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Neurobiology and Medicine (Division of Gastroenterology Hepatology and Nutrition), 

the Center for Neuroscience at the University of Pittsburgh, and the Pittsburgh Center for 

Pain Research, University of Pittsburgh 

 

Following inflammation there is a switch in spinal GABAA signaling from inhibition to 

excitation such that GABA receptors contribute to inflammatory hyperalgesia. We 

hypothesized that this switch occurs in primary afferent neurons, as a result of a steady 

state and/or dynamic depolarizing shift in the reversal potential of GABAA currents 

(EGABA) which is coupled to an increase in high affinity extrasynaptic GABAA receptors. 

To test this hypothesis, back labeled, acutely dissociated cutaneous dorsal root ganglion 

(DRG) neurons from naïve and inflamed rats were studied with a variety of techniques 

including Ca2+ imaging and patch-clamp electrophysiology. With calcium imaging, 

GABAA receptor activation was shown to be inhibitory in neurons from naïve animal but 

was facilitatory or directly exciting in neurons from inflamed rats. Results from 

gramidicin perforated patch showed that a steady-state depolarizing shift in EGABA was 

not responsible for this shift in signaling. Rather, the shift appeared to be due to a 

combination of changes including an increase in GABAA current, a decrease in K+ 



 

 

current, and a depolarizing shift in resting membrane potential. The increase in GABAA 

current was associated with an increase in both high and low affinity currents which was 

due to a persistent increase in the relative activity of tyrosine kinase, resulting in part to a 

decrease in receptor internalization, rather than a change in subunit expression or protein.  

Dynamic regulation of EGABA was also observed in association with neural activity, but 

the shift in EGABA was hyperpolarizing, and likely to be due to the activation of a Cl- 

channel rather than a change in secondary ion transporter activity. Interestingly, 

inflammation was associated with a decrease in the activity dependent shift in EGABA.  

Our results indicate that the inflammation-induced switch in GABAA signaling is a 

complex process that involves the modulation of multiple channels and Cl- equilibrium 

potential and suggested different approaches to prevent the hyperalgesic effect of GABA.  
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Chapter 1: General Introduction 

Significance of study 

Inflammation is associated with many chronic pain syndromes including arachnoiditis, 

arthritis, irritable bowel syndrome and migraine that feature exaggerated perception of 

painful stimuli (hyperalgesia) or the perception of pain in response to stimuli that 

normally would not induce pain (allodynia). These pain syndromes deteriorate the quality 

of life and are a tremendous burden on both the sufferer and the society. Conservative 

estimates suggest that 20% of the adult population in developed countries suffer from 

chronic pain, a problem compounded by the fact that effective remedies are still lacking. 

Identification of novel approaches for the treatment of pain is therefore, of critical 

importance. 

 

Presynaptic inhibition 

Nociception starts with the generation of action potentials in the peripheral terminals of 

primary afferent neurons (PAN) in response to chemical, thermal or mechanical stimuli. 

These action potentials propagate into the central PAN terminals triggering the release of 

neurotransmitters. Release of transmitters is inhibited by a process referred to as 

presynaptic inhibition. A number of distinct receptors located on the central terminals of 

PAN have been shown to contribute to the presynaptic inhibition, including GABAB,  5-

HT-1B , dopamine D4 receptor, α2A-adrenergic, and δ, κ and µ opioid receptors (Tallent, 

2008;Rudomin and Schmidt, 1999;Pertovaara, 2006). However, the major form of 

presynaptic inhibition involves GABAA receptors.  
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GABAergic interneurons are the primary source for GABA. Many of these neurons are 

part of a local circuit, where they are activated by PAN input, releasing GABA back onto 

central PAN terminals. This circuit appears to both attenuate the total amount of 

transmitter released from the PAN as well as truncate transmitter release during an 

afferent barrage. Anatomical evidence for this model includes: 1) the presence of GABAA 

receptors on primary afferents (Desarmenien et al., 1984), 2) evidence of primary afferent 

input onto GABAergic interneurons (Todd, 1996) and 3) evidence of GABAergic input 

back onto primary afferents (Maxwell et al., 1990;Todd, 1996). Biochemical, 

electrophysiological and behavioral evidence also support a functional GABAA receptor 

mediated presynaptic inhibitory circuit. Release of glutamate from afferent terminals is 

inhibited by GABAA receptor agonists (Vellucci and Webster, 1985), and increased by 

GABAA receptor antagonists picrotoxin and bicuculline (Ikeda et al., 2008). Conditioning 

stimuli induced presynaptic inhibition can be reduced by picrotoxin and bicuculline 

(Davidoff, 1972;Barker and Nicoll, 1973). Behaviorally, spinal application of GABAA 

agonists increased nociceptive threshold while GABAA antagonists decrease it 

(Hammond and Drower, 1984;Roberts et al., 1986;Anseloni and Gold, 2008;Yamamoto 

and Yaksh, 1991).  

This feedback circuit is not simply a closed loop between active afferent and interneuron, 

it can also involve multiple neurons, as was shown in a study that the central terminals of 

PAN receive synapses from more than one GABAergic interneuron and a single 

interneuron has synaptic connections with a number of  primary afferent terminals 

(Quevedo et al., 1997). These multi-neuron circuits may underlie the interaction of 

afferents input of different modalities, as it was shown that GABA is the transmitter that 
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constitutes part of the “gate” originally proposed by Melzack and Wall (1965), whereby 

low-threshold input inhibits nociceptive input.  

 

GABAA receptors and intracellular Cl- regulation 

GABAA receptors are heteropentamers that belong to the ligand-gated ion-channel super-

family, assembled from a selection of 19 subunits, which are divided into seven subunit 

classes: α (1–6), β (1–3), γ (1–3), δ, ε, ρ (1–3), θ and π (Whiting et al., 1999). Most 

GABAA receptors are composed of two α subunits, two β subunits and one γ (or δ) 

subunit (Tretter et al., 1997). GABAA receptors with different subunit composition have 

different physiological and pharmacological properties, are differentially expressed 

throughout the nervous system and are targeted to different subcellular regions (Mohler et 

al., 2001;Rudolph and Mohler, 2006).  

Ion channels coupled to GABAA receptors are permeable to Cl- and HCO3
- in a 4:1 ratio 

(Kaila, 1994), thus, the anion driving force, which reflects the difference between the 

membrane potential and the anion equilibrium potential (EGABA), determines the direction 

of GABA current flowing through the channel. To date, researchers have been focused 

more on mechanisms regulating the Cl- gradient, although HCO3
- gradient also 

contributes to the regulation of EGABA on some occasions. Nevertheless, because the 

extracellular Cl- concentration is large (~130 mM) and relatively constant, the polarity of 

GABAA receptor mediated presynaptic inhibition is largely dependent on the intracellular 

Cl- concentration.  
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Cation chloride cotransporters and anion exchangers are active pathways involved in 

regulating the concentration of intracellular Cl- ([Cl-] i). Among them, sodium potassium 

chloride cotransporters 1(NKCC) and potassium chloride transporters2 (KCC2) may be 

the ones most important in neuronal Cl- control. Cl- movement via NKCC1 and KCC2 

are coupled to the movement of Na+ and K+, respectively, which flow down the 

electrochemical gradient established by Na+/K+ ATPase. NKCC1 mediates Cl- influx and 

KCC2 mediates Cl- efflux. Both are electroneutral. Some of the most compelling 

evidence in support of the critical role of NKCC1 and KCC2 in the regulation of EGABA 

and the polarity of GABAA signaling comes from developmental analysis of CNS 

neurons. During the period of axonal sprouting, GABAA receptor activation is excitatory, 

serving as a neurotrophic factor (Barker, 1988;Fiumelli and Woodin, 2007). The 

excitatory actions of GABA are due to the presence of a high [Cl-] i which correlates with 

a high NKCC1 expression level. After synaptic contacts are established, expression of 

NKCC1 is dramatically reduced and KCC2 expression increases. Concomitantly, there is 

a decrease in [Cl-] i, and the emergence of GABAA receptor mediated inhibition (Rivera et 

al., 1999). NKCC1 level is also critical for the Cl- control in the peripheral nervous 

system (PNS).  In PNS, NKCC1 remains high and KCC2 expression remains low into 

adulthood (Kanaka et al., 2001). This unique pattern of co-transporter expression is 

thought to underlie the relatively depolarized EGABA observed in sensory neurons. 

Consistent with this suggestion, there is evidence that accumulation of Cl- in sensory 

neurons is electrically neutral, dependent on the simultaneous presence of external Cl-, 

Na+ and K+, and inhibited by NKCC1 antagonist furosemide (Alvarez-Leefmans et al., 

1988). More recently, it was demonstrated that EGABA in the PAN from NKCC1 knockout 
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mice was more hyperpolarized than that in the PAN from wild type mice(Sung et al., 

2000).  

Although we are not studying individual transporters in this particular study, it should be 

kept in mind that the non-NKCC1 system may also play a role in PAN Cl- regulation. Not 

all PAN neurons appear to express NKCC1 (Price et al., 2009;Price et al., 2006;Price et 

al., 2009). This suggests that at least in some PAN other mechanisms may underlie the 

maintenance of anion homeostasis. The existence of non-NKCC1 system is also 

supported by the observation of a sodium-independent Cl- accumulating mechanism in 

rat DRG neurons (Rocha-Gonzalez et al., 2008). Furthermore, mechanisms of Cl- 

extrusion are still not clarified in PAN. The presence of KCC2 is controversial (Kanaka 

et al., 2001;Funk et al., 2008), and other Cl- cotransporters (KCC1, KCC3, Anion 

exchanger 3) may be present in PAN (Kanaka et al., 2001).  

 

Switch of GABAA signaling in the presence of inflammation /evidence   

EGABA in PANs is generally more positive than Vm (Funk et al., 2008). Activation of 

presynaptic GABAA receptors normally results in net anion efflux and membrane 

depolarization. This phenomenon is termed primary afferent depolarization (PAD). 

Despite the fact that GABAA receptor activation results in PAD, these receptors are still 

inhibitory in the absence of tissue injury. This inhibition is thought to reflect shunting 

and/or inactivation of voltage gated Na+ and Ca2+ channels (Rudomin and Schmidt, 

1999;Willis, Jr., 1999).  
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However, in the presence of inflammation or following prolonged activation of 

nociceptive afferents, GABAA receptor activation may become excitatory in pain 

transmission. Behavioral data suggest that GABAA signaling switches from analgesic to 

hyperalgesic in several inflammation models: In the CFA induced inflammation model, 

intrathecal administration of GABA and GABAA receptor agonist muscimol exaggerated 

hyperalgesia while GABAA receptor antagonist gabazine inhibited it (Anseloni and Gold, 

2008). In the kaolin and carrageenan induced knee joint inflammatory pain model, 

GABAA antagonist bicuculline inhibited hyperalgesia (Sluka et al., 1993). The analgesic 

effect of bicuculline is accompanied by an inhibition of release of excitatory amino acids 

from PAN terminals, implicating the switch of GABAA signaling may take place at a 

presyaptic site (Sluka et al., 1994). Electrophysiological data also supports that GABAA 

signaling becomes excitatory following inflammation. Instead of inducing PAD, 

activation of GABAA receptors can now elicit action potentials in central terminals of 

nociceptive Aδ/C fibers (Rees et al., 1995;Lin et al., 2000). These antidromically 

conducted action potentials are called the dorsal root reflex (DDR). GABAA receptor 

mediated DDR is suggested to underlie the mechanism of neurogenic inflammation(Lin 

et al., 1999) and activation of Aβ fibers can cause increase of cutaneous blood flow, 

which is suggested to be mediated by initiation of the DRR on the nociceptive fibers 

containing vasoactive peptides(Garcia-Nicas et al., 2001).   
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Mechanisms that may underlie the switch of GABAA signaling  

The most favored mechanism underlying the switch in GABAA signaling is a positive 

shift of EGABA (Rudomin and Schmidt, 1999;Willis, Jr., 1999;Price et al., 2005;Price et al., 

2009). Inflammation induces changes in NKCC1 favoring the accumulation of 

intracellular Cl- in PAN. Increase of NKCC1 expression and translocation was observed 

in spinal cord in inflammation models (Morales-Aza et al., 2004;Galan and Cervero, 

2005;Zhang et al., 2008;Lagraize et al., 2010) and it was also shown that inflammatory 

mediators can activate NKCC1 and inhibit KCC2 so that there is an increase in the Cl- 

level in DRG and spinal neurons (Funk et al., 2008) in vitro. Pharmacological and genetic 

data also supports the importance of PAN EGABA level in regulating of pain transmission. 

EGABA is hyperpolarized in NKCC1 knockout mice and these mice were significantly less 

sensitive to thermal nociceptive stimuli (Sung et al., 2000). Spinal intrathecal 

pretreatment with the NKCC1 inhibitor, bumetinide, inhibited formalin induced 

nociceptive behavior (Granados-Soto et al., 2005) and TRPV1 mediated allodynia 

(Pitcher et al., 2007). Although all this evidence is consistent with the hypothesis that a 

shift of EGABA may occur in the presence of inflammation, there still have been no direct 

measurements of EGABA in inflamed PANs.  

In addition to the steady state shift in EGABA, the inflammation-induced shift in GABAA 

signaling may also be due to a failure of PANs to maintain the EGABA. Two other 

mechanisms may apply in this process. One is EGABA shift induced by increased primary 

afferent activity. As has been demonstrated in CNS neurons, an activity-induced increase 

in [K+]o and depolarization of cell membrane can both positively shift EGABA via a 

NKCC1 related mechanism(Billups and Attwell, 2002;Kakazu et al., 2000;Slemmer et al., 
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2004;Thompson and Gahwiler, 1989). Similar mechanisms may occur in the presence of 

inflammation, where there is an increase in both resting and evoked afferent activity. 

Consistent with this suggestion there is also evidence that intensified stimuli from 

periphery caused an increase of [K+]o and decrease of [Na+] i (Sykova et al., 1980;Czeh et 

al., 1981;Svoboda et al., 1988;Brumback and Staley, 2008a;Heinemann et al., 1990).  

Another mechanism that may contribute to an activity dependent shift in EGABA is an 

increase of GABA-evoked currents in PANs following inflammation. Another 

mechanism that may contribute to a dynamic shift in EGABA is a decrease of the ability to 

extrude Cl- in inflamed PANs. EGABA is prepared to shift when loaded with Cl- in neurons 

with low Cl- extrusion ability (Cordero-Erausquin et al., 2005).  Cl- extrusion ability 

relies on the activity of NKCC1, KCCs or other Cl- transporters on PANs. A change in 

transporter activity in the presence of inflammation and an increased activity may 

facilitate the accumulation of Cl- and/or decrease the extrusion of it. These mechanisms 

may contribute to a dynamic shift in EGABA in PANs following inflammation, which can 

happen within miliseconds or seconds,  more rapid than the steady state EGABA shift.  
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Chapter 2: Inflammation increases GABA-induced excitation of rat primary 

afferent neurons in vitro 

Abstract 

Our previous results indicate that in the presence of persistent inflammation, there is a 

shift in spinal GABAA signaling from inhibition to excitation such that GABAA-receptor 

activation contributes to inflammatory hyperalgesia. Based on results obtained with acute 

noxious stimulation (i.e., with capsaicin) as well as relatively brief inflammatory models 

(i.e., kaolin-carrageenan), we hypothesized that the primary afferent was the primary site 

of the persistent inflammation-induced shift in GABAA signaling which was due to a 

depolarization of the GABAA current equilibrium potential (EGABA). We tested this 

hypothesis in acutely dissociated retrogradely labeled cutaneous DRG neurons from 

naïve and inflamed (3 days after a subcutaneous injection of complete Freund’s adjuvant) 

adult male rats. The presence of an excitatory response to GABA was assessed with Ca2+ 

imaging while EGABA was assessed with gramicidin perforated patch configuration. 

GABA-evoked Ca2+ transients were observed in a subpopulation of small to medium 

diameter capsaicin sensitive cutaneous neurons. The presence of inflammation was 

associated with an increase in the percentage of neurons responsive to GABA. This 

increase in excitation was observed in both HEPES and HCO3
- buffered solutions, but 

was only associated with a depolarizing shift in EGABA in the HCO3
--based solution. 

Rather than a depolarizing shift in EGABA, the excitatory response was associated with an 

increase in GABAA current density, a decrease in K+ current density and a depolarization 

of the resting membrane potential, resulting in a significant increase in the magnitude of 
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GABA mediated depolarization. Our results suggest that increasing K+ conductance in 

afferents innervating a site of inflammation may have greater efficacy in the inhibition of 

inflammatory hyperalgesia than attempting to drive a hyperpolarizing shift in EGABA. 

 

Introduction 

In the absence of tissue injury in adult animals, spinal ionotropic γ-aminobuteric acid 

(GABAA) receptor signaling is inhibitory and plays a critical role in establishing 

nociceptive threshold. Consequently, exogenous administration of GABAA receptor 

agonists is antinociceptive while that of antagonists results in a dramatic decrease in 

nociceptive threshold (Anseloni and Gold, 2008;Yamamoto and Yaksh, 1991). In the 

presence of injury, however, there appears to be a shift in the spinal GABAA receptor 

signaling, such that low concentrations of the GABAA agonist muscimol facilitates 

inflammatory hyperalgesia and the GABAA antagonist gabazine is antinociceptive 

(Anseloni and Gold, 2008;Lagraize et al., 2010).  

 

Evidence from acute injury and inflammation models suggest that the primary afferent 

may be a major site of the inflammation-induced shift in spinal GABAA receptor 

signaling. The acute inflammation-induced increase in antidromic activity initiated at the 

central terminals of nociceptive afferents, the so called dorsal root reflex (DRR), is 

blocked by GABAA receptor antagonist bicuculline (Rees et al., 1995;Lin et al., 1999). 

Bicuculline also blocks the spinal release of excitatory amino acids from primary 

afferents in an acute inflammation model (Sluka et al., 1994). Furthermore, while a 
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number of mechanisms could underlie this shift in spinal GABAA signaling, a prevailing 

hypothesis is that an upregulation of Na+-K+-Cl- -cotrasporter 1 (NKCC1) drives a 

depolarization of the GABAA receptor channel equilibrium potential (EGABA) (Price et al., 

2009). In contrast to the central nervous system, where expression of NKCC1 is 

developmentally downregulated, expression of this co-transporter persists in adult 

sensory neurons (Plotkin et al., 1997b;Plotkin et al., 1997a). Consequently, the persistent 

expression of NKCC1 in primary afferents is not only thought to be the primary 

mechanism underlying primary afferent depolarization (Alvarez-Leefmans et al., 

1988;Sung et al., 2000), a phenomenon dependent on GABAA receptor activation, but the 

substrate underlying the acute injury/inflammation-induced shift in presynaptic spinal 

GABAA signaling (Price et al., 2009). 

 

Available evidence in support of a role for NKCC1 in acute injury/inflammation-induced 

shift in the spinal GABAA signaling is compelling. This co-transporter plays a critical 

role in the establishment of EGABA in adult sensory neurons as disruption of NKCC1 

function either by NKCC1 blocker bumetanide or with genetic deletion leads to a 

hyperpolarizing shift of EGABA (Alvarez-Leefmans et al., 1988;Sung et al., 2000;Laird et 

al., 2004) and an increase in nociceptive threshold (Pitcher et al., 2007;Sung et al., 2000). 

NKCC1 function is rapidly upregulated via phosphorylation in response to peripheral 

capsaicin injection (Galan and Cervero, 2005) and inflammatory mediators (Funk et al., 

2008), as well as more slowly upregulated via membrane translocation in response to 

capsaicin (Galan and Cervero, 2005). Furthermore, touch evoked allodynia and the 

sensitization of spinal nociceptive neurons associated with peripheral capsaicin 
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administration is blocked in NKCC1 knockout mice (Laird et al., 2004), and attenuated 

with spinal bumetanide administration (Pitcher et al., 2007;Granados-Soto et al., 

2005;Pitcher and Cervero, 2010).  

 

An upregulation of NKCC1 in primary afferents is a compelling hypothesis for the shift 

in GABAA signaling observed in the presence of persistent inflammation. However, there 

is evidence i) that NKCC1, while down-regulated, is still expressed in the dorsal horn 

(Morales-Aza et al., 2004); ii) that by 24 hrs, an inflammation-induced shift in spinal 

GABAA signaling is associated with a depolarizing shift in EGABA in dorsal horn neurons 

(Lagraize et al., 2010); and, iii) that there are time-dependent changes in the underlying 

mechanisms of persistent pain (Gold and Gebhart, 2010). Therefore, the purpose of the 

present study was to test the hypothesis that upregulation of NKCC1 in primary afferents 

contributes to the persistent inflammation-induced shift in spinal GABAA signaling. 

 

To test this hypothesis, Ca2+ imaging and whole cell patch clamp techniques were used to 

study retrogradely labeled cutaneous DRG neurons from naïve rats and from rats 3 days 

after the induction of inflammation with complete Freund’s adjuvant. While our results 

indicate that persistent inflammation is associated with an increase in GABAA mediated 

excitatory responses in DRG neurons, this excitation was not due to a depolarizing shift 

in EGABA. Rather, an increase in GABA current density, a decrease in potassium current 

and a depolarizing shift in resting membrane potential appeared to account for the 

persistent inflammation-induced shift in GABA signaling. Interestingly, our results also 

highlighted the importance of this potassium current in the GABA mediated inhibition of 



 

13 

 

DRG neurons in the absence of inflammation as well as a HCO3
-/Cl- co-transporter in the 

establishment of EGABA. 

 

Material and Methods 

Animals 

Adult male Sprague Dawley rats (Harlan-Sprague Dawley, Indianapolis, IN) weighing 

between 250 and 350 g were used for all the experiments. Rats were housed two per cage 

in the University of Pittsburgh AAALAC approved animal facility on a 12:12 light: dark 

schedule with food and water available. All procedures involving animals were approved 

by the University of Pittsburgh Institutional Animal Care and Use Committee and 

performed in accordance with National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 

 

Labeling and inflammation 

DRG neurons that innervate the glabrous skin of rat hind paw were retrogradely labeled 

with 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, 17 mg/ml 

in DMSO and saline), which was injected (3-5 sites at 3-2 µL/site) with a 30g needle, 14-

17 days prior to tissue harvest and analysis. Complete Freud’s adjuvant (CFA, Sigma-

Aldrich, St Louis MO; mixed 1:1 with saline), was injected (100 µL) into the site 

previously injected with DiI. Inflamed DRG neurons were studied 72 hours after CFA 

injection. Both DiI and CFA were injected under isofluorane-induced anesthesia. 
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Preparation of isolated DRG neurons 

Prior to tissue harvest, rats were deeply anesthetized with a subcutaneous injection (1 

ml/kg) of a cocktail containing ketamine (55 mg/ml), xylaxine (20 mg/ml) and 

acepromazine (5.5 mg/ml). L4 and L5 DRG were harvested bilaterally and either pooled 

for non-inflamed animals or processed in parallel (for inflamed animals) so that neurons 

ipsilateral and contralateral to the site of inflammation could be studied. DRG were 

cleaned of connective tissue, enzymatically treated and mechanically dispersed as 

previously described (Lu et al., 2010). Isolated neurons were plated on poly-lysine coated 

coverslips and electrophysiology experiments were done 2–8 h after plating.  

 

Ca2+ imaging 

DRG neurons were loaded with 2.5 µM Ca2+ indicator fura-2 AM ester (TEF Labs, 

Austin TX) dispersed with 0.025% pluronic acid for 20 min at room temperature.  

Following fura-2 loading, DRG neurons were placed in a chamber on an inverted 

microscope (Nikon Eclipse TE2000-U, Japan) and were continuously perfused with bath 

solution. Excitation of fura-2 (340/380 nm) was controlled by a lambda DG-4 filter 

changer (Sutter Instrument Co, Novato CA). Fluorescence data were acquired with 

Metafluor software (Molecular Devices, Sunnyvale, CA, USA) via a charge coupled-

device (CCD) camera (Quant-EM 512sc, from Photometrics, Tucson, AZ) at 1 Hz during 

drug application. A neuron was considered “responsive” if GABA application resulted in 

an increase in fluorescence ratio >10% over baseline. This number is three standard 

deviations greater from the average baseline fluctuation.  In a subset of experiments, 

DRG neurons were incubated with FITC conjugated isolectin B4 (IB4, sigma) for 5 
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minutes after incubation with Fura-2AM, and the binding of DRG neurons to IB4 was 

examined under epi-florescence before the calcium imaging experiment.  

 

One of two bath solutions was used in these experiments. HCO3
- bath: NaCl 103 mM, 

KCl 3 mM, NaHCO3 26 mM, NaH2PO4 1.25 mM, CaCl2 2.5 mM, MgCl2 0.6 mM and 

Glucose 10 mM, osmolality was adjusted to 325 mOsm with sucrose, bubbled with 5% 

CO2 and 95% O2; HEPES bath: NaCl 130 mM, CaCl2 2.5 mM, MgCl2 0.6 mM, HEPES 

10 mM, Glucose 10 mM; pH was adjusted to 7.4 with Tris-Base and osmolality was 

adjusted to 325 mOsm with sucrose. All salts were from Sigma-Aldrich. 

 

A HEPES buffered bath solution was used for initial experiments performed on 

cutaneous neurons. This solution was used for 3 major reasons. First, although the 

GABAA receptor coupled anion channel is also permeable to HCO3
- (Kaila et al., 1993), 

due to its higher permeability to Cl- and the high concentration of Cl- in the bath solution, 

the theoretical impact of [HCO3
-] on EGABA is negligible. Second, because our central 

hypothesis is that an increase in NKCC1 activity underlies the increase in the excitatory 

actions of GABA, the absence of HCO3
- in HEPES buffered solution would avoid 

potential influence of HCO3
-/Cl- exchanger activity on measurements of EGABA; Third, 

since nearly all the previous experiments on EGABA in sensory neurons were done with 

HEPES buffered (Alvarez-Leefmans et al., 1988;Gilbert et al., 2007;Rocha-Gonzalez et 

al., 2008;Sung et al., 2000) using HEPES buffered solution would enable us to compare 

our data with previous results.  
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GABA or other test compounds were applied with a piezo driven perfusion system (SF-

77B Perfusion Fast-Step; Warner instruments LLC, Hamden, CT), that enabled drug on- 

and off-rates of under 10 ms. To minimize the potential impact of GABAB receptor 

activation, all GABA application was performed in the presence of the GABAB receptor 

antagonist CGP 55845 (1 µM). 

 

Electrophysiology 

Voltage clamp recordings were performed using an Axopatch 200B amplifier (Molecular 

Devices, Sunnyvale, USA) controlled with pClamp software (Molecular Devices) via a 

Digidata 1320A A/D converter. Data were low-pass filtered at 10 kHz and digitally 

sampled at 2 kHz. For voltage-clamp protocols, capacity transients were canceled via 

amplifier circuitry. Borosilicate glass (WPI, Sarasoto Springs, FL) patch electrodes were 

pulled on a Sutter P-2000 horizontal puller (Sutter Instruments) and were 1.5~2.5 MΩ in 

resistance when filled with electrode solution of the following composition: K-

Methansulphonate 140 mM, MgCl2.6H2O 2 mM, CaCl2 1 mM, EGTA 11 mM, HEPES 

10 mM and NaCl 5 mM; pH was adjusted to 7.2 with Tris Base, and osmolality was 

adjusted to 317 mOSm with sucrose.   

 

We used gramicidin perforated patch to measure EGABA (Akaike, 1994). Gramicidin was 

dissolved in DMSO (1.5 mg/ 100 µl), as a stock solution. This was diluted with electrode 

solution in a 1:300 ratio (1 to 300 µl) to give a final concentration of 50µg/ml. The 

gramicidin containing electrode solution was vortexed for 15s. No filtering was applied. 

The tip of the electrode was loaded with a small volume of gramicidin free electrode 



 

17 

 

solution in order to avoid interference of the antibiotic with seal formation. Gramicidin 

containing electrode solution was back loaded. The progress of perforation was 

monitored with the capacitative transient to a 5 mV step. Experiments were not started 

until access resistance was less than 7 MΩ.   

 

A ramp protocol was used to determine EGABA. The membrane potential was depolarized 

to -30 for 2 s to inactivate transient outward and inward currents and then hyperpolarized 

from -30 to -80 mV at a rate 0.125 mV/ms. The membrane potential was then returned to 

rest at -70 mV. The same protocol was run twice in the presence and absence of 60 µM 

GABA. EGABA was determined from the difference between the two current traces as the 

point on the voltage ramp where the corresponding GABA current was 0 pA.  The linear 

phase of the GABA current was extrapolated to 0 pA to determine EGABA when it was 

more depolarized than -30 mV.  To ensure the accuracy of extrapolated EGABA 

measurements, we used a low concentration of GABA (60 µM) applied at least 100 ms 

prior to the start of the ramp to ensure the stability, and therefore linearity of the GABA 

current during the ramp.  

 

Western blot 

L4 and L5 DRG were homogenized with Teflon tube and mortar for less than 10 strokes 

in ice cold RIPA buffer supplied with protease inhibitors. Lysates were collected in 0.5 

mL tubes. Teflon tubes were rinsed with RIPA buffer and the solutions were combined 

with the lysates previously collected. Lysates were centrifuged for 5 minutes at 10,000 
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rpm at 4 °C. Protein concentration was determined via BCA protein assay using a BCA 

assay kit (Thermo scientific, Rockford, IL). Lysates were then mixed with Laminei buffer 

(2×, 400 µL + 100µL β-ME) and boiled for 5 minutes before loading. Protein (30 µg) 

from one animal was then loaded per lane and separated on a 7 % SDS-PAGE gel and 

transferred to nitrocellulose membrane. Membranes were blocked with 5% milk for 1 

hour at room temperature and then incubated with primary antibody at 4°C overnight 

(1:1000 for NKCC1, 1:5000 for anti-phospho-NKCC1 R5 antibody (Flemmer et al., 

2002), diluted with 5% milk/TBST). The blots were washed and then incubated with 

peroxidase conjugated secondary antibody (1:2000 in 5% milk/TBST, Jackson 

ImmunoResearch Laboratories Inc. West Grove, PA) for an hour at room temperature. 

An ECL kit (Amersham Biosciences, Piscataway, NJ) was used for detection of 

immunoreactivity, where luminescence data were collected on an LAS3000 imager 

(Fujifilm Inc, Japan). NKCC1 antibody was from Millipore (AB3560P) and R5 was a gift 

from Dr. Biff Forbush of Yale University School of Medicine.  

 

Test compounds 

Capsaicin, γ-aminobuteric acid (GABA), and gramicidin were from Sigma-Aldrich. CGP 

55845 was from Tocris Bioscience (Ellisville, Missouri). GABA was dissolved in water, 

CGP 55845 was dissolved in DMSO and capsaicin was dissolved in ethanol to make 

stock solutions. Stock solutions were then kept in a -20°C freezer and diluted with bath 

solution in 1:1000 ratios to their working concentration before use.  

 

Statistics 
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All pooled data are presented as mean ± standard error of the mean. Chi-square test was 

used to compare the proportion neurons responsive to GABA in calcium imaging 

experiments. Student’s t-test was used for two-group comparisons (i.e., naive versus 

inflamed), and one-way ANOVA was used for multiple group comparisons (i.e., EGABA in 

neurons in which GABA evoked an excitatory response in from naïve and inflamed rats). 

The Tukey test was used for post-hoc pair wise multiple comparisons. p < 0.05 was 

considered statistically significant.   

 

Results 

Inflammation increases the excitatory actions of GABA in cutaneous DRG neurons 

Two sets of experiments were performed to determine whether inflammation can increase 

GABA mediated “excitation” of cutaneous DRG neurons. In the first experiment, GABA 

was co-applied with bath solution containing 30 mM K+ (high K). To detect increases or 

decreases in the high K evoked Ca2+ transient, preliminary experiments indicated that it 

was necessary to use a brief (250 ms) high K application. Ca2+ transients induced by the 

combination of GABA and high K were compared to those induced by high K alone. 

GABA was considered inhibitory when the high K evoked transient was decreased in the 

presence of GABA. Conversely, GABA was considered excitatory when the high K 

evoked transient was increased in the presence of GABA. In 12/39 cutaneous neurons 

from naïve rats, GABA-induced inhibition was detected (Figure 1A) while inhibition was 

detected in only 2/40 cutaneous neurons from inflamed rats. This difference was 

significant (p < 0.01). Conversely, an excitatory response to GABA was detected in 12 of 
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40 neurons from inflamed rats (Figure 1A) and in none of the neurons from naïve rats. 

This difference is also statistically significant (p < 0.01). Both excitation and inhibition 

were concentration dependent as illustrated by pooled data from neurons in which GABA 

produced inhibitory (naïve) and excitatory (inflamed) effects (Figure 1B).  

 

In the second experiment, the influence of a direct application of GABA (3 mM) on the 

intracellular Ca2+ level was assessed.  A neuron was considered a “responder” to GABA, 

when the application of GABA was associated with a Ca2+ transient greater than 10% 

above baseline (Figure 1C). This threshold was chosen as it was greater than 3 standard 

deviations above the average baseline fluctuation. The proportion of responders in 

cutaneous neurons from inflamed rats (26/56) was significantly (p < 0.01) greater than 

that in neurons from naïve rats (10/55; Figure 1D). However, the magnitude of the 

response in responsive neurons from inflamed rats (49.0 ± 8.0 % of baseline, n=26) from 

inflamed rats was not significantly (p >0.05) greater that in neurons from naïve rats (28.2 

± 7.2% of baseline, n=10). Results from both sets of experiments are consistent with the 

hypothesis that there is an inflammation-induced increase in the excitatory effect of 

GABA in the primary afferents. 

 

The majority of the GABA responders had a small (<30 µm, 47/60) or medium (between 

30 and 40 µm, 12/60) diameter cell body diameter and all of them responded to capsaicin 

(500 nM) applied at the end of each experiment. There appeared no significant difference 

in IB4 immunoreactivity between responder and nonresponders: 21/31, 13/19 and 5/9 
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cutaneous neurons from naïve rats and non-responders and responders from inflamed rats, 

respectively, were IB4+.  

 

Because an excitatory response was observed in less than half of the cutaneous neurons 

from inflamed rats, Ca2+ imaging was used to prescreen the DRG neurons before 

subsequent electrophysiological analysis. However to minimize the amount of stimuli 

applied to each neuron prior to electrophysiological analysis, we only used a single 

application of 3 mM GABA to screen neurons from naïve and inflamed rats. While a 

small proportion of neurons from naïve rats were responsive to 3 mM GABA, these 

neurons were not studied in detail. Thus, all subsequent analyses were performed on 3 

groups: non-responders from naïve rats, non-responders from inflamed rats and 

responders from inflamed rats. 

 

Persistent inflammation has no influence on NKCC1 or phospho-NKCC1 levels in intact 

DRG.  

To begin to explore the potential contribution of NKCC1 to the increase in GABA 

mediated excitatory responses in cutaneous neurons we assessed levels of NKCC1 and 

phospho-NKCC1 in intact ganglia from naïve and inflamed rats with Western blot. 

Results from an analysis of tissue from 4 animals in each group indicate that there is no 

detectable (p > 0.05) change in either the total NKCC1 level and the relative level of 

phosphor-NKCC1 associated with persistent inflammation (Fig 2).   
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Persistent inflammation has no influence on EGABA in HEPES buffered bath  

Although western blot with whole ganglia did not show any increase in NKCC1 

expression and phosphorylation, it was possible that the increase of NKCC1 expression 

and phosphorylation was masked because the majority of the neurons were not inflamed. 

We therefore used gramicidin perforated patch to directly measure the EGABA in 

cutaneous neurons from naïve and inflamed rats. Neurons were prescreened with Ca2+ 

imaging and EGABA was measured with a ramp protocol (Fig 3 A, B). Surprisingly, EGABA 

in cutaneous neurons from inflamed rats that responded to GABA with a Ca2+ transient (-

18.99 ± 3.26 mV, n = 14) was comparable to that in non-responders from inflamed rats (-

21.29 ± 2.21mV, n = 8) as well as non-responders from naïve rats (-21.89 ± 3.39, n = 15; 

p > 0.05, Figure 2C).  

 

EGABA is more depolarized in responders from inflamed rats in HCO3
- buffered bath  

While our results from the Western blot analysis and EGABA measurements in HEPES 

buffered bath argued against a role for an increase in NKCC1 activity in the emergence 

of excitatory GABAA signaling with inflammation, there is evidence that Na+-

independent mechanisms contribute to the regulation of intracellular Cl- concentration 

(Rocha-Gonzalez et al., 2008), and that a HCO3
--dependent mechanism can also regulate 

the concentration of intracellular Cl-  (Planelles, 2004;Irie et al., 1998). We assessed the 

impact of inflammation on EGABA with a HCO3
- buffered bath solution. As with the 

experiments performed in HEPES buffered bath, neurons were first screened with Ca2+ 

imaging to distinguish GABA responsive from non-responsive neurons. Results of this 
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experiment were comparable to those obtained in HEPES buffered bath with a 

significantly (p < 0.01) greater proportion of cutaneous neurons from inflamed rats 

(19/42) responsive to GABA than that in neurons from naïve rats (4/45, Figure 4A).  

 

In contrast to the results of the pre-screening experiment, there were two striking 

differences between HCO3
- and HEPES buffered bath with respect to EGABA 

measurements. First, EGABA was significantly (p<0.01, two-way ANOVA) more 

hyperpolarized in HCO3
- than in HEPES (Figure 4B vs Figure 3C). Second, EGABA was 

significantly more depolarized in responsive neurons from inflamed rats (-32.22 ± 1.87 

mV; n = 11) than non-responsive neurons from naïve rats (-40.12 ± 2.06 mV, n = 25; p < 

0.05). EGABA in non-responsive neurons from inflamed rats (-38.15 ± 1.43, n=24), was, 

however, not significantly different from that in responsive neurons from naïve rats 

(Figure 4B).  

 

Resting membrane potential is depolarized in responsive neurons from inflamed rats 

Because our EGABA results indicated that a depolarizing shift in EGABA was not sufficient 

to account for the inflammation-induced increase in GABA responsive neurons, we next 

explored the possibility that GABA-independent mechanisms may also contribute to the 

inflammation induced shift in signaling. We first assessed passive electrophysiological 

properties. These included resting membrane potential, input resistance and membrane 

capacitance. Mean values for each of these parameters measured in HEPES and HCO3
- 

buffered solution are listed in Table 1. Of these three parameters, the only one 
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consistently different under both recording conditions is resting membrane potential, 

which was significantly (p < 0.01) more depolarized in responsive neurons from inflamed 

rats than that in either non-responsive neurons from inflamed rats or non-responsive 

neurons from naïve rats. 

 

GABA indued larger membrane depolarization in responsive neurons from inflamed 

animals 

Because input resistance was assessed at the resting membrane potential and GABA will 

drive a membrane depolarization when EGABA is depolarized relative to the resting 

membrane potential, we next sought to determine the magnitude of a GABA-induced 

depolarization. GABA (3 mM) was applied to neurons in current clamp (Figure 5A). 

Despite the absence of a difference in EGABA between groups with HEPES based bath 

solution, the magnitude of the GABA-induced depolarization was significantly larger in 

responsive than in non-responsive neurons from non-inflamed rats (Figure 5B). The same 

was true when the expermiment was repeated in HCO3
- based bath solution (Figure 5C). 

Interestingly, the amplitude of GABA-induced depolarization was comparable in both 

HEPES and HCO3
- based bath solutions despite the ~20 mV difference in EGABA obtained 

under the two recording conditions. This observation suggests that EGABA plays a 

relatively minor role in the shift in GABAA signaling in the presence of persistent 

inflammation. 
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Increase in GABAA current density in neurons from inflamed rats 

There are several mechanisms that could contribute to the increase in the magnitude of 

the GABA evoked depolarization in responsive neurons. These include an increase in the 

magnitude of GABA evoked current, an increase in a low threshold voltage-activated 

current that facilitates GABA-induced depolarization, or a decrease in an outward current 

that normally attenuates the magnitude of the GABA-induced depolarization. With 

respect to the first possibility, we have evidence that under conventional whole cell patch 

configuration there is an inflammation-induced increase in GABAA current (IASP 

abstract 2010_R252).  A significant increase in the magnitude of the GABA current 

density was also detected with perforated patch recording (p<0.05, Figure 6).   

 

K+ conductance is decreased in responsive neurons from inflamed rats  

With respect to the second possibility, voltage-clamp analysis indicated that in cutaneous 

neurons, no low threshold inward current was detected with voltage steps depolarization 

between -55 and -40 mV from a holding potential of -60 mV. Furthermore, previous 

analysis of inflammation-induced changes in voltage-gated Ca2+ currents in cutaneous 

neurons indicates that there is no inflammation-induced increase in low threshold current 

(Lu et al., 2010). Rather than inward current, outward currents dominated the low 

threshold voltage-activated currents in cutaneous neurons (Figure 7A, B). There is a 

significant decrease in outward current density of responsive neurons from inflamed rats 

(Figure 7C, p<0.01, two-way repeated measure ANOVA).  
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Discussion 

 

The hypothesis test in the current study was that there is a switch of GABAA signaling in 

primary afferent neurons following persistent inflammation which is due to a 

depolarizing shift in EGABA. Our data was only consistent with half of this hypothesis. In 

acutely dissociated cutaneous neurons from naïve animals, GABA induced a 

concentration dependent inhibitory effect; while following inflammation, a 

concentration-dependent excitatory influence was detected in a subpopulation of 

cutaneous neurons. Furthermore, there was a significant increase in the proportion of 

cutaneous neurons in which GABA was able to drive a Ca2+ transient, directly. However, 

we detected no change in total or phosphor-NKCC1 in DRG from inflamed rats. And 

while an inflammation-induced depolarizing shift in EGABA was detected in a 

subpopulation of cutaneous neurons in HCO3
- bath, a depolarized EGABA level does not 

seem to be sufficient to drive the excitatory effect of GABA. This suggestion is based on 

the observations that i) although EGABA was ~20 mV more depolarized in HEPES than in 

HCO3-, the number of responders was comparable in these two bath solutions; and 2) 

there was no influence of inflammation on EGABA between GABA responsive and 

nonresponsive neurons when measured in HEPES. Instead, the changes that were 

associated with the inflammation-induced shift in GABAA signaling in primary afferent 

neurons included a decrease in resting membrane potential, an increase in GABA current 

density, and a decrease in K+ current density around the action potential threshold (i.e., -

30 mV).  
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The inflammation-induced change of the influence by GABA on high K evoked Ca2+ 

transient was entirely consistent with the prediction that the primary afferent is one of the 

sites of the shift in spinal GABAA signaling observed in the presence of persistent 

inflammation. However, the interpretation of the Ca2+ transients evoked directly by 

GABA is not so straightforward, particularly in the absence of spiking activity associated 

with the transient. Pharmacological evidence suggests that the GABA evoked Ca2+ 

transient is due to the activation of low voltage-activated Ca2+ channels, as it is 

completely blocked by 100 µM Ni2+ (Kobrinsky et al., 1994). The absence of neural 

activity, however, suggests one of at least three possibilities. First, the inflammation-

induced increase in dorsal root reflex (DRR) activity observed with acute noxious or 

inflammatory stimuli does not persist in the presence of ongoing inflammation. This 

would suggest that the shift in GABAA signaling observed in the presence of persistent 

inflammation reflects changes in the modulatory activity of GABA rather than one of 

frank excitatory nature, which would be consistent with the presence of hypersensitivity 

three days after CFA injection rather than ongoing pain behavior (Boegel et al., 2011). 

Second, DRR activity is present, but not manifest in the isolated cell body due to the 

particular biophysical constraints of the cell body which include a relatively small surface 

to volume ratio and a particularly high density of high threshold Na+ currents. GABA 

induced spiking may be possible in the processes. Third, the emergence of DRR activity 

is not only due to persistent changes in resting membrane potential, GABA current and 

K+ current, but the ongoing activity of inflammatory mediators that are released in the 

periphery and dorsal horn (McMahon et al., 2005) . For example, inflammatory mediators 

such as PGE2 increases Na+ currents (Gold et al., 1998) and may further decrease K+ 



 

28 

 

currents (Nicol et al., 1997). Nevertheless, the GABA evoked increase in Ca2+ is still 

considered excitatory, given the profound impact of Ca2+ on signal transduction, 

transmitter release and gene transcription  

(Eshete and Fields, 2001;Wei et al., 2006;Kawano et al., 2009;McCleskey et al., 

1986;Hirning et al., 1988).  

 

Our results suggest that a depolarizing shift in EGABA is not sufficient to account for the 

increase in GABA induced excitation in cutaneous neurons. However, that is not to say 

that NKCC1 is not necessary for the excitatory actions of GABA, as this co-transporter 

contributes to the depolarized EGABA, even in the absence of inflammation. Furthermore, 

acute inflammatory mediator-induced modulation of NKCC1 may further contribute to 

the shift in EGABA in vivo, as further depolarization of EGABA will create a greater driving 

force on GABA currents resulting in greater membrane depolarization.  

 

The observation that EGABA was more hyperpolarized in HCO3
- buffered bath was 

surprising, given that EHCO3- is generally considered to be relatively depolarized (Kaila et 

al., 1993) and the relatively limited HCO3- permeability of the GABAA channel suggests 

that this ion should have little influence on EGABA. The 20 mV shift in EGABA in the 

presence of HCO3- bath suggests that there is a robust HCO3- dependent Cl- extrusion 

mechanism in cutaneous neurons. HCO3-/Cl- exchangers have not been considered a 

major player in the regulation of Cl- equilibrium in primary afferent neurons as nearly all 

previous EGABA measurements in sensory neurons have been made with HEPES bath 

solution. Consequently, estimates of EGABA and intracellular Cl- concentrations have been 
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comparable to those we obtained in HEPES buffered solution (Gilbert et al., 2007;Rocha-

Gonzalez et al., 2008;Alvarez-Leefmans et al., 1988). EGABA estimates obtained in 3 mM 

HCO3
- buffered bath solution in chick sensory neurons (Kenyon, 2000) were comparable 

to those obtained in the present study, suggesting the HCO3
-/Cl- exchange is not only 

robust, but conserved across species. While identification of the HCO3
-/Cl- exchanger(s) 

underlying Cl- extrusion in cutaneous neurons is beyond the scope of the present study, 

members of the SLC4, HCO3
- exchanger family are promising candidates because they 

extrude Cl-, accumulate HCO3
-, are expressed in neuronal tissues, and some of them are 

electroneutral. These properties are consistent with the fact that there is little difference 

between resting membrane potential of cutaneous neurons tested in HEPES and HCO3
- 

buffered bath solutions. Given the decrease in pH observed in the presence of 

inflammation, changes in the expression and/or activity of a HCO3
- exchanger may 

enable sensory neurons innervating sites of inflammation to accommodate to the pH 

decrease, where changes in GABAA signaling may be a secondary consequence of 

change in HCO3
- exchanger activity and pH. 

 

Given that GABAA receptor activation was associated with a greater membrane 

depolarization in GABA responders, it is interesting to consider the extent to which this 

depolarization will lead to facilitation or inhibition of action potential generation and/or 

propagation. It has been suggested that one of the primary mechanisms underlying 

GABAA receptor mediated presynaptic inhibition is the depolarization-induced 

inactivation of voltage-gated Na+ channels (Graham and Redman, 1994). Such a 

mechanism, however, relies on the biophysical properties of the Na+ channels in the 
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neuron of interest. The vast majority of Na+ channels in the CNS as well as non-

nociceptive afferents are subject to steady-state inactivation over a voltage-range that 

spans typical resting membrane potentials (i.e., -80 to -50 mV). However, there appears 

to be a relatively high density of tetrodotoxin-(TTX) resistant Na+ channel in both the 

peripheral (Zimmermann et al., 2007;Khasar et al., 1998) and central (Jeftinija, 1994;Gu 

and MacDermott, 1997)  terminals of nociceptive afferents and these channels are 

relatively resistant to steady-state inactivation (Elliott and Elliott, 1993;Gold et al., 

1996;Kostyuk et al., 1981) .Thus, in nociceptive afferents, GABA-induced depolarization 

should not inactivate the majority of Na+ channels and therefore will not block action 

potential propagation. The other mechanism thought to underlie GABAA mediated 

presynaptic inhibition is shunting. The increase in membrane conductance associated 

with the opening of Cl- channels is typically thought to mediate this effect (Segev, 

1990;Cattaert and El, 1999). However, in sensory neurons, where GABAA receptor 

activation does not simply result in an increase in membrane conductance, but membrane 

depolarization, this increase in conductance can be far more excitatory than inhibitory as 

we have recently demonstrated in dural afferents (Vaughn and Gold, 2010a). Rather, the 

high density of low-threshold persistent K+ current activated with GABA mediated 

depolarization appears to be the mechanism underlying the depolarization-induced 

inhibitory actions of GABA in cutaneous neurons. Thus, the inflammation-induced 

suppression of these currents appears to have a significant influence on the valence of the 

actions of GABA, where depolarization-induced inactivation of K+ (Harriott et al., 2006) 

as well as the acute inflammatory mediator-induced suppression of these currents (Nicol 

et al., 1997) should further facilitate the pronociceptive actions of GABA.  



 

 

Figure 1: Inflammation-induced increase in the excitatory actions of GABA in cutaneous 

DRG neurons 

A) High K (30 mM KCl) was used to evoke Ca
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dependent suppression of the Ca

but an increase in the transient in a subpop

Pooled data from neurons in which GABA increased (CFA) or decreased (Naïve) high K 

evoked transients with same concentration of GABA applied as shown in panel A

Direct application of GABA to cutaneous neurons f

in the intracellular Ca2+ concentration in the majority of neurons tested. However, in 

close to half of the neurons from inflamed rats, direct application of GABA resulted in a 

transient increase in intracellular Ca
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induced increase in the excitatory actions of GABA in cutaneous 

A) High K (30 mM KCl) was used to evoke Ca2+ transients in neurons from naïve and 

-application of GABA with high K results in a concentration 

dependent suppression of the Ca2+ transient in a subpopulation of neurons from naïve rats, 

but an increase in the transient in a subpopulation of neurons from inflamed rats. B) 

Pooled data from neurons in which GABA increased (CFA) or decreased (Naïve) high K 

with same concentration of GABA applied as shown in panel A

Direct application of GABA to cutaneous neurons from naïve rats resulted in little change 

concentration in the majority of neurons tested. However, in 

close to half of the neurons from inflamed rats, direct application of GABA resulted in a 

transient increase in intracellular Ca2+. High K was used to confirm neurons could 

induced increase in the excitatory actions of GABA in cutaneous 

 

transients in neurons from naïve and 

K results in a concentration 
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ulation of neurons from inflamed rats. B) 

Pooled data from neurons in which GABA increased (CFA) or decreased (Naïve) high K 

with same concentration of GABA applied as shown in panel A. C) 

rom naïve rats resulted in little change 

concentration in the majority of neurons tested. However, in 

close to half of the neurons from inflamed rats, direct application of GABA resulted in a 

. High K was used to confirm neurons could 



 

32 

 

respond to a depolarizing stimulus. D) Pooled data tested with direct activation of GABA. 

The proportion of cutaneous neurons from inflamed rats directly activated by GABA was 

significantly greater than that from naïve rats. ** p<0.01, Χ2 test. 

  



 

 

Figure 2: No detectable increase in total or phosphorylated NKCC1 protein

 

Top panel is the blot used to assess changes in protein levels. Each lane was loaded with 

tissue from one rat that was

panel, pooled densitometric analysis reveals no difference in the relative band intensity in 

DRG harvested from naïve or inflamed rats (p>0.05).
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No detectable increase in total or phosphorylated NKCC1 protein

 

Top panel is the blot used to assess changes in protein levels. Each lane was loaded with 

tissue from one rat that was either inflamed (CFA, 3 days post injection) or naïve. Bottom 

panel, pooled densitometric analysis reveals no difference in the relative band intensity in 

DRG harvested from naïve or inflamed rats (p>0.05). 

No detectable increase in total or phosphorylated NKCC1 protein 

Top panel is the blot used to assess changes in protein levels. Each lane was loaded with 

either inflamed (CFA, 3 days post injection) or naïve. Bottom 

panel, pooled densitometric analysis reveals no difference in the relative band intensity in 



 

 

Figure 3: No detectable influence of inflammation on E

 A) A ramp protocol from 

GABA (60 µM) application was used to determine E

difference currents shown in A was extrapolated to 0 pA to estimate E

data from cutaneous neurons from naïve and inflamed rats (CFA) in which direct 

application of GABA evoked a Ca

(nonresponders) are plotted. There is no statistically significant difference between 

groups (p>0.05).  
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le influence of inflammation on EGABA.  

) A ramp protocol from -30 to -80 mV run with (black trace) and without (gray trace) 

M) application was used to determine EGABA. B) The linear phase of the 

difference currents shown in A was extrapolated to 0 pA to estimate EGABA

data from cutaneous neurons from naïve and inflamed rats (CFA) in which direct 

application of GABA evoked a Ca2+ transient (responders) or failed to do so 

(nonresponders) are plotted. There is no statistically significant difference between 

 

80 mV run with (black trace) and without (gray trace) 

) The linear phase of the 

GABA. C) Pooled 

data from cutaneous neurons from naïve and inflamed rats (CFA) in which direct 

to do so 

(nonresponders) are plotted. There is no statistically significant difference between 



 

 

Figure 4: Inflammation effects on the GABA response ratio and E

bath solution. 

A) Inflammation (CFA) resulted in a significant increase in the proportion of neurons that 

responded to GABA with a Ca

Figure 3 in HCO3
- buffered bath solution. In contrast to the results obtained in HEPES 

buffered bath solution, EGABA

non-responders from naïve rats (p < 0.05). The difference between E

and non-responders from inflamed rats was not significant (p > 0.05). 
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Inflammation effects on the GABA response ratio and EGABA in HCO

Inflammation (CFA) resulted in a significant increase in the proportion of neurons that 

responded to GABA with a Ca2+ transient (responders). B) EGABA was determined as in 

buffered bath solution. In contrast to the results obtained in HEPES 

GABA was significantly more depolarized in responders than in 

responders from naïve rats (p < 0.05). The difference between EGABA

nders from inflamed rats was not significant (p > 0.05).  

in HCO3
- buffered 

 

Inflammation (CFA) resulted in a significant increase in the proportion of neurons that 

was determined as in 

buffered bath solution. In contrast to the results obtained in HEPES 

was significantly more depolarized in responders than in 

GABA in responders 



 

 

Figure 5: Inflammation-induced increase in GABA induced membrane depolarization.

A) Three mM GABA induced a larger membrane depolarization in a cutaneous neurons 

from an inflamed rat that responded to GABA with a Ca

a nonresponder from naive rat (lower trace). The cell body diameter of both neurons was 

30 µm, and both were responsive to capsaicin. Pooled GABA

obtained in HCO3
- (B) and HEPES (

the depolarization was significantly larger in responders from inflamed rats than in non

responders from naïve rats. * p<0.05. 

36 

induced increase in GABA induced membrane depolarization.

) Three mM GABA induced a larger membrane depolarization in a cutaneous neurons 

inflamed rat that responded to GABA with a Ca2+ transient (upper trace) than in 

a nonresponder from naive rat (lower trace). The cell body diameter of both neurons was 

m, and both were responsive to capsaicin. Pooled GABA-induced depolarization data 

) and HEPES (C) buffered bath were comparable: The magnitude of 

the depolarization was significantly larger in responders from inflamed rats than in non

responders from naïve rats. * p<0.05.  

induced increase in GABA induced membrane depolarization. 
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the depolarization was significantly larger in responders from inflamed rats than in non-



 

 

Figure 6: Inflammation-induced increase in GABA current density.

 

 

A) The magnitude of the GABA current evoked in voltage clamp from 

to determine current density.  The current shown is typical of that evoked in small 

diameter neurons from inflamed 

prior to electrophysiological analysis. B) Pooled conductance density is plotted and 

analyzed with a one way ANOVA which revealed a significant influence of inflammation 

(p < 0.01).  
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induced increase in GABA current density. 

) The magnitude of the GABA current evoked in voltage clamp from -60 mV was used 

to determine current density.  The current shown is typical of that evoked in small 

diameter neurons from inflamed rats in which GABA was able to evoke a Ca

prior to electrophysiological analysis. B) Pooled conductance density is plotted and 

analyzed with a one way ANOVA which revealed a significant influence of inflammation 

 

60 mV was used 

to determine current density.  The current shown is typical of that evoked in small 

rats in which GABA was able to evoke a Ca2+ transient 

prior to electrophysiological analysis. B) Pooled conductance density is plotted and 

analyzed with a one way ANOVA which revealed a significant influence of inflammation 



 

 

Figure 7: Inflammation-induced decrease in outward current in cutaneous neurons.

Typical non- or weakly-inactivating outward current evoked with voltage steps to 

40 and -30 mV from -60 mV in cutaneous neurons from naïve (

The currents showed in B, were from a neuron that responded to GABA with a Ca

transient. Note the absence of low threshold inward current in either in A or B which was 

typical of cutaneous neurons studied from naïve and inflamed rats. 

naïve rats and responders from inflamed rats. Data from non

rats are comparable to the currents obtained from naïve rats and are omitted for clarity. 

Two-way mixed design ANOVA revealed a significant influence of voltage 

and inflammation (p < 0.01), but no interaction between the two.
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induced decrease in outward current in cutaneous neurons.

inactivating outward current evoked with voltage steps to 

60 mV in cutaneous neurons from naïve (A) and inflamed (

The currents showed in B, were from a neuron that responded to GABA with a Ca

transient. Note the absence of low threshold inward current in either in A or B which was 

typical of cutaneous neurons studied from naïve and inflamed rats. C) Pooled 

naïve rats and responders from inflamed rats. Data from non-responders from inflamed 

rats are comparable to the currents obtained from naïve rats and are omitted for clarity. 

way mixed design ANOVA revealed a significant influence of voltage 

and inflammation (p < 0.01), but no interaction between the two. 

induced decrease in outward current in cutaneous neurons. 

 

inactivating outward current evoked with voltage steps to -50, -

) and inflamed (B) rats. 

The currents showed in B, were from a neuron that responded to GABA with a Ca2+ 

transient. Note the absence of low threshold inward current in either in A or B which was 

) Pooled data from 

responders from inflamed 

rats are comparable to the currents obtained from naïve rats and are omitted for clarity. 

way mixed design ANOVA revealed a significant influence of voltage (p < 0.01) 
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Table 1: Passive properties of cutaneous DRG neurons 

Bath 

Solution 

Group Resting membrane 

potential (mV) 

Input resistance 

(G Ω) 

HEPES 

 

Responder 

Inflamed 

-59.02 ± 1.69 *  0.8 ±0.1** 

Non-responder 

Inflamed 

-64.51 ± 1.47 0.87 ±0.11** 

Non-responder 

Naïve 

-68.20 ± 2.17 1.42 ± 0.14 

HCO3
- Responder 

Inflamed 

-62.77 ± 1.45* 1.12 ± 0.22 

Non-responder 

Inflamed 

-68.38 ± 1.48 1.15 ± 0.19 

Non-responder 

Naïve 

-69.36 ± 1.63 1.03 ± 0.11 
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Chapter 3: Inflammation-induced shift in spinal GABAA signaling is associated 

with a tyrosine-kinase dependent increase in GABAA current density in nociceptive 

afferents 

Abstract 

In the presence of persistent inflammation there is evidence for the development of an 

excitatory influence of GABAA receptor activation that reflects the upregulation of a high 

affinity extrasynaptic receptor. The present study was designed to determine whether the 

upregulation of such a receptor occurs in the primary afferents innervating the site of 

inflammation. The cell body of cutaneous afferents innervating the glabrous skin of the 

hindpaw were retrogradely labeled, acutely dissociated, and studied with whole-cell patch 

clamp techniques before and after the induction of persistent inflammation of the 

glabrous skin with complete Freund’s adjuvant. RT-PCR and Western blotting were used 

to assess changes in GABAA receptor subunit expression and protein levels. Behavioral 

pharmacology was used to determine the functional implications of the changes in 

GABAA signaling observed in vitro. A time dependent increase GABAA current density 

was observed that was > 2 fold by 72 hours after the initiation of inflammation. The 

inflammation-induced increase in current density was restricted to a subpopulation of 

neurons in which GABA was able to drive an increase in intracellular Ca2+ and was 

associated with minimal changes in the biophysical and pharmacological properties of the 

currents, with evidence for an increase in both high and low affinity GABAA receptors. 

No increases in GABAA receptor subunit expression or protein levels were detected at the 
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whole ganglia level in association with the increase in current density. In contrast, the 

increase in current density was completely reversed by a 20 minute pre-incubation with 

protein tyrosine kinase inhibitor genistein and partially reversed with the more specific 

tyrosine kinase inhibitor, PP2. The tryrosine kinase dependent increase in current density 

was sensitive, at least in part, to the dynamin inhibitor peptide, P4. The spinal 

administration of genistein and muscimol to inflamed rats indicated that the 

pronociceptive actions of muscimol observed in the presence of inflammation were 

reversed an injection of genistein 20 minutes earlier. These results extend the array of 

mechanisms influencing ion channel properties and consequently afferent excitability. 

Persistent changes in relative levels of kinase activity not only provide a sensitive way to 

dynamically regulate spinal nociceptive signaling, but a viable target for the development 

of novel therapeutic interventions for the treatment of inflammatory pain.  
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Introduction 

Spinal γ-aminobuteric acid A type (GABAA) receptor signaling in the adult is normally 

inhibitory in the absence of tissue injury such that spinal administration of GABAA 

receptor agonists increase nociceptive threshold (Anseloni and Gold, 2008;Yamamoto 

and Yaksh, 1991), while administration of antagonists result in hypersensitivity. However, 

we have recently obtained evidence suggesting that in the presence of persistent 

inflammation, there is a shift in spinal GABAA receptor signaling such that the agonist 

muscimol, at least at low doses, facilitates inflammatory hypersensitivity, while the 

antagonist gabazine is analgesic (Anseloni and Gold, 2008). Interestingly, in contrast to 

results obtained with the full agonist, we (Anseloni and Gold, 2008) and others (Knabl et 

al., 2009) demonstrated that spinal benzodiazepine administration is analgesic both in the 

presence and absence of tissue injury. While an inflammation-induced depolarizing shift 

in Cl- equilibrium potential, the prevailing hypothesis regarding the basis for injury-

induced changes in GABAA receptor signaling (Price et al., 2009), could account for 

results obtained with muscimol and gabazine, the benzodiazepine results suggests 

additional mechanism(s) must also be present. We hypothesized that the emergence of a 

benzodiazepine resistant, high affinity extrasynaptic GABAA receptor was such a 

mechanism.  

 

While persistent inflammation-induced changes in spinal GABAA receptor signaling may 

reflect pre-synaptic changes in the central terminals of primary afferents and/or post-

synaptic changes in dorsal horn neurons, the available evidence supports a pre-synaptic 

site. For example, in an acute inflammation model, GABAA receptor antagonist 
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administration results in a decrease in transmitter release from the central terminals of 

primary afferents (Sluka et al., 1994). The generation of antidromically conducting action 

potentials in the central terminals of primary afferents, the so-call dorsal root reflex 

observed in acute inflammation models, is also blocked by spinal GABAA receptor 

antagonists (Sluka et al., 1993). More convincing still is the observation that the dorsal 

root reflex is also blocked by bumetanide, a relatively selective inhibitor of the Na+-K+-

Cl- cotransporter 1 (NKCC1) (Valencia-de et al., 2006), the Cl- co-transporter thought to 

mediate the depolarizing shift in the Cl- equilibrium potential in primary afferent neurons 

(Price et al., 2009).  As described in Chapter 2, we have obtained preliminary data 

suggesting that persistent inflammation results in the emergence of excitatory GABAA 

receptor signaling that is detectable in isolated dorsal root ganglion (DRG) neurons (2011 

SFN poster 41.01). Thus, we hypothesize that a high affinity extrasynaptic GABAA 

receptor that contributes to the inflammation-induced shift in spinal GABAA receptor 

signaling is increased on the primary afferent neurons. The present study was designed to 

begin to test this hypothesis. 

 

While not entirely consistent with our underlying hypothesis, results of the present study 

suggest that in the presence of persistent inflammation, there is an increase in both high 

and low affinity GABAA currents. Strikingly, this increase in current does not appear to 

be due to an increase in subunit expression or translation, but rather a persistent increase 

in the relative activity of a tyrosine kinase. Furthermore, behavioral data indicate that this 

increase in tyrosine kinase activity is sufficient to account for the inflammation-induced 

shift in spinal GABAA signaling from inhibition to excitation.  
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Material and Methods 

Animals 

Please refer to Chapter 2 

 

Labeling and inflammation 

Please refer to Chapter 2 

 

Preparation of isolated DRG neurons 

Please refer to Chapter 2 

 

Electrophysiology 

Instruments and general parameter used in recording are same as described in Chapter 2 

unless mentioned. Electrode solution used in patch clamp is composed of the following 

composition: CsCl 140 mM, MgCl2-6H2O 1 mM, CaCl2 1 mM, EGTA 11 mM, HEPES 

10 mM, ATP 2 and GTP 1 mM; pH was adjusted to 7.2 with Tris Base, and osmolality 

was adjusted to 317 mOSm with sucrose. The bath solution used to record GABA 

currents in relative isolation was composed of Choline-Cl 140 mM, CaCl2 2.5 mM, 

MgCl2 1.2 mM, HEPES 5 mM, Glucose 10 mM; pH was adjusted to 7.4 with Tris-Base 

and osmolality was adjusted to 325 mOsm with sucrose.  

 

For all the concentration response, pharmacological and kinase studies, GABA (with 

CGP55845) was applied at a 3 minute interval. In the concentration- response study, 
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GABA was applied from lowest to highest concentration and the amplitude of GABA 

current plotted as a function of concentration was fitted with a Hill equation to generate 

estimates of peak current (efficacy), the concentration 50% of peak (EC50, potency), as 

well as the Hill coefficient. For pharmacological studies, we used awithin cell design 

where test compounds were applied after establishing a stable baseline of GABA A current 

amplitude, and the change in GABAA current observed in the presence of the test 

compound was analyzed relative to baseline. At least a five minute inter-test-interval was 

used in these experiments  

 

Calcium imaging 

Please refer to Chapter 2 

 

PCR 

Rats from inflamed and naive groups were anesthetized, and L4 /L5 DRG were harvested. 

Total RNA was extracted from DRG with Tizol (Invitrogen, Carlsbad, CA). cDNA 

synthesis was carried out using 2 µg of total RNA with Superscript II Reverse 

Transcriptase (Invitrogen), 0.1 M DTT, RNaseOUT™, dNTP Mix, 5× First-Strand 

Buffer, random primer (Invitrogen)  at 42°C for 50 min, as described by the manufacture 

protocol.  cDNA was then kept at -20 °C for future use.  

 

For conventional PCR, we used hot start Taq DNA Polymerases, all the reactions were 

denatured at 95 °C, annealed at 58 °C and extended at 72° C. A gradient of 25~40 cycles 

was executed and the product was separated on a 2% agarose gel. The gel was then 
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stained with 0.5 µg/mL ethidium bromide and imaged with a LAS3000 (Fujifilm Inc, 

Japan). The optical density of the bands of PCR product of specific genes were then 

plotted against the number of the cycles, and a cycle number that was in the rising phase 

was chosen for the specific genes. PCR reactions were carried out and abundance of the 

target message was estimated based on the optical density of the PCR product 

(normalized to GAPDH) and comparisons was made between naïve and inflamed rats.  

 

For real-time PCR, SYBR Green PCR CORE reagent (Applied Biosystems 4304886) was 

used, with 50°C 2min; 95°C 12min; and then 40 cycles of 95°C 15sec and 60°C 60 sec. 

The reaction was run on and signal was detected by a thermal cycler (applied Bioscience) 

and then analyzed with Prism 7000 SDS software. Amplification efficiency of primers 

was evaluated and conditions were optimized so that the efficiency of amplification of 

target gene and internal comparator were comparable. Then we used ∆∆CT method to 

compare transcriptional level of target gene between inflamed and naive rat DRG. 

Primers for the gene products of interest were designed across the junction of two exons. 

The sequences used are shown in Table 2.  

 

Western blot 

Methods used for extraction of protein, electrophoresis, transferring of protein and 

detection of bands are same as described in Chapter 2. Membranes were blocked with 5% 

milk for 1 hour at room temperature and then incubated with primary antibody at 4°C 

overnight (1:200 for GABAA receptor antibodies, 1:1,000 for GAPDH, diluted with 5% 

milk/TBST). The blot was washed and then incubated with peroxidase conjugated 
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secondary antibody (1:3000 in 5% milk/TBST, Jackson ImmunoResearch Laboratories 

Inc. City, State) for an hour at room temperature. The source of GABAA receptor subunit 

antibodies is as follows: δ, Santa Cruz Biotechnology (sc-31438, Santa Cruz, CA); β2/3, 

Millipore (05-474, Billerica, MA); and γ2, Millipore (AB 5954). 

 

Behavioral experiments 

Intrathecal catheters were placed via methods modified from those previously described 

(Yaksh and Rudy, 1976). Rats were anesthetized with rat cocktail and the subarachnoid 

space was cannulated with a 30g polyethylene tube (Recathco, 0041) through the atlanto-

occipital membrane. The tip of the catheter was advanced 8 cm so as to correspond with 

the lumbar enlargement; the other end was attached to PE10 tubing which was fixed in 

the subcutaneous tissue to avoid movement of the catheter. The rats were allowed to 

recover for 6 days before testing. Rats showing symptoms of infection, motor dysfunction, 

or a mis-targeted catheter (determined at the end of testing) were excluded from further 

analysis. CFA were injected into the glabrous skin of rat hind paw as described above for 

rats in inflamed groups. 

 

Six days after IT catheterization, the rats were divided into 4 groups defined by the 

presence of inflammation (inflamed vs. naïve) and the administration of a tyrosine kinase 

inhibitor (genistein or its inactive isoform, genistin). Mechanical nociceptive threshold 

was detected with an electronic von Frey device (IITC life science, Woodland Hills CA) 

fitted with a ridged tip (~1 mm in diameter) applied to the dorsolateral surface of the 

hindpaw in rats gently restrained in the toe of a sock. The average of 3 responses 
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obtained with an inter-stimulus interval of at least 15 seconds was used as threshold. 

Threshold data were collected before and 20 min after the administration of genistein or 

genistin (both at 0.1 mg/10 µL dissolved in DMSO) where 10 µL of drug was followed 

by 10 µL of saline administered at a rate of 20 µL/minute via a perfusion pump. 

Following the second determination of threshold, all rats received a second IT injection 

of muscimol (0.1 µg/10 µL dissolved in saline), which was followed 10 minutes later by a 

3rd determination of mechanical threshold. After the testing, animals were deeply 

anesthetized and subsequently euthanized after typan blue was injected through the 

catheter. The location of the catheter was determined via visual inspection. The 

experimenter collecting behavioral data was blinded to whether rats received genistein or 

genistin. All behavioral data was collected in the University of Pittsburgh Rodent 

Behavior Analysis Core facility.  

 

Test compounds 

Capsaicin, diazepam, 3α,21-Dihydroxy-5α-pregnan-20-one (THDOC), forskolin, γ-

aminobuteric acid (GABA), genistein, genistin, muscimol, phorbol 12,13-dibutyrate 

(PDBU), picrotoxin, pp2, ZnCl2, were from Sigma-Aldrich. Bicuculline methiodide, 

CGP 55845 and dynamin inhibitory peptide (P4 peptide) were from Tocris Bioscience 

(Ellisville, Missouri). GABA, ZnCl2, Muscimol, P4 peptide were dissolved in water; 

diazepam, forskolin, genistein, genistin, PDBU, picrotoxin, pp2 and THDOC were 

dissolved in DMSO and capsaicin was dissolved in ethanol to make stock solutions. 

Stock solutions were then kept in a -20°C freezer and diluted with bath solution in 1:1000 

ratios to their working concentration before use. Test compounds were applied with a 
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piezo driven perfusion system (SF-77B Perfusion Fast-Step; Warner instruments LLC, 

Hamden, CT), that enable on- and off-rates of under 10 ms. To minimize the potential 

impact of GABAB receptor activation, all recording was performed in the presence of the 

GABAB receptor antagonist CGP 55845 (10 µM). 

 

Statistics 

All pooled data are presented as mean ± standard error of the mean. A Student’s T-test 

was used for two-group comparisons (i.e., naive versus inflamed), a Mann-Whitney Rank 

Sum Test was used for two group comparisons that failed normality test (i.e. cell body 

size), a one-way ANOVA was used for multiple group comparisons (i.e., current 

amplitude versus day post CFA injection), and a two-way ANOVA was used to assess 

the presence of a significant interaction between inflammation and tyrosine kinase 

inhibitor on GABA current amplitude. The Tukey test was used for post-hoc pair wise 

multiple comparisons. p < 0.05 was considered statistically significant. 

Results 

GABA currents in cutaneous DRG neurons 

Electrophysiological data were collected from 203 naïve and 228 cutaneous DRG 

neurons from naïve and inflamed rats, respectively. As previously described for 

unlabeled DRG neurons(White, 1992), 100% of cutaneous DRG neurons studied were 

responsive to GABA with a rapidly activating inward current when evoked from a 

holding potential of -60 mV (Figure 8A). This was true of neurons from both naive and 

inflamed rats. This current was completely blocked by competitive GABAA receptor 



 

50 

 

antagonist bicuculline (50 µM, n = 5), and suppressed by noncompetitive GABAA 

receptor antagonist picrotoxin (100 µM, n =5). There was a weak (r2 = 0.36) but 

significant (p < 0.01) correlation between peak current amplitude (in response to 1 mM 

GABA) and cell body capacitance. The result was that current density was relatively 

constant between neurons, even those with putatively distinct functional properties such 

as small diameter neurons responsive to capsaicin (a subpopulations of nociceptive 

afferents) and those with a large cell body diameter unresponsive to capsaicin (putative 

non-nociceptive afferents) (Figure 8C). Also consistent with previous results (Flake et al., 

2005), the membrane capacitance of cutaneous neurons from inflamed rats was 42.03 pF 

(25th percentile: 34.93 pF; 75th percentile: 49.62 pF), which was significantly larger than 

that of neurons from naive rats (34.15 pF; 25th percentile: 27.80 pF; 75th percentile: 

40.28 pF; p<0.01). This was clearly illustrated with a histogram of cell body capacitance 

plotted as a fraction of the total number of neurons studied (Figure 8D). Because of the 

correlation between cell body size and current amplitude and the impact of inflammation 

on cell body diameter, current density (peak current / membrane capacitance) was used 

for all subsequent analyses to enable comparisons between groups of neurons.  

 

The impact of inflammation on GABA currents in cutaneous DRG neurons 

The most notable difference between GABA currents in neurons from inflamed and naive 

rats was that the amplitude of currents which were larger in neurons from inflamed rats 

(Figure 9A). This difference was associated with an increase in current density, which 

was significant (p < 0.01), despite the inflammation-induced increase in membrane 

capacitance (Figure 9B), and only found in labeled DRG neurons. Current density in non-
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labeled neurons from inflamed animals (27.44 ± 3.26 pA/pF, n = 10) was not 

significantly different (p > 0.05) from that in cutaneous neurons from naïve rats (Figure 

9B) or unlabeled neurons from naïve rats (25.45 ± 5.40 pA/pF, n = 22).  

 

Despite the dramatic increase in current density, there was no detectable influence of 

inflammation on other biophysical properties of the GABA current, as quantified by, for 

example, the rates of current decay or the ratio of “sustained” to “peak” current observed 

during sustained application of GABA (Figure 9C). The current decay was well fitted 

with a double exponential, yielding both fast and slow time constants of decay which 

were comparable in currents evoked from naive and inflamed cutaneous neurons.  

 

Pharmacological properties of GABAA receptor in DRG neurons did not change after 

inflammation 

Our central hypothesis was that inflammation would result in an increase in high affinity 

current in cutaneous neurons. Because an increase in high affinity current should result in 

a leftward shift in the GABA concentration response curve, we assessed the impact of a 

range of GABA concentrations (10, 30, 100, 300, 1000, 3000 µM) on cutaneous neurons 

from naïve and inflamed rats. GABA was applied at an inter-application-interval no 

shorter than 3 minutes based on preliminary data indicating the current evoked with 3 

mM GABA was stable over at least 5 applications (data not shown). There was a 

significant (p < 0.01) increase in efficacy (Figure 10), as measured by maximal current 

density (naïve: 29.53 ± 4.52 vs. inflamed: 70.14 ± 7.97). However, there was no 
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detectable influence of inflammation on potency, as measured by EC50. EC50 values 

were 121.83 ± 36.06 µM (n=14) and 140.61 ± 77.27 µM (n=23) in neurons from naive 

and inflamed rats, respectively.  A concentration-response curve of sustained current 

which was measured at the end of an 8 second GABA application was also plotted and 

the results showed a similar change: maximal current density increased (from 5.26 pA/pF 

to 11.26 pA/pF, p < 0.01) with no significant change in EC50 (naïve: 21.62, inflamed: 

18.02 µM, Fig 10c).  

 

The absence of a detectable change in biophysical properties or shift in the GABA 

concentration response curve suggested that the inflammation-induced increase in current 

density reflected a generalized increase in all GABAA receptor subtypes already present 

in the absence of inflammation. To confirm this suggestion, we employed 3 

pharmacological tools that have relative selectivity for subtypes of GABAA receptors 

defined by their subunit composition. The presence of the γ2 subunit results in a low 

affinity receptor that can be facilitated by benzodiazepines such as diazepam but is 

resistant to the facilitatory effects of the neurosteriod, THDOC and the blocking effects 

of ZnCl2. In the contrast, the presence of the δ subunit, results in a high affinity receptor 

resistant to benzodiazepines, but sensitive to THDOC and ZnCl2 (Saxena and Macdonald, 

1994;Wohlfarth et al., 2002a) Wohlfarth et al., 2002; Wei et al., 2003; Storustovu and 

Ebert, 2006; Stell et al., 2003; Saxena and Macdonald, 1994a). Consistent with the 

suggestion that there are at least two types of GABAA receptors present in sensory 

neurons, there were neurons in which GABA currents were potentiated by THDOC 

(Figure 11A and B) and inhibited by ZnCl2 (Figure 11C and D) as well as facilitated by 
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diazepam (Figure 11E and F). THDOC and ZnCl2 sensitive GABA currents were present 

in every neuron tested from both naïve and inflamed animals. This was not the case for 

diazepam. Only 34.4% (10 of 29) of the neurons from naive animals were responsive to 

diazepam as determined by a 20% increase in evoked current. In contrast, the percentage 

of diazepam responsive neurons from inflamed rats increased to 70% (14 of 20, p < 0.05). 

Despite the heterogeneity among neurons with respect to the presence of different current 

types, the density of THDOC, ZnCl2 and diazepam sensitive current were all significantly 

increased in neurons from inflamed rats. 

 

GABA “excites” a subpopulation of cutaneous neurons from inflamed rats 

The histogram of GABA current density in cutaneous neurons shifted from one 

reasonably described by a skewed unimodal distribution in neurons from naïve rats to at 

least a bimodal distribution in neurons from inflamed rats (Figure 12A). This shift in 

distribution suggested the inflammation-induced increase in current was restricted to a 

subpopulation of cutaneous neurons. This subpopulation did not appear to be defined by 

the cell body size or the responsiveness to capsaicin as there were neurons from these 

groups that had both low and high density of GABA current (data not shown). However, 

because the central hypothesis of this study is based on the shift in GABA signaling, we 

sought to determine whether the increase in current was associated with neurons in which 

GABA was able to induce an excitatory response. Ca2+ imaging was used to screen 

cutaneous neurons from naïve and inflamed rats for the presence of an excitatory 

response. None of the 12 neurons from naïve rats responded to GABA (3 mM) with an 

increase in intracellular Ca2+. In contrast 8 of the 15 neurons from inflamed rats 
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responded to GABA with a reproducible increase in intracellular Ca2+ (Figure 12B, C). 

GABAA current density was assessed after each neuron was screened with Ca2+ imaging. 

Pooled data (Figure 12C) from the 27 neurons studied in this way indicated that the 

current density in responders (74.35 ± 9.23, n = 8) was significantly greater than that in 

non-responders (37.12 ± 7.42, n = 7) from inflamed rats as well as those from naïve rats 

(29.46 ± 4.38, n = 12, p < 0.01). While an increase in current density was observed in 

only ~50% of cutaneous neurons from inflamed rats, pre-screening was not used in 

subsequent experiments in order to avoid potential confounds associated with fura-2 

imaging despite the likely possibility that magnitude of the increase in current density 

described is an underestimate..  

 

Time course of inflammation induced increase in GABA current 

In an effort to implicate mechanisms that may contribute to the inflammation-induced 

increase in GABA current in cutaneous neurons we assessed the time course for the 

development of the increase in current density. Neurons were harvested for subsequent 

study 24, 48, 72 and 120 hours following CFA injection. The increase in current density 

took time to develop as it was not significant until 3 days after the induction of 

inflammation (Figure 13). Importantly, with respect to the potential role of the increase in 

GABA current density in inflammatory hyperalgesia, an increase in current density was 

no longer significant by 5 days post inflammation, a time point at which rats are well on 

their way to recovery from the inflammatory hyperalgesia (Boegel et al., 2011). 
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Inflammation was associated with no detectable changes in GABAA receptor subunit 

expression or protein levels 

The relatively slow increase in GABA current density in the presence of persistent 

inflammation suggested that the increase was due to increase in receptor subunit 

expression and/or transcriptional modulation. Semi quantitative, conventional PCR was 

initially used to screen mRNA extracted from L4 and L5 ganglia for inflammation-

induced changes in the expression of 19 GABAA receptor subunits. While the results of 

this analysis indicated that mRNA encoding all 19 subunits are detected in mRNA 

extracted from whole DRG, there were no detectable differences between naive and 

inflamed ganglia with respect to expression levels of any of the subunits assessed (n = 3 

per group, Figure 14). To confirm the negative results obtained with the semi quantitative 

approach employed, real-time PCR analysis was used to assess expression levels of δ- 

and γ2-subunits, two subunits that appeared to contribute to the inflammation-induced 

increase in current density, according to our pharmacological analysis. The β2-subunit 

was included as an additional control. Despite the increased sensitivity of the real time 

PCR analysis, no difference between naive and inflamed ganglia were detected with 

respect to the expression of any of these 3 subunits (n = 3 per group, Figure 14 inset).  

 

Given evidence that inflammation is associated with increases in protein levels that 

appear to be due to post-transcriptional processing (Ji et al., 2002), we assessed total 

protein levels of the δ, γ2, and β2/3 subunits in L4 and L5 DRG from naive and inflamed 

rats with western blot. Consistent with the results of our mRNA analysis, there was no 
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detectable increase in subunit protein levels in DRG from inflamed rats relative to that in 

naive rats (n = 4 per group, Figure 15).  

Tyrosine kinase inhibitor genistein abolished the increase of GABA current in inflamed 

DRG neurons  

Failure to detect inflammation-induced changes in mRNA or protein levels for GABAA 

receptor subunits suggested the increase in current density may be due to a persistent 

change in post-translational receptor regulation. GABAA receptors are substrates of 

multiple kinases and phosphorylation of GABAA receptors may have a profound 

influence on current amplitude, kinetics and trafficking (Kittler and Moss, 2003).  

Therefore, we next assessed the potential contribution of changes in relative levels of 

kinase activity to the inflammation-induced increase in GABA current.   

 

Despite evidence that GABA currents may be increased or decreased by increases in 

kinase activity, where the direction of the change in current amplitude depends on both 

the specific kinase and the subunit composition, we started with the non-selective protein 

kinase inhibitor K252a, because there is evidence that the activity of multiple kinases is 

up-regulated during inflammation, or at least in response to an array of inflammatory 

mediators (Gold and Gebhart, 2010). The impact of a 6 minute application of K252a (1 

µM) on GABA evoked currents was assessed relative to baseline, where the stability of 

baseline currents was determined with at least 3 consecutive GABA applications. Current 

density was significantly (p < 0.05) reduced (relative to control) in neurons from both 

naïve and inflamed rats by K252a (Figure 16A). However, the observation that decrease 
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in current density was significantly larger in neurons from naïve rats, suggested that if the 

relative level of kinase activity is responsible for the inflammation-induced increase in 

current, it would likely reflect a specific class of kinase.  

 

To begin to explore the contribution of specific kinases on GABA current density in 

cutaneous DRG neurons, we next assessed the impact of increases in PKA and PKC 

activity on DRG neurons from naive animals, because of evidence that both are involved 

in inflammatory hyperalgesia (Khasar et al., 1999;Tumati et al., 2011). GABA currents 

were evoked before and 5 min after the application of the adenylate cyclase activator 

forskolin (10 µM (Doi et al., 2002)), as an indirect way to stimulate PKA activity and the 

PKC activator PDBU (1 µM (Gao and Greenfield, 2005; Weiner et al., 1994)). Both 

compounds resulted in a small, but significant decrease in current density relative to their 

respective vehicle treated control neurons (Figure 16B). These results suggested that for 

either PKA or PKC to contribute to the inflammation-induced increase in GABA current 

density, there would have to be a relative decrease in kinase activity.   

 

Because of compelling data indicating that tyrosine kinase dependent phosphorylation of 

GABAA receptors results in a decrease in receptor endocytosis and consequently an 

increase in current density, we next assessed the impact of the general kinase inhibitor 

genistein on GABA current in DRG neurons.  Preincubating cutaneous neurons from 

naïve rats with genistein (10 µM) for 20 minutes resulted in a small, but significant 

decrease in current density (Figure 16C). Even more strikingly, however, the same 
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treatment of neurons from inflamed rats totally abolished the inflammation-induced 

increase of GABA current density (Figure 16C).  

 

Given evidence that Src kinase is activated in the presence of persistent inflammation 

(Guo et al., 2002;Li et al., 2006;Sato et al., 2003) ,and the availability of relatively 

specific inhibitors of this kinase such as PP2 (Hanke et al., 1996), we next sought to 

determine the extent to which Src was the target for genistein in cutanous DRG neurons.  

Cutaneous neurons from naïve and inflamed rats were pre-incubated with PP2 (10 µM) 

for 20 minutes prior to assessing GABA current density. As with genistein, GABA 

current density was significantly (p < 0.05) smaller in neurons incubated with PP2 

compared to those incubated in vehicle control (Figure 16D). However, the magnitude of 

PP2-induced suppression of GABA current density was significantly less than that 

obtained with genistein (Figure 16D). 

 

The role of endocytosis in genistein-induced inhibition of GABA current 

Because tyrosine phosphorylation of the γ2 subunit blocks dynamin dependent 

endocytosis of GABAA receptors resulting in an increase in GABA current (Kittler et al., 

2008), the decoy inhibitory peptide, P4, was used to determine the contribution of 

endocytosis to the inflammation-induced changes in GABAA current density.  While the 

P4 peptide had no detectable influence on GABA current density, genistein-induced 

suppression of GABA current was significantly attenuated in neurons treated with the P4 

peptide (Figure 17).  
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Intrathecal injection of tyrosine kinase inhibitor genistein reversed the inflammation-

induced switch in GABAA signaling  

To begin to assess the functional consequences of an inflammation-induced increase in 

the relative level of tyrosine kinase activity on spinal GABAA receptor signaling, we 

assessed the impact of tyrosine kinase inhibition on muscimol-induced changes in 

nociceptive threshold. Naïve or inflamed rats previously fitted with i.t. catheters were 

treated with genistein or its inactive isoform, genistin, each at (0.1 mg/10 µL) 20 minutes 

prior to the i.t. administration of muscimol (0.2 µg/10 µL). Nociceptive threshold was 

determined before each i.t. injection and then again 10 minutes after muscimol. Doses 

and timing of genistein and muscimol were based on results from previous studies 

(Anseloni and Gold, 2008;Guo et al., 2002). The impact of muscimol on mechanical 

threshold was assessed as a percent change from the mechanical threshold obtained after 

the first i.t. injection. As expected, inflammation was associated with a significant 

decrease in mechanical threshold from 67.94 ± 6.05 (n=17) to 34.87 ± 5.60 (n=13) 

(Figure 18A). There was no significant influence of genistein treatment on mechanical 

threshold in either naïve or inflamed rats. However, there was a significant in interaction 

between inflammation and treatment prior to the administration of muscimol (p < 0.01 

two-way ANOVA), where post-hoc analysis confirmed that this interaction was due to a 

contrasting influence of muscimol on nociceptive threshold in the presence of 

inflammation, that depended on whether or not animals had received the active tyrosine 

kinase inhibitor: in control treated animals muscimol exacerbated inflammatory 

hyperalgesia, further decreasing the mechanical threshold by 43.7 ± 4.0% (n=5), while in 
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genistein treated animals, muscimol attenuated inflammatory hyperalgesia, increasing the 

mechanical threshold by 32.1 ± 18.4% (n=8).  

 

Discussion 

The initial goal of this study was to test the hypothesis that a high affinity extrasynaptic 

GABAA receptor which contributes to the inflammation-induced shift in spinal GABAA 

signaling is increased in the primary afferent neurons. While the results of the initial 

patch clamp analysis only provide partial support for this hypothesis, they led to a 

number of novel observations related to GABAA receptor signaling in primary afferent 

neurons as well as mechanisms of inflammatory hyperalgesia. First, consistent with our 

initial hypothesis, we observed an increase in GABAA current with pharmacological 

properties of extrasynaptic receptors. Second, this increase in current was restricted to a 

subpopulation of neurons in which GABA was able to evoke an excitatory response as 

defined by an increase in intracellular Ca2+. Third, the increase in GABA current in these 

neurons was not specific to currents with properties of extrasynaptic receptors, as there 

was a net increase in the total GABA current density to more than double of that in naïve 

neurons. Fourth, while the time course for the development of the inflammation-induced 

increase in GABAA current density was relatively slow, only becoming significant 72 

hours after the induction of inflammation, there was no evidence of an increase in 

GABAA receptor subunit mRNA or protein. Fifth, potentially most striking, acute 

inhibition of tyrosine kinase by genistein totally abolished the persistent inflammation-

induced increase of GABAA current. Sixth, the actions of genistein were partially blocked 
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by a dynamin inhibitory peptide.  And seventh, spinal administration of genistein was 

able to acutely reverse the inflammation-induced switch in spinal GABAA signaling.  

 

The observation that GABAA currents were detected in 100% of the rat DRG neuron 

tested is consistent with previous results with dissociated DRG neurons (White, 

1992;Robertson, 1989), as well as the finding that GABAA receptor subunits were 

detected in all DRG neurons (Alvarez et al., 1996;Bohlhalter et al., 1996;Ma et al., 1993). 

The wide distribution of GABAA currents among DRG neurons, in addition to the 

relative homogeneity of current density, at least in neurons from naïve animals has 

several interesting implications. First, it underscores the importance of GABA signaling 

across all subpopulations of sensory neurons. Second, in the face of the apparently low 

density of presynaptic axo-axonic synapses on C-fiber afferents terminating in the 

superficial dorsal horn (Todd, 1996), the relatively high level of GABAA receptor 

expression, even in putative C-fiber afferents suggests that the majority of the GABAA 

receptors normally present in primary afferents are extrasynaptic. Third, GABAA current 

density was relatively constant in DRG neurons from naïve animals despite tremendous 

heterogeneity in virtually every other property assessed in primary afferents ranging from 

receptor distribution to patterns of termination in peripheral tissue and the dorsal horn 

(Sukiasyan et al., 2009;Bradbury et al., 1998;Strickland et al., 2008a;Djouhri et al., 2003) 

suggesting that differential modulation of afferent input to the dorsal horn via GABAA 

signaling is likely to involve post-synaptic mechanisms. Fourth, evidence that at least 

some GABAA receptor subtypes are differentially distributed among cutaneous neurons 

(e.g., benzodiazepine sensitive receptors were detected in less than 50% of the neurons 
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tested from naïve rats) suggests that the pre-synaptic mechanisms may also contribute to 

variability in the impact of GABAergic input onto afferent terminals.   

 

Extrasynaptic receptors composed of α4/α6 and δ subunits are blocked by Zn2+ and 

potentiated by THDOC. Thus, while not highly specific for receptors with this subunit 

composition, results with these compounds suggest that extrasynaptic receptors are 

present in cutaneous neurons from naïve rats and that this receptor density is increased 

with inflammation. Consistent with this suggestion, mRNA encoding these subunits was 

detected in whole ganglia, as was δ subunit protein. That additional GABAA receptor 

subtypes contribute to the total current density in cutaneous neurons is suggested by the 

observations that Zn2+ blocked less than 50% of the current in neurons from naïve and 

inflamed rats. The presence of mRNA encoding ε and ρ subunits suggests that at least 

some of the additional subtypes in cutaneous neurons will also be extrasynaptic. However, 

while the pharmacological results were consistent with the presence of extrasynaptic 

receptors in cutaneous DRG neurons, other properties of these currents were not as 

consistent with those normally associated with extrasynaptic receptors. In particular, the 

majority of evoked current inactivated in the face of prolonged application of GABA, 

while extrasynaptic receptors are associated with sustained currents (Rossi and Hamann, 

1998). Furthermore, extrasynaptic receptors have a high affinity for GABA, with EC50s 

in the nanomolar or low micromolar range (Saxena and Macdonald, 1994), while the 

concentration response curves for sustained GABA current from both naïve and inflamed 

rats were well fitted with a single Hill equation, yielding an EC50 over 10 µM. There are 

at least two possibilities that could account for these apparent discrepancies. First, , data 
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from heterologous expression systems where EC50 values for putative extrasynaptic 

receptors have been most extensively studied, do not always translate to native systems, 

where cell specific post-translational modifications can have a significant influence on 

channel properties. Second, with evidence of multiple GABAA receptor types in 

cutaneous neurons, it is possible that estimated EC50 values, even for sustained currents 

are elevated due to contamination of high affinity current with lower affinity currents. 

 

The inflammation-induced increase in low affinity GABAA current in addition to the 

increase in proportion of neurons with benzodiazepine sensitive current was not 

originally anticipated because of evidence that there is a decrease in the analgesic 

potency of the benzodiazepine agonist, midazolam in the presence of inflammation 

(Anseloni and Gold, 2008). If anything, this decrease in potency should have been 

associated with a decrease in benzodiazepine sensitive current. Nevertheless, with recent 

data confirming that at least some of the analgesic efficacy of spinal benzodiazepines is 

due to an action on primary afferent neurons (Witschi et al., 2011), the increase in low 

affinity current suggests that at least some of the increase in GABAA current may serve to 

counter pronociceptive processes upregulated in the presence of inflammation, including 

excitatory GABA signaling.  

 

We only detected an increase in GABAA current in a subpopulation of neurons that is 

defined by the fact that 3 mM GABA was able to drive an increase in the intracellular 

Ca2+. The majority of these neurons (8 of 8) was responsive to capsaicin and had a small 

diameter cell body size suggesting that those were nociceptive and could account for the 
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observation that a shift in GABA signaling contributes to inflammatory hyperalgesia. The 

emergence of this excitatory effect was only observed in ~50% of cutaneous neurons 

suggesting that the average increases in current density observed in unscreened neurons 

would be considerably larger than reported. Three mM GABA was used to screen for an 

excitatory influence of GABA because we anticipated that while lower concentrations 

would be more appropriate for high affinity receptors, activation of these receptors would 

facilitate evoked activity rather than initiating activity, although under the anatomical 

constraints of a central process, even a small amount of depolarizing current may be 

sufficient to initiate activity. Consistent with this prediction, even 10 µM GABA was able 

to increase the magnitude of the Ca2+ transient evoked with 30 mM K+ in 12 of 40 

neurons tested from inflamed animals (data not shown). Furthermore, even 10 µM GABA 

was able to induce increase a Ca2+ transient in 2 of 2 neurons tested that responded to 3 

mM GABA (data not shown). These observations are consistent with the prediction that 

even low concentrations of GABA should drive membrane depolarization in the majority 

of neurons from both naïve and inflamed rats, based on estimates of the concentration of 

intracellular Cl- in DRG neurons (Funk et al., 2008;Rocha-Gonzalez et al., 2008), and 

does so in a preliminary analysis of cutaneous neurons (2011 SFN poster 41.01). The 

emergence of an “excitatory” response in inflamed neurons suggest that additional 

changes in afferent properties associated with persistent inflammation are needed to 

confer the excitatory actions to the increase in GABA current. 

 

One of the most striking observations in this study and potentially most important from 

the perspective of novel therapeutic approaches for the treatment of pain were those 
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indicating that persistent inflammation is associated with a relative increase in a tyrosine 

kinase activity. It is not that an increase in kinase activity has long been appreciated as a 

mechanism of inflammatory hypersensitivity (Gold et al., 1998;Taiwo and Levine, 1991), 

but previous evidence indicates that this activity is only maintained by elevated levels of 

agonist. For example, inflammatory mediators such as prostaglandin E2 can drive an 

increase in protein kinase A (PKA) activity, but inhibitors of prostaglandin production 

retain their analgesic efficacy in the face of persistent inflammation. On the other hand, 

more recent evidence has highlighted distinct pathways resulting in an increase in kinase 

activity in the afferent cell body. These include activity-dependent increases in MAPK-

ERK activation (Mizushima et al., 2007) and trophic factor dependent increases in PI3K 

and MAP kinase (Patapoutian and Reichardt, 2001). However, these increases in kinase 

activity are either transient (Mizushima et al., 2007) or studied in the context of pathways, 

such as CREB or JUNK, involved in the regulation of gene expression (Eshete and Fields, 

2001;Qiao and Vizzard, 2004). That is not to say our negative results with mRNA and 

western blot analysis rule out the possibility that there are changes in the expression of 

GABAA receptor subunits that contributed to the inflammation-induced increase in 

GABAA current density. However, results of the present study clearly indicate that 

changes in expression or translation are not the only ways persistent changes in afferent 

phenotype are maintained. In addition to these more traditional mechanisms, a relative 

increase in tyrosine kinase activity that persists long after injury-induced increase in 

afferent activity and access to inflammatory mediators has passed also plays a critical 

role in the maintenance of an “injury” phenotype: as defined in this case by an increase in 

GABAA current density. Evidence from a visceral inflammation model indicates that 
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NMDA receptor activity is also influenced by persistent increases in tyrosine kinase 

activity (Li et al., 2006;Lagraize et al., 2010;Guo et al., 2002).  

 

GABAA receptor activity is influenced by a wide variety of kinases (Kittler and Moss, 

2003;Luscher and Keller, 2004) including protein kinase A (PKA), protein kinase C 

(PKC) and protein tyrosine kinase (PTK). However, the evidence that the inflammation-

induced increase in GABAA current density is due to a relative increase in tyrosine kinase 

acitivity in general, and src kinase in particular is compelling. Despite evidence that 

inflammatory hyperalgesia is associated with an increase in PKA and PKC activity 

(Khasar et al., 1999;Sluka, 2002;Tumati et al., 2011), activation of these kinases in 

neurons from naïve cells resulted in a decrease in GABAA current in cutaneous neurons. 

Furthermore, the PKC antagonist chelerythrin failed to reduce the inflammation-induced 

increase in current (n=5, data not shown). In contrast, the non-selective tyrosine kinase 

inhibitor genistein completely reversed the inflammation-induced increase in GABA 

current.  

 

As a general tyrosine kinase inhibitor, genistein can both inhibit receptor tyrosine kinase 

(RTK) and PTK. Nerve growth factor (NGF), a prototypical ligand for RTKs, plays 

critical role in the initiation and maintenance of inflammatory hyperalgesia (McMahon, 

1996). However, the available evidence argues against this RTK in the increase in 

GABAA currents in cutaneous neurons, as even prolonged application of NGF was shown 

to mainly influence the kinetics but not the amplitude of GABA current in DRG (Fabbro 

and Nistri, 2004). In contrast, previous evidence indicates that there is a persistent 
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increase in src activity in the presence of inflammation (Li et al., 2006) . src 

phosphorylates β and γ2 subunits of the GABAA receptor resulting in an increase of 

GABA current (Brandon et al., 2001;Wan et al., 1997) . And the src kinase selective 

inhibitor pp2 resulted in a significant reduction in the inflammation-induced increase in 

GABAA current in cutaneous neurons. Because the concentration of PP2 employed 

should have been sufficient for complete block of src (Tong and Gibb, 2008) and there is 

no reason to believe that genistein should act more quickly than PP2, the observation that 

the influence of PP2 was less than that of genistein raises the possibility that other 

tyrosine kinases such as fyn and hck (Jurd et al., 2010;Jeong et al., 2008) contributed to 

the inflammation-induced increase in GABAA current. 

 

Tyrosine phosphorylation can induce increase GABA current in two different ways: 

changes in channel gating and changes in channel recycling. With respect to gating, an 

increase in receptor phosphorylation results in an increase in open channel probability 

associated with an increase in mean channel open time (Moss et al., 1995). With respect 

to channel recycling, there is a relatively high level of receptor turnover, where clathrin 

dependent endocytosis mediates receptor internalization (Tretter et al., 2009;Kittler et al., 

2008). Tyrosine kinase dependent phosphorylation of at least the γ2 subunit prevents the 

association between the receptor and internalization machinery, resulting in an increase in 

GABAA receptor density. The observation that the P4 peptide partially blocked the 

genistein-induced decrease in current density, suggests that at least some of the 

inflammation-induced increase in current density is due to a decrease in GABAA receptor 

endocytosis and the subsequent accumulation of receptors on the plasma membrane.  
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Available evidence indicates that tyrosine kinases mediate opposing processing relevant 

to spinal pain transmission. On one hand, tyrosine kinases facilitate nociceptive 

processing through upregulation of NMDA receptor activity (Guo et al., 2002;Wu et al., 

2011) or other mechanisms (Kawasaki et al., 2004;essandri-Haber et al., 2008;Chang et 

al., 2004)  at least some of which are likely to occur in the central terminals of primary 

afferents (Li et al., 2006). On the other hand, tyrosine kinases have also been implicated 

in the pathways underlying the antinociceptive actions of µ-opioid and GABAB receptors 

(Zhang et al., 2010). Thus, the impact of spinal inhibition of tyrosine kinase activity on 

nociception should be context dependent suggesting at least two possibilities to account 

for our failure to detect an influence of genistein on nociceptive threshold in the presence 

of absence of persistent inflammation. First, some of the tyrosine kinase dependent pro-

nociceptive mechanisms involve activation of gene transcription factors like NF-κB 

(Chang et al., 2004) and CREB (Kawasaki et al., 2004), suggesting that a 20 minute 

exposure to genistein will be insufficient to manifest an effect. And second, there may be 

little net effect of inhibiting both pro- and anti-nociceptive processes.  

 

Because of the complexities of tyrosine kinase signaling in nociceptive processing, the 

impact of genistein on the behavioral changes in response to muscimol was the critical 

test of the functional impact of the changes in GABA signaling we had described in vitro. 

In this regard, the minimal influence of muscimol in naïve rats pre-treated with genistein 

was consistent with the results from our in vitro experiments, which indicated that there 

is a resting level of tyrosine kinase activity that maintains even baseline levels of GABAA 
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receptors in the plasma membrane: a decrease in spinal GABAA receptors in naïve rats 

would attenuate the antinociceptive effects of muscimol. The situation is more complex 

in the presence of inflammation, where genistein not only attenuated the pro-nociceptive 

actions of muscimol, but conferred antinociceptive activity. This occurred despite the fact 

that genistein reduced GABA current density in inflamed neurons to a level that was 

comparable to that in naïve neurons. The implication of these observations is that there is 

an interaction between the tyrosine kinase dependent increase in GABA current density 

and other tyrosine kinase independent changes in nociceptive processing. For example, 

the increase in GABAA current density may be associated with changes in voltage-gated 

Na+ channel properties, where the latter are tyrosine kinase independent. If these changes 

result in an appropriate shift in the balance of channel activation and inactivation, than 

they may confer an antinociceptive influence to muscimol despite the decrease in GABA 

current density.   

 

In summary, the results of the present study have revealed a novel mechanism underlying 

the regulation of GABAA receptors in DRG neurons. This mechanism, an increase in the 

relative activity of tyrosine kinase, contributes to a shift in spinal GABAA signaling from 

inhibition to excitation. While the hypothesis that a shift in GABAA signaling is mediated 

by a Na+-K+-Cl--dependent depolarizing shift in the Cl- equilibrium potential is appealing 

in both its simplicity and its ability to account for many of the changes observed in 

association with relatively acute noxious stimuli (Price et al., 2009;Willis, Jr., 

1999;Cervero et al., 2003), results of the present study suggest that such a mechanism is 

insufficient to account for the changes in GABAA signaling observed in the presence of 
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persistent inflammation. This added level of complexity serves as yet another reminder as 

to why drug discovery in pain research has been so difficult, where even tyrosine kinase 

is unlikely to be a viable therapeutic target because of the opposing roles this kinase plays 

in nociceptive processing, despite promising preclinical evidence (Sato et al., 2003). As 

with many other theoretically viable targets, the key for tyrosine kinase may be the 

identification of the context in which an inhibitor is most appropriate. Given our recent 

results suggesting that the inflammation-induced shift in spinal GABAA signaling may 

have deleterious consequences for patients undergoing surgical interventions if the 

anesthetics employed during the procedure are GABAA preferring (Boegel et al., 2011), 

the perioperative setting may be one context in which inhibition of tyrosine kinase 

activity may be useful.  

 

 



 

 

Figure 8: GABAA current in acutely dissociated cutaneous DRG neurons from adult rats.

 (A) Left: Typical current evoked from a holding potential of 

second application of GABA (60 

rat. Right: GABA current is almost (to 78 %) completely blocked by the non

antagonist picrotoxin (100 µM) and completely blocked by the competitive antagonist, 

bicuculline (50 µM). Scale bar on left is the same for the traces on the right. Data with 

picrotoxin are from the same neuron on the left, while that with bicuculline are from 

another neuron with comparable baseline current. 

1 mM GABA is plotted as a function of the membrane capacitance for cutaneous neurons 

from naïve rats. There is a small (r2 = 0.36) but significant (p <0.01) correlation between 

current amplitude and membrane capacitance. The number of neurons studied is indicated 
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current in acutely dissociated cutaneous DRG neurons from adult rats.

Left: Typical current evoked from a holding potential of -60 mV in response to an 8 

second application of GABA (60 µM) to a small diameter cutaneous neuron from a na

t: GABA current is almost (to 78 %) completely blocked by the non

antagonist picrotoxin (100 µM) and completely blocked by the competitive antagonist, 

bicuculline (50 µM). Scale bar on left is the same for the traces on the right. Data with 

rotoxin are from the same neuron on the left, while that with bicuculline are from 

another neuron with comparable baseline current. (B) Peak current evoked in response to 

1 mM GABA is plotted as a function of the membrane capacitance for cutaneous neurons 

from naïve rats. There is a small (r2 = 0.36) but significant (p <0.01) correlation between 

current amplitude and membrane capacitance. The number of neurons studied is indicated 

current in acutely dissociated cutaneous DRG neurons from adult rats. 

 

60 mV in response to an 8 

M) to a small diameter cutaneous neuron from a naïve 

t: GABA current is almost (to 78 %) completely blocked by the non-competitive 

antagonist picrotoxin (100 µM) and completely blocked by the competitive antagonist, 

bicuculline (50 µM). Scale bar on left is the same for the traces on the right. Data with 

rotoxin are from the same neuron on the left, while that with bicuculline are from 

Peak current evoked in response to 

1 mM GABA is plotted as a function of the membrane capacitance for cutaneous neurons 

from naïve rats. There is a small (r2 = 0.36) but significant (p <0.01) correlation between 

current amplitude and membrane capacitance. The number of neurons studied is indicated 
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in parenthesis. (C) GABA current density (pA of current divided by membrane 

capacitance) was comparable (p > 0.05) even in distinct subpopulations of cutaneous 

neurons such as small diameter capsaicin responsive (+) and large diameter capsaicin non 

responsive (–). (D) Histogram of cell body size, as determined by membrane capacitance, 

for cutaneous neurons from naïve and inflamed rats illustrates the significant (p < 0.01) 

inflammation-induced increase in the cell body size. In this and subsequent figures, data , 

data are plotted as the mean ± SEM where the number of neurons studied is indicated in 

parentheses.  

 



 

 

Figure 9: Persistent inflammation

 (A) Representative current evoked in response to 1 mM GABA applied to cutaneous 

neurons from a naïve (left) rat and a rat 72 hours after the inductions of inflammation 

(right). (B) Pooled data indicate that the current density in cutaneous neurons from 

inflamed rats is almost double that in neurons from naïve rats. 

detectable difference (p > 0.05) between cutaneous neurons from naïve and inflamed rats 

with respect to the rate of GABA current inactivation which was defined by both fast 

(left) and slow (middle) time constants. There was also no difference (p > 0.05) between 

these groups with respect to the ratio of peak to sustained currents (right). ** is p < 0.01.
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: Persistent inflammation-induced increase in GABA current density.

Representative current evoked in response to 1 mM GABA applied to cutaneous 

neurons from a naïve (left) rat and a rat 72 hours after the inductions of inflammation 

Pooled data indicate that the current density in cutaneous neurons from 

ed rats is almost double that in neurons from naïve rats. (C) There were no 

detectable difference (p > 0.05) between cutaneous neurons from naïve and inflamed rats 

with respect to the rate of GABA current inactivation which was defined by both fast 

and slow (middle) time constants. There was also no difference (p > 0.05) between 

these groups with respect to the ratio of peak to sustained currents (right). ** is p < 0.01.

induced increase in GABA current density. 

 

Representative current evoked in response to 1 mM GABA applied to cutaneous 

neurons from a naïve (left) rat and a rat 72 hours after the inductions of inflammation 

Pooled data indicate that the current density in cutaneous neurons from 

There were no 

detectable difference (p > 0.05) between cutaneous neurons from naïve and inflamed rats 

with respect to the rate of GABA current inactivation which was defined by both fast 

and slow (middle) time constants. There was also no difference (p > 0.05) between 

these groups with respect to the ratio of peak to sustained currents (right). ** is p < 0.01. 



 

 

Figure 10: Inflammation-

activation. 

 

 (A) Representative currents evoked in response to increasing concentrations of GABA 

applied to a cutenous neuron from a naïve (left) and inflamed (right) rat.  

concentration-response curves of pea

and inflamed rats: there was a significant increase in the maximum current in inflamed 

group (p<0.01) compared to naive, but no change in EC50; 

response curve of sustained GABA current

sustained current following inflammation (p<0.01), and no change in EC50.
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-induced increase in efficacy but not potency of GABAA current 

Representative currents evoked in response to increasing concentrations of GABA 

applied to a cutenous neuron from a naïve (left) and inflamed (right) rat.  

response curves of peak GABA current in cutaneous neurons from naïve 

and inflamed rats: there was a significant increase in the maximum current in inflamed 

group (p<0.01) compared to naive, but no change in EC50; (C) Pooled concentration

response curve of sustained GABA current: there was also a significant increase of 

sustained current following inflammation (p<0.01), and no change in EC50.

but not potency of GABAA current 

 

Representative currents evoked in response to increasing concentrations of GABA 

applied to a cutenous neuron from a naïve (left) and inflamed (right) rat.  (B) Pooled 

k GABA current in cutaneous neurons from naïve 

and inflamed rats: there was a significant increase in the maximum current in inflamed 

Pooled concentration-

: there was also a significant increase of 

sustained current following inflammation (p<0.01), and no change in EC50. 



 

 

Figure 11: Pharmacological analysis of GABAA currents in cutaneous neurons from 

naïve and inflamed rats. 

GABA was applied before (black traces) and after (gray traces) the application of 

compounds used to facilitate or block specific GABAA receptor subtypes. Diazepam 

(DZP) potentiated GABA evoked current in cutaneous neurons from both naïve (top 

traces) and inflamed (bottom traces) rats (A), were pooled from neurons responsive to 

DZP (B), indicated that DZP induced increase in current was significantly larger in 

neurons from inflamed rats. THDOC also potentiated GABA currents in both naïve and 
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: Pharmacological analysis of GABAA currents in cutaneous neurons from 

 

GABA was applied before (black traces) and after (gray traces) the application of 

compounds used to facilitate or block specific GABAA receptor subtypes. Diazepam 

(DZP) potentiated GABA evoked current in cutaneous neurons from both naïve (top 

nflamed (bottom traces) rats (A), were pooled from neurons responsive to 

DZP (B), indicated that DZP induced increase in current was significantly larger in 

neurons from inflamed rats. THDOC also potentiated GABA currents in both naïve and 

: Pharmacological analysis of GABAA currents in cutaneous neurons from 

 

GABA was applied before (black traces) and after (gray traces) the application of 

compounds used to facilitate or block specific GABAA receptor subtypes. Diazepam 

(DZP) potentiated GABA evoked current in cutaneous neurons from both naïve (top 

nflamed (bottom traces) rats (A), were pooled from neurons responsive to 

DZP (B), indicated that DZP induced increase in current was significantly larger in 

neurons from inflamed rats. THDOC also potentiated GABA currents in both naïve and 



 

76 

 

inflamed rats (C), where pooled data (D) indicated that the increase in current was 

significantly larger in neurons from inflamed rats.  In contrast, Zn2+ attenuated GABA 

currents in both naïve and inflamed rats (E). Again, however, the magnitude of the Zn2+ 

sensitive current was significantly larger in neurons from inflamed rats. * is p < 0.05 and 

** is p < 0.01.Ca2+ were considered responders (r, bottom trace). Data from both 

neurons in B were from inflamed (i) rats. (C) GABA (1mM) current density was assessed 

in neurons from naïve and inflamed rats pre-screened with Ca2+ imaging. All 12 

cutaneous neurons from naïve rats were non-responders (n/n), while less than half of the 

neurons from inflamed rats were non-responders (n/i), and over half of the neurons from 

inflamed rats were responders (r/i). Pooled current density measurements for the neurons 

in each group indicated that the increase in current density was restricted to neurons in 

the “r/i” group. ** p<0.01.  Cutaneous neurons from naïve rats were non-responders 

(n/n), while less than half of the neurons from inflamed rats were non-responders (n/i), 

and over half of the neurons from inflamed rats were responders (r/i). Pooled current 

density measurements for the neurons in each group indicated that the increase in current 

density was restricted to neurons in the “r/i” group. ** p<0.01. 



 

 

Figure 12: Inflammation-

cutaneous neurons. 
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-induced increase in GABA current density in a subpopulation of 

 

 (A) Histogram of peak GABA current 

density in cutaneous neurons from 

naïve and inflamed rats. The 

emergence of a bi-

in neurons from inflamed rats 

suggested that the increase in current 

density was restricted to a 

subpopulation of cutaneous 

(B) Fura-2 based Ca

used to screen for the presence of 

GABA mediated “excitation” of 

cutanous neurons. Neurons in which 

GABA (3mM) failed to drove an 

increase in intracellular Ca

considered non-responders (n, top 

trace), while those in which GABA 

evoked an increase in Ca

considered responders (r, bottom 

trace). Data from both neurons in B

induced increase in GABA current density in a subpopulation of 

Histogram of peak GABA current 

density in cutaneous neurons from 

naïve and inflamed rats. The 

-modal distribution 

in neurons from inflamed rats 

suggested that the increase in current 

density was restricted to a 

subpopulation of cutaneous neurons. 

2 based Ca2+ imaging was 

used to screen for the presence of 

GABA mediated “excitation” of 

cutanous neurons. Neurons in which 

GABA (3mM) failed to drove an 

increase in intracellular Ca2+ were 

responders (n, top 

those in which GABA 

evoked an increase in Ca2+ were 

considered responders (r, bottom 

trace). Data from both neurons in B 
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were from inflamed (i) rats. (C) GABA (1mM) current density was assessed in neurons 

from naïve and inflamed rats pre-screened with Ca2+ imaging. All 12 cutaneous neurons 

from naïve rats were non-responders (n/n), while less than half of the neurons from 

inflamed rats were non-responders (n/i), and over half of the neurons from inflamed rats 

were responders (r/i). Pooled current density measurements for the neurons in each group 

indicated that the increase in current density was restricted to neurons in the “r/i” group. 

** p<0.01. 



 

 

Figure 13 : Time course of CFA induced increase of GABA current density in cutaneous 

neurons. 

 

 

 

 

Data were collected from cutaneous neurons from naïve rats (0) and from rats 24, 

48, 72, and 120 hours after the

also studied from the side contralateral (contra) to the site of inflammation at the 72 

hour time point. There was a significant effect to time post

controls where post-hoc analysi

inflammation was significantly greater than that in naïve and in neurons contralateral 

to the site of inflammation.
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Time course of CFA induced increase of GABA current density in cutaneous 

 

Data were collected from cutaneous neurons from naïve rats (0) and from rats 24, 

48, 72, and 120 hours after the induction of inflammation. A group of neurons was 

also studied from the side contralateral (contra) to the site of inflammation at the 72 

hour time point. There was a significant effect to time post-inflammation relative to 

hoc analysis indicated that the current density at 72 hours post 

inflammation was significantly greater than that in naïve and in neurons contralateral 

to the site of inflammation. 

Time course of CFA induced increase of GABA current density in cutaneous 

Data were collected from cutaneous neurons from naïve rats (0) and from rats 24, 

induction of inflammation. A group of neurons was 

also studied from the side contralateral (contra) to the site of inflammation at the 72 

inflammation relative to 

s indicated that the current density at 72 hours post 

inflammation was significantly greater than that in naïve and in neurons contralateral 



 

 

Figure 14: GABAA receptor subunit 

inflamed rats. 

 

 

Pooled data from mRNA harvested from naïve and inflamed rats amplified with 

conventional PCR were normalized to expression levels of GAPDH. All subunits 

were detectable with less than 35 cycles of 

detectable differences in relative expression levels between naïve and inflamed rats. 

Real-time PCR (inset) was used to confirm the absence of a detectable change in the 

expression levels of α

from naïve and inflamed rats.
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receptor subunit transcription in L4-L5 DRG from naïve and 

Pooled data from mRNA harvested from naïve and inflamed rats amplified with 

conventional PCR were normalized to expression levels of GAPDH. All subunits 

were detectable with less than 35 cycles of amplification, yet there were no 

detectable differences in relative expression levels between naïve and inflamed rats. 

time PCR (inset) was used to confirm the absence of a detectable change in the 

expression levels of α1, β2 and δ subunits in mRNA extracted from whole DRG 

from naïve and inflamed rats. 

L5 DRG from naïve and 

 

Pooled data from mRNA harvested from naïve and inflamed rats amplified with 

conventional PCR were normalized to expression levels of GAPDH. All subunits 

amplification, yet there were no 

detectable differences in relative expression levels between naïve and inflamed rats. 

time PCR (inset) was used to confirm the absence of a detectable change in the 

tracted from whole DRG 



 

 

Figure 15: GABAA receptor subunit 

inflamed rats. 

 

 
GABAA receptor subunit levels in DRG from naïve and inflamed rats. Levels

γ2 and β2/3 subunit protein were assessed in the total protein extracted from L4

ganglia harvested from 4 naïve rats and 4 inflamed rats. There was no apparent 

inflammation-induced change in any of these 3 subunits.
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receptor subunit protein expression in L4-L5 DRG from naïve and 

GABAA receptor subunit levels in DRG from naïve and inflamed rats. Levels

2/3 subunit protein were assessed in the total protein extracted from L4

ganglia harvested from 4 naïve rats and 4 inflamed rats. There was no apparent 

induced change in any of these 3 subunits. 

L5 DRG from naïve and 

 

GABAA receptor subunit levels in DRG from naïve and inflamed rats. Levels of δ, 

2/3 subunit protein were assessed in the total protein extracted from L4-L5 

ganglia harvested from 4 naïve rats and 4 inflamed rats. There was no apparent 



 

 

Figure 16: The influence of kinase activity on GABA current density in cutaneous 

neurons from naïve and inflamed rats.

 (A) GABA current density was significantly reduced during a 6

general kinase inhibitor k252a (1µM). However, the decrease in current was significantly 

greater in neurons from naïve rats than those from inflamed rats. (B) There was no 

significant influence of a 6 min incubation with forskolin (

density in neurons from naïve rats. In contrast, 6 minutes with PDBU resulted in a 

significant decrease in GABA current density. Each comparison was made to controls 

neurons incubated with vehicle specific to each compound. (C) Cutan

naïve and inflamed rats were preincubated (20 minutes) with genistein (10 µM) which 

was sufficient to totally abolish the inflammation

density. (D) GABA current density in neurons from inflamed rats was si
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The influence of kinase activity on GABA current density in cutaneous 

neurons from naïve and inflamed rats. 

(A) GABA current density was significantly reduced during a 6 minute incubation with 

general kinase inhibitor k252a (1µM). However, the decrease in current was significantly 

greater in neurons from naïve rats than those from inflamed rats. (B) There was no 

significant influence of a 6 min incubation with forskolin (10 µM) on GABA current 

density in neurons from naïve rats. In contrast, 6 minutes with PDBU resulted in a 

significant decrease in GABA current density. Each comparison was made to controls 

neurons incubated with vehicle specific to each compound. (C) Cutaneous neurons from 

naïve and inflamed rats were preincubated (20 minutes) with genistein (10 µM) which 

was sufficient to totally abolish the inflammation-induced increase in GABA current 

density. (D) GABA current density in neurons from inflamed rats was si

The influence of kinase activity on GABA current density in cutaneous 

 

minute incubation with 

general kinase inhibitor k252a (1µM). However, the decrease in current was significantly 

greater in neurons from naïve rats than those from inflamed rats. (B) There was no 

M) on GABA current 

density in neurons from naïve rats. In contrast, 6 minutes with PDBU resulted in a 

significant decrease in GABA current density. Each comparison was made to controls 

eous neurons from 

naïve and inflamed rats were preincubated (20 minutes) with genistein (10 µM) which 

induced increase in GABA current 

density. (D) GABA current density in neurons from inflamed rats was significantly 
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attenuated following a 6 minute incubation with genistein (10 µM) or pp2 (10 µM) 

relative to vehicle treated control neurons. ** is p <0.01. 

 



 

 

Figure 17: Dynamin-dependent receptor cycling contributes to the regulation 

current density in cutaneous neurons.

 

 

Cutaneous neurons from inflamed rats were incubated with vehicle control, genistein (10 

µM) or the combination of dynamin inhibitory peptide (P4, 20 

genistein-induced suppression of 

presence P4 peptide. ** is p <0.01.
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dependent receptor cycling contributes to the regulation 

current density in cutaneous neurons. 

 

Cutaneous neurons from inflamed rats were incubated with vehicle control, genistein (10 

M) or the combination of dynamin inhibitory peptide (P4, 20 µM) for 6 minutes. The 

induced suppression of GABA current was signification attenuated in the 

presence P4 peptide. ** is p <0.01. 

dependent receptor cycling contributes to the regulation of GABA 

Cutaneous neurons from inflamed rats were incubated with vehicle control, genistein (10 

µM) for 6 minutes. The 

GABA current was signification attenuated in the 



 

 

Figure 18: The inflammation

intrathecal (i.t.) administration of genistein.

 Test agents were administered via chronically implanted i.t. catheters to naïve and 

inflamed rats. (A) Mechanical nociceptive threshold was determined before i.t. 

injection of test agents (Testing 1), 20 minutes after the injection of genistein or 

genistin (0.1 mg/10 µL, Testing 2), and then again 10 minutes after the injection of 

muscimol (0.1 µg/10 µL). As expected, inflammation was associated with a significant 

decrease in mechanical threshold. (B) A two

impact of inflammation

nociceptive threshold. The interaction between these two factors was significant, with 

post-hoc analysis indicating that this was done to the differential response to muscimol 

in inflamed rats which depended on whether or not rats had received an active tyrosine 

kinase inhibitor. ** is p < 0.01. 85 

The inflammation-induced shift in spinal GABAA signaling is reversed by 

intrathecal (i.t.) administration of genistein. 

 

agents were administered via chronically implanted i.t. catheters to naïve and 

inflamed rats. (A) Mechanical nociceptive threshold was determined before i.t. 

injection of test agents (Testing 1), 20 minutes after the injection of genistein or 

µL, Testing 2), and then again 10 minutes after the injection of 

muscimol (0.1 µg/10 µL). As expected, inflammation was associated with a significant 

decrease in mechanical threshold. (B) A two-way ANOVA was used to assess the 

impact of inflammation and tyrosine kinase inhibitor on muscimol-induced changes in 

nociceptive threshold. The interaction between these two factors was significant, with 

hoc analysis indicating that this was done to the differential response to muscimol 

hich depended on whether or not rats had received an active tyrosine 

kinase inhibitor. ** is p < 0.01. 

signaling is reversed by 

agents were administered via chronically implanted i.t. catheters to naïve and 

inflamed rats. (A) Mechanical nociceptive threshold was determined before i.t. 

injection of test agents (Testing 1), 20 minutes after the injection of genistein or 

L, Testing 2), and then again 10 minutes after the injection of 

muscimol (0.1 µg/10 µL). As expected, inflammation was associated with a significant 

way ANOVA was used to assess the 

induced changes in 

nociceptive threshold. The interaction between these two factors was significant, with 

hoc analysis indicating that this was done to the differential response to muscimol 

hich depended on whether or not rats had received an active tyrosine 
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Table 2: PCR Primers for GABAA receptor subunits 

primer Primer (5’�3’) Access number STA

RT 

END 

gabrα1_s TGGCAGAAGATGGGTCACGTTT NM_183326 844 865 

gabrα1_a ACGAAGGCATAGCACACTGCAA NM_183326 1171 1192 

gabrα2_s TACAGTCCAAGCCGAATGTCCA L08491 423 444 

gabrα2_a AGCCAGAATGACACTTGGGAGA L08491 743 764 

gabrα3_s TGTCATCCAGACCTACTTGCCA NM_017069 1078 1099 

gabrα3_a TGGTACCTTCTTGCCTTCCCAA NM_017069 1348 1369 

gabrα4_s TTTGCCCAAAGTGTCCTATGCG NM_080587.3 1018 1039 

gabrα4_a TTGCCCTGCTGAATGGATTTGG NM_080587.3 1385 1406 

gabrα5_s CCATGGACTGGTTCATTGCTGT NM_017295 1248 1269 

gabrα5_a AGCTGCTCCTTTGGGATGTTTG NM_017295 1452 1473 

gabrα6_s CAACCGCCATGGATTGGTTCAT NM_021841 899 920 

gabrα6_a TGGGCGTTCTACTGAGGACTTT NM_021841 1165 1186 

gabrβ1_s TGTGTTCGTGTTCCTGGCTCTA NM_012956 1019 1040 

gabrβ1_a TGGCGCTGTCGTATGAGTACAT NM_012956 1257 1278 

gabrβ2_s GCTGAGAAAGCTGCTAATGCCA NM_012957 1024 1045 

gabrβ2_a TAGGCAACCCAGCTTTCCGATA NM_012957 1207 1228 

gabrβ3_s TACCTGATGGGTTGCTTCGTCT NM_017065 995 1016 

gabrβ3_a GCTGCCTGCAACCTCATTCATT NM_017065 1201 1222 

gabrγ1_s TTGCAGCACTCATGGAGTATGG NM_080586 1133 1154 
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gabrγ1_a AAAGGTAGCACAGTCTTTGCCC NM_080586 1323 1344 

gabrγ2_a CTCCT GTTCG GCAGT CTTCAAA AY574252 .1 1282 1303 

gabrγ2_s CAACC GGAAA CCAAG 

CAAGGAT 

AY574252 .1 1080 1101 

gabrγ3_a TGCACTCCTCATAGCAGCAGAA NM_024370 1372 1393 

gabrγ3_s ATGTCACTGCCATGGACCTCTT NM_024370 1055 1076 

gabrθ_s CCTTGTGTGCCTGTTCTTCGTT NM_031733 978 999 

gabrθ_a TCTGAAGTAGCCAGTTGAGCCT NM_031733 1262 1283 

gabrδ_a TGGGTTTGAGTCTGGAACGGAT NM_017289 1283 1304 

Gabrδ_s AAACGGAAAGCCAAGGTCAAGG NM_017289 1067 1088 

gabrπ_s ACATCCCTACCCAACACCAACT NM_031029 925 946 

gabrπ_a AAGCTGGAGATGGAGCTGTTGA NM_031029 1109 1130 

Gabrε_s TTCCCTCGTGTCTCCTATCTCA AF_255612 1028 1049 

Gabrε_a ACATAGCTTCGGCCACATCG AF_255612 1358 1377 

gabrρ3_s TCAGCTCCCTCTTCGTGTTTCT NM_138897 1193 1214 

gabrρ3_a CCAACATTTCCTCCCAGGGATT NM_138897 1463 1484 

Gabrδ_s TCCCTGGGCTTTACCTCAATT NM_017289 1517 1537 

Gabrδ_a ACTAATGGCCCTCTGTGCAAA NM_017289 1582 1602 

gabrα1_s TCCACCGATCATGGTCTAATCA NM_183326 3289 3310 

gabrα1_a GCTCAAAACTCAGGTGTGGATTC NM_183326 3366 3388 

Gapdh_s TCCCAGACCCCATAACAACAG NM_017008 1197 1217 

Gapdh_a TGAGGGTGCAGCGAACTTTA NM_017008 1259 1278 
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Chapter 4: activity dependent change in EGABA of DRG neuron 

Abstract 

Persistent peripheral inflammation is associated with an increase in pain and sensitivity 

that is due at least in part to an increase in input from primary afferent neurons to the 

central nervous system (CNS). A shift in GABAA receptor signaling from inhibition to 

excitation in primary afferent neurons appears to contribute to the inflammation-induced 

increase in input to the CNS. As an activity dependent depolarizing shift in the 

equilibrium potential for GABA (EGABA) which leads to the transition of GABAA 

signaling from inhibition to excitation has been described in CNS neurons, the purpose of 

the present study was to determine if such an activity dependent depolarizing shift in 

EGABA occurs in primary afferents and whether the shift is amplified with persistent 

inflammation. Acutely dissociated retrogradely labeled cutaneous DRG neurons from 

naïve and inflamed rats were studied. EGABA was measured with gramicidin perforated 

patch clamp. Rather than a depolarizing shift, 200 action potentials delivered at 2 Hz 

resulted in a ~10 mV hyperpolarizing shift in EGABA in cutaneous neurons from naïve rats. 

No such shift was observed in neurons from inflamed rats. The shift was not blocked by 

10 µM bumetanide. And while we were able to demonstrate the presence of HCO3--Cl- 

exchangers in DRG neurons that contribute to the establishment of EGABA in HCO3- 

buffered bath solution, the activity dependent shift in EGABA was not dependent on a 

HCO3--Cl- exchanger as it was fully manifest in HEPES buffered bath solution. While 

the mechanism underlying the activity dependent shift in EGABA has yet to be identified, 

because this mechanism appears to function as a feedback inhibitory link to facilitate the 
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GABA mediated inhibition of afferent activity, it may serve as a novel target for the 

treatment of inflammatory pain. 
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Introduction 

 

Pain and hypersensitivity observed in the presence of inflammation is due, at least in part, 

to an increase in primary afferent input to the dorsal horn.  Recent evidence suggests that 

a shift in GABAA signaling from inhibition to excitation in primary afferents may play a 

prominent role in this inflammation-induced increase in afferent input.  This suggestion is 

based on several lines of evidence. First, in the absence of inflammation, spinal 

application of the GABAA receptor agonist muscimol is analgesic, while in the presence 

of inflammation, muscimol facilitates inflammatory hyperalgesia, at least at low doses 

(Anseloni and Gold, 2008). Second, GABAA receptors are present in all primary afferents 

(White, 1992) with evidence that in the absence of tissue injury, receptor activation 

results in the inhibition of glutamate release (Yuan et al., 2009). Third, spinal application 

of the GABAA receptor antagonists are antinociceptive (Anseloni and Gold, 2008) and 

inhibit afferent activity initiated within the dorsal horn (Rees et al., 1995;Lin et al., 1999) 

following tissue injury or inflammation. And fourth, the prevailing hypothesis for the 

inflammation-induced shift in GABAA signaling is that it is due to a depolarizing shift in 

the GABAA current equilibrium potential (EGABA) in primary afferents (Price et al., 2009).    

Several lines of evidence also support the hypothesis that the inflammation-induced shift 

in GABAA signaling is due to a depolarizing shift in EGABA in primary afferents. First, 

EGABA in primary afferents is 15~30 mV more positive to the afferent resting membrane 

potential (Alvarez-Leefmans et al., 1988;Rocha-Gonzalez et al., 2008). Second, this 

depolarized EGABA is thought to reflect the distinct pattern of Cl- co-transporter 
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expression in primary afferent neurons that underlie anion homeostasis: a high level of 

Na+- K+- Cl--cotransporter1 (NKCC1), which accumulates intracellular Cl-, and a low 

level of K+- Cl--cotransporter 2 (KCC2), which extrudes Cl- (Kanaka et al., 2001) . 

However, GABA induced excitation would result from a depolarizing shift in EGABA 

above the action potential threshold. Third, tissue injury has been shown to result in the 

phosphorylation and membrane translocation of NKCC1 (Galan and Cervero, 2005), as 

well as an increase in total spinal protein levels of NKCC1 (Lagraize et al., 

2010)Furthermore, inflammatory mediators are released in the spinal cord as well as the 

periphery following tissue injury and have also been shown to increase NKCC1 

phosphorylation which was accompanied by a positive shift in EGABA in an in vitro study 

of dorsal root ganglion (DRG) neurons, (Funk et al., 2008). And fourth, attenuation of 

NKCC1 activity with a genetic deletion (Sung et al., 2000) or the use of the relatively 

specific NKCC1 blocker, bumetanide, results in the attenuation of touch evoked 

allodynia and the sensitization of spinal nociceptive neurons associated with peripheral 

capsaicin (Pitcher et al., 2007). 

The evidence in support of an increase in NKCC1 in primary afferents as a mechanism of 

the inflammation-induced shift in GABAA signaling is compelling. Nevertheless, all of 

the data are in support of this mechanism were collected with acute models of noxious 

stimulation (i.e., capsaicin administration), or within hours of the induction of more 

persistent inflammation (Lagraize et al., 2010). Furthermore, despite evidence of a shift 

in GABAA signaling in the presence of persistent inflammation (Anseloni and Gold, 

2008), our recent results suggest that a steady-state depolarizing shift in EGABA cannot 

account for the persistence of excitatory GABAA signaling. We detected no increase in 
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either phosphorylated or total NKCC1 protein in DRG 3 days after inflammation, an 

EGABA that was comparable in neurons from naïve and inflamed animals and already 

above action potential threshold in HEPES buffered bath solution, and a depolarizing 

shift in EGABA in HCO3- buffered bath solution that did not correlate with the presence of 

a GABA-induced an excitatory response.  

While we identified other mechanisms that appeared to underlie the emergence of the 

excitatory response to GABA in a previous study, further depolarization of EGABA in 

primary afferents will still result in an increase in the driving force on Cl- and therefore 

may still contribute to an increase in the excitatory response. Importantly, there is 

evidence that the regulation of intracellular Cl- concentration is dynamic such that the 

impact of GABA can change in association with prolonged GABA application or 

ongoing neural activity. For example, prolonged GABA application can result in the 

emergence of an excitatory response in CNS neurons from immature animals because Cl- 

extrusion mechanisms are not sufficiently developed to handle large Cl- loads (Cordero-

Erausquin et al., 2005). Similarly, and more relevant to afferent signaling, there is 

evidence of activity dependent changes in NKCC1 (Brumback and Staley, 2008b) and 

depolarizing shift of EGABA (Brumback and Staley, 2008b;Khalilov et al., 2003) . Thus, 

while we have ruled out a steady-state shift in EGABA as a mechanism underlying the 

inflammation-induced increase in GABA mediated excitation of isolated sensory neurons 

we hypothesized that an inflammation-induced change in the regulation of intracellular 

Cl- would enable a dynamic shift in EGABA to contribute to the inflammation-induced 

changes in GABA signaling observed in vivo. Specifically, we hypothesized that an 

increase in the accumulation capacity of NKCC1 would contribute to an activity-
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dependent depolarizing shift in EGABA. To test this hypothesis, perforated patch clamp 

techniques were used to study activity dependent changes in EGABA in acutely isolated 

retrogradely labeled cutaneous DRG neurons from naïve and inflamed rats.  

 

Material and Methods 

Animals 

Please refer to Chapter 2 

Labeling and inflammation 

Please refer to Chapter 2 

Preparation of isolated DRG neurons 

Please refer to Chapter 2 

Electrophysiology 

All instruments and parameter used are same as described in Chapter 2 unless otherwise 

mentioned. Electrode solution of the following composition: K-Methansulphonate 140 

mM, MgCl2.6H2O 2 mM, CaCl2 1 mM, EGTA 11 mM, HEPES 10 mM and NaCl 5 mM; 

pH was adjusted to 7.2 with Tris Base, and osmolality was adjusted to 317 mOSm with 

sucrose.   

Protocol for Gramicidin perforated patch and measurement of EGABA are same as that in 

Chapter 2. To minimize the possibility that flux of Cl- during the EGABA measurement 
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would change the intracellular Cl- concentration, the amplitude of the depolarizing 

voltage step used for the start of the hyperpolaring ramp l was adjusted to EGABA. As a 

result, the GABA current evoked during the 2 second pre-pulse was always less than 50 

pA.  

Voltage-clamp protocol 

The stability of EGABA was determined with at least three measurements taken at an 

interval of 2 minutes. Neurons were then stimulated with a voltage clamp protocol based 

on a typical action potential wave form recorded from a DiI labeled, acutely dissociated 

DRG neuron from a naïve rat. While we have evidence of an inflammation-induced 

change in the action potential waveform of cutaneous neurons, we chose to use the same 

stimulus for all neurons studied because we were primarily interested in changes in the 

dynamic regulation of EGABA rather than an interaction between changes in the action 

potential waveform and changes in the regulation of EGABA. The action potential 

waveform was applied for 200 pulses at 2 Hz rate. These parameters were chosen based 

on a series of preliminary studies on naïve neurons in which we determined the minimal 

number of pulses needed to produce a consistent change in EGABA within 5 minutes of the 

last pulse. It should be noted, however, that there was variability between neurons with 

respect to the minimal number of pulses needed to produce a shift in EGABA with a shift 

detected in one of the 14 neurons studied with as few as 50 pulses.  EGABA was 

determined within 1 minutes of the last pulse and again every 2 minutes for 20 minutes. 

Changes in EGABA following stimulation were compared to measurements obtained prior 

to stimulation.  
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Two bath solutions were used in this study. One was a HCO3- buffered bath consisting of: 

NaCl 103 mM, KCl 3 mM, NaHCO3 26 mM, NaH2PO4 1.25 mM, CaCl2 2.5 mM, MgCl2 

0.6 mM and Glucose 10 mM, osmolality was adjusted to 325 mOsm with sucrose, 

bubbled with 5% CO2 and 95% O2. The second was a HEPES buffered bath consisting of: 

NaCl 130 mM, CaCl2 2.5 mM, MgCl2 0.6 mM, HEPES 10 mM, Glucose 10 mM; pH was 

adjusted to 7.4 with Tris-Base and osmolality was adjusted to 325 mOsm with sucrose. 

All salts were from Sigma-Aldrich. 

PCR 

Please refer to Chapter 3. Primers used are listed in table 3.  

Test compounds 

Bumetanide, 4,4′-Diisothiocyanatostilbene-2,2′-disulfonic acid disodium salt hydrate 

(DIDS), γ-aminobuteric acid (GABA), and gramicidin were from Sigma-Aldrich. CGP 

55845 was from Tocris Bioscience (Ellisville, Missouri). GABA and bumetanide was 

dissolved in water, DIDS and CGP 55845 was dissolved in DMSO to make 1:1000 stocks. 

Stock solutions were then kept in a -20°C freezer and diluted with bath solution to their 

working concentration before use.  

All drugs are applied with a SF-77B Perfusion Fast-Step system (Warner Inc.). Switch of 

steps was controlled by the pClamp 8.0 software. 

Statistics 

All pooled data are presented as mean ± standard error of the mean. Student’s T-test was 

used for two-group comparisons and repeated measure two-way ANOVA was used for 
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multiple group comparisons (i.e., EGABA before and after stimulus in DRG neurons from 

naïve and inflamed animals). The Tukey test was used for post-hoc pair wise multiple 

comparisons. p < 0.05 was considered statistically significant.   

 

Results 

Activity dependent shift of EGABA  

In the absence of stimulation, EGABA was relatively stable in cutaneous neurons from both 

naïve and inflamed rats prior to stimulation during the determination of baseline EGABA, 

as well as in control neurons studied over time in the absence of stimulation (Figure 19C).  

The action potential waveform used to stimulate cutaneous neurons (Figure 20A) resulted 

in the activation of primarily inward currents (Figure 20A inset). Stimulation of 

cutaneous neurons from naïve rats with the action potential waveform 200 times at 2 Hz 

resulted in a hyperpolarizing shift in EGABA in 7 of 7 neurons studied of -10.39 ± 2.20 mV 

mV (Figure 20B, C). In contrast, the average stimulation-induced shift in EGABA in the 5 

cutaneous neurons tested from inflamed rats was -0.15 ± 2.88 mV. This difference is 

statistically significant, p<0.05, Figure 20C).  

NKCC1 does not contribute to the activity dependent shift in EGABA  

Because NKCC1 is suggested to contribute to the activity dependent EGABA changes in 

CNS neurons (Balena and Woodin, 2008;Khalilov et al., 2003), and is considered as an 

important determinant EGABA in primary afferent neurons we sought to determine whether 

a decrease in NKCC1 activity could contribute to the activity dependent hyperpolarizing 
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shift in EGABA in cutaneous neurons from naïve rats. To test this possibility, we used the 

relatively selective NKCC1 blocker bumetanide (10 µM) (Balena and Woodin, 2008) to 

determine whether block of NKCC1 would occlude the activity dependent 

hyperpolarization of EGABA. A within cell design was employed where the activity 

dependent shift in EGABA was determined, bumetanide was applied and the activity 

dependent shift in EGABA was determined again. In this second group of neurons (n = 3) 

from naïve rats, the activity dependent shift in EGABA was comparable to that observed in 

the first group: -9.61 ± 2.50 mV. Consistent with the suggestion that NKCC1 contributes 

to the determination of EGABA, bumetanide induced a hyperpolarizing shift of EGABA from 

-41.208 mV to -45.61±6.08 mV. This change was manifest in 5 minutes and reached a 

plateau within 20 minutes. Interestingly, the presence of bumetanide had no influence on 

the activity dependent shift in EGABA which was -9.79 ± 6.07 mV (Figure 21). 

Furthermore, despite the continued presence of bumetanide, EGABA returned to baseline 

levels within 20 minutes in all neurons tested. The activity dependent shift in EGABA is not 

significantly different than the shift observed prior to the application of bumetanide (p > 

0.05, paired t-test). The results suggested that NKCC1 does not contribute to the activity 

dependent shift in EGABA in cutaneous neurons from naïve rats.  

A HCO3
--Cl- exchanger(s) contributes to the determination of EGABA in cutaneous DRG 

neurons 

We recently obtained preliminary data suggesting that EGABA determined in HCO3- 

buffered bath solution is more hyperpolarized than that determined in HEPES buffered 

solution (2011 SFN abstract 41.1). To confirm this observation, EGABA was determined in 
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two groups of neurons: one in HEPES- and the second in HCO3—buffered bath solutions 

(Figure 22A). Consistent with our preliminary results, EGABA was significantly (p < 0.01) 

more hyperpolarized when determined in HCO3--buffered bath solution than that in 

HEPES (n = 15 and 17 for HCO3- and HEPES buffer bath, respectively). This 

observation suggests that a HCO3--dependent Cl- extrusion mechanism contributes to the 

determination of EGABA in cutaneous neurons.  As there was no difference in the holding 

current of neurons recorded in HCO3-- and HEPES-buffered bath solutions, we predicted 

that an electro-neutral HCO3--Cl- exchanger may be the underlying mechanism. There 

are 3 neuronal electro-neutral HCO3--Cl- exchangers in the SLC4A HCO3- transporter 

family: Na+ dependent HCO3--Cl- exchangers NDCBE, NCBE and HCO3--Cl- exchanger 

AE3. To determine which, if any of these family members are present in DRG and 

therefore potential candidates for the exchanger underlying the hyperpolarizing shift in 

EGABA in the presence of HCO3-, conventional PCR was used to screen for the presence 

of mRNA encoding these 3 family members in adult rat DRG. The results of this analysis 

indicated that mRNA encoding all three family members are detectable in DRG (Figure 

22B). To further confirm the contribution of one of the SLC4A family members to the 

hyperpolarizing shift in EGABA observed in HCO3- buffered bath solution, we assessed the 

impact of DIDS on EGABA since all the HCO3- exchangers share a DIDS binding site and 

can all be inhibited by DIDS. Consistent with the contribution of a SLC4A family 

member to determination of EGABA in cutaneous DRG neurons, 5 minute exposure to 

DIDS resulted in a depolarizing shift in EGABA from -46.47 ± 3.24 mV to -37.95 ± 2.21 

mV (Figure 22C). This shift is statistically significant ((p<0.05, n=6, paired t- test).  
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A HCO3
- exchanger is not necessary for the activity dependent shift in EGABA 

The presence of a HCO3
--Cl- exchanger in cutaneous DRG neurons raised the possibility 

that the activity dependent shift in EGABA is due to an increase in exchanger activity. To 

test this possibility, we measured the EGABA in cutaneous neurons from naïve rats before 

and after stimulation in HEPES buffered solution. The results of this experiment 

indicated that the activity dependent shift in EGABA in HEPES buffered bath solution was 

comparable to that observed in HCO3
- buffered bath solution (Figure 23A and B). 

Interestingly, while the magnitude of the activity-dependent shift in EGABA was 

comparable in HCO3
- and HEPES buffered bath solutions, the magnitude of the change in 

intracellular Cl- associated with the activity dependent shift in EGABA should be different 

under these recording conditions. This is because of the significant difference in baseline 

EGABA under these recording conditions. To confirm this prediction, we used EGABA to 

estimate the concentration of intracellular Cl- ([Cl-] I) before and after stimulation, with 

the Goldman Hodgkin-Katz equation (with extracellular Cl ([Cl-]o) = 140 mM, [HCO3
-

]O=26 mM, [HCO3
-] I=10 mM and the Cl- : HCO3- permeability ratio of the GABAA 

receptor as 4:1 (Kaila et al., 1997). The result of this analysis indicated that the change in 

intracellular Cl- needed to produced a 10 mV hyperpolarizing shift in EGABA in a HEPES 

buffered bath solution was significant greater than that in HCO3
- buffered bath solution 

(Figure 23C). While the mechanism underlying the activity dependent shift in EGABA 

remains to be determined, the observation that the shift appears to be dependent on the 

driving force on Cl- suggests that the mechanism may be a channel enabling diffusion of 

Cl- down its electro-concentration gradient. 
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Discussion 

We hypothesized that an increase in the accumulation capacity of NKCC1 would 

contribute to an activity-dependent depolarizing shift in EGABA that would be larger in 

cutaneous neurons from inflamed rats than that in neurons from naïve rats. In contrast to 

our hypothesis, we observed an activity dependent hyperpolarizing shift in EGABA in 

neurons from naïve rats. Interestingly, no activity-dependent shift in EGABA was 

detectable in cutaneous neurons from inflamed rats. Additional analysis of the 

mechanisms underlying the activity-dependent hyperpolarizing shift in EGABA indicated 

that the shift was still fully manifest in the presence of bumetanide. Furthermore, despite 

evidence for the presence of a HCO3
--Cl- exchanger in cutaneous neurons that contributes 

to the steady-state determination of EGABA, the activity dependent shift in EGABA was still 

fully manifest in HEPES buffered bath solution.  

Additional experiments will ultimately be needed to determine whether a hyperpolarizing 

shift in EGABA is inhibitory or excitatory. In a CNS neuron, the available evidence 

suggests a depolarizing shift in EGABA is associated with a decrease in inhibition (Prescott 

et al., 2006). However, in a primary afferent neuron where GABA mediated membrane 

depolarization is the norm because of the persistent expression of NKCC1, GABAA 

receptor activation is still inhibitory. Our recent results suggest that a prominent 

mechanism underlying the depolarization-induced inhibitory actions of GABA, at least in 

cutaneous neurons, is the depolarization-induced activation of a persistent low threshold 

K+ current. Thus, one could argue that with a smaller depolarization and consequently 
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less K+ current activated, that a hyperpolarizing shift in EGABA will be less inhibitory. 

Despite this line of argument, we suggest that the available evidence indicates that even 

in primary afferent neurons, a hyperpolarizing shift in EGABA will facilitate GABA 

mediated inhibition. This suggestion is based on the observation that there is a 

hyperpolarizing shift in EGABA in NKCC1 knock out mice (Sung et al., 2000) and in wild 

type animals following application of the NKCC1 blocker, bumetanide (Pitcher et al., 

2007). This hyperpolarizing shift in EGABA is associated with an increase in nociceptive 

threshold (Sung et al., 2000) and the attenuation of injury-induced decreases in 

nociceptive threshold. Furthermore, in contrast to the CNS, where a GABA-induced 

depolarization will result in Na+ channel inactivation (Graham and Redman, 1994) the 

excitability of nociceptive afferents is maintained in the face of persistent depolarization 

by the presence of the tetrodotoxin-resistant Na+ channel, NaV1.8 which is resistant to 

steady-state inactivation (Kostyuk et al., 1981;Gold et al., 1996;Elliott and Elliott, 1993). 

Consistent with this prediction, we recently reported that membrane depolarization was 

sufficient to drive an increase in the excitability of another population of nociceptive 

afferents (Harriott and Gold, 2009), although the low threshold K+ current present in 

cutaneous neurons does not appear to be present in these other afferents (Vaughn and 

Gold, 2010b). There are two important implications to this line of evidence. First, 

GABA-induced depolarization is always excitatory, even in primary afferent neurons. 

Second, the inflammation-induced decrease in the activity-dependent hyperpolarizing 

shift in EGABA may contribute to the inflammation-induced shift in spinal GABAA 

signaling observed in the presence of inflammation (Anseloni and Gold, 2008).   

 



 

102 

 

Although our results suggested that NKCC1 is not responsible for the activity-dependent 

EGABA shift we observed in DRG neurons from naïve animals, a conclusion that a 

decrease in NKCC1 activity does not contribute to the activity dependent hyperpolarizing 

shift in EGABA should be made with caution. This is because there is evidence that activity 

is sufficient to down-regulate NKCC1, resulting in a hyperpolarizing shift of EGABA 

(Balena and Woodin, 2008) . Furthermore, despite evidence that the concentration of 

bumetanide used was sufficient to induce a significant hyperpolarizing shift in EGABA, 

this concentration may have been insufficient to block enough NKCC1 activity to 

occlude an activity-dependent decrease in NKCC1 activity. Consistent with this 

suggestion, EGABA in NKCC1 knockout mice is -53. 6 mV while that in DRG of wildtype 

with 10 µM bumetanide block is -37.2 mV (Sung et al., 2000). Unfortunately, the 

concentration range over which bumetanide has selectivity for NKCC1 over the other Cl- 

co-transporters is limited, making the interpretation of results with higher concentrations 

of this compound difficult. Other strategies may ultimately be needed to rule out the 

contribution of NKCC1 to the activity-dependent shift in EGABA in cutaneous neurons.  

Our results argue against a role for an increase in  HCO3- dependent Cl- transporter 

activity as a mechanism for the activity-dependent hyperpolarizing shift in EGABA since 

the EGABA shift persisted in a nominally HCO3
- free, HEPES buffered solution. However, 

the presence of HCO3
- exchangers in the primary afferent neurons and their contribution 

to the determination of steady state EGABA has several important implications. First, since 

most of the EGABA data in primary afferents available in the literature were collected with 

HEPES buffered solutions (Alvarez-Leefmans et al., 1988; Gilbert et al., 2007; Rocha-

Gonzalez et al., 2008; Sung et al., 2000), the estimates of EGABA in these studies may be 
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artificially depolarized. Second, a more hyperpolarized EGABA under physiological 

conditions may contribute to the dramatic shifts in EGABA signaling observed in vivo 

(Anseloni and Gold, 2008). That is, if EGABA is already above action potential threshold 

in the absence of tissue injury as suggested by results obtained in HEPES buffered bath 

solution in this and previous studies, then a further depolarization of EGABA as should 

occur following inflammatory mediator-induced increases in NKCC1 activity (Funk et 

al., 2008), should have a relative minor influence on nociceptive signaling. In contrast, if 

EGABA is hyperpolarized to action potential threshold as suggested by the results of the 

present study, an increase in NKCC1 activity sufficient to drive EGABA above the action 

potential threshold should have a considerably larger impact on nociceptive afferent input 

to the CNS.  Third, if HCO3--Cl- exchangers contribute to the determination of EGABA in 

peripheral terminals of nociceptive afferents, they could underlie a peripheral GABAA 

receptor contribution to inflammatory pain. That is, while the source of GABA in the 

periphery is still not determined, there is evidence that GABAA receptors are present in 

the peripheral terminal of nociceptors and activation of peripheral GABAA receptors is 

pronociceptive (Carlton et al., 1999). Inflammation is normally accompanied by a drop in 

pH, which leads to a decrease in extracellular HCO3
-. This in turn should result in a 

decrease in HCO3--Cl- exchanger activity and a depolarizing shift in EGABA.  It should be 

noted that the peripheral nervous system is not unique with respect to the contribution of 

HCO3--Cl- exchangers to the establishment of EGABA: HCO3--Cl- contribute to the 

determination of EGABA in the CNS, where unlike the PNS, activity is normally masked 

by K+-Cl--cotransporter (KCC) mediated Cl- extrusion (Bellemer et al., 2011). 
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Furthermore, while it is possible that a secondary active transport mechanism contributes 

to the activity dependent shift in EGABA, a more likely mechanism is an anion channel that 

enables the passive redistribution of Cl- in response to potential difference between EGABA 

and resting membrane potential. That is, there will be Cl- efflux as long as the resting 

membrane potential is more negative than EGABA. As suggested, such a mechanism would 

account for the larger efflux observed in the HEPES buffered bath solution because of the 

greater potential difference between EGABA and resting membrane potential under these 

conditions. A Ca2+-dependent Cl- channel would be ideally suited to mediate the activity 

dependent hyperpolarizing shift in EGABA, given that activity will result in an increase in 

intracellular Ca2+ concentration that can persist long after activity has been terminated 

(Lu et al., 2006). Several of these channels have been described in sensory neurons 

(Mayer, 1985) including TMEM16A (AKA ANO1), a channel activated by the 

inflammatory mediator, bradykinin (Liu et al., 2010). While it remains to be determined 

how TMEM16A and the other Ca2+-dependent Cl- channels are regulated in the presence 

of persistent inflammation, the decrease in high threshold voltage-gated Ca2+ current 

observed in cutaneous neurons 3 days after CFA injection (Lu et al., 2010), could account 

for the loss of the hyperpolarizing shift in EGABA observed in the presence of persistent 

inflammation.  

In summary, while we have been forced to reject our hypothesis regarding the 

contribution of the dynamic regulation of EGABA to the inflammation-induced shift in 

GABAA signaling, we have described a novel feedback inhibitory mechanism that should 

serve to attenuate nociceptive input into the CNS in the absence injury. Furthermore, 

rather than a further depolarization of EGABA as a means to enable the emergence of 
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excitatory actions of GABA, inflammation is associated with a decrease in this feedback 

inhibitory mechanism. Identification of this mechanism may provide a novel target for 

the treatment of inflammatory hypersensitivity. 



 

 

Figure 19: Measurement of E

(A) A ramp protocol was run twice on a small cutaneous DRG neuron from a naïve rat, in 

the presence (gray trace) and absence (black trace) of 60 µM GABA. 

determined at the voltage where the difference current of these two traces reached 0. 

EGABA monitored for 30 minutes at a 5 minutes interval was 
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: Measurement of EGABA.  

A ramp protocol was run twice on a small cutaneous DRG neuron from a naïve rat, in 

the presence (gray trace) and absence (black trace) of 60 µM GABA. (B)

determined at the voltage where the difference current of these two traces reached 0. 

for 30 minutes at a 5 minutes interval was relatively stable

 

A ramp protocol was run twice on a small cutaneous DRG neuron from a naïve rat, in 

(B) EGABA was 

determined at the voltage where the difference current of these two traces reached 0. (C) 

stable. 



 

 

Figure 20: EGABA shifted more hyperpolarized after being activated with trains of stimuli 

in DRG neurons.  

(A) Action potential waveform 

elicited in a small diameter 

injection under current clamp configuration with gramicidin patch. 

in response to the action potential wavefo

Stimulation of a small diameter 

shown in A, 200 times at a frequency of 200 Hz resulted in a hyperpolarizing shift in 

EGABA (black trace: before stimulus; grey trace: after stimulus). (

obtained before and after 200 pulse stimulation of neurons from naïve and inflamed rats. 

The shift in neurons from naïve rats was significantly different from that observed 

inflamed rats. Number of neurons recorded is indicated in the parenthesis. ** p< 0.01. 
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shifted more hyperpolarized after being activated with trains of stimuli 

) Action potential waveform used to drive “activity-dependent” shifts in E

diameter cutaneous neuron from a naïve rat with direct 

under current clamp configuration with gramicidin patch. Inset: current evoked 

in response to the action potential waveform used as a “stimulus” in voltage clamp

Stimulation of a small diameter  cutaneous neuron from a naïve rat with the waveform 

shown in A, 200 times at a frequency of 200 Hz resulted in a hyperpolarizing shift in 

(black trace: before stimulus; grey trace: after stimulus). (C) Pooled 

obtained before and after 200 pulse stimulation of neurons from naïve and inflamed rats. 

The shift in neurons from naïve rats was significantly different from that observed 

Number of neurons recorded is indicated in the parenthesis. ** p< 0.01. 

shifted more hyperpolarized after being activated with trains of stimuli 

 

dependent” shifts in EGABA was 

with direct current 

: current evoked 

rm used as a “stimulus” in voltage clamp. (B) 

with the waveform 

shown in A, 200 times at a frequency of 200 Hz resulted in a hyperpolarizing shift in  

) Pooled EGABA data 

obtained before and after 200 pulse stimulation of neurons from naïve and inflamed rats. 

The shift in neurons from naïve rats was significantly different from that observed in 

Number of neurons recorded is indicated in the parenthesis. ** p< 0.01.  



 

 

Figure 21: Activity-dependent shift in E

 (A) Activity-dependent shift in E

bumetanide (10 µM). (B)

0.05) in the presence and absence of bumetanide.
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dependent shift in EGABA is not blocked by bumetanide.

 

dependent shift in EGABA was detected in the presence of NKCC1 blocker 

) Pooled data indicates that the shift in EGABA was comparable (p > 

0.05) in the presence and absence of bumetanide. 

is not blocked by bumetanide. 

detected in the presence of NKCC1 blocker 

was comparable (p > 



 

 

Figure 22: A HCO3--Cl- 

cutaneous neurons. 

 (A) EGABA was determined 

HEPES buffered bath solution. (

PCR products specific to each of the 

HCO3--Cl- exchanger. mRNA was harvested from whole ganglia obtained from a naïve 

rats. (C) EGABA was determined in cutaneous neurons from naïve rats before and after 

the application of the HCO3

EGABA in the presence of DIDS was significant (p < 0.05).
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 exchanger contributes to the determination of E

was determined in cutaneous neurons from naïve rats in HCO3

d bath solution. (B) An ethidium bromide stained agarose gel loaded with 

PCR products specific to each of the electro-neutral members of the SLC4A family of 

exchanger. mRNA was harvested from whole ganglia obtained from a naïve 

rats. (C) EGABA was determined in cutaneous neurons from naïve rats before and after 

the application of the HCO3--Cl- exchanger blocker, DIDS. The depolarizing shift in 

in the presence of DIDS was significant (p < 0.05). 

GABA in 

 

from naïve rats in HCO3- and 

) An ethidium bromide stained agarose gel loaded with 

neutral members of the SLC4A family of 

exchanger. mRNA was harvested from whole ganglia obtained from a naïve 

rats. (C) EGABA was determined in cutaneous neurons from naïve rats before and after 

blocker, DIDS. The depolarizing shift in 



 

 

Figure 23: No evidence for an increase in HCO

dependent shift in EGABA.

(A) EGABA was determined before and after action potential stimulation of a cutaneous 

neuron from a naïve rat in HEPES buffered bath solution. 

dependent shift in EGABA 

The decrease in the concentration of intracellular Cl

dependent shift in EGABA 

measurements of EGABA before and after stimulation.
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No evidence for an increase in HCO3
--Cl- exchanger activity in the activity 

. 

was determined before and after action potential stimulation of a cutaneous 

neuron from a naïve rat in HEPES buffered bath solution. (B) Pooled data of the activity 

 determined in HEPES and HCO3
- buffered bath solution. (

rease in the concentration of intracellular Cl- ([Cl-] i) associated with the activity 

 was estimated based on the composition of the bath solution and 

before and after stimulation. ** is p>0.01.  

exchanger activity in the activity 

 

was determined before and after action potential stimulation of a cutaneous 

Pooled data of the activity 

buffered bath solution. (C) 

) associated with the activity 

was estimated based on the composition of the bath solution and 
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Table 3: Primers for HCO3
- exchangers 

Gene Sequence  Start�END SIZE 

NCBE_F 5'-GGTGTTGGCACTGGTATTTGTGAG-3' 3091-3362 

 

272 

NCBE_R 5'-TGTCAGCAGTGACTAGAAGGTTCC-3' 

NDCBE_F 5'-CGTGCTCTTCTGGTCCTGTATTCT-3' 2122-2358 

 

237 

NDCBE_R 5'-ATGAACCATCCTCGATCATCCCTC-3' 

AE3_F 5’-TCCCAACGATGACAAGGACAGT-3’ 1312-1556 

 

245 

AE3_R 5’-TCTTCTCCAGCAGTTTCAGGCT-3’ 
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Chapter 5: General Discussion 

New model of GABAA receptor mediated presynaptic inhibition 

GABAA receptors on the central terminals of primary afferents are suggested to mediate 

the primary afferent depolarization (PAD). In the absence of tissue injury, the presynaptic 

actions of GABA appear to inhibit the propagation of action potentials from the periphery 

despite the GABA mediated depolarization. The primary mechanism suggested for the 

inhibition of afferent central terminals is shunting (Cattaert and el, 1999). A shift in the 

actions of GABA on afferent central terminals from inhibition to excitation was recently 

suggested to play a role in the pain and hypersensitivity associated with tissue injury. The 

prevailing hypothesis proposed to account for this shift in GABA signaling is that an 

increase in NKCC1 activity results in an increase in intracellular Cl- such that EGABA is 

depolarized relative to the action potential threshold. As a result, the depolarization-

induced inhibition is transformed to a depolarization that drives excitation (Price et al., 

2009).  

 

Results of my thesis research, however, indicate that factors other than EGABA determine 

the polarity of GABAA signaling in DRG neurons. EGABA of DRG neurons from naïve is 

already above the action potential threshold (especially in HEPES solution), suggesting 

that even in the absence of tissue injury, GABA should be able to evoke activity in 

primary afferents. There is also no additional depolarizing shift in EGABA in neurons from 

inflamed animals. Furthermore, my observations that GABA is still inhibitory in neurons 

from naïve rats and excitatory in neurons from inflamed rats indicates that neither GABA 
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induced shunting nor a depolarizing shift in EGABA are sufficient to account for the 

actions of GABA in the presence and absence of inflammation. Importantly, I was able to 

implicate a novel mechanism for GABA-induced inhibition as well as several 

mechanisms to account for the inflammation-induced shift in GABA signaling. 

In the absence of injury, there appears to be a relatively large low threshold K+ 

conductance which is readily activated with even small membrane depolarizations. This 

conductance would appear to serve as a primary mechanism underlies the inhibitory 

actions of GABA in the absence of tissue injury, where the magnitude of the GABA-

induced depolarization is attenuated by this current. In addition to the large low threshold 

K+ current, the resting membrane potential of neurons from naïve animals was 

significantly more hyperpolarized than that of neurons from inflamed animals. This could 

have two effects which would facilitate the inhibitory actions of GABA in the absence of 

inflammation. First, all else being equal, a larger depolarization would be needed to 

achieve action potential threshold in these neurons. Second, and more relevantly, given 

evidence that low threshold K+ currents are subject to steady-state inactivation, a more 

hyperpolarized resting membrane potential should increase the availability of K+ 

channels, thereby maximizing the K+ conductance activated by GABA. It will be 

important to confirm this prediction in future studies. Finally, the GABA conductance in 

neurons from naïve animals is significantly smaller than that in neurons from inflamed 

animals. Consequently, the impact of GABA on the resting membrane potential will be 

limited by the density of receptors in the membrane. 
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In addition to these factors that should influence the steady-state response to GABA, I 

observed an activity-dependent hyperpolarizing shift in EGABA in the absence of tissue 

injury that should increase the efficacy of GABA-induced inhibition in the face of 

sustained afferent activity. This mechanism may be a form of compensation for a 

decrease in K+ conductance associated with a depolarization-induced inactivation of the 

underlying channels. Again, additional experiments would be needed to confirm this 

prediction. Furthermore, because my results suggest that T-type Ca2+ channels underlie 

the GABA-induced Ca2+ transients in inflamed neurons and the threshold for activation 

of T-type channels is ~-40 mV, the activity-dependent hyperpolarizing shift in EGABA 

should minimize the activation of these low threshold excitatory currents.  

In contrast to a depolarizing shift in EGABA as an underlying mechanism of the emergence 

of GABA-induced excitation of primary afferent neurons, I described four mechanisms 

that should contribute to the transition from GABA inhibition to excitation: i) a decrease 

in low threshold K+ current, ii) a depolarization of the resting membrane potential, iii) an 

increase in GABA conductance, and iv) a decrease in the activity dependent 

hyperpolarizing shift in EGABA (figure 24). That these mechanisms work in concert is 

suggested by the observation that block of K+ currents alone was rarely sufficient to 

enable GABA to excite DRG neurons from naïve animals. Nevertheless, additional 

experiments will be needed to tease out the relative contribution of each of these 

mechanisms to the emergence of GABA-induced excitation. 
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Experimental model: advantages and drawbacks 

1. Advantages 

In the majority of experiments performed in my thesis, I used acutely dissociated cell 

body as a model of the afferent terminal. It is therefore important to consider the 

strengths and weaknesses of this model and the impact of using such a model on the 

conclusions that can be drawn from the results generated. The many advantages of this 

model include the following: First, there is evidence that ion channels present in the 

isolated DRG cell body are the same as those in the terminals. For example, there is 

evidence that NaV1.8 is present in both the isolated cell body and the afferent terminal 

(Strickland et al., 2008b) More relevantly, there is evidence that EGABA in the cell body is 

also depolarized which is comparable to that is suggested in the central terminals of the 

primary afferents (Alvarez-Leefmans et al., 1988). Second, the essentially spherical cell 

body of the acutely isolated DRG neuron has the ideal geometry for patch clamp record, 

enabling accurate biophysical measurements of current properties as well as 

electrophysiological determination of EGABA. Third, isolated neurons facilitate control 

over the extracellular environment enabling us to conclude that the changes observed 

were intrinsic to the neurons studied. Similarly, with whole cell patch clamp 

configuration, it is possible to control the intracellular milieu as well. And fourth, with 

isolated sensory neurons it is possible to selectively activate GABAA receptors and as a 

results, evoked currents are not contaminated by the presence of other ion channels or 

mediators that may confound results obtained. Importantly, changes in GABAA signaling 

detected in the isolated DRG cell body are also likely to be due to persistent changes in 
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afferent properties rather than the actions of mediators released in association with the 

ongoing inflammation. 

2. Drawbacks   

I am also aware of a number of significant limitations associated with the use of the 

isolated cell body. First, the cell has necessarily been injured through the process of 

putting it in vitro. I attempted to minimize the impact of this injury by studying neurons 

before there was a chance for injury-induced changes in properties to emerge, but many 

of these are likely to occur very rapidly. Second, the cell body is not the terminal. Even 

when assuming they have the same channel and transport density on membrane, there are 

still differences in the anatomy that terminals will have a much bigger membrane/volume 

ratio. Continuous activation of GABAA receptor and Na+/K+ channels (as with increased 

afferent activity) could thus lead to change in local ion gradient more easily in the 

terminals than in the cell body. Second, while many ion channels present in the cell body 

may be the same as those in the terminals, it is clear that a number of channels are 

trafficked to other parts of the neuron and may not be present in the cell body, even with 

a short time in culture. This potential problem may have been particularly relevant for my 

studies given the prediction that high-affinity GABA currents should be present in DRG 

neurons and my results of pharmacological but not biophysical evidence of these 

receptors in acutely dissociated DRG neurons. This concern is compounded by recent 

evidence from our lab that with high affinity receptors are trafficked out of the cell body 

and only detectable with time in culture. The absence of a classically defined high 

affinity GABA current in acutely isolated DRG neurons has several implications for the 
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conclusions I hoped to draw from my studies. The composition of these receptors is 

different from that of low affinity receptors and little is known about how these subunits 

are dynamically trafficked and differentially regulated by kinase activity. Thus, I was 

unable to unequivocally determine the impact of the inflammation-induced increase in 

tyrosine kinase activity on this population of receptors. Furthermore, given evidence that 

axon-axonic synapse is scarce in non-myelinated C fibers, high affinity, extrasynaptic 

GABAA receptors are likely the dominant receptor type in this population of afferents. 

Changes in the relatively density of this channel type which underlie a persistent current 

would likely have very different impact of excitability and dynamic changes in EGABA.  

Third, the absence of the entire biological environment and activation of other receptors 

simplify the mechanisms under study, however, to understand the overall changes in 

GABAA signaling following inflammation, we will ultimately need to incorporate the 

influence from all these factors several of which are likely to be particularly important for 

GABAA signaling. For instance, inflammatory mediators and neurosteroids (Wohlfarth et 

al., 2002b) were both shown to increase GABAA current amplitude, however, it is very 

hard to predict if the increase of GABAA current will facilitate shunting or help to 

generate a larger PAD and then lead to excitation of primary afferents. In vivo 

experiments or computational models will be needed in such situations.  
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Beyond GABAA activation  

In the current work, I selectively activated GABAA receptors in dissociated DRG 

neurons to study the direct influence of GABAA receptor activation on primary afferents. 

In vivo, numerous inflammatory mediators, neurosteroids, cytokines and receptors 

interact with GABAA receptors and influence GABAA signaling. Because there are so 

many potential mechanisms of interaction, I am not going to list them in the following 

paragraphs. Instead, I am going to focus on two mechanisms that are likely to have the 

greatest impact on GABAA signaling, as well as the conclusions I have drawn from the 

results described in this thesis.  

1) GABAB receptors 

 There are a variety of receptors located on the central terminals of primary 

afferents that could influence GABAA signaling. Among those, GABAB receptor would 

be the most relevant since they shares the same ligand with GABAA receptor and are 

colocalized with GABAA receptors in Aδ and C fibers (Desarmenien et al., 1983). Thus, 

released GABA should activate both GABAA receptor and GABAB receptor 

simultaneously.  

GABAB receptor activation may not only result in the modulation of GABAA 

receptors, but in several of the mechanisms I identified that may contribute to the 

inflammation-induced shift in GABA signaling. For example, activation of GABAB 

receptors, which are also inhibitory, has been shown to produce inhibition via the 

facilitation of a variety of K+ channels (Deng et al., 2009;Ticku and Delgado, 

1989;Sodickson and Bean, 1996;Luscher et al., 1997). The increase of Ik induced by 
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GABAB receptor activation would serve to counter the inflammation induced 

depolarization as well as the suppression of low threshold IK. Both of these changes 

would serve to restore GABAA receptor mediated inhibition. GABAB receptors also 

inhibit both low and high threshold voltage-gated Ca2+ channels (Kamatchi and Ticku, 

1990;Tatebayashi and Ogata, 1992;Matsushima et al., 1993;Chalifoux and Carter, 2011), 

which may also inhibit the calcium transient that a larger PAD may induce. Thus, 

existence of GABAB receptor on the presynaptic central terminals of primary afferents 

may help to keep GABAA signaling inhibitory. 

Interestingly, there is evidence that in the presence of persistent inflammation, there is 

a decrease of GABAB receptors (Castro-Lopes et al., 1995). The result may be an even 

greater inflammation-induced decrease in IK with a decrease in current density combined 

with a decrease in GABAB mediated IK. At the same time, there would be less inhibition 

of Ca2+ channel due to decrease of GABAB receptor. Both mechanisms favor the switch 

of GABAA signaling to excitatory in the primary afferents following inflammation.  

 

2) pH changes and the influence of the HCO3
- exchanger 

My observation that EGABA is influenced by HCO3- has several interesting implications in 

the context of inflammation. Inflammation is accompanied with decrease in pH and 

HCO3
- is an important pH buffering molecule. Thus, it is not unreasonable to suggest that 

HCO3
- may underlie a change in GABAA signaling in the presence of inflammation. In 

the discussion of Chapter 4, I suggested the possibility that the HCO3
- exchanger can 

induce a depolarizing shift of EGABA in the periphery and thereby contribute to 
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inflammation-induced shift in GABA signaling. Similar mechanism may also be applied 

to the increase of neuronal activity may underlie a depolarizing shift in EGABA at the 

central terminal. That is, there is evidence that neural activity is associated with 

substantial changes in extracellular and intracellular pH (Chesler and Kaila, 1992). When 

pH drops, the decrease of HCO3
- level can lead to a decrease in Cl- extrusion which 

would in turn result in a depolarization of EGABA. In this way, inflammation-induced 

increase inactivity can contribute to a larger PAD and even produce calcium influx or 

spikes in the central terminal of primary afferents.  

 

Temporal profile of injury-induced changes in GABAA signaling 

In my model, the inflammation induced mechanical hyperalgesia and allodynia has been 

shown to start as quickly as 2 minutes after CFA injection (Guo et al., 2002) and persist 

for 7–14 day (Ren, 1999). Over this time range, a series of different mechanisms appear 

to contribute to the modulation of GABAA signaling.   

1. In minutes: There is evidence that an increase in NKCC1 phosphorylation is detectable 

in minutes(Galan and Cervero, 2005). NKCC1 phosphoryation results in an increase in 

NKCC1 activity and an increase in the concentration of intracellular Cl-. This should 

result in an increase in GABAA receptor mediated depolarization as an increase in the 

driving force on Cl- and may contribute to the emergence of the doral root reflex. There 

is evidence that an increase in NKCC1 phosphorylation is detectable by 24 hrs post CFA 

injection (Galan and Cervero, 2005), however I was unable to detect either evidence of an 

increase in NKCC1 activity or an increase in NKCC1 phosphorylation by 3 days post 
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inflammation suggesting that this mechanism does not contribute to the maintenance of 

the inflammation-induced shift in GABAA signaling.. 

2. In hours:  In increase in the density of NKCC1 in the plasma membrane is detected 

within 90 minutes of noxious stimulation (Galan and Cervero, 2005). The observation 

that a 3 hour incubation with inflammatory mediators results in an increase in NKCC1 

activity (Funk et al., 2008) raises the possibility that the increase in trafficking to the 

plasma membrane is due to receptor mediated processes rather than activity per se. 

Regardless of the mechanism, this longer term increase in NKCC1 should result in a 

further increase in intracellular Cl- and contribute to the emergence of an injury-induced 

shift in GABA signaling. Again, however, my results would suggest that this mechanism 

does not contribute to the maintenance of the inflammation-induced shift in GABA 

signaling. 

3. In days: In my study, the increase in IGABA had not reached significant until 3 days 

after CFA injection. As this increase was due to a relative increase in tyrosine kinase 

activity, our results suggest that different mechanisms contribute to the maintenance of 

the inflammation induced shift in GABA signaling than those that contribute to its 

initiation. 

4. Activity dependent: As suggested by our data, there is an activity dependent 

hyperpolarizing shift in EGABA in DRG of naïve animals, while 3 days after CFA 

injection, this EGABA shift was not observed. Under our experimental conditions, the shift 

in EGABA was induced minutes after trains of pulses and recover within 20 minutes. It is 

still not clear when this transition takes place exactly, but before this transition, the 
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hyperpolarizing shift in EGABA would make GABA inhibitorier for tens of minutes after 

an injury-induced burst in afferent activity.  

Given that different mechanisms appear to contribute to the shift in GABAA signaling 

over time, strategies to prevent and or reverse this process will have to be tailored 

accordingly.  

 

Clinical implication 

GABAA recepotors are the target of clinically important drugs as general anesthetics, 

anticonvulsant and sedatives. The switch of GABAA signaling is therefore of clinical 

importance, since drugs that were intended to alleviate pain would actually exacerbate it 

with persistent inflammation (Boegel et al., 2011). This study on the mechanism 

underlying the switch in GABAA signaling can thus provide some hints on how to 

convert this process. It may help to maximize the therapeutic effect of GABA targeted 

drug if the excitatory effect of GABA is blocked following inflammation.   

At least 3 targets for reversal the GABAA signaling are suggested. One is at the level of a 

tyrosine kinase, since our data suggested a persistent upregulation of tyrosine kinase 

activity and spinal application of genistein completely blocked the muscimol induced 

exacerbation of inflammatory hyperalgesia. Another target is the low threshold K+ 

channels. The decrease in K+ current is one of the most robust changes in GABA 

responders following inflammation. Therefore, increasing K+ channel activity would not 

only attenuate the shift in GABA signaling, but would have the additional advantage of 
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stabilizing the cell membrane. The third target is the HCO3
- exchanger. Facilitation of 

this exchanger would help to shift EGABA to more hyperpolarized potentials and help 

prevent the switch of GABAA signaling into excitation. Since a combination of changes 

is required to the switch of GABAA signaling into excitation, a combination of drugs that 

target different mechanisms may ultimately be required to completely block the 

deleterious consequences of the shift in GABAA signaling.  



 

 

Figure 24: Multiple factors contribute to GABAA receptor mediated inhibition and 
facilitation  

Upper panel: Nonresponders from naïve animals had in general larger K

smaller GABAA current and more hyperpolarized membrane potential. With afferent 
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the neuron. Activation of GABA

membrane depolarization and consequently, no calcium transient.  Lower panel: 

Responders from inflamed animals had a smaller K

and more depolarized membrane potential. With activity, there was no hyperpolarizing 

shift in EGABA. As a result, GABA

depolarization and consequently, the generation of a calcium transient.  
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