therefore, biocytin was added to the 

intracellular pipette for post-hoc morphological analysis and immunocytochemical 

identification of parvalbumin expression (Figure 11A-C). All physiologically identified FS 

interneurons that were selected for immunocytochemistry were confirmed as parvalbumin 

positive (26 out of 26) (Figure 11A, B). The cytoarchitecture of the barrels consists of a cell 

dense wall, the less dense barrel hollow and the intervening septa (Woolsey & Van der Loos, 

1970). Therefore we wanted to determine if there was a preference for the positioning of FS 

interneurons within the barrel sub-regions. Our immunohistochemical analyses showed 

strong parvalbumin expression across the barrel field with no preference for barrel sub-

regions (Figure 11C, D).  

 

Layer 4 FS interneurons are physiologically categorized in two distinct functional 

groups   

All FS interneurons were physiologically characterized in current clamp mode using 

varying levels of current injection sufficient to produce distinct action potential firing 
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patterns. Figure 12 illustrates responses at increasing levels of injected current (Figure 12A-

F). Although all interneurons fired action potentials at high frequencies with sub-saturating 

current injection, we observed several subtleties in firing patterns at threshold current levels.  

This allowed for an initial organization into two broadly grouped categories according to 

their action potential onset time: ―Delayed Firing‖ (FSD, n = 107) and ―Early Onset Firing‖ 

(FSE, n = 145). For example, FSD interneurons exhibited a prominent delay to the appearance 

of the first action potential (Figure 12Ai, Bi). At levels just above threshold, cells within each 

class were further sub-divided based on variations in firing patterns (Figure 12Aii, Bii).  We 

grouped FSD interneurons into two subtypes: Delayed Non-Accommodating (FSD-NAC) and 

Delayed Stuttering (FSD-STUT). At threshold, FSD-NAC interneurons (n = 63) showed an initial 

delay (Figure 12Ai), the delay remained at increased current injections but this delay was 

then followed by a continuous, non-accommodating firing pattern (Figure 12Aii). With 

increasing current injections, action potentials in FSD-NAC interneurons convert to a 

continuous sweep (Figure 12Aiii) and with little accommodation (adaptation ratio 0.91 ± 

0.014, table 5, Figure 12Aiv). FSD-STUT interneurons (n = 44) (Figure 12Bi-Biv) also 

exhibited a delay in the appearance of the first action potential; however, with increased 

current injections the action potentials exhibited a typical stuttering pattern (Figure 12Bii).  

Similar to FSD-NAC interneurons, at increasing current steps, FSD-STUT interneurons show a 

continuous train of action potentials (Figure 12Biii). In contrast, we classified all the FSE 

interneurons on the presence of an action potential at the beginning of the sweep for all levels 

of depolarizing current injection (Figure 12C-F). This group was further sub-divided into 

four subtypes based on subtleties of firing with increased current levels from threshold: Early 

Onset-Stuttering (FSE-STUT), Early Onset-Late Spiking (FSE-LS), Early Onset-Early Spiking 
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(FSE-ES) and Early Onset-Accommodating (FSE-AC). For FSE-STUT interneurons (n = 82) 

(Figure 12Ci-Ciii) the threshold response begins with an action potential with no delay. With 

increased current, action potentials appeared in a stuttering pattern (Figure 12Cii) and then 

transformed to continuous firing of action potentials under further increased current 

injections (Figure 12Ciii).  FSE-LS interneurons (n = 24) fired one or multiple action potentials 

at the beginning of the threshold sweep (Figure 12Di), followed by a pause then a train of 

multiple action potentials until the end of the sweep (Figure 12Dii). As FSE-LS interneurons 

became more depolarized with greater current injection, they fired at higher frequency and 

eventually formed a constant sweep of action potentials (Figure 12Diii). At threshold current 

levels, FSE-ES interneurons (n = 24) (Figure 12Ei) fired one or multiple action potentials at 

the onset followed by no action potential firing for the remainder of the sweep. This pause of 

repetitive action potential firing occurred at increased current injections as well (Figure 

12Eii).  When these interneurons became more depolarized, the action potentials in the 

beginning of the sweep extend and the pause of firing becomes shorter until a full sweep of 

action potentials eventually ensues (Figure 12Eiii).  FSE-AC interneurons (n =15) exhibited a 

single action potential at threshold (Figure 12Fi). With increased current injections, FSE-AC 

interneurons showed different firing frequency within a sweep (Figure 12Fii). For example, 

the inter-spike-interval (ISI) among the first three to five action potentials were shorter than 

the rest of the ISIs, such as the 10
th

 ISI: ISI-10, (p < 0.0005, n = 15) and the last ISI: ISI-L (p 

< 0.0001, n = 15) (Figure 12Fiv).  

 

Molecular identification of FS interneurons by potassium channel expression 
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Previous work has shown that high variable electrophysiological properties result 

from the combined activity of different membrane ion channels (Llinas, 1988) and cell 

morphology (Mainen et al., 1996). Among those ion channels, the voltage gated potassium 

channel Kv1 family plays an important role in action potential initiation at near threshold 

potentials and also serves to suppress action potential firing (Coetzee et al., 1999; Golomb et 

al., 2007). Additionally, Kvβ1 is an auxiliary subunit that forms complexes with the Kv1 

family of ion channels leading to fast inactivation of evoked currents in heterozygous 

expression systems (Pongs et al., 1999). In a recent study, it was suggested that Kv1.1 

channels at the axon initial segment (AIS) dampen near-threshold excitability and thus likely 

causes the delayed firing behaviour at threshold potentials in certain types of layer 2/3 FS 

interneurons (Goldberg et al., 2008). In theory, the presence of Kv1.1 at AIS should predict 

the FSD subtype and co-expression of Kv1.1 and Kvβ1 may predict the FSE subtype. In order 

to test if this is true for layer 4 FS interneurons, we used SC-RT-PCR using dual primers for 

both Kv1.1 and Kvβ1 in order to investigate if potassium channel expression could 

differentiate FSD and FSE interneurons (Figure 13A). As expected, we observed Kv1.1 

expression in all FSD interneurons and a complete lack of expression for Kvβ1 (Figure 13). 

Conversely, all FSE interneurons express Kv1.1: about one third of the FSE interneurons 

express Kv1.1 alone (4 out of 12) while the remaining interneurons co-express both Kv1.1 

and Kvβ1 mRNA (8 out of 12) (Figure 13C).  The presence of Kv1.1 in FSE interneurons 

without the Kvβ1 auxiliary subunit is likely indicative of the RT-PCR technique that will 

amplify message regardless of the Kv1.1 protein expression as well as sub-cellular 

positioning. In layer 2/3 FS interneurons, it was proposed that the early firing FS interneuron 

will have Kv1.1 expression but it is only important if Kv1.1 is inserted at the AIS (Goldberg 
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et al., 2008). Thus while layer 4 FSE interneurons express Kv1.1 message, functional protein 

in the correct subcellular location is likely vital.  Nevertheless, with respect to both FSD and 

FSE interneuron subtypes, the presence of Kvβ1 could be an indicator of a subset of FSE 

interneurons, while the lack of expression of Kvβ1 mRNA could be in two situations: 1) 

Kv1.1 protein expression in AIS may indicate the neuron to be an FSD, 2) Kv1.1 protein 

expression is excluded from AIS but in other subcellular location may indicate an FSE type.   

 

Morphological characterization of layer 4 FS interneurons 

Cortical FS interneurons are distinguished morphologically into different cells based on 

axonal arborizations: large basket cells, small basket cells, nest basket cells and chandelier 

cells (Wang et al., 2002; Markram et al., 2004). In select recordings of physiologically 

characterized layer 4 FSD and FSE interneurons, we included biocytin in the intracellular 

pipette and determined morphological details (n=60) (Figure 14).  In all FS interneurons 

recovered from layer 4, we did not detect FS interneurons with the chandelier cell 

morphology. All FSD and FSE interneurons with somata located in the layer 4 barrel 

structures were basket cells (large basket cells, LBC; small basket cells, SBC; and nest basket 

cells, NBC). We found that most types of FSD and FSE interneurons showed no definitive 

somata distribution that favored the wall or hollow sub-regions of the barrel field. The one 

exception was the FSE-LS interneurons, which were exclusively located in the barrel hollow.  

Of all the recovered cells, there were morphological subtleties with regard to dendritic 

projections and axonal arborizations for each cell subtype (Figure 14, table 7). The FSD-NAC 

interneurons were all basket cells (n=5) that exclusively extend both dendrites and axons 

vertically (inter-laminar) into the lower portion of layer 3 with minor projections into layer 5 
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(Figure 14A). In contrast FSD-STUT interneurons were more diverse with cells that have 

projections confined to a barrel (n=2 of 9) and others that extended both vertically across 

layers and horizontally into neighbouring barrels (n=7 of 9) exhibiting the morphology of 

LBCs (Wang et al., 2002). The FSE-STUT interneurons are also diverse. Most of the cells 

exhibit vertically (inter-laminar) oriented projections (n=9 of 31) or both inter-laminar and 

inter-columnar (n=20 of 31) (Figure 14C), with only the exception of an intrabarrel 

projection (n=1 of 31) and an intercolumnar projection (n = 1 of 31). All FSE-LS interneurons 

were found in the hollow but with different projections, either restricted to the barrel (n=2 of 

5) or inter-columnar and inter-laminar (n=3 of 5) (Figure 14D).  All FSE-ES interneurons have 

restricted dendritic and axonal projections within the parent barrel (n=7). In some cases, we 

observed dendrites that extend to the wall and turn back into the hollow of the barrel (Figure 

14E). Similar to FSE-ES interneurons, all projections of the FSE-AC interneurons were restricted 

to the parent barrel with shortened and thick dendrites and a dense axon arborization that 

remained within the parent barrel. In most cases, the dense plexus surrounds neighboring 

neurons within the barrel and show characteristic features of NBCs (Wang et al., 2002) 

(Figure 14 F).  

 

Biophysical properties indicate FSD and FSE interneuron subgroups 

 Previous studies on cortical interneurons rely heavily on biophysical properties for 

classification and terminology (Ascoli et al., 2008). As shown in Figure 12, FS interneurons 

in layer 4 were separated into two categories based on the appearance of the first action 

potential in a depolarizing train. In order to determine if layer 4 FS interneurons fit into these 

two populations (FSD and FSE) functionally, we measured multiple biophysical parameters of 
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various active and passive membrane properties and compared the values between FSD and 

FSE interneurons (Table 5). In seven of these twelve parameters we found significant 

differences that separate the two subgroups. For example, FSD interneurons exhibited higher 

values for saturation frequency (FSD = 192.7 ± 2.7 Hz, n = 107 vs FSE = 171.5 ± 2.5 Hz, n = 

145, p < 0.00001), accommodation ratio (AR) (FSD = 0.91 ± 0.014, n = 107 vs FSE = 0.77 ± 

0.011, n = 145, p < 0.00001) and time constant (FSD = 11.84 ms ± 0.69, n = 34 vs FSE = 9.01 

± 0.34, n = 64, p < 0.0001). However, there were no observable differences in action 

potential half-width (FSD = 0.647 ± 0.023 ms, n = 107 vs FSE = 0.684 ± 0.013 ms, n = 145, p 

= 0.13), action potential rise time (FSD = 0.347 ± 0.012 ms, n = 107 vs FSE = 0.371 ± 0.015 

ms, n = 145, p = 0.127) and after-hyperpolarization potential (AHP) (FSD = 16.64 ± 0.84 mV, 

n = 107 vs FSE = 16.48 ± 0.61 mV, n = 145, p = 0.875). Both groups also exhibited similar 

values for the sag (Ih current) at hyperpolarizing current injections (FSD = 6.02 ± 0.413 mV, 

n = 107 vs FSE = 5.11 ± 0.289 mV, n = 145, p = 0.064). With regard to passive membrane 

properties FSD interneurons showed a higher input resistance than FSE interneurons (FSD = 

170.9 ± 7.32 MΩ, n = 107 vs FSE = 121.8 ± 4.16 MΩ, n = 145, p < 0.00001) but similar 

resting membrane potentials (Vrest) (FSD = -61.2 ± 0.43 mV, n = 107 vs FSE = -59.5 ± 0.97 

mV, n = 145, p = 0.178). Additionally, FSD interneurons had lower rheobase current values 

(the current required to elicit a threshold response) (FSD = 145.8 ± 7.63 pA, n = 107 vs FSE = 

194.8 ± 6.95 pA, n = 145, p < 0.00001), higher action potential threshold (FSD = -39.67 ± 

0.37 mV, n = 107 vs FSE = -44.48 ± 0.31 mV, n = 145, p < 0.00001) and smaller action 

potential amplitude (FSD = 65.71 ± 1.33 mV, n = 107 vs FSE = 72.27 ± 1.09 mV, n = 145, p 

< 0.001). It is worth noting that even though the averaged AR from all recorded FS 

interneurons were above 0.8 (AR = 0.83 ± 0.009, n = 252), we did observe higher AR in FSD 
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interneurons (AR = 0.91 ± 0.014, n = 107) than in FSE interneurons (AR = 0.77 ± 0.011, n = 

145, p < 0.00001). An especially lower AR was observed in the FSE-AC subtype (AR = 

0.607± 0.024, n = 15). It is possible that the low AR of FSE-AC affect the AR of the whole 

FSE population to a statistically significant lower value comparing to the FSD populations. 

Therefore we tested AR between FSD and FSE with the FSE-AC subtype excluded and still 

obtained significant differences (FSE without FSE-AC: AR = 0.788 ± 0.01, n = 130, p < 

0.00001). In summary, based on the significance on these seven key biophysical parameters, 

our study provides evidence for biophysical categorization of layer 4 FS interneurons into 

two functional categories. 

 

Synaptic and Autaptic properties of layer 4 FS interneurons  

 FS interneurons are also differentiated from other cortical interneurons based on 

synaptic (Bacci et al., 2003b) and autaptic (Tamas et al., 1997; Bacci et al., 2003a) GABAA 

receptor-mediated inhibitory currents. Therefore, in order to determine if synaptic differences 

exist between FSD and FSE interneurons, we recorded sIPSCs in voltage clamp mode (Vhold = 

-60 mV) and measured sIPSC decay kinetics (Figure 15A,B, Table 6). All events from 

individual FS interneurons were averaged and fit to two exponentials to illustrate, fast and 

slow components of sIPSC decay in layer 4 FS interneurons. The weighted time constant 

(τD,W) of sIPSCs from both FSD and FSE interneurons revealed no significant differences in 

decay rate (FSD D,W = 3.73 ± 0.10 ms, n = 30; FSE τD,W = 3.77 ± 0.14 ms, n = 34, p = 0.8202). 

Additionally, both fast (τ1) and slow (τ2) components of sIPSC decay were also not 

significantly different (Table 6). We did not observe differences in the frequency of sIPSCs 

(FSD = 7.07 ± 0.53 Hz, n = 30; FSE = 8.5 ± 0.82 Hz, n = 34, p = 0.1424). Therefore, just as 
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high action potential firing frequency is a characteristic of the FS interneurons, it appears as 

though fast synaptic decay is also preserved. Also, no significant differences were found in 

the rise time of sIPSCs (FSD = 0.809 ± 0.036 ms, n = 30; FSE = 0.754 ± 0.033 ms, n = 34, p = 

0.2632). In contrast to decay rate and rise time, the amplitude of sIPSCs recorded from FSD 

interneurons was consistently smaller (26.81 ± 1.90 pA, n = 30) than FSE interneurons (41.68 

± 2.54 pA, n = 34, p < 0.0001). And as expected, the mean charge transfer was also 

significantly different between FSD and FSE interneurons (FSD = 716.8 ± 86.1 pC, n = 30; 

FSE = 1210.4 ± 118.9 pC, n = 34, p < 0.01). Cumulative distribution plots of sIPSCs from 

representative FSD and FSE interneurons (Figure 15B) reveal differences in amplitude were 

observed across all events.  

In addition to inhibitory inputs from other GABAergic interneurons, FS interneurons 

self innervate with autaptic connections from collaterals from the parent axon (Tamas et al., 

1997; Bacci et al., 2003a). Autapses are characteristic features of FS interneurons and 

function to facilitate precise action potential timing and promote synchronized cortical 

network oscillations (Bacci & Huguenard, 2006). Therefore differences in the size and timing 

of autaptic responses may indicate separate ways in which FSD and FSE interneurons 

modulate their own output.  In the present study, autaptic IPSCs (autIPSCs) were generated 

from FS interneurons with brief (0.5ms) depolarizing ramps from a holding potential of -

70mV to 10mV (Figure 15C). In order to maximize autIPSC detection, a high chloride pipette 

solution was employed. Under these conditions, we observed a fast inward Na
+
 current, 

followed by a slower GABAA receptor mediated current that can be blocked with 5µM 

gabazine (Figure 15C) (Bacci et al., 2003a). While all subtypes of layer 4 FS interneurons 

exhibit autIPSCs, they appeared more frequently in FSE interneurons (40 of 44) than in FSD 
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interneurons (21 of 31). In addition to a higher occurrence of functional autapses, the autaptic 

currents recorded from FSE interneurons were over double in size (FSE: 227.1 ± 26.5 pA, n = 

40 versus FSD: 102.9 ± 14.9 pA, n = 21, p < 0.01) (Figure 15D).  The majority of layer 4 FS 

interneurons show autaptic depression when given a series of 40Hz stimuli (Bacci & 

Huguenard, 2006) thus exhibiting dynamic plasticity of this GABAA receptor mediated 

neurotransmission (Figure 15E). Sustained current injection elicts a train of action potentials 

at a slightly higher frequency under the influence of the inward autaptic excitatory currents. 

The rest of the action potentials exhibited lower but relatively stable frequency due to the 

depressing phenomenon (Figure 15Fi-ii left). Thus when autaptic inward currents were 

blocked by gabazine (5µM), the spiking pattern changed to a steady frequency without 

accommadation (Figure 15Fi-ii right). Therefore, just as in other regions, autaptic 

transmission in layer 4 FS interneurons likely plays as an important factor in modulating the 

action potential firing pattern.  

 

Circuit properties of layer 4 FS interneurons 

FS interneurons in layer 4 mediate feedforward inhibition onto layer 4 excitatory neurons 

(Agmon & Connors, 1992; Porter et al., 2001; Beierlein et al., 2003; Swadlow, 2003). 

Therefore glutamatergic responses can be evoked in FS interneurons from thalamic 

stimulation in an in vitro model of sensory processing using thalamocortical slices (Agmon 

& Connors, 1991; Porter et al., 2001). In order to study the nature of thalamic input onto FSD 

and FSE interneurons in layer 4 barrel cortex, thalamic-evoked excitatory postsynaptic 

currents (EPSCs) were investigated in a thalamocortical slice preparation using a minimal 

stimulation protocol (Figure 16A,B).  In most cases fast AMPA receptor-mediated 
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monosynaptic thalamic-evoked EPSCs were recorded from both FSD and FSE interneurons. 

However, some FSE interneurons (5 of 15) exhibited delayed recurrent excitatory EPSCs 

right after the monosynaptic TC evoked EPSCs (Figure 16B). These recurrent EPSCs could 

not be removed by applying DNQX (0.1µM) (data not shown), suggesting that NMDA 

receptor mediated currents are contributing to the recruiting of RS interneurons in layer 4 

barrel cortex in response thalamic activity (Hull et al., 2009). Both FSD and FSE interneurons 

required similar current values to initiate a threshold response (FSD = 59.3 ± 15.5 pA, n=9; 

FSE = 48.5 ± 5.4 pA, n=15, p=0.459, Figure 16C) despite these two categories showing very 

different intrinsic properties, such as the lower input resistance in FSE interneurons. 

Comparisons of the monosynaptic responses between the two categories revealed 

significantly increased EPSC amplitude for FSE interneurons (FSD= 99.79 ± 13.84 pA n= 9; 

FSE = 145.04 ± 12.37pA, n=15, p < 0.05, Figure 16D). We and others have shown that this 

phenomenon of lower resistance interneurons exhibiting stronger thalamic responses is 

consistent with previous reports of thalamic activation of FS interneurons in layer 4 (Porter et 

al., 2001; Krook-Magnuson et al., 2008). The larger response in FSE interneurons may be 

indicative of postsynaptic differences (Hull et al., 2009), and as such may be an indicator of 

distinct excitatory microcircuits between the two FS interneuron categories.   
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Figure 11. Distribution of parvalbumin expressing fast spiking interneurons in mouse 

barrel cortex.   

 

(A-B) High magnification confocal images of fluorescently labeled parvalbumin 

immunopositive interneurons.  (B) Selected interneuron filled with biocytin and processed 

with Texas Red reveals co-localization of parvalbumin expression (white arrows in A, B). 

Depolarizing current injection evokes high frequency firing of this cell prior to histology 

(lower left in A).  (C) Low magnification confocal image of a tangential slice through layer 4 

of the primary somatosensory cortex illustrates distribution of parvalbumin immunopositive 

interneurons (FITC-labeled cells) across the barrels of the postero-medial barrel subfield 

(PMBSF). Five selected cells were recorded from- and processed with biocytin and labeled 

with Texas Red. (D) The firing patterns of biocytin labeled cells in C superimposed onto a 

schematic drawing of the barrel pattern shown in C. (Scale bar in C, D: 200µm) Note, there 

is no sub-regional preference for parvalbumin positive cells within the barrel structures. 
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Figure 12. Actional potential onset determines two categories of FS interneurons. The 

appearance of the first action potential at threshold separates layer 4 FS interneurons into 

delayed and early onset firing sub-groups. FSD-NAC (Ai) and FSD-STUT (Bi) interneurons 

exhibit a prominent delay but with increased current injections, a continuous non-

accommodating firing pattern for FSD-NAC (Aii) compared to stuttering pattern of FSD-STUT 

(Bii). Both subtypes demonstrate a tonic firing state at supra-threshold current levels (Aiii 

and Biii). All early onset firing FS interneurons fire an action potential at the beginning of 

the trace (Ci-Fi). FSE-STUT interneurons stutter (Cii) then form a continuous firing pattern 

with higher current injection (Ciii). FSE-LS interneurons have a pause before more action 

potentials appear later in the trace (Dii) and as depolarizing current increases, the delay 

shortens (Dii) and becomes continuous (Diii). Action potential firing in FSE-ES interneurons 

occur at the beginning of the sweep (Ei) and increase across the trace as more current is 

injected into the cell (Eii) until finally a continuous tonic firing pattern emerges with more 

depolarizing current (Eiii). FSE-AC interneurons fire a single action potential at the beginning 

of the threshold sweep (Fi). With increased current depolarization, action potential frequency 

is higher at the beginning of the trace then at the end (Fii). Inter-spike intervals (ISI) taken 

near 100Hz firing frequency of each representative FS subtype are shown (Aiv-Fiv). FSE-AC 

and FSE-ES demonstrate a high degree of fluctuation of ISI at the beginning and end of the 

action potential firing sweeps. 
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Figure 13. Potassium channel mRNA expression in FSD and FSE interneurons. 

(A) Action potential firing patterns of FSD (left) and FSE (right) interneurons. (B) Ethidium 

bromide stained gel of single cell RT-PCR products amplified with primers specific for 

Kv1.1, Kvβ1 and GAPDH. Despite the delayed firing, Kv1.1 mRNA was amplified from 

both FSD and FSE interneurons (B, C). Kvβ1 mRNA was only present the FSE interneuron 

sub-group. (C) Pie chart illustration of all pooled data of RT-PCR mRNA amplification of 

Kv1.1 and Kvβ1 in FSD and FSE interneurons.  Note, no Kv β1 expression (0 of 5, black line) 

was ampliifed in FSD interneurons. All FSE interneurons have Kv1.1 mRNA (12 of 12) while 

only a subset co-express Kv β1 mRNA (8 of 12).  
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Figure 14. Morphological heterogeneity of FS interneurons. (A) Two biocytin filled FSD-

NAC interneurons in neighbouring barrels (layer 4 barrel outlines are depicted as white boxes 

in all panels) showing axon projections extending vertically into the lower portion of layer 

2/3, with minor projections to layer 5. (B) Dendritic projections of FSD-STUT interneurons 

remain with the barrel walls and in some cases projections will turn back into the barrel 

hollow (white arrow). Note, the axon mainly stays within the parent barrel with minor 

horizontal projections to neighbouring barrels. (C) Two FSE-STUT interneurons in 

neighbouring barrels reveal dendritic and axonal projections extending up into layer 2/3. The 

axons of these interneurons extend vertically up through layer 2/3 and cover the region above 

the parent barrel and across the cortical column into the area above the adjacent barrel. (D) 

An FSE-LS interneuron shown with axonal projections extending to adjacent barrels on either 

side. (E) An FSE-ES interneuron illustrating projections of both axons and dendrites remaining 

inside the parent barrel. Note, a major dendrite is shown curving back into the hollow of the 

parent barrel (white arrow). (F) Illustration of an FSE-AC interneuron showing intrabarrel 

arborization. Note the axon plexus wraps around cell bodies (white arrows) indicative of the 

nest basket cell morphology.  All scale bars = 100µm. 
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Figure 15.  Synaptic and autaptic studies exhibit large amplitude currents in FSE 

neurons.  

(A) Representative voltage-clamp recording showing raw traces of sIPSCs from FSD (upper 

trace) and FSE (bottom trace) interneurons. (B) Cumulative probability hitogram of sIPSC 

amplitude distribution from the FSD (black) and FSE (gray) shown in A demonstrate the 

relative distributions of events within a recording period. (C) Averaged autIPSCs traces 

recorded from an FS interneuron elicited by a brief (0.5ms) depolarizing ramp from -70mV 

to 10mV. The depolariztion elicited a fast inward sodium current (truncated), followed by a 

slow inward GABAA receptor mediated current that is blocked by gabazine (5µM) (below). 

(D) Pooled data of the first autIPSC amplitude reveal significant differences between FSD and 

FSE interneurons. ** = p < 0.01. (E) Representative autIPSC trace of five consecutive 

stimulations (40Hz) recorded from an FSE-AC  interneuron show autaptic current depression 

and blockade by gabazine (5µM, right). (Fi) Higher frequency action potential firing shown 

at the beginning of the trace recorded from an FSE-AC  interneuron (left) and removal with 

gabazine (5µM, right). (Fii) Plot of ISIs from the corresponding above traces.  
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Figure 16. Thalamocortical evoked responses are larger in FSE interneurons. 

Representive traces of EPSCs evoked through minimal stimulus to acheive 50 percent failure 

ratio are shown in both FSD (A) and FSE (B) interneurons. Note, recurrent excitatory EPSCs 

(in B) following the monosynaptic TC evoked response were oberserved only in portion of 

FSE interneurons (5 out of 15).  (C) No significant difference was found between FSD and 

FSE in terms of their threshold current to evoke a thalamacortical response (p = 0.459 ). (D) 

Mean values of pooled data reveal increased evoked EPSC amplitudes in FSE interneuons. * 

= p < 0.05.   
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Table 5. Active and Passive Membrane Properties 

 

  

FSD 

(n=107) 

 

FSE 

(n = 145) 

f 

p value 

    

Saturation Frequency(Hz)  192.7 ± 2.7 171.5 ± 2.5  <0.00001 

AP accommodation ratio 0.91 ± 0.014 0.77 ± 0.011 <0.00001 

AP Half-width (ms) 0.65 ± 0.02 0.68 ± 0.01 0.131 

Rise time (10-90%) (ms) 0.35 ± 0.01 0.371 ± 0.01   0.127 

AP threshold (mV) -39.67 ± 0.37 -44.48 ± 0.31 <0.00001 

AP amplitudes (mV) 65.71 ± 1.33 72.27 ± 1.09 0.00016 

AHP (mV) 16.64 ± 0.84 16.48 ± 0.61 0.875 

Rheobase (pA) 145.8 ± 7.63 194.8 ± 6.95 <0.00001 

Vrest (mV) -61.2 ± 0.43 -59.5 ± 0.97 0.178 

Sag (mV) 6.02 ± 0.41 5.11 ± 0.29 0.064  

Input Resistance(MΩ) 170.9 ± 7.32 121.8 ± 4.16 <0.00001 

Time Constant (mS) 11.84 ± 0.69 

    (n = 34) 

9.01± 0.34 

    (n = 64) 
0.00008 

    

 Significance (in bold) was determined by unpaired student‘s t-test 
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Table 6. Synaptic Properties of layer 4 FS interneurons 

 

 

 

 

 

FSD 

(n=30) 

 

    FSE 

     (n = 34) 

 

p value 

    

Frequency (Hz) 7.07 ± 0.53 8.50 ± 0.82  0.1424 

Amplitude 1 (fast A1, pA)  21.38 ± 1.64 32.32 ± 2.12  <0.0001 

Tau 1 (ms) 2.49 ± 0.09  2.54 ± 0.08 0.6319 

Amplitude 2 (slow A2, pA) 5.58 ± 0.56 9.36 ± 1.15 0.0040 

Tau 2 (ms) 9.50 ± 0.58 8.93 ± 0.47 0.4452 

Weighted Tau, τD,W (ms) 3.73 ± 0.10 3.77 ± 0.14 0.8202 

Total Amplitude (pA) 26.81 ± 1.90 41.68 ± 2.54   <0.00001 

Charge (pC/s) 716.8 ± 86.1 1210.4 ± 118.9 0.0012 

Rise time (ms) 0.809 ± 0.036 0.754 ± 0.033     0.2632 

    

  

 

Significance (in bold) was determined by unpaired student‘s t-test 
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Table 7.  Axonic arborizations of 6 subgroups of FS interneurons in layer 4 barrel 

cortex.

 

 

 

 

FSD-NAC 

(n=5) 

 

FSD-STUT 

(n=9) 

 

FSE-STUT 

(n = 31) 

 

FSE-ES 

(n = 7) 

 

FSE-LS 

(n = 5) 

 

FSE-LS 

(n = 3) 

       

Inter-columnar 0 2 1 0 0 0 

       

Inter-laminar  3 

 

1 9 0 2 0 

Inter-columnar+ 

Inter-laminar 

2 4 20 0 1 0 

       

Intra-barrel 0 2 1 7 2 3 
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D. DISCUSSION  

 

It is often proposed that cortical interneuron diversity implies a specialization of 

inhibitory function (Amitai & Connors, 1995; Beierlein et al., 2003). Therefore, 

identification of divergent circuitry requires both intrinsic cellular and synaptic 

differentiation in regions with highly diverse interneuron populations. The results of the 

present study represent the first grouping of a morphologically heterogeneous population of 

cortical FS interneurons into two distinct functional categories in layer 4 of the mouse barrel 

cortex. Using functional criteria previously employed to identify interneuron populations, we 

found FSD and FSE interneurons differed in 7 key biophysical properties (saturation 

frequency, rheobase current, input resistance, time constant, action potential accommodation, 

action potential threshold and action potential amplitude), inhibitory synaptic properties 

(sIPSCs or autIPSCs) and in their response to the stimulation of thalamic afferents. These 

cumulative differences suggest that FSE interneurons possess intrinsic and synaptic 

specializations that allow them to more reliably mediate feedforward inhibitory 

neurotransmission than their FSD counterparts and as such represent a variation of function 

within the FS interneuron class.  

 

FSD and FSE as functional categories   

Intrinsic and synaptic physiological criteria are often employed to distinguish neuronal 

identification (McCormick et al., 1985; Kawaguchi & Kubota, 1997; Gupta et al., 2000; 

Wang et al., 2002; Bacci et al., 2003b; Beierlein et al., 2003; Wang et al., 2004; Xu et al., 

2006). These criteria are often used to separate inhibitory neurons from excitatory neurons as 

well as to classify differences between interneuron subpopulations. In the present study, we 
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employed similar approaches to determine if different subcategories of FS interneurons exist 

in layer 4 of the primary somatosensory cortex - a region with known functional diversity of 

FS interneurons. Axon terminals from FS interneurons are positioned to deliver powerful 

inhibition over the summated synaptic potential as well as dictate action potential firing of 

the target cell; and as such contribute vital roles in various cortical activities through distinct 

functional circuits such as: feedforward inhibition of sensory evoked responses, plasticity of 

sensory map reorganization and the control of synchronized firing of excitatory microcircuits 

at distinct frequencies (Wang et al., 2002; Beierlein et al., 2003; Fagiolini et al., 2004; 

Maffei et al., 2006; Cardin et al., 2009; Sohal et al., 2009). Therefore, speculation on 

diversity of function should not just govern all interneurons (Markram et al., 2004) but 

should extend to within the FS interneuron class, especially with respect to sensory 

responsiveness and the selective participation during periods of heightened coordinated 

activity or UP states (Puig et al., 2008; Moore et al., 2010).   

In the present study, we observe quantitative differences in key intrinsic, synaptic and 

circuit properties between layer 4 FSD and FSE interneurons that indicate a basis for distinct 

microcircuitry in barrel cortex (Figure 17). As a prominent mediator of feedforward 

inhibition, FS interneurons are important in performing spatial and temporal control of 

thalamocortical sensory information (Porter et al., 2001; Beierlein et al., 2003; Cruikshank et 

al., 2007).  Multiple properties contribute to the responsiveness of layer 4 interneurons 

including intrinsic and synaptic properties that allow for reliable activation from thalamic 

fibers. FSD interneurons have higher input resistance and a longer time constant values than 

FSE interneurons. Based on intrinsic properties alone, this may indicate a higher 

responsiveness in FSD interneurons. However, with similar threshold current pulses, FSE 
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interneurons exhibit significantly larger thalamic-evoked AMPA-mediated EPSCs suggesting 

increased excitatory synaptic connectivity. The differences in magnitude of thalamic-evoked 

EPSCs in FSE interneurons may indicate increased thalamocortical innervation (White & 

Keller, 1987; Staiger et al., 1996). Furthermore, it is worthy to note that we recorded 

thalamic-evoked responses with recurrent AMPA mediated EPSCs from 5 out of 15 FSE 

interneurons. This suggests that these particular cells are subject to NMDA-mediated 

recurrent polysynaptic excitation from intrinsic excitatory cells (Hull et al., 2009). This high 

frequency (about 140 Hz) oscillation may also be controlled by GABAergic inputs from 

other FS interneurons. We would speculate that other FSE interneurons are involving this 

recurrent oscillation, because we haven‘t found this recurrent activity in any FSD interneurons. 

Therefore, FSE interneurons may be more suitable for eliciting a more reliable feedforward 

inhibitory response in layer 4 excitatory neurons (Hull et al., 2009), as well as more active in 

the control of neocortical oscillation.   

 

Synaptic and autaptic inhibitory specificity  

In addition to biochemical and membrane properties, neuronal populations are also 

differentiated by GABAA receptor-mediated inhibitory synaptic neurotransmission 

(Huntsman & Huguenard, 2000; Bacci et al., 2003b). Differences in IPSC decay kinetics and 

amplitude across different brain regions and during periods of development are reflective of 

differential GABAA receptor subunit expression and distribution (Huntsman & Huguenard, 

2000). Cortical FS interneurons are characterized with fast decaying α1-containing GABAA 

receptor mediated sIPSCs (Bacci et al., 2003b). Comparisons of FSD and FSE interneurons, 

revealed no differences in synaptic decay kinetics. We did however observe significantly 
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larger sIPSC amplitudes and overall charge in FSE interneurons. Larger sIPSCs may reflect 

subtleties in activity and innervation from presynaptic interneurons such that FSE 

interneurons may have higher subunit density at synaptic sites. Since there are no significant 

differences observed in sIPSC risetime kinetics, frequency and decay, this synaptic 

difference may stem from higher receptor density and not likely include presynaptic release 

mechanisms, somatic location or different composition of the postsynaptic receptor subtypes. 

Therefore, the amplitude difference may be the only factor contributing to differences in 

charge in FSE interneurons.  

Another characteristic feature of FS interneurons is the presence of autaptic 

connections (Tamas et al., 1997; Bacci et al., 2003a). Autaptic neurotransmission represents 

a form of robust and transient feedback inhibition that is important for the intrinsic regulation 

of spike timing in FS interneurons (Bacci & Huguenard, 2006). We observed autIPSCs in all 

subtypes of FS interneurons as fast, GABAA receptor-mediated events with short, 

reproducible latencies and similar decay kinetics (Bacci et al., 2003a). However, functional 

autaptic transmission was much more readily observed in FSE interneurons. Moreover, 

autIPSCs in FSE interneurons were significantly larger in amplitude. Differences in autIPSCs 

amplitude reveal structural and/or functional similarities within the FSE category that set 

them apart from FSD interneurons in three non-mutually exclusive details: 1) the higher 

recovery rate in FSE interneurons may indicate that this category of FS interneurons have 

shorter autaptic connections and as such, are not excised in the slicing process, 2) the 

increased amplitude of autIPSCs in FSE interneurons may result from a higher proportion of 

somatic versus on proximal dendritically located autapses (Tamas et al., 1997) and 3) FSE 

interneurons may have a higher density of GABAA receptors at the autaptic connection. 



102 

 

Therefore, based on the larger amplitude autaptic currents in FSE interneurons, we would 

speculate that FSE interneurons, especially the FSE-LS, FSE-AC subtypes, are more powerful in 

facilitating precise spike timing and promoting synchronized cortical network oscillations 

(Bacci & Huguenard, 2006; Sohal et al., 2009). 

 

Functional implications for plasticity and disease  

The proper identification of functionally distinct categories of interneuron subtypes is 

critically important for understanding why certain subsets of FS interneurons are 

compromised after sensory deprivation or in the diseased brain. Parvalbumin positive 

interneurons have been implicated in sensory deprivation-induced plasticity and also in 

mechanisms of disease. This is observed as reductions in parvalbumin staining in the 

pathogenesis of disorders such as epilepsy, neurodevelopmental disorders and schizophrenia 

(Lewis et al., 2001; Powell et al., 2003; Selby et al., 2006; Andrioli et al., 2007; Canty et al., 

2009).  Therefore, a critical question to ask is whether reductions in parvalbumin staining 

signify a global loss of FS interneurons or the depletion of specific functional subtypes. The 

answer is multifaceted because there are several circuit, cellular and intrinsic factors that 

underlie the propensity of certain cell types to be compromised. While the present study does 

not specifically investigate this scenario, there is evidence of differential changes of layer 4 

parvalbumin positive interneurons following whisker removal.  For example, FS interneurons 

in whisker-deprived barrels undergo biochemical, physiological and morphological changes 

(Micheva & Beaulieu, 1995b; Jiao et al., 2006; McRae et al., 2007; Nowicka et al., 2009; 

Sun, 2009). Reports of decreased GABA-immunopositive interneuron density and partial 

down-regulation of perineuronal net expression reveal selective survival of parvalbumin 
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positive interneurons (Micheva & Beaulieu, 1995b; Jiao et al., 2006; McRae et al., 2007).  

Based on the observed significant biophysical differences between FSD and FSE interneurons, 

it may be possible that the two functionally different populations are reacting differently to 

changes in afferent input. Additionally, it is clear that the presence of mixed populations of 

FS interneurons may complicate previous findings of biophysical changes of FS interneurons 

in deprived barrels (Sun, 2009) because this may reflect comparisons of different FS 

interneuron subtypes under the two disparate conditions. In a like manner reported changes 

of dendritic and axonal projections may also be reflective of different subtypes of FS 

interneurons (Sun, 2009). Another key finding of the present study is that FSD and FSE 

interneurons exhibit variations in their dendritic and axonal projections within and across 

barrel boundaries. While electrophysiological parameters provide insight into classification 

groupings, molecular and morphological descriptions are more problematic as variations are 

subtle and numerous (Markram et al., 2004).  Therefore, it is important to keep track of both 

physiological and morphological variations as this may lead to identification of alterations 

that may occur as a result of disease or lesion-induced plasticity.   
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Figure 17. Schematic illustration demonstrating functional subgrouping of FS 

interneuron circuits in layer 4 barrel cortex. Thalamocortical (TC) afferents directly 

excite both FSD and FSE interneurons but elicit a larger AMPA receptor-mediated response in 

FSE interneurons. TC afferents may also excite regular spiking excitatory neurons (RS) in 

layer 4 to fire and in turn to initiate NMDA receptor containing recurrent responses in FSE 

but weak or no observed responses in FSD. FS interneurons receive autaptic inhibition as well 

as inhibition from surrounding Inhibitory interneurons (IN) in layer 4. Compared to FSD 

interneurons, FSE  interneurons exhibit larger autIPSCs as well as larger sIPSCs, implying 

differential GABAergic synaptic strength.   
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CHAPTER IV: DISCUSSION 

This dissertation has presented two investigations into the heterogeneity and function 

of the inhibitory interneurons in layer 4 primary somatosensory cortex. Though focusing on 

different populations of interneuorns, these studies nevertheless provide us important 

information in understanding of the heterogeneity of inhibitory interneuron circuits. In 

Chapter II, I present a study in which long term sensory deprivation selectively rearranges 

functional inhibition on LTS interneurons. In Chapter III, with a multiple-methods approach, 

I find that FS interneurons are functionally heterogeneous that can be further subgrouped into 

two populations: FSD and FSE.   

Cortical inhibitory interneurons can be segregated into different subtypes based on 

their morphology, electrophysiology, synaptic connectivity and gene expression (Kawaguchi 

& Kubota, 1997; Markram et al., 2004; Nelson et al., 2006). Cortical excitatory/inhibitory 

balance is crucial for learning, sensory processing and changes in this balance are implicated 

to contribute to the  pathogenesis of several disorders, including epilepsy, schizophrenia, 

autism, and bipolar disorder (Olmos-Serrano et al., ; Eyles et al., 2002; Rubenstein & 

Merzenich, 2003; Cossart et al., 2005). In the present study in Chapter II, different types of 

inhibitory interneuron exhibit different decay kinetics. LTS interneurons represent the 

slowest IPSC decay kinetics, suggesting a different functional circuit from FS interneurons 

(Beierlein et al., 2003). LTS interneurons perform intracortical inhibitory transmission and 

rarely inhibit one another (Gibson et al., 1999; Bacci et al., 2003b). Therefore, the 

presynaptic inhibitions to an LTS interneuron may come from other somatostatin expressing 

interneurons, parvalbumin expressing FS interneurons, or 5-HT3A receptor expressing 

GABAergic interneurons (Lee et al.). However, FS interneurons form synapses mainly on 
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α1-subunit-containing GABAA receptors. The possible switch from α2-subunit to α1-subunit 

in LTS interneurons after long term deprivation implies two changes: 1) changes in decay 

kinetics; 2) changes of presynaptic interneurons to form novel synaptic connections (Fritschy 

& Brunig, 2003). Increased IPSC amplitude and fast decay kinetics suggest that sensory 

deprivation induce circuit specific plasticity in LTS interneurons.  LTS interneurons become 

more sensitive to presynaptic inhibitory control.  Therefore, this cell type specific circuit 

changes could change the synchronization of large populations of neurons (Huntsman et al., 

1999; Bartos et al., 2001). 

 Our results in Chapter II suggest that sensory deprivation do not affect the IPSC 

decay kinetics and amplitudes in FS and MC interneurons, indicating such circuit change is 

limited to LTS interneurons. This suggests that different subtypes of inhibitory interneurons 

are involving distinct roles in the cortical excitatory/inhibitory balance. Thus, the 

heterogeneity of inhibitory interneurons should always be considered in the study of cortical 

inhibitory circuits, especially in layer 4 barrel cortex (Markram et al., 2004).  

FS interneurons in the cortex are performing multiple functions including 

feedforward inhibition of sensory evoked responses, plasticity of sensory map reorganization 

and the control of synchronized firing of excitatory microcircuits at distinct frequencies 

(Wang et al., 2002; Beierlein et al., 2003; Fagiolini et al., 2004; Maffei et al., 2006; Cardin 

et al., 2009; Sohal et al., 2009). Morphological heterogeneity of FS interneurons has also 

been studied broadly in different cortical regions in the past two decades (Kawaguchi & 

Kubota, 1997, 1998; Porter et al., 2001; Wang et al., 2002). Functional heterogeneity within 

this FS interneuron population, however, has not been mentioned until recently (Puig et al., 

2008; Moore et al., 2010).  
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In the investigation in Chapter III, we grouped FS interneurons into two main 

categories based on the onset time of their first action potential, and further divided them into 

different subtypes within each catgegory based on their firing patterns. From all 60 FS 

interneurons recovered for morphological study, we did not observe any chandelier cells as 

mentioned in layer 2/3 cortex (Kawaguchi & Kubota, 1997; Zaitsev et al., 2005; Szabadics et 

al., 2006). This suggests that the majority of FS interneurons in layer 4 somatosensory cortex 

are basket cells. Though the morphological identification of these two categories of FS 

interneurons cannot separate these FS interneurons apart sharply, we still found highly 

correlated morphology-subtype tendency: 1) Most of FSE-STUT and FSD-STUT interneurons have 

both inter-laminar and inter-columnar projections. 2) FSD-NAC inerneurons are mainly inter-

columnar. 3) All FSE-ES and FSE-AC interneurons are intra-barrel, exhibiting small basket or 

nest basket morphologies. 

We found voltage gated K+ channel Kv1.1 mRNA expression in both FSD and FSE 

interneurons, and auxiliary subunit Kvβ1 mRNA expression only in FSE. For FSD 

interneurons, Kv1.1channels without Kvβ1 subunits at AIS will dampen near-threshold 

excitability, causing the delay in first action potential onset time (Goldberg et al., 2008). For 

FSE interneurons, Kv1.1 channels cannot prevent near-threshold action potentials because of 

the fast inactivation by Kvβ1subunits. However, further study on Kv1.1 and Kvβ1 expression 

in AIS or cell membrane will help to confirm our speculation.  

Nevertheless, FSD and FSE interneurons exhibit significant differences in multiple 

intrinsic properties, as well as in their sIPSCs, autaptic IPSCs, thalamocortical evoked EPSCs. 

These differences strongly support that FSD and FSE are functionally distinct groups. 

Moreover, based on the larger amplitude autaptic currents in FSE interneurons, we would 
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speculate that FSE interneurons, especially the FSE-LS, FSE-AC interneurons, are more 

powerful in facilitating precise spike timing and promoting synchronized cortical network 

oscillations (Bacci & Huguenard, 2006; Sohal et al., 2009). 

Inhibitory interneurons in layer 4 barrel cortex comprise about 15% of total neuronal 

population, yet vary widely in their morphology, physiological and biochemical markers. 

This diversity is believed to be crucial for providing sufficient sensitivity as well as various 

forms of inhibitory control over the thalamocortical or intracortical excitations (Markram et 

al., 2004). FS interneurons are important for numerous functions. The functional differences 

between the two subgroups of FS interneurons: FSD and FSE, suggesting these two 

populations of FS interneurons may contribute to distinct neocortical functions and involve in 

different inhibitory circuits. 

In the present study, long-term sensory deprivation selectively rearranged the LTS 

interneuron inhibitory circuit.  LTS interneurons exhibit α1 subunit mediated faster IPSCs 

decay kinetics and larger IPSCs amplitudes, suggesting that whisker trimming changed the 

inhibitory circuits of LTS interneurons with possible α1 subunits insertion (Fritschy & 

Brunig, 2003). Moreover, α1 subunit containing GABAA receptors present at a much higher 

level in synapses formed by PV-positive basket cells (Klausberger et al., 2002), but not in 

PV-negative basket cells (Nyiri et al., 2001). The insertion of α1 subunits in the GABAA 

receptors in LTS interneurons may suggest innervations from different presynaptic 

interneurons, could possibly be the PV-positive FS interneurons.  Considering the functional 

heterogeneity of FS interneurons, the innervation of α1 subunits may arise from certain 

populations of FS interneurons. Therefore, whisker trimming mainly rearranged the LTS 

interneuron inhibitory circuit. At the same time, certain FS interneurons may also involve in 
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the sensory deprivation induced inhibitory circuit rearrangement. However, this requires 

further investigation in order to get confirmed. Nevertheless, this provides us another aspect 

of how different interneuron populations are contributing differently in sensory formation 

and synaptic plasticity. 

Furthermore, distinct functional subgroups exist within the FS interneuron population, 

implying the complexity and selectivity of inhibitory control over the excitatory circuits. 

Therefore, it is important to indentify the heterogeneity of interneurons to study their 

functional diversity. Such knowledge of functional diversity is a key step toward 

understanding how these interneurons participate in sensory information processing and how 

they contribute to pathophysiology of neurological disorders.  
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