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ABSTRACT 
 

Maintenance of external pH is critical to ensuring proper CNS function. Recent work in 

excitatory transmission suggests that in vivo synaptic proton buffering is not sufficient to 

rigidly maintain an extracellular pH of 7.4. To extend this work to inhibitory synapses, I 

recorded miniature GABA inhibitory post-synaptic currents (mIPSCs) from cultured rat 

cerebellar granule cells (CGCs) under varying pH and proton buffering conditions. 

Consistent with previous findings in rat hippocampal neurons, mIPSCs recorded from 

CGCs under rigid extracellular pH control (achieved by using 24 mM HEPES) exhibited 

an inverse relationship between extracellular pH and event size, such that raising pH from 

6.8 to 8.0 resulted in a nearly 50% decrease in charge transfer. Kinetically, alkalinization 

sped both the mIPSC rise-time and fast component of decay while slowing the slow 

component. More intriguingly, I found that while maintaining external pH at 7.4, 

increasing the proton buffering capacity of the extracellular solution from 3 mM to 24 

mM HEPES mimicked changes in amplitude and kinetics consistent with alkalinization. 

Supplementing physiological buffer concentrations (24 mM HCO3
-/5% CO2) with 10 mM 

HEPES also reduced mIPSCs in a manner consistent with alkalinization, providing 
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further support of an endogenous acidifying force at the synapse. In this study, I found 

evidence that the Na+/H+ ion exchanger (NHE) is the source of this synaptic acidification. 

Inhibition of the exchanger with either amiloride (20 µM) or replacement of extracellular 

sodium with lithium also resulted in mIPSC inhibition consistent with alkalinization. The 

effects of increased proton buffering via HEPES and NHE inhibition via amiloride were 

negated by acidification to pH 6.8. Furthermore, the effects of NHE inhibition on 

mIPSCs was confirmed in 24 mM HCO3
-/5% CO2 buffering. Furthermore, I found that 

NHE inhibition with 1mM lithium in physiological buffering conditions was sufficient to 

cause significant reduction in mIPSCs. These results provide strong evidence that 

endogenous acidification of the GABAergic synapse via the Na+/H+ exchanger is of 

sufficient magnitude to enhance inhibitory neurotransmission. 
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Preface 
 In the time that I have been fortunate enough to study science, I have grown to 

appreciate the necessity to search for those truths that one passionately wants to uncover. 

Without a love for the knowledge being sought, there is little reason to spend precious 

time in this world in pursuit of it. Clearly, without that passion, one would be wiser to 

take up a lucrative profession and spend their free time seeing the beauty of the world 

around us and partaking in those leisurely activities that give worldly satisfaction.  

 I will offer you two excerpts from the works of Kahlil Gibran, a poet born in 

Lebanon 126 years ago to the day of my thesis defense. The first is entitled Madman: 

“You ask me how I became a madman. It happened thus: One day, long before many 
gods were born, I woke from a deep sleep and found all my masks were stolen, -the seven masks 
I have fashioned and wore in seven lives, - I ran maskless through the crowded sheets shouting: 
“Thieves, thieves, the curséd thieves.” 

 And when I reached the market place, a youth standing on a house-top cried, “He is a 
madman.” I looked up to behold him; the sun kissed my face for the first time. For the first time 
the sun kissed my own naked face and my soul was inflamed with love of the sun, and I wanted 
my masks no more. And as if in a trance I cried, “Blessed, blessed are the thieves who stole my 
masks.” 

Thus I became a madman. 
And I have found both freedom and safety in my madness; the freedom of loneliness and 

the safety from being understood, for those who understand us enslave something within us.” 
 
The second is entitled GOD: 
 

“In the Ancient days, when the first quiver of speech came to my lips, I ascended the holy 
mountain and spoke unto God, saying, “Master, I am thy slave. Thy hidden will is my law and I 
shall obey thee for ever more.” 

And God made no answer, and like a mighty tempest passed away… 
…And after a thousand years I climbed the holy mountain and spoke unto God again, 

saying, “Father, I am thy son. In pity and love thou hast given me birth, and through love and 
worship I shall inherit thy kingdom.” 

And God made no answer, and like the mist that veils the distant hills he passed away. 
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And after a thousand years I climbed the sacred mountain and again spoke unto God, 
saying, “My God, my aim and my fulfillment; I am thy yesterday and thou art my tomorrow. I am 
thy root in the earth and thou art my flower in the sky, and together we grow before the face of 
the sun.” 

Then God leaned over me, and in my ears whispered words of sweetness, and even as the 
sea that enfoldeth a brook that runneth down to her, he enfolded me. 

And when I descended to the valleys and the plains God was there also.” 
        -Kahlil Gibran 
 
 

 
My sincere hope is that as you read this work, not only will the scientific merit of 

the research be apparent, but also the joy I experienced in making these discoveries. 

 

-Craig J. Dietrich
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I. Introduction 

Small, Fast, and Highly Reactive: Proton Basics  
The proton, or hydrogen ion (H+), is the smallest chemically reactive particle in the 

universe. Formed by the ionization of water, the speed at which protons diffuse through 

aqueous solution is ~350% faster than chloride ions (Cl-) and 600% faster than sodium 

ions (Na+) (Hille, 1992a). What accounts for this incredible speed? Let us first clarify that 

the  proton does not exist as a free ion in aqueous solution, as its very small radius would 

lead to an enormous electrical field that would polarize any molecule; thus in aqueous 

solution, the proton immediately attaches itself to a water molecule creating the 

hydronium ion (H3O+). What is fascinating is that the newly acquired positive charge 

does not reside on one of the hydrogen ions but is shared amongst all three. Hence, when 

the hydronium ion is in alignment with a second water molecule, such that the 

arrangement of dipole charge on the second water molecule can accept the proton from 

the hydronium ion, then any one of the three protons will be donated. Furthermore, if two 

or three or any number of water molecules are aligned together to accept and donate in 

sequence, the effective “movement” of the initial proton will be nearly instantaneous, 

though it is not the same proton being transferred. This sequential ion transfer  is termed 

proton tunneling (Hamann et al., 1998), and illustrates that the limitation of proton 

diffusion is the alignment of dipole moments along which the H+ travels, thus accounting 

for its incredible “speed”. The proton concentration of a solution is most commonly 
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expressed in terms of pH (i.e. the -log10 of proton concentration). In biological systems, 

pH ranges from roughly 6.5 to 8.0 (Kaila and Ransom, 1998a). To express this in terms 

of molarity, one can say that proton concentration has a low end of 10 nM (pH 8.0) and a 

high end of ~300 nM (pH 6.5). To describe all modulatory roles of protons in biological 

systems is far beyond the scope of this dissertation, indeed, even limiting the focus to the 

brain is a task that fills entire volumes.  Here I hope to convey to the reader a succinct 

appreciation of the role of extracellular protons in ion channel function within the 

confines of physiological pH (from 6.5 to 8.0), offer in-depth analysis of known 

proton/GABAA receptor interactions, and add new insights into that relationship through 

my own experimental work. I will begin by describing those mechanisms that shape 

extracellular pH, with an emphasis on the synapse, that will be followed by proton 

modulation of ionotropic channels, and to bring the first section to a close, I will 

summarize previous work which provides evidence that synaptic pH does indeed 

fluctuate, and that protons shape the transmission of cellular information.  
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Mechanisms Shaping Extracellular pH in the Brain 

Why is Physiological pH the Value That It Is?  
Before we begin exploration into the mechanisms shaping extracellular pH, it is of 

interest to consider why intracellular pH (pHi) is maintained at roughly 7.0-7.2, and why 

external pH (pHo) is generally more alkaline at 7.4.  This question was first addressed by 

Hochachka and Somero (1984), who noted that most metabolites of intracellular 

biochemical pathways were ionized at pHi 7.2, and it was this ionization that kept the 

metabolites from diffusing out of the cell (and thus losing precious resource).  In other 

words, as the cell maintains a pHi of 7.2 it effectively entraps its important metabolites.  

Another likely cause for pHi maintenance at this particular value is the pKa (the pH value 

for a specific molecular species at which exactly half of the species is ionized) of 

histidine imidazole groups.  These imidazole groups are uniquely suited for protonation-

deprotonation reactions that can influence protein functions such as structural transitions, 

protein–ligand interactions, and proton buffering reactions (Kaila and Ransom, 1998a). 

That histidine is a substrate-binding residue at the active site of many enzymes provides a 

reversibility of many metabolic reactions. For instance, lactate is unable to bind to 

ionized lactate dehydrogenase (LDH) enzyme due to histidine protonation; conversely, 

the ionized state is the only one in which pyruvate can bind to LDH (resulting in LDH 

becoming pyruvate reductase). This manner of pH modulation will be true for all 

histidine-based processes. Another classic example of a pH-dependent enzyme is 

phosphofructokinase (PFK), the enzyme responsible for the third and rate-limiting step in 
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glycolosis. PFK is fully active at pH values just 0.1 units above the value at which it 

becomes completely inactive (Trivedi and Danforth, 1966). Hence, energy production is 

an extremely pH-dependent process further exemplifying that pH governance allows a 

wide variety of protein/metabolic modulation for the cell. As to the question of external 

pH, I shall demonstrate quantitatively in the section covering proton thermodynamics that 

its slight alkaline relationship to pHi is due to the electrochemical forces at work on the 

H+ ions.    

Proton Generation in Neurons: Energy Metabolism  

Mammalian cellular metabolism is a proton producing process (Krebs et al., 1975). 

Indeed, H+ turnover is greater than that of any other metabolite. For instance, the 

mitochondrial respiratory chain generates protons when flavoproteins donate H+ to Fe3+ 

according to the equation: 

2 Fe3+ + 2 H+ →  2 Fe2+ + 2 H+     Eq. 1 

Furthermore, any reactions that involve the reduction of NAD+ or NADP+ will 

result in proton production: 

GAP + NAD+ + HPO4
2- →  DPG + NADH + H+  Eq. 2 

However, the most obvious example of metabolic proton production is the hydrolysis of 

adenosine triphosphate (ATP) as it is consumed to power enzymatic and ion transport 

machinery. ATP is the energy currency of the cell. When work is performed (i.e. transfer 
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of energy contained in ATP is utilized), ATP is degraded to adenosine diphosphate 

(ADP) and inorganic orthophosphate (Pi) as shown in Eq. 3. Further hydrolysis of ADP 

to AMP results in additional energy release (Eq. 4). Note that both of these reactions 

result in proton production. 

[ATP4-] + [HOH] →  [ADP3-] + [HPO4
2-] + [H+]   Eq. 3  

[ADP3-] + [HOH] →  [AMP2-] + [HPO4
2-] + [H+]     Eq. 4  

The brain has extremely high energy requirements. While consisting of only 2% of body 

mass, it is the beneficiary of roughly 25% of cardiac output and utilizes around 20% of 

the body’s total energy production (Mellergard and Siesjo, 1998). Hence, under normal 

physiological conditions, we can appreciate that ATP hydrolysis is the primary proton 

producing reaction within neurons; and there is a substantial amount of free protons 

within the neuron that must be actively managed. This point will be revisited when we 

consider mechanisms of proton extrusion from the cell.  

Buffering Power and the Bicarbonate System 
In this section we will build an appreciation of the mechanism by which extracellular pH 

in the brain is stabilized.  Before introducing the bicarbonate buffering system, it will be 

useful for the reader to form an understanding of buffering power, or put more 

transparently: the change in pH arising per incremental concentration change of strong 

base or acid.  
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Thus,   

          Eq. 5 

Where β is buffering capacity, db is change in total concentration of a strong base, da is 

the change in total concentration of a strong acid, and dpH is change in pH.  

A mathematical formula put forward by Koppel and Spiro (1914) allows one to 

quantify the buffering capacity of a solution containing a weak acid and weak base. For 

the English translation of this work, see Roos and Boron (1980).  

This equation is as follows, and slightly adapted for ease of understanding: 

    Eq. 6 

Where B denotes total buffer concentration, and Ka is the dissociation constant for that 

buffer (pKa of HEPES is 7.55, thus Ka is 2.8x10-8). We can solve this for a concentration 

of 3 mM HEPES at pH 7.4 and see that the buffering capacity, or power, is actually 1.7 

mM. At the same pH, 24 mM HEPES yields a buffering power of 13.4 mM, and 10 mM 

HEPES yields a buffering power of 5.6 mM. When more than one buffer species is 

present in a system, their buffering capacities are additive (equations adapted from 

Chesler (1998)).   
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In biological systems, extracellular pH is maintained by the reversible hydration 

of carbon dioxide into bicarbonate. This reaction is most simply expressed as: 

CO2 +H2O  HCO3
- + H+           Eq. 7  

It was first observed by Van Slyke (1922) that the buffering capacity of bicarbonate, in 

the presence of a large fixed source of CO2 did not follow the rules of weak acids and 

bases in closed systems. This “open” system provided a much greater buffering power as 

CO2 is in rapid equilibrium with this external source, and thus CO2 and HCO3
- 

concentrations are kept constant.  

The buffering power for an open CO2 system can be expressed as: 

βb = 2.3 [HCO3
-]      Eq. 8 

This equation reveals that at a concentration of 24 mM, bicarbonate actually has the 

capacity to buffer protons as if it were a concentration of 55.2 mM. A comparison of Eq. 

6 and Eq. 8 reveals that bicarbonate in an open system has roughly four times the 

buffering power of a weak acid buffer in closed system (such as HEPES in our previous 

example).  

Though this system has considerable buffering power, it is not without limitation. 

First, let us expound upon Eq. 7 by incorporating the carbonic acid intermediary, and 

illustrating that H2CO3 dissociates very weakly into bicarbonate and H+: 

 Eq. 9 CO2 + H2O H2CO3 H+ + HCO3
- 

0.05 sec-1 

10 sec-1 
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Furthermore, the hydration of CO2 is extremely slow with a time constant on the order of 

20-30 seconds. In a compensatory measure, biological systems incorporate several 

enzymatic species of carbonic anhydrase (CA) which speed the hydration of CO2 

considerably (~105 reactions/sec) (Maren, 1967). However, the activity of this enzyme is 

relatively low in the extracellular fluids of the CNS (Kaila et al., 1992; Makani and 

Chesler, 2007). Furthermore, it has been observed that when the CO2-HCO3
- system 

meets a rapid acid-base challenge, it has a substantially compromised buffering power 

(Chesler, 1998; Chesler and Kaila, 1992; DeVries, 2001; Kaila et al., 1992; Makani and 

Chesler, 2007). Assuming a confined space of relatively compromised proton diffusion 

(Voipio, 1998), and rapid acid-base challenges (as is likely the environment of the 

synapse) (Chesler and Kaila, 1992; Traynelis, 1998), we may apply Eq. 6 directly to 

bicarbonate. This operation reveals that 24 mM of bicarbonate will only have a buffering 

power of 3.8 mM at the synapse. This low capacity at pHo 7.4 can be directly attributed 

to the low pKa (6.3) of this buffer in comparison to HEPES (7.55). These equations 

illustrate that the buffering power of a substance is greatest when solution pH is at the 

buffers pKa, and that mathematically the synapse is extremely vulnerable to acid-base 

challenges under physiological conditions.  

Acid-Base Regulation 
Before leaving the subject of buffering, it is important to review the physiological 

fundamentals of mammalian acid-base regulation.  
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As we know, the bicarbonate buffering system is a function of CO2 hydration. The CO2 

concentration in the human extracellular fluid is roughly 1.2 mol/L, which corresponds to 

a CO2 tension (PCO2) of 40 mm Hg. CO2 is the end product of numerous metabolic 

pathways, and its accumulation will serve to increase production of both H2CO3 and the 

concomitant presence of free H+. Thus CO2 must be blown off by the lungs in order to 

keep PCO2 in check, indeed alveolar respiration is stimulated by an increase in PCO2, 

offering the feedback control in this system. This is termed a physiologic type of buffer 

system as it is acts rapidly to keep the H+ concentration in the extracellular fluid from 

changing too much before the renal system can act to resolve the imbalance.  To this end, 

the kidneys filter HCO3
- through the renal tubules and secrete H+ into the tubule by 

tubular epithelia cells. In physiological conditions, the kidneys are working to retain 

bicarbonate and excrete acids. Reabsorption of bicarbonate occurs as a function of 

recaptured CO2; therefore, it is necessary that large amounts of H+ be secreted to ionize 

HCO3
- resulting in H2CO3 production, which readily dissociates into H2O and CO2. CO2 

is then absorbed back into the tubular cell and intracellular CA catalyzes its hydration 

into HCO3
- and is subsequently returned to the blood.  In contrast to the physiologic type 

buffer system mediated by the lungs, the renal system is termed the metabolic type buffer 

system. Though H+ extrusion/HCO3
- rescue may seem far removed from the CNS, it is 

worth bearing in mind for later sections of discussion. We can summarize by stating that 

respiration serves to increase extracellular pH and modulates with quick precision, while 
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renal activity lays the foundation of bicarbonate buffering by dictating availability of 

bicarbonate and protons (Guyton and Hall, 2000).  

Mechanisms of Proton Uptake and Extrusion 

We now turn to the cellular mechanisms that manage the movement of protons into and 

out of the neuron. For sake of continuity, we will discuss them in terms of lowering 

(sinking) or raising (sourcing) proton concentration in the extracellular environment of 

the synapse.   

Synaptic Acid Sinks 

As we consider the forces at work that govern synaptic pH, I will limit our discussion to 

three proteins that, like bicarbonate, serve to diminish the acidity of the mammalian 

neuronal extracellular environment, as opposed to a mobile buffer, however, these proton 

sinks are stationary (Bevensee and Boron, 1998a; Somjen and Tombaugh, 1998). The 

first is the choride/bicarbonate (Cl-/HCO3
-) exchanger. Under physiological pHi (~7.0 -

7.2) this protein serves to expel HCO3
- out of the cell and move Cl- inward (Fig. 1). 

Noteworthy is that this protein will operate in the reverse mode (i.e. remove bicarbonate 

from the extracellular space) should pHi drop below 6.5, thereby transforming into an 

acid source (Baxter and Church, 1996). Of greater notoriety is the plasma membrane 

calcium ATPase (PMCA). Known for its critical role in regulating internal Ca2+, the 

PMCA is a known acid sink as it exchanges 2 H+ for each Ca2+ ion expelled (Bevensee 
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and Boron, 1998a; Paalasmaa et al., 1994; Thomas, 2008). The presence of these two 

proteins at the GABAergic synapse is largely unknown. The final and most interesting 

acid sink, in terms of this work, is the GABAA receptor channel. It is well-known that the 

channel is permeant to bicarbonate as well as chloride with a permeability ratio of 

~0.2:1.0. Under physiological conditions, bicarbonate (at internal concentration of ~12 

mM) has an outward driving force (Bormann et al., 1987; Kulik et al., 2000), hence 

GABAA activity (and subsequent bicarbonate extrusion) may serve to diminish synaptic 

acidification by increasing external buffer concentration (Fig. 1).  

Synaptic Acid Sources 

Thus far, I have detailed the means by which extracellular protons are buffered and 

removed from the interstitial space. It is clear from previous sections that careful 

maintenance of internal pH is critical to nearly all metabolic pathways within the cell. 

How then does the cell deal with the obvious internal acidification that is the result of 

metabolism? The first line of defense against detrimental acidification is the CA-driven 

bicarbonate and phosphate-based buffering systems. Furthermore, the histidine-imidazole 

groups of various large immobile (non-membrane crossing) proteins provide further 

buffering. In conjunction with buffering, the cell also rids itself of excess protons via 

three critical proteins: the sodium dependent anion exchanger (NDAE), the 

lactate/hydrogen co-transporter, and the sodium/hydrogen exchanger (NHE). As the 
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physiological contribution of the lactate/H+ transporter under aerobic conditions is largely 

believed to be minimal, we shall confine our discussion to the NDAE and NHE. 

Sodium-Dependent Anion (Cl-/HCO3
-) Exchanger 

As the name implies, the NDAE is a secondary active transporter relying on the inward 

driving force of sodium set up by the sodium/potassium pump (Na+/K+-ATPase). NDAE 

activity results in the inward movement of one sodium and one bicarbonate ion while 

simultaneously expelling one chloride ion and one proton (Bevensee and Boron, 1998a). 

As one can see from Fig. 1, this protein is actually performing double-duty as it increases 

extracellular proton concentration, while decreasing bicarbonate concentration at the 

same time. The extent contribution of this protein to the management of neuronal pHi 

remains in question, though its activity seems to be localized to those neurons of 

excessively high or low internal pH c.f. (Bevensee and Boron, 1998a). 

The Sodium/Hydrogen Exchanger 

Most prominent and well-studied of all pH-regulating mechanisms identified in 

mammalian neurons is the sodium/hydrogen exchanger (NHE). NHEs are found in 

virtually every mammalian cell type. There are six known isoforms (NHE1-6), NHEs 1-5 

are found in the CNS, with NHE-1 expression being by far the most ubiquitous and 

intense (Ma and Haddad, 1997). In the rodent cerebellum, protein expression of NHE-1 is 

very strong through development and adulthood, NHE-3 is low yet increases through 
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development, and NHE-5 expression is low in cerebellum but is neuronal-specific which 

makes it unique among the NHEs (Baird et al., 1999; Douglas et al., 2001). Studied 

primarily for their role in pHi regulation, NHEs may also have roles in cell-volume 

regulation, cell proliferation (Bevensee and Boron, 1998a), and as recent work has 

suggested (Beg et al., 2008) and the present work will demonstrate, a role in shaping the 

pH of the synaptic cleft.  

Studies that have probed the ramifications of NHE perturbance have found that 

along with ataxia, growth  retardation, and abnormalities in cell morphology, NHE 

dysfunction is consistently accompanied by seizure (Cox et al., 1997; Gu et al., 2001) the 

severity of which leads to death shortly after birth (Bell et al., 1999; Xia et al., 2003). On 

the other hand, NHE over-expression has been correlated with loss of respiratory drive in 

rabbits (Kiwull-Schone et al., 2007) and clinically with sudden infant death syndrome 

(SIDS) (Wiemann et al., 2008).  

Functionally, NHE utilizes the sodium gradient across the membrane by 

transporting one sodium ion into the cell in exchange for one intracellular proton (see 

Fig. 1). The extracellular Na+ binding site is highly selective, such that it will not 

transport other monovalent cations (K+), or do so at a dramatically reduced rate (Li+ and 

H+) suggesting competitive inhibition by these cations (Orlowski, 1993; Szabo et al., 

2000). Pharmacologically, NHEs are inhibited by amiloride and its analogues. In the 

neuron, NHE is activated by low pHi and inhibited when pHi becomes more alkaline. For 
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the specific purposes of this dissertation, and to validate the claim that the NHE can 

acidify the extracellular space to an appreciable degree, let us quantitate the potential 

functional limits of this protein.  

 
 

FIGURE 1. The major proton-regulating mechanisms found in mammalian neurons and their 
relationship to extracellular pH. Clockwise from top-right, acid sources which extrude protons 
into the interstitial space are: the sodium-dependent anion exchanger (NDAE) inhibited by DIDS; 
the sodium/hydrogen exchanger (NHE) inhibited by amiloride and its derivatives; and the 
lactate/hydrogen co-transporter. Continuing clockwise the acid sinks serve to either remove 
protons from the interstitial space or introduce bicarbonate ions that will buffer protons: 
Chloride/bicarbonate exchanger inhibited by DIDS; the GABAA ion channel receptor which is 
permeable to both chloride ions and bicarbonate at a ratio of 5:1 respectively, inhibited by 
bicuculline (BIC), picrotoxin (PTX), gabazine (GBZ), and TPMPA; finally the plasma membrane 
calcium ATP-ase (PMCA). 
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Thermodynamics of Passive Proton Diffusion and Na+/H+ Exchanger-Mediated 

Proton Transport 

To gain some basic insight into the potential limits of the NHE to acidify the synapse, it 

is helpful to first expound upon the thermodynamics of proton passive diffusion across 

biological membranes. The following equations adapted from Bevensee and Boron 

(1998b). 

Free Electrochemical Energy of Protons and Passive Diffusion  

According to the laws of thermodynamics, a proton will tend to move from point A to 

point B if the free energy of the particle decreases in the process.  The electrochemical 

free energy of a proton can be expressed by the following equation: 

 ln aH+ +     Eq. 10 

Where  is the standard chemical potential for protons, R is the universal gas constant, 

T is temperature (K), aH+ is the activity of H+ (or the thermodynamically active [H+], 

inasmuch log10(aH+) can simply be expressed as pH), z is valence of the ion, F is the 

Faraday constant (96487 C/mole) and V is voltage (V or J/C). Coulomb (C) is the 

quantity of charge. By combining an equation for free proton energy outside the cell with 

free proton energy inside the cell, we come up with an equation which can predict which 

direction protons tend to travel in relation to the inside or outside of the cell.: 
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 log   m   Eq. 11 

Note that natural logarithm (ln) has been converted to base 10. In the following example, 

we have set up the equation to determine if free energy increases or decreases as a proton 

enters the cell. We plug in values that reflect those conditions under our experimental 

control: pHo = 7.4, temperature = 23°C, and those values which we control in the 

recorded cell, and we assume are mimicked in the other cells in culture, namely:  pHi = 

7.2 and membrane potential set to -60 mV. Upon simplifying the equation slightly as we 

know that pH=-log(aH+), we can see: 

(pHo – pHi)+ m      Eq. 12 

 

(7.4 – 7.2)+  

  -5.8 kJ  -4.7 kJ  

Because  is negative, free energy decreases and the reaction will proceed 

spontaneously. In this example of simulated experimental conditions, protons will tend to 

enter the cell passively. At this point, it is necessary to re-emphasize that these equations 

tell us which direction protons tend to move, the actual direction they do move, and the 

rate at which they move are dependent upon the kinetic properties of the cell, namely the 

permeability of the membrane to protons.  If, for example, there are no avenues for 
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protons to travel into the cell, then no H+ ions will enter regardless of the free 

electrochemical energy driving them. Armed with this appreciation of the electromotive 

forces at play on protons, it now becomes clear as to why the extracellular space is 

slightly alkaline (pH 7.4) relative to the intracellular (pH 7.2). Let us now examine how 

these forces influence the behavior of the NHE. 

Na+/H+ Exchanger Thermodynamics  

The NHE is a secondary active transporter.  This means that its active transport of 

protons (out of the cell and against their electrochemical gradient), is driven by the 

downhill movement of an ion whose gradient is established through the consumption of 

cellular energy.  In this case the downhill ion is sodium, whose gradient is being set-up 

by the Na+/K+-ATPase. The reaction produced by NHE can be written as: 

(H+)i + (Na+)o →  (H+)o + (Na+)i     Eq. 13 

In the preceding reaction, the electrochemical free energy can be expressed as:  , 

and is the sum of the electrochemical energy change of a proton moving out of a cell (in 

opposite direction of Eq. 11) denoted by , and the electrochemical force for sodium 

to move into the cell , or .  We will define   as:  

log  +  log  – m  

 Eq. 14 
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and  as:  

log  +  log + m  

 Eq. 15  

Therefore, 

 =  +          Eq. 16 

Thus,             

 =  log        Eq. 17 

Voltage terms cancel out in this electroneutral process. For purpose of example, we can 

compute  for cells under recording conditions. Assuming pHi of 7.2 and [Na+]i of 

15 mM, in a solution consisting of pHo 7.4 and [Na+]o of 145 mM, at experimental 

temperature of 23°C: 

 = 2.3 x 8.31  x 296K x log  

=-6.68 kJ/mole 

As  is negative, under these conditions the reaction will continue spontaneously, 

meaning that the energy released by sodium moving down its electrochemical gradient is 

sufficient to drive protons against its own inward electrochemical gradient.  Obviously, at 
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some point the internal proton concentration will drop to the point that its electrochemical 

gradient will be too great for the sodium free energy to overcome. Under these 

conditions, this equilibrium value (pHieq) can be calculated solving for [H+]i after setting 

   equal to 0: 

  log         

When   equals 0 then the following must be true: 

  =1 

Therefore, 

[H+]i =[H+]o  = 40x10-6 mM x  = 4.14 nM  Eq. 18 

A [H+]i of 4.14 nM corresponds to a pHieq of 8.38. Hence, at these sodium concentrations, 

there is sufficient energy to drive pHi to 8.38. Conversely, it is also possible to calculate 

pHoeq, or in other words, the extracellular pH where the proton concentration overwhelms 

the sodium electrochemical free energy. This can be expressed as the following equation 

and is followed by an example using our experimental conditions: 

[H+]o =[H+]i  = 63x10-6 mM x  = 600 nM    Eq. 19 
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A [H+]o of 600 nM equates to a pH of 6.22. Therefore, given the sodium ion 

concentrations used in our experimental conditions and pHi of 7.2, the NHE could 

potentially acidify extracellular pH to 6.22.  

In the previous section covering energy metabolism, it was stated that ~20% of 

the body’s energy is consumed by the brain and that this consumption accounts for the 

vast majority of H+ production. Of this 20%, a full 50% is used by the Na+/K+ ATPase 

pump (Guyton and Hall, 2000). Furthermore, the  Na+/K+ pump is known to localize 

heavily in the terminal bouton (Erecinska and Dagani, 1990). Therefore, assuming that 

pHi of the terminal bouton is ~7.0, a very conservative estimate given the amount of 

ambient H+ production known to occur in this subcellular compartment and supported by 

synaptosome data (Nachshen and Drapeau, 1988), Eq. 19 would yield a pHoeq of 6.0.  

Data from heterologous expression studies reveal that low pHi drives NHE 

activity, with a maximal effect for NHE -1, -3 and -5 being pH 6.0. As one would expect, 

low pHi does not inhibit activity at all (Aronson, 1985; Orlowski, 1993). On the other 

hand, pHo does have inhibitory effects on the exchanger, NHE-1 and -3 have pK values 

of 7.0, and NHE-5 is much more sensitive with a pK of 8.3 (note: pK is analogous to IC50, 

see below). All of these isoforms are essentially inactive at pHo lower than 6.0, which is 

in agreement with Eq. 19.  Therefore, whether the reason is putative proton inhibition of 

the sodium site or the laws of thermodynamics, there is a low end to the ability of the 

NHE to acidify the extracellular milieu. It is important to stress that both pHieq and pHoeq 
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are theoretical values, in fact, studies of native cells show that the rate of NHE activity 

slows as pHi rises (Bevensee and Boron, 1998b). Indeed, in rat hepatocytes (Boyarsky et 

al., 1990) and neurons (Lacroix et al., 2008), NHE activity stops when pHi is 7.3, a full 

pH unit below the calculated pHieq of 8.38. This difference in observed value versus 

theoretical value is a product of kinetic constraints upon proton movement dictated by 

various other membrane proteins (Bevensee and Boron, 1998b). 

Proton Modulation of GABAA and other Ionotropic Channels  

    Physiologists have long been aware of the powerful effects of pH on neuronal 

excitability, for an excellent historical review of this topic, see Somjen and Tombaugh  

(1998). Even as the study of ion channel properties took shape it became clear that 

protons were interacting directly with these proteins (Hille, 1968). As stated earlier, it is 

not the goal of this manuscript to exhaustively catalog the proton modulation of all ion 

channels. Rather, we shall examine those channels that are highly modulated by pH 

within the physiological range. These are: the acid-sensing ion channels (ASICs); 

voltage-gated calcium channels (VGCCs); the NMDA glutamate receptor channel; and 

the GABAA receptor channel. To clarify terminology used herein: when physiologists 

report on the pH surrounding the protein which causes half-maximal inhibition of 

function this is often expressed as pK (not to be confused with pKa), and is defined as the 

midpoint of the titration curve relating ion conductance to pH. 
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Proton-Gated Channels  

The discovery of ASIC channels gated directly by protons is generally attributed to 

Waldmann et al. (1997); however, the existence of cation currents elicited upon 

extracellular pH drop was catalogued well before that (Konnerth et al., 1987; Krishtal and 

Pidoplichko, 1981). The ASICs are either homo- or hetero-trimeric protein complexes 

(Carnally et al., 2008). These channels are primarily permeable to sodium, however it is 

noteworthy that the most pH sensitive homomer, ASIC1a, is known to have a strong 

permeability to calcium, relative to other non-NMDA ligand-gated ion channels (Zha et 

al., 2006). Though best known for their role in nociception in the PNS and heart 

(Sutherland et al., 2001), knockout studies reveal involvement of these channels in 

learning and memory, fear conditioning, hippocampal LTP (Wemmie et al., 2008), 

vesicular release probability (Cho and Askwith, 2008), and dendritic outgrowth (Zha et 

al., 2006).  

 In biophysical terms, these channels are activated by pH in the range of 6.9 to 6.0 

depending on their subunit composition (Wemmie et al., 2006). They are quick to 

desensitize upon exposure to low pH (Gunthorpe et al., 2001). The mechanism by which 

the channel gates upon acid-sensing has been open to some debate: initially it was 

believed that protons competed-off calcium ions located at the channel mouth that served 

to essentially plug the pore (Immke and McCleskey, 2003), however, an allosteric model 

has been put forth and it is likely that gating is a combination of the two phenomenon 
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(Paukert et al., 2004; Zhang et al., 2006). Though many studies correlate the presence and 

or absence of this protein with numerous pathological, physiological, and behavioral 

phenomenon (Wemmie et al., 2008), until proof of gating in a physiological format is put 

forth, questions will remain as to its true role in CNS function.   

Voltage-Gated Calcium Channels 

A broad variety of voltage-gated Ca2+ channels  (VGCCs) have thus far been discovered 

(Hille, 1992b; Tsien et al., 1988). They are divided into two groups, one made up of L-, 

N-, P-, Q-, and R type channels and are classified as high-voltage activated (HVA), while 

the other group, low-voltage activated (LVA), is made up of T- type channels. We will 

concern ourselves with the HVA channels as they are known to mediate pre-synaptic 

Ca2+ entry which leads to vesicular docking and exocytosis among other cellular 

functions.  The HVAs are acutely sensitive to extracellular acidification (Iijima et al., 

1986), and several studies have reported pK values (Fig. 2A) of nearly physiological pH 

(Chesler, 1990; Tombaugh and Somjen, 1998). This indicates that little more than half of 

the maximal HVA channel conductance is available at normal pHo. Furthermore, as pK is 

nearly identical to pHo, the channel is along the steepest part of its titration curve (see 

Fig. 2A). Ergo, slight pH shifts higher (increasing ICa) or lower (decreasing ICa) will have 

profound effect on HVA-mediated events such as exocytosis (Fig. 2B). The manner in 

which protons inhibit the HVA is still of debate. It is generally accepted that one or more 

extracellular ionizable sites mediate the inhibition, though it is unclear whether H+ ions 
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influence neuronal HVAs by affecting unitary channel conductance (channel block), 

gating, charge screening, or a combination of all three (Prod'hom et al., 1989).  

 

FIGURE 2. Pre-synaptic HVA Ca2+ channels are extremely proton sensitive. A, pH titration 
curve for neuronal HVAs shows a pK of 7.1 modified from (Tombaugh and Somjen, 1996). B, 
Schematic of calcium entry through HVA and subsequent vesicular release at the terminal 
bouton: 1, HVA and docked synaptic vesicle (SV). 2, depolarization invades the terminal and 
activates HVA (+) opening channel allowing calcium entry, priming the SV for exocytosis and 
dilating fusion pore. 3, Vesicle fuses with membrane releasing its contents along with protons 
which in turn inhibit (X) the HVA.  

NMDA Receptor Channels  

The NMDAR is a hetero-tetrameric glutamate receptor channel permeable to K+, Na+ and 

Ca2+; though it is believed that under normal conditions only the latter two species are 

actively traversing the pore. Setting the NMDAR apart from other glutamate channels is 

it high sensitivity to its ligand (compared to AMPA and kainate), its long burst time, its 

strong permeability to Ca2+ (10 times more so than to Na+ or K+), and its voltage 

dependence.   

A B 
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FIGURE 3. Protons inhibit the NMDA receptor. A, whole cell currents from rat pyramidal cells 
illustrate pH sensitivity of glutamate and GABAA receptor channels. B, Titration curve shows that 
pK for NMDAR is ~7.1. (Tang et al., 1990). C, Single-channel recording from rat CGC 
membrane patch illustrates effects of protons on currents elicited by 20 µM NMDA. Unpublished 
observation, C. J. Dietrich.  

 
 
NMDA receptors have received much attention due to their critical roles in synaptic 

transmission, plasticity, learning, and memory (Traynelis, 1998). Indeed, the importance 

of NMDA neurotransmission to proper function within the mammalian CNS is without 

doubt. For a receptor upon which so much of our cognitive awareness of existence lies, it 

is not surprising that activation of this ion channel is under strict control. As a first level 

of security, the receptor requires the binding of two different neurotransmitters (namely 

glutamate and glycine). This alone is not sufficient to allow ion conductance though, as 

the channel pore is occupied by an Mg2+ ion that effectively blocks the channel. 

Therefore, in conjunction with two transmitter species, the membrane surrounding the 

receptor must be depolarized (by activation of nearby ion channels, presumably) so that 

the positively charged Mg2+ plug is ejected. In 1990, two independent groups reported an 

additional regulatory mechanisms: an exquisite sensitivity to protons (Tang et al., 1990; 

Traynelis and Cull-Candy, 1990). In stark parallel to HVA calcium channels, the pK for 

NMDA occurs just below physiological pH (See Fig. 3B). Obviously, this offers a 

tremendous amount of modulation as slight shifts in pH (just as with the HVA) will have 

extremely robust effect on the impressive list of functions mediated by the NMDAR. If 

the mechanism behind HVA proton inhibition is unclear, that of the NMDAR is a total 
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mystery. While it is known that protons cause a diminishment of current by decreasing 

the single-channel open frequency and slight inhibition of bursting (Fig. 3C top trace), 

however, unitary conductance is unchanged (Fig. 3C lower traces). Furthermore, these 

effects are independent of voltage, desensitization, and agonist ionization (Traynelis, 

1998).  

Commonalities among the Cation Channels  

Before moving on to GABA receptors, let us take a moment to reflect on these cation 

channels. When considering these proteins, the first striking commonality among all three 

is their high degree of calcium permeability. It is well-known that calcium and protons 

will often compete for the same binding sites (Immke and McCleskey, 2003; Schwiening 

and Thomas, 1998), hence, one may assume that an exterior calcium regulatory site is a 

standard feature of all calcium-passing channels and should this site be occupied by 

protons, modulation of function ensues. Another commonality among these channels (in 

terms of neural physiology), is that their primary functional role may not be the 

generation of electrical signals. Indeed, that ASIC currents have never been resolved 

under physiological conditions strongly undermines their necessity as depolarizing 

agents. The HVAs most critical role role is the entry of calcium at the bouton so that the 

electrical signal can be converted to a chemical one through vesicular release. Though the 

NMDAR is very sensitive to glutamate, the speed of gating, the many gating barriers in 

place, and its redundant co-localization with an extremely fast signal transducer (AMPA), 
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all suggest that the primary functional role for the majority of NMDARs found in the 

CNS may be to convert communication from other neurons into long-lasting changes 

through calcium-entry is potentially rather than conveyance of neural impulses are . In 

closing, why these proteins are so heavily influenced by protons is not readily 

transparent, perhaps local pH alone is such a salient pathological signal that necessary 

adaptation required highly proton-sensitive Ca2+ entry mechanisms. Or perhaps, it is 

simply an ironic coincidence of recognition site promiscuity; in either case the sensitivity 

of these channels to protons ensures the further study of brain pH.   

GABAA Receptor Channels 

The GABAA receptor channel is a five-subunit protein complex that is a member of the 

cys-loop family of ion channels (along with 5-HT3 receptors, nAChRs, and glycine 

receptor channels) (Lester et al., 2004). Twenty different subunits have been identified 

through molecular cloning with designations of α, β, γ, δ, ε, θ, and π. In the most general 

terms, a typical GABAA channel in the CNS will consist of two α, two β, and one γ 

subunit. It is generally accepted that two molecules of GABA bind to the receptor 

complex, one at each α/β interface. As stated previously, GABAA channels will pass both 

Cl- and HCO3
- ions at a permeability ratio of 1.0 : 0.2 (Bormann et al., 1987). The 

movement of these ions follows the Nernst equation, such that in the vast majority of 

mature mammalian neurons, the flux of chloride is inward and the flux of bicarbonate 

outward. As the permeability and driving forces are greater for Cl-, the net effect of 
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GABAA channel opening is hyperpolarizing to the cell, though exceptions occur (Kulik et 

al., 2000).  During the early stages of development, Cl- flux is known to travel in the 

opposite direction, and thereby GABAA activation would have a depolarizing effect (Stell 

and Mody, 2003).  

In opposition to their effects on VGCCs and NMDARs, protons enhance GABAA-

mediated currents (Kaila, 1994; Pasternack et al., 1996; Smart and Constanti, 1982). This 

statement must be qualified in the following manner: low pH enhances the GABAA 

channel at high (≥100 µM) agonist concentrations (Mozrzymas et al., 2003; Pasternack et 

al., 1996; Robello et al., 1994), while at lower agonist concentrations, pH behaves in the 

opposite manner (i.e. low pH diminishes, while high pH enhances GABAA currents) 

(Krishek et al., 1996; Krishek and Smart, 2001; Pasternack et al., 1996). The reason for 

these opposing effects will hopefully become clear as we discuss the manner in which 

protons enhance GABAA currents.  

Initially, the mechanism of proton enhancement was attributed to the residues that 

reside at the mouth of the GABAA channel (Robello et al., 1994).  It has long been known 

that lysine and arginine, which are likely to give positive charges by protonation at 

neutral pH, lie at the channel mouth (Barnard et al., 1987). Therefore it seemed quite 

reasonable that further protonation of these residues would cause a more pronounced 

positive charge thus increasing the accumulation of negatively charged Cl- ions at the 

mouth of the channel. The first evidence that this was likely not the case came from 
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Krishek and Smart in 2001. They noted that neither single-channel conductance, nor 

opening frequency was clearly affected by hydrogen ions (Krishek and Smart, 2001).  

The major contribution by this group (after rudely muddying the pond), was to put forth 

data indicating that GABAA proton sensitivity at low agonist concentrations was strongly 

dependent on the sub-unit composition of the channel. What became clear to other 

researchers in the field was that resolution of these opposing pH effects (high vs. low 

agonist concentrations) would not lend itself to conclusion through single-channel studies 

(which use low agonist concentrations to avoid channel desensitization). Furthermore, 

such studies (requiring low [GABA] at equilibrium) are so far removed from the 

physiological setting of the synapse, where very high agonist concentrations (1.5-3 mM  ) 

occur over incredibly brief time-courses (~100-300 µsec) (Jones et al., 2001; Mozrzymas 

et al., 2003), that they likely would not offer much insight into the interaction of protons 

phasic GABAergic currents at the synapse. 

Mozrzymas et al. (2003) conducted a detailed analysis of proton interaction with 

GABAA receptors expressed on hippocampal neurons in culture. Their focus was the 

response to one synaptic vesicle, termed miniature inhibitory post-synaptic currents 

(mIPSCs), as well as exposing patches of neuronal membrane (containing only ten or so 

GABAA receptors) to incredibly fast pulses of agonist and protons (piezo-electric driven 

ultrafast application). To adequately describe their finding on the mechanism of protons 
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modulation of the GABAA channel, it is necessary to first illustrate the most widely 

accepted gating scheme for this receptor channel (Jones and Westbrook, 1995):   

 

FIGURE 4. Effects of pH on the Jones and Westbrook (1995) gating schemes as observed by 
Mozrzymas (2003). A, the effect of pH 6.5 on the transition rate constants. Note that kon and d2 
are the only transitions that are appreciably affected, denoted by arrowed, underlined numbers. B, 
Effects at pH 7.2. C, Effects at pH 8.0. Rate units are msec-1. 

 
 
Where R is the unbound Receptor, AR is Receptor bound with Agonist, AR* is the 

agonist bound receptor in the open conformation, and AD is the agonist bound receptor in 

a desensitized (non-conducting) conformation. The designation of A2 stands for the two 

agonist molecules bound to the receptor.  The rest of the letters represent transitions and 

are associated with a rate constant: kon is the agonist binding constant, d is the 

desensitization constant, r is resensitization, β is channel opening, α is the return to 

closed, and finally koff is unbinding constant. The major contribution by Mozrzymas et al. 

was to realize that the desensitization constant d was actually the fastest transition in the 

scheme, as opposed to conventional wisdom stating that the opening rate β was the fastest 
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(a value found to be 3.0 at all pHs modeled). Furthermore, as Fig. 4A to 4C illustrate, we 

see that kon and d both increase with pH.  

With these rate constants in mind, we can begin to appreciate the unique effect of 

alkalinization on mIPSC amplitude and kinetics (i.e. that amplitude decreases, and rise-

time speeds up with increasing pH). Let me elaborate: First, binding rate is assumed to be 

proportional to the [GABA], such that it is roughly equivalent to: kon x [GABA]. 

Therefore, when the receptor meets a saturating (>10 mM) or near-saturating (>100 µM) 

GABA concentration (remember that synaptic [GABA] is ~1.5-3.0 mM), the kon values 

(so long as they are larger than β) become less meaningful to amplitude (as transition to 

the doubly-bound conducting state is essentially instantaneous in either pH condition). In 

this scenario, it is the increased rate of sojourns into the desensitized state that dictates 

amplitudes and rise-times. To further this point, consider that for the bifurcating reaction: 

    Eq. 20 

(and bearing in mind that d2>> r2 and β2>>α2), both the onset of the current response 

(entry into AR*) and the entry into the desensitized state (AD) proceed with a time 

constant of: τ = 1/(β+d). Put another way, because alkalinization greatly increases the 

desensitization rate constant (by a factor of 4 from pH 6.5 to 8.0), and that this is the 

fastest ligand-indepenent transition in the gating scheme, one expects that as d becomes 

larger, the time constant τ  speeds up. Allow me to offer an analogy that may make this 
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concept more transparent to the reader: imagine 90 customers want to withdraw money 

from a bank. They must form one line and wait to be served by one of two tellers.  When 

a customer is at the front of the line they must go to the teller that is available and 

withdraw the maximum amount of money possible. One teller (β) can distribute $1,000 

per customer but it takes her 10 minutes per transaction. The other teller (d) is faster and 

can complete a transaction in 2.5 minutes; however, she can only distribute $500 per 

customer. In this analogy, let us equate total money withdrawn to current amplitude, and 

the amount of time that it takes for all customers to be served as rise-time.  Doing a little 

math, we can see that with both tellers working, the line is served in 180 minutes, and the 

total cash withdrawn is $54,000 (like unto pH 8.0). If d slows (acidifies) to five minutes 

per customer yet still distributes $500, the line will be slower (served in 300 minutes), yet 

the total withdrawal will be greater at $60,000 (like unto pH 7.2), as the probability of 

being served by β increases. If d slows down even further, now taking the same time as β 

yet still distributing $500, the entire line is served even more slowly (600 minutes), yet 

total withdrawal is at its greatest at $67,500 (pH 6.5), since there is equal chance to be 

served by β or d. Thus we can visualize how speed and amplitude relate to one another in 

this bifurcating reaction. 

 To explain the effects of pH at low agonist concentration, one simply bears in 

mind the previous statement on binding rates. As is evident by the model, kon is 

increasing with pH (and by convention the receptor affinity is increasing to agonist); 
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therefore, given a low concentration of agonist far less of the population of receptors 

reach a doubly bound conducting state. Hence the recruitment of receptor number into the 

open state becomes more critical to passing current. In summary, this model neatly 

explains that increased kon values at increased pH yields the effects observed by Krishek 

and others (Krishek and Smart, 2001; Pasternack et al., 1996).  

The GABA Molecule: A Unique Fit  

Before leaving the GABAA receptor, let us take a moment to appreciate its ligand as it 

relates to protons. Alone among all neurotransmitters, GABA is an electroneutral 

zwitterion (pI = 7.3) at physiological pH (Roberts and Sherman, 1993). Furthermore, the 

pKa values for GABA (pKa1 = 4.031, pKa2 = 10.55) mean that it is extremely resistant to 

fluctuations in pH. Charge neutrality is of critical importance in chemical transmission. 

Charged particles will be coulombically attracted or repelled by charged entities en route 

as they traverse the synapse. For comparison glutamate (pI = 3.22), and glycine (pI = 

6.06) are anionic at pH 7.4; while acetylcholine, serotonin, norepinephrine and dopamine 

are cationic. Hence, GABA more so than any other neurotransmitter, is suited to avoid 

the adulterations and pitfalls associated with an acidified environment.  

Protons Shaping Synaptic Transmission 

The incredible sensitivity of the aforementioned ion channels has subsequently 

generated much interest in acidification amongst cellular physiologists. To that end, 

considerable effort has been put forth to identify and quantify neuronal extracellular pH 



35 

 

shifts (Chen and Chesler, 1990; Chesler and Kaila, 1992; Kraig et al., 1983), and though 

high-speed pH electrodes offer excellent assessment of pH change in the extracellular 

space (Fedirko et al., 2006), these methods cannot probe the confined space of the 

synapse.  

Although the potential for proton modulation/activation is rife in ionotropic 

channels, evidence of endogenous proton activity/pH fluctuation at the synapse has been 

slow to develop. The evidence that does exist, however, is exciting: 

Synaptic Vesicles and HVA Calcium Channels 

In the case of HVAs, presynaptic channels were found to be inhibited by protons released 

from within the synaptic vesicle. That the vesicle is rich protons (Miesenbock et al., 

1998) is logical based on our understanding of neurophysiology. Indeed, before the 

vesicle can be loaded with any neurotransmitter, it must first be loaded with protons via 

the vesicular proton ATPase (Guyton and Hall, 2000). With this knowledge in hand, 

DeVries (2001) exploited the highly-specialized ribbon synapses of the retina which are 

known to release 44 to 60 synaptic vesicles simultaneously from one bouton. He found, 

through over-buffering techniques, that enough protons were released to cause an 

appreciable inhibition of the current carried by HVAs located at the pre-synaptic active 

zones, see Fig. 2B for a simplified schematic. This work was then expanded by Palmer et 

al. (2003) to illustrate that the inhibition observed in the pre-synaptic HVA calcium 

current did in fact equate to a lessened release of neurotransmitter, further studies at this 
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extremely specialized synapse indicate that regenerative action potentials arising from 

calcium-activated potassium currents are indeed inhibited by vesicular proton release as 

well (Palmer, 2006). Though this finding and subsequent revisitations suggests an active 

role of protons in neurotransmission, it may likely prove a phenomenon isolated to the 

unique ribbon synapse (where a relatively monstrous amount of vesicles simultaneously 

exocytose), and raising the questions as to whether this form of proton modulation could 

occur at an appreciable level in the “classic” synapses of the brain which have a much 

lower release probability and rate (Christie and Jahr, 2006; Morgan et al., 2001) 

NMDA and Alkalinization 

As stated previously, NMDA receptors are acutely sensitive to pH. Extracellular pH-

sensitive microelectrode studies have produced a bevy of evidence indicating neuronal 

activity results in brief alkaline (and acid) transients as cited earlier. It was therefore a 

reasonable assumption that neurotransmission mediated by NMDARs may very well be 

modulated by these pH fluctuations. To address this, Makani and Chesler (2007) made 

current- and voltage-clamp recordings from pyramidal hippocampal neurons while 

stimulating the Schaffer collaterals in a mouse brain slice. They found that addition of 

exogenous carbonic anhydrase enzyme lessened the NMDA-mediated response. This 

suggested that during synaptic transmission, increasing the buffering capacity may 

eliminate a rise in extracellular pH that serves to potentiate NMDA channels in the 

hippocampus. The source of this alkalinization transient is still unknown. Though 
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provocative, one should keep in mind that reported onset of exogenous CA effect was 

extremely slow (wash in ~10 min.) and that the environment of the slice possesses 

potential pH hazards due to damaged cells releasing their contents (including intracellular 

CA) into the extracellular milieu (MacGregor et al., 2001).  

NHE and ASIC Homologues in Nematodes 

Finally, let us turn to the most recent and validating evidence to date that protons play an 

active role in intercellular communication. As one reads this, it should be kept in mind 

that the intense scientific interest generated by the ASIC channels can likely be paralleled 

only by the level of frustration that these proteins have generated in the physiologists 

aspiring to see them in action physiologically (Cho and Askwith, 2008; Wemmie et al., 

2008). Exhaustive attempts have been made in mammalian neurons; however, the first 

records of acid channels playing a part in chemical transmission come from observations 

in the nematode. Very recently, Beg and colleagues (2008) reported that a homologue of 

the ASIC channel located in the muscle wall opposite the intestinal lumen mediates the 

posterior body contraction/defecation cycle in c.elegans. Furthermore, an NHE 

homologue was discovered in the membrane of the intestinal lumen and was found to be 

the source of the protons activating the ASIC-like channel. As exciting as this finding is, 

it is also clear that there is a distinction between chemical transmission and 

neurotransmission. Furthermore, the physiological mechanisms governing chemo-

transmission in this organism may simply be a window into our evolutionary past, and 
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have little to do with the much more sophisticated mammalian CNS. Regardless, the 

doors are now open for new associations between the ASIC channel and the NHE.  

Taken together, these studies suggest that in vivo synaptic proton buffering is 

sufficiently labile as to allow a tremendous amount of pH modulation.  What remains to 

galvanize the role of protons in mammalian central neurotransmission is clear evidence 

that synaptic pH is actively lowered from that of its surrounding environment, and that 

this acidification is impacting the post-synaptic response to the pre-synaptic message. 
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II. Original Experimental Findings 

Rationale 

In the preceding sections, I have laid bare those concepts necessary for the reader 

to critically assess my experimental work, the aim of which is to illustrate the active 

acidification of the mammalian GABAergic central synapse by a protein known to 

extrude protons, and its subsequent enhancement of inhibitory neurotransmission. 

To accomplish this, I have employed GABAergic mIPSCs in cultured rat 

cerebellar granule cells (CGCs) as my probe into pH fluctuation within the synapse. This 

paradigm offers several critical advantages: First, CGCs are small (5-8µM diameter, 4-

7pF capacitance), with 4-5 short (<30µm), (Llinas and Sotelo, 1992). The simple 

dendritic processes and small size result in a very electrotonically compact cell, such that 

the electrical length constant for this cell has been estimated at 20 times that of its 

physical length, allowing for reliable control of the voltage over the entire neuronal 

surface (Silver et al., 1992). Hence, utilizing CGCs greatly mitigates space-clamp issues 

and allows for extremely high-fidelity synaptic recordings (Losi et al., 2003; Osorio et 

al., 2005). Second, neuronal cultures (as opposed to brain slices) allow for rapid and 

reliable exchange/control of extracellular test solution (of critical importance when 

studying pH fluctuation); furthermore, it can readily be argued that cultures are superior 

to slices for assessing true proton behavior at the synapse as they do not risk regional pH 

variation (MacGregor et al., 2001) and potential for aberrant extracellular pH buffering 
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due to intracellular carbonic anhydrase release by damaged cells (Voipio, 1998). Third, 

as opposed to studying the inhibition of the equally proton-sensitive NMDA channel, 

GABA receptor potentiation by acidification (Kaila, 1994; Pasternack et al., 1996; Smart 

and Constanti, 1982) alleviates confounds of interpretation to which NMDAR studies are 

vulnerable (namely the similar proton sensitivity and inhibition of pre-synaptic HVA 

calcium channels). Finally, the enhancing effects of protons on GABAA receptors in these 

specific cells (Robello et al., 1994), and the stereotyped effects of external pH on mIPSC 

size and kinetics (Mozrzymas et al., 2003), have been well characterized.  Thus the stage 

is set. My experimental manipulation is simple: I have chosen to alter the buffering 

capacity of the extracellular solution by varying its HEPES concentration. This method 

has been well verified for the study of endogenous proton modulation of pre-synaptic ion 

channels (DeVries, 2001; Palmer, 2006; Palmer et al., 2003), and offers a straightforward 

means of controlling the buffering power of the extracellular solution. 

Here, I report that mIPSCs recorded under HEPES buffering concentrations of 

empirical equivalency to physiological bicarbonate buffering (Palmer et al., 2003) at pH 

7.4 are nearly identical in size and kinetics to those recorded at pH 6.8 under conditions 

of strong extracellular proton buffering (“clamped pHo”).  Furthermore, mIPSCs recorded 

at pH 7.4 under clamped pHo exhibited changes in amplitude and kinetics consistent with 

alkalinization (Mozrzymas et al., 2003) in respect to control. I find that this effect persists 

under physiological buffering, such that augmentation of bicarbonate with HEPES yields 
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similarly “alkalinized” mIPSCs. These results suggest that an acidifying force is present 

at the GABAergic synapse. Consistent with reports that Na+/H+ exchanger (NHE)-like 

proteins extrude protons to such degree as to mediate cell-to-cell chemical transmission 

(Beg et al., 2008), as well as studies localizing this protein to central GABAergic 

presynaptic membranes (Jang et al., 2006), I find that selective inhibition of NHE with 

either amiloride or lithium inhibits mIPSCs in a manner identical to increasing proton 

buffering/alkalinizing the extracellular milieu. I propose that proton buffering at the 

GABAergic synapse in vivo is indeed quite labile, allowing pronounced acidification 

which significantly enhances synaptic transmission; and that proton extrusion via the 

NHE potently shapes the extracellular pH of these synapses, thus powerfully modulating 

inhibitory neurotransmission.  

Method 

Cell Culture. Cerebellar cortices were dissected from P7 Sprague-Dawley rat pups.  

Cerebellar neurons were dissociated mechanically then enzymatically in 0.25mg/ml 

trypsin (Sigma, St. Louis MO, USA) and plated in 35 mm Nunc dishes at a density of 

1.1X106 cells/ml on glass coverslips coated with poly D-lysine 10 µg/ml, Sigma) in BME 

supplemented with 10% FBS, 2mM glutamine, and 100 µg/ml gentamycin (all from 

Invitrogen, Carlsbad, CA, USA) with an adjusted KCl concentration of 25mM, and 

maintained at 37°C in 5% CO2.   At day in vitro (DIV) 5, medium was replaced with low 

potassium (5mM KCl) medium (MEM supplemented with 5mg/ml glucose, 0.1 mg/ml 
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transferrin, 0.035 mg/ml insulin, 2 mM glutamine, 20 µg/ml gentamicin (all Invitrogen) 

and cytosine arabinofuranoside 10µM, Sigma) as previously described (Chen et al., 

2000). 

 Electrophysiology. Coverslips with CGCs were placed on the stage of an inverted 

microscope (Zeiss, Germany) equipped with phase contrast optics.  All recordings were 

performed at room temperature (24-26°C) from neurons at DIV 7-14. The recording 

chamber was continuously perfused at a rate of 5ml/min with an ECS composed of (in 

mM): 145 NaCl; 5 KCl; 1 MgCl2, 1 CaCl2; 5 Glucose; and either 3 HEPES with 27 

sucrose, 10 HEPES with 20 sucrose, or 24 HEPES with 6 sucrose.  pH was adjusted to 

7.4 with NaOH.  Bicarbonate-based solutions were composed of 121 NaCl; 24 NaHCO3, 

5 KCl; 5 Glucose; 30 Sucrose; 1 MgCl2; 1 CaCl2.  For bicarbonate solutions 

supplemented with HEPES, the ECS was diluted by 3% and split into two parts, 5mM 

NaCl was placed back into the “bicarbonate only” portion to restore osmolarity and 10 

mEq HEPES placed into the “HEPES” portion.  All bicarbonate containing solutions 

were bubbled under 5%CO2/95%O2. All solutions were iso-osmotic (~330 mOsm) and 

solution pH was verified during and after experiments as well. For all recordings, KCl-

based internal pipette solutions were used (in mM): 145 KCL, 10 HEPES, 10 TEA-Cl, 5 

ATP-Mg, 0.02 GTP adjusted to pH 7.2 with KOH.  In bicarbonate experiments 24 mM  

KHCO3 replaced a similar portion of KCl in the internal solution.  Pipette resistance was 

6-9 MΩ.  Whole-cell voltage-clamp recordings were made at -60 mV with a Dagan 
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3900A amplifier (Dagan, Minneapolis, MN) and access resistance was monitored 

throughout the recordings. Capacitance was calculated from a transient current response 

to a hyperpolarizing 10 mV pulse.  Currents were filtered at 1 kHz with an eight-pole 

low-pass Bessel filter and digitized at 5-20 kHz using an IBM-compatible computer 

equipped with Digidata 1322A data acquisition board and pCLAMP9 software (both from 

Axon Instruments).  Offline data-analysis and curve fitting were performed with Clampfit 

9.2 software.  NBQX was dissolved in DMSO; TTX, GABA, amiloride, and LiCl (all 

sigma) were dissolved in water and diluted in ECS.  Drugs/test solutions were locally 

applied by means of a rapid solution exchange (Davies et al. 1988), which allowed total 

exchange of the solution around the cell in <200 msec in experiments where exchange 

speed was not critical. In experiments were GABA was applied exogenously, gravity 

flow force was increased such that solution exchange times were sped to <20ms. mIPSCs 

were isolated by application of 0.5 µM TTX supplemented with 5 µM NBQX. mIPSC 

averages were based on 60-300 events in each cell studied.  

Analysis.  The decaying phase of averaged mIPSCs were fit to the function: 

Where A is the contribution of the respective components and C is the steady-state 

current, τi is the time constant and n is the number of exponentials (in these analyses it is 

two).  The region searched for decay fits was from event peak to the end of the averaged 

Eq. 21 
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trace (~ 300 ms post-peak). The decay time course was well-fit with a sum of two 

exponential functions. Decay times of averaged currents were derived from fittings using 

a Levenberg-Marquardt algorithm.   All data are expressed as means ± SEM, unless 

otherwise noted.  Peak amplitudes of currents recorded at various pH and buffer 

conditions were compared to the response within the same cell to pH 7.4 in 3 mM   

HEPES (for experiments carried out solely in HEPES buffer) or to 24 mM  HCO3
- (in 

experiments using bicarbonate buffer). When comparing multiple groups, an ANOVA 

was first performed to detect differences among groups, before further statistical analysis. 

Student's t-tests were used to determine significance unless otherwise noted. Bonferroni 

corrections were implemented when needed. 
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 Results 

Increasing Extracellular Proton Buffering Affects Cerebellar mIPSCs in a Manner 
Consistent with Alkalinization 

 

FIGURE 5. mIPSCs are enhanced by extracellular protons and diminished by increased buffer 
capacity.  A, raw trace from one CGC recorded at holding potential -60mV illustrates GABA 
mIPSCs response to changes in extracellular pH as well as buffering capacity, note that the first, 
middle, and last traces are each recorded at pH 7.4. B, Averaged traces (n > 100events/condition) 
from one CGC under constant pH illustrate the effect of increased buffer capacity on mIPSCs. C, 
Averaged traces (n > 100events/condition) from one CGC under constant buffer capacity 
illustrate the effects of pH on mIPSCs. HPS= HEPES. 
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 FIGURE 6a. Extracellular protons and proton buffering modulate amplitude and rise-time of 
GABAergic mIPSCs in cerebellar granule cells. A, “family” of averaged events (n>100 in each 
condition) collected from one neuron, labels with arrows indicate the pH and buffering condition 
that generated each trace. B, relative frequency of mIPSCs under pH and pH buffering conditions 
respective to control (pH 7.4, 3 mM HEPES). C1, combined cumulative probability plot of all 
mIPSCs from all cells recorded under the two buffering conditions, (n=19 neurons), 1928 events 
in 3 mM   HEPES (control) and 1748 events in 24 mM HEPES, event amplitudes within a neuron 
were divided by the mean control value and divided into 25 equal bins, in this way all events 
from all cells can be pooled. C2, effects of diminished buffering and pH on mIPSC amplitude 
relative to control, note that mIPSCs recorded at pH 7.4 under 3 mM   HEPES were significantly 
larger than those recorded at the same pH (7.4) in 24 mM  HEPES and decreasing extracellular 
pH results in an increase in mIPSC amplitude. D1, normalized rising phase from averaged traces 
in A, note that rise is most prolonged in reduced buffering (3 mM   pH 7.4, gray dashed line) 
rather than acidic extracellular solution.  D2, combined cumulative probability plot illustrates the 
effect of buffering on the rise-time distribution (n=19 neurons, 1928 events in control, 1748 
events in 24 mM HEPES). D3, quantified effect of buffering on rise-time; light dashed lines 
connect average rise-times in each cell studied under the two conditions; the dark solid line 
connects the mean of the population. D4, average rise-times under each pH and buffering 
condition. Values of amplitudes and frequency were calculated relative to control (pH 7.4, 3 mM   
HEPES). Values for pH 6.8 and 8.0 groups were recorded from n=6 neurons. Values for pH 7.4 
from n=19 neurons. Graphs plot means, error bars indicate SEM. Significance assessed with 
respect to control:  generally p<0.05 in some cases lower due to Bonferroni 
correction,  p<.01, † p<.001, †† p<.0001. 

 
 

mIPSCs were recorded in whole-cell configuration at a holding potential of -60 

mV (Fig. 5A). Consistent with previous work (Mozrzymas et al., 2003), and now 

extended to granule cells of the cerebellum, extracellular pH in the range of 6.8-8.0 has 

an inverse effect on mIPSC amplitudes. In an effort to probe the variability of pH at the 

synapse, this study compares the effects of strong proton buffering (24 mM HEPES, 

βH24=13.4 mM, see Eq.6) to a lower concentration of 3 mM HEPES (βH3=1.7 mM)  that 

has been reported to be empirically equivalent to the buffering power of 24 mM  HCO3
- 

at the synapse (Palmer et al., 2003) (potentially, βb = 3.8 mM, see Eq. 6&8). As such, 

mIPSC values recorded in 3 mM HEPES at pH 7.4 are assigned as control in experiments 
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where HEPES is the sole proton-buffering agent. As Fig. 6aA illustrates, events recorded 

in control were far more comparable to those recorded under strong buffering at pH 6.8 

rather than 7.4. It should also be noted that the effects of proton buffering on mIPSCs, 

just as the effects of pH, were immediate. Frequency of events in control conditions were 

variable from cell to cell (0.87 Hz ± 0.15, n=6), but did not change significantly under 

increased buffering (p=0.65, t-test, n=6); and although a trend to decrease with acidity 

and increase with alkalinization was observed, event frequency under altered pH did not 

differ significantly from control either (Fig. 6aB). As Fig. 6aA suggests, at pH 7.4 

increasing the buffering capacity of the solution from 3 mM to 24 mM HEPES reduced 

the mean amplitude of mIPSCs. Cell-to-cell mIPSC amplitudes were highly variable 

(55.07 ± 5.67 pA), therefore, to examine the effects of buffering across cells, a combined 

cumulative probability distribution, as developed by Mathews and Diamond (2003), was 

employed. Briefly, amplitudes of all events used to create average traces in the two 

conditions were normalized to mean control amplitude for each cell, pooled, divided into 

25 equal bins (p between 0 and 1) and cumulative probability histograms were generated 

demonstrating a significant shift in the amplitude distribution (p<0.0001, Mann-Whitney 

U test: n=1928 in control and 1748 events in 24 mM HEPES; Fig. 6aC1). For 

comparisons across buffering and pH conditions, amplitudes were calculated relative to 

control recorded within the same cell. Increased buffering at pH 7.4 significantly reduced 

amplitude by ~35% (p<0.0001, t-test: n=19), while pH 8.0 significantly reduced mIPSC 



49 

 

amplitude by ~ 38% (p = 0.016, t-test, n=6), however increased buffering at pH 6.8 did 

not (p=0.79), see Fig. 6aC2 for summarized data. It has also been reported that acidic 

external pH will slow mIPSC rise-time (Mozrzymas et al., 2003), Fig. 6aD1 illustrates 

the rising phase after normalization of average traces in Fig. 6aA showing  that rise-time 

is slower in control than all conditions of increased buffering. Effects on rise-time can be 

barely detectable when viewed in average mIPSC waveforms, but will become obvious in 

a cumulative rise-time distribution (Overstreet et al., 2003). As in C1, a combined 

cumulative probability histogram of rise-time was constructed from all neurons studied 

(n=19) and indeed a significant speeding of rise-time (left shift) was shown (p<0.0001, 

Mann-Whitney U test: n=1928 in control and 1748 events in 24 mM HEPES; Fig. 6aD2). 

To further illustrate the consistency of this effect, a plot of means from all cells in control 

and 24 mM HEPES (Fig. 6aD3) shows that all rise-times (gray dashed lines) speed in 

increased buffering at pH 7.4 and the mean (solid black line) significantly decreases from 

0.638 ± 0.014 to 0.59 ± 0.014 ms, ~8% (p<0.0001, student’s t-test). Including the data 

from pH 6.8 and 8.0 to that collected at 7.4, a significant speeding of rise-time is 

observed at pH 8.0 (p = 0.014, t-test, n=6), but rise-times at pH 6.8 are not different from 

control (Fig. 6aD4).  
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FIGURE 6b. GABAergic mIPSC decay kinetics are modulated by protons and proton buffering.  
A. Normalized average traces from one CGC illustrate the fast (τfast) and slow (τslow) decay 
components of the mIPSC.  The portions of the traces dominated by the respective components 
are separated by the dotted line, control (3 mM HEPES) in gray, increased buffering (24 mM) in 
black. B1, increasing proton buffering at pH 7.4 results in a significant decrease of τfast, gray 
dashed lines connect the mean of each cell tested under both conditions, black solid line connects 
the average of the population.  B2, effect of external pH and buffering on fast decay component 
as it relates to control.  C1, increased buffering significantly increases τslow at pH 7.4. C2, effect 
of external pH and buffering on τslow as it relates to control. D1, increased buffering at pH 7.4 
significantly increases fast decay contribution to the total mIPSC decay (see dotted lines in panel 
A). D2, effects of pH and buffering on percentage of fast decay contribution in relation to control.  
E1, scatter plot of mean charge transfer values at pH 7.4.  Each black point represents one neuron, 
with the control value (3 mM HEPES) plotted on the x-axis and increased buffering (24 mM 
HEPES) value plotted on the y-axis.  The gray point indicates the mean of the population.  The 
solid black line represents unity, while the dotted gray line indicates the regression through all 
points to illustrate deviation from unity and consistency of effect (R2 value).  E2, Effect of pH 
and buffering on mean charge transfer as they relate to control.  As in Fig. 6a, values in pH 6.8 
and 8.0 from n= 6 neurons; values at pH 7.4 from n=19 neurons unless otherwise stated. Graphs 
plot means, error bars indicate SEM. Significance was assessed with respect to control: 
 generally p<0.05 in some cases lower due to Bonferroni correction,  p<0.01, † p<0.001, 
†† p<0.0001. 
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Extracellular pH also exerts stereotyped effects on the two components of mIPSC decay 

kinetics (τfast and τslow), such that protons slow the fast component and speed the slow 

component (Mozrzymas et al., 2003). To further determine that increased proton 

buffering was indeed affecting the pH of the GABAergic synapse, a detailed decay 

analysis was performed. Fig. 6bA illustrates a normalization of the averaged pH 7.4 

traces in the two buffering conditions from Fig. 6aA.  The two components of the decay 

are labeled and a dotted line indicates the point where, beginning from the peak, the first 

exponential (τfast) used to describe the decay ends and the second (τslow) dominates.  

Between control and increased pH buffering, a clear shift in decay, but also in the 

proportion of each component to total decay, is clear. Increased buffering significantly 

sped τfast from 2.32 ±0.09 to 1.7 ± 0.07 ms (~24%) and this effect was highly consistent 

(p<0.0001, t-test, n=19, Fig. 6bB1). Fig. 6bB2 shows that τfast only differed significantly 

from control at pH 7.4 and 8.0 in 24 mM HEPES, and that these two were also different 

from each other (pH 8.0 vs. control p=0.013 t-test; pH 7.4 24 mM vs. pH 8.0 p=0.015,  t-

test, n= 6). Increased buffering also significantly slowed τslow from 87.92 ± 3.49 to 

97.09 ± 2.89 ms, ~ 12% (p>0.01, t-test, n=19, Fig. 6bC1). Fig. 6bC2 shows that τslow 

only differed significantly from control at pH 7.4 and 8.0 in 24 mM HEPES, and that 

these two were also different from each other (pH 8.0 vs. control p<0.01, n=6; pH 7.4 24 

mM vs. pH 8.0 p<0.012, t-test, n=6). As Fig. 6bA indicates, increased buffering at pH 7.4 

also increased the percentage contribution of the fast decay component from 66.5 ± .012 
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to 77.3 ± .010%, ~10%. (p<0.0001, t-test, n=19, Fig. 6bD1). Fig. 6bD2 shows that 

increased buffering at all pHs examined significantly increased the percentage 

contribution of the fast decay compared to control, and that in 24 mM HEPES, pH 7.4 

and 8.0 differed from each other (pH 6.8 vs. control, p=0.015 (5% increase); pH 8.0 vs. 

control p<0.0001(17% increase); pH 7.4 24 mM vs pH 8.0 p<0.012 (7% increase), t-tests, 

n=6). As is commonly understood, mIPSC amplitude and decay kinetics combine to 

produce the charge transfer of the event. Fig. 6bE1 plots all neurons studied at pH 7.4 in 

both buffering conditions. The average charge transfer values in control are plotted on the 

abscissa, while the averages under increased buffering for that neuron are plotted on the 

ordinate. The solid dark line represents unity, while the gray dashed line indicates the line 

of regression through all points. That all points lie below unity indicates the consistency 

of the buffering effect and the high R2 value (0.8667), suggests that the effect is highly 

predictable. The gray point denotes the mean of the population (1.86 ± .21 in 3 mM   

HEPES to 0.94 ± 0.1pC in 24 mM HEPES). Fig. 6bE2 shows that increased buffering at 

pH 7.4 decreased charge transfer by ~48% from control (p<0.0001, n=19, t-test) and pH 

8.0 decreased charge transfer by ~64.1% from control (p<0.0001, n=6, t-test).  

Furthermore, at 24 mM HEPES all pHs differed from each other (pH 6.8 24 mM vs. pH 

7.4 24 mM HEPES, p=0.011 (decrease of 44%) n=6; pH 7.4 24 mM vs. pH 8.0 p<0.01 

(decrease of 18%), n=6, t-tests).  

 



53 

 

Synaptic pH is Not Rigidly Maintained by Physiological Buffering 

To determine if the amount of pH variance observed in 3 mM HEPES is paralleled in 

physiological proton buffering, mIPSCs were recorded in 24 mM HCO3
-/5%CO2 

(control) and compared to control supplemented with 10 mM HEPES  

(βb = 3.8 mM, βb+H10 = 9.4 mM).  

Fig. 7A shows raw mIPSCs recorded from the same neuron under the two buffering 

conditions and 7B shows averaged traces generated from >100 events. Event frequency 

was quite variable in control (0.41 ± 0.16 Hz) and did not differ significantly from 

control plus HEPES (Fig. 8B). Cumulative mIPSC amplitude histograms showed a clear 

leftward shift (p<0.0001, Kolmogorov-Smirnov test, Fig. 8C1) and a quantified summary 

of amplitudes shows that addition of HEPES decreases mIPSC amplitude  

FIGURE 7. mIPSCs in physiological proton buffer are diminished by increased buffering 
capacity. A,raw trace from one CGC at -60mV holding potential shows the effect of increased 
buffer capacity on mIPSCs. B, Averaged traces from one cell (>100 events/condition)  
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(mean = 65 ± 6.5pA) by ~39% (p<0.0001, t-test, n=11, Fig. 8C2). Normalized averaged 

traces suggest that increased buffering speeds rise-time (Fig. 8D1), and upon 

quantification, rise-time was found to significantly decrease from 0.645 ± 0.032 to 0.601 

± .028ms or ~7% (p<00.05, t-test, n=11, Fig. 8D2). A cumulative probability distribution 

constructed from one cell clearly illustrates the left-shift in rise-time due to the increase 

in buffering (p<0.0001, K-S test). Increased buffering sped τfast from 2.08 ± .14 to 1.71 

± .09ms or ~19% (p<0.0001, t-test, n=11) and slowed τslow from 84.91 ± 2.69 to 94.18 ± 

3.3ms or ~11% (p<00.05, t-test, n=11), these values are summarized together in Fig. 8E.  
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FIGURE 8. Increasing proton buffering in physiological conditions significantly reduces mIPSC 
amplitude, speeds rise-time, alters decay kinetics and diminishes charge transfer.  A, averaged 
traces from one cell generated from >100 events under each condition.  B, increased buffering did 
not significantly affect event frequency relative to control (24 mM HCO3

-). C1, cumulative 
probability histogram of mIPSC amplitudes from one cell, note the pronounced left shift in the 
distribution due to increased buffering, plot generated by >300 events in each condition. C2, 
effect of increased buffering on mIPSC amplitude relative to control. D1, normalized averaged 
traces depict the effects of increased buffering on rising phase of mIPSC. D2, increased buffering 
significantly speeds rise-time; each gray dashed line connects averaged values from one cell 
under each condition, dark solid line connects the mean of the population. D3, cumulative 
probability plot of the rise-time illustrates a clear speeding (left shift) of the rise-time under 
increased proton buffering, plot generated from >300 events in each condition. E, combined chart 
simultaneously illustrates effect of increased buffering on τfast and τslow, hashed line connects 
the mean values of fast decay, solid line connects mean value of slow decay, note that left y-axis 
values corresponds to fast decay while slow decay values are on the right.  F, effect of increased 
proton buffering on the contribution of fast component to total decay. G1, as in Fig. 6b panel E, 
scatter plot of mean charge transfer values for each neuron with control values (24 mM HCO3

-) 
plotted on the x-axis. G2, effect of increased proton buffering on charge transfer relative to 
control. Except for cumulative probability plots, values in graphs derived from n=11 neurons. 
Graphs plot means, error bars indicate SEM. Significance was assessed with respect to control: 
  p<0.05,   p<.01, † p<.001, †† p<.0001. 

 
 
Increased proton buffering also significantly increased the percent contribution of τfast to 

total decay from 64.9 ± 2.4 to 74.5 ± 1.9% (p<0.001, t-test, n=11, Fig. 8E). As predicted 

by the changes in amplitude and kinetics, increased buffering significantly decreased 

mIPSC charge transfer (mean=2.41 ± .36pC) by ~51% (p<0.0001, t-test, n=11 Fig. 8G1 

and 8G2). These data confirm in a physiological setting what was previously observed 

under artificial HEPES buffering, namely that synaptic pH is indeed labile, and perhaps 

more importantly that the pH of the GABAergic synapse is quite acidic. 
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HEPES Does Not Inhibit Post-Synaptic GABAergic Transmission 

To guard against potential pitfalls, the following sets of experiments were conducted to 

rule out any non-specific HEPES effects (MacGregor et al., 2001; Yamamoto and 

Suzuki, 1987) that could be inhibitory to mIPSCs.  Mozrzymas et al. reported that mIPSC 

amplitude increased at pH 6.5 relative to pH 7.2 and diminished upon further 

acidification to 6.0 (Mozrzymas et al., 2003). I exploited this characteristic of mIPSC-pH 

interaction to divorce HEPES from its proton buffering quality so that any drug effects 

would become evident. Briefly, mIPSCs were recorded at pH 6.0 and 6.8 such that the 

mIPSCs would be “saturated” with protons. Recordings at -60mV show that addition of 

24 mM HEPES at pH 6.0 clearly contrasts its effects at pH 7.4 (Fig. 9A upper vs. lower 

trace). Furthermore averaged traces constructed from mIPSCs recorded at 6.8 in the two 

buffer conditions are virtually identical (Fig. 9B1). Statistical tests at pH 6.0 show mIPSC 

amplitudes of 40.4 ± 5.9 in 3 mM, and 39.1 ± 4.8pA in 24 mM HEPES; while at pH 6.8 

mean amplitude was 43 ± 4.7 in 3 mM, and 43 ± 3.8pA in 24 mM HEPES (pH 6.0, 

p=0.85; pH 6.8, p=0.92, t-test n=6, Fig. 9C). A cumulative probability distribution of 

mIPSC amplitudes showed no change between the two buffer conditions at pH 6.8 

(p=0.56, K-S test, Fig. 9B2).  Charge transfer was also unaffected by HEPES (pH 6.0, 

p=0.53; pH 6.8, p=0.72, n=6, t-test; Fig. 9D). Increased buffering at pH 7.4 in 

experiments thus far conducted resulted in a significant speeding of rise-time; however, 

at pH 6.8, no differences were observed (Fig. 9E1; p=0.69, K-S test, Fig 3E2).  
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FIGURE 9. HEPES does not inhibit post-synaptic GABAergic transmission.  A upper, raw trace 
from a CGC illustrates the effects of increased HEPES on mIPSCs at pH 7.4.  Bar above trace 
indicates the application and wash out of 24 mM HEPES. A lower, raw trace from a different 
CGC illustrates that addition of HEPES at pH 6.0 does not result in inhibition of mIPSCs.  B1, 
averaged mIPSC traces obtained from one CGC at pH 6.8 under both buffering conditions, note 
overlay and compare to Fig. 6aA averaged traces at pH 7.4. B2, cumulative probability 
distribution of mIPSC amplitudes from one cell at pH 6.8 under the two buffering conditions. C, 
mIPSC relative amplitudes in the two buffer conditions at pH 6.0 and 6.8. D, relative charge 
transfer values in the two buffer conditions at pH 6.0 and 6.8. E1,rising phase of normalized 
averaged traces from B1, 3 mM HEPES (dashed grey line) and 24 mM HEPES (black line) at pH 
6.8.  E2, cumulative mIPSC rise-time distribution at pH 6.8 under the two buffering conditions, 
note the overlay and compare to Fig. 6aC1 for the two buffering conditions at pH 7.4. F1, CGC 
whole-cell response to rapid application of 100µM GABA with 3 mM , 24mM, and back to 3 mM   
HEPES.  F2, quantified GABA +24 mM HEPES response as percent of control. Values in panel 
C and D bar graphs are means ±SEM, n=6 neurons.  Value in panels D bar graph is mean ±SD, 
n= 3 neurons.  Significance assessed with respect to control:  generally p<0.05 in some cases 
lower due to Bonferroni correction,  p<.01, † p<.001, †† p<.0001. 
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As a further control, exogenous GABA at non-saturating concentrations (100 µM) was 

applied via multi-barrel manifolds gated by high-speed solenoid valves which allowed 

solution exchange times of <20 ms (Cleemann and Morad, 1991). 24 mM HEPES did not 

reduce the response GABA (24 mM HEPES were 97 ± 5% of control; p=0.9, n=3; Fig. 

9F1, F2). During transmission, the synaptic GABA transient is ~1.5 -3mM for 0.1 - 0.3 

ms. Hence, these data strongly suggest that HEPES is not antagonizing GABARs 

HEPES Does Not Inhibit Pre-Synaptic GABAergic Transmission 

To rule out potential pre-synaptic effects of HEPES at the GABAergic synapse, mIPSCs 

were recorded in the presences of the low affinity, fast-off GABA antagonist TPMPA 

(Barberis et al., 2005; Barberis et al., 2004; Jones et al., 2001). If mIPSC inhibition were 

the result of a HEPES-induced increase in incomplete vesicular fusion events (i.e. “kiss 

and run”), we would expect that the rapidly dissociating antagonist would be more 

effective in this condition. As expected, 200 µM TPMPA reduced mIPSCs in both 3 mM 

and 24 mM HEPES (Fig. 10A1). Combined cumulative amplitude histograms indicate a 

significant effect of TPMPA in both buffering conditions (control vs. control+ TPMPA 

p<0.0001, Mann-Whitney U, n=551 events in control and 385 in control + TPMPA; 24 

mM HEPES vs. 24 mM +TPMPA p<0.0001, Mann-Whitney U, n=522 events in 24 mM 

HEPES and 297 in 24 mM HEPES+TPMPA, Fig. 10A2). However, the cumulative 

distribution histogram also indicated that a difference in the degree of TPMPA block 

existed based on the TPMPA-induced left-shift in 3 mM vs. 24 mM HEPES. 
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FIGURE 10. Reduction in mIPSC amplitudes under 24 mM HEPES buffering is not due to 
diminished presynaptic GABA release. A1, Averaged responses (n>120 events/trace) from one 
CGC under the two buffering conditions in the absence or presence of the low affinity, fast-off 
competitive GABA antagonist TPMPA (200µM). A2, combined cumulative amplitude 
distribution (n=551 events in control, 385 in control+TPMPA, 522 in 24 mM HEPES, 297 in 24 
mM HEPES+TPMPA). A3, quantified averaged amplitudes relative to control under the buffering 
conditions with and without TPMPA.  B, quantified percent block by TPMPA in the two buffer 
conditions. C1, normalized averaged rise phase reveals expected TPMPA-induced slowing in 3 
mM HEPES due to the “fast-off” property of the antagonist. C2, averaged normalized current 
onsets in 24 mM HEPES show no difference in rise in the presence of TPMPA.  C3, combined 
cumulative rise-time distribution (n=3 CGCs, > 400 events per group) illustrates the expected 
TPMPA-induced rightward shift in 3 mM   HEPES, however at 24 mM HEPES no shift occurs. 
Values in TPMPA graphs are means ±SEM, n=3 neurons. Significance assessed with respect to 
control: generally p<0.05 in some cases lower due to Bonferroni correction,p<.01, † 
p<.001, †† p<.0001. 
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 In control, mean amplitude (82.6 ± 9.3 pA) was reduced by TPMPA by 39.9% (p<0.01, 

t-test, n=3). 24 mM HEPES buffering alone reduced control amplitude by 31.5% 

(p=0.013, t-test, n=3). Most interesting was that 24 mM HEPES+TPMPA only reduced 

control amplitude by 44.6% (p<0.01, t-test, n=3), data summarized in Fig. 10A3. 

Surprisingly, TPMPA efficacy was significantly reduced from 39.9% in control to 19.8% 

in 24 mM HEPES (p<00.05, t-test, n=3, Fig. 10B). These results suggest that under 

conditions of increased buffering, more GABA is being released and thus the low-affinity 

competitive antagonist is less effective. To drill deeper into this issue, rise-time was 

closely examined. As the normalized averaged traces in Fig. 10C1 indicate, addition of 

TPMPA in control slowed rise-time due to its “fast-off” kinetics (Barberis et al., 2005; 

Jones et al., 2001); however, in 24 mM HEPES, TPMPA did not alter rise-time (Fig. 

10C2). To quantify this, a combined cumulative probability histogram was constructed, 

which clearly illustrates the significant change in rise-time at 3 mM HEPES caused by 

TPMPA, (p<0.0001, Mann-Whitney U test, n=539 in control and 353 in control 

+TPMPA, Fig. 10C3) while at 24 mM HEPES no difference is detected (p=0.494, Mann-

Whitney U test, n= 515 events in 24 mM HEPES and 295 events in 24 mM HEPES 

+TPMPA, Fig. 10C3), and again confirms that 24 mM HEPES speeds rise-time 

compared to control (p<0.0001, Mann-Whitney U test, Fig. 10C3).   
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The Na+/H+ Exchanger Acidifies the GABAergic Synapse 

The question now becomes: what is causing the acidification of the GABAergic synapse?  

The following experiments isolated the NHE through two independent means: 

pharmacological blockade and ion replacement. In the first set of experiments, the drug 

amiloride was used at a concentration (20 µM) that would induce complete blockade of 

NHE-1 (Ki = 1.6 µΜ), half-maximal block of NHE-5 (Ki = 21 µM) and a partial block of 

NHE-3 (Ki=100 µM) (Orlowski, 1993; Szabo et al., 2000), while not risking effect on 

other synaptic proteins. Data indicate that in control (3 mM HEPES, pH 7.4), 20µM 

amiloride induced changes to mIPSCs that made them nearly indistinguishable from 

mIPSCs recorded under increased buffering in the same cell (Fig. 11A,A1).  Furthermore, 

the effect of amiloride was negated by acidification to pH 6.8, making those events nearly 

indistinguishable from events recorded in 3 mM HEPES at pH 7.4 or 6.8 (Fig. 11A1). 

Amiloride-induced NHE inhibition is not affected by extracellular acidification 

(Orlowski, 1993), thus amiloride is still blocking the NHE at pH 6.8. A comparison of 

amplitude distribution showed a pronounced leftward shift induced by amiloride at pH 

7.4 compared to control (p<0.0001, K-S test, Fig. 11A2 left). Control amplitudes (37.12 ± 

3.0 pA), were highly variable, thus as in previous experiments in this study, amplitude 

and charge transfer values were calculated relative to control. Amiloride significantly 

inhibited control amplitudes by ~23% (p<0.01, t-test, n=9), and increased buffering 

inhibited control amplitudes by ~35% (p<0.001, t-test, n=7) as shown in Fig. 11A2.  
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FIGURE 11. Selective pharmacological inhibition of sodium/proton exchanger reduces mIPSC 
amplitude, speeds rise-time, and alters decay kinetics in a manner similar to increased proton 
buffering.  In series A, 20 µM amiloride is used to block the Na+/H+ exchanger. A, Raw trace 
sequence from one CGC illustrates the effects of amiloride, protons, amiloride + protons , and 
increased buffering capacity on mIPSCs.  A1, averaged traces from one CGC under the conditions 
specified, note that decreasing extracellular pH to 6.8 negates the inhibitory effects of amiloride. 
A2 top, cumulative distribution of mIPSC amplitudes from one cell in control and amiloride. A2 
bottom, quantified mean amplitudes of experimental conditions relative to control (3 mM   
HEPES, pH 7.4). A3, normalized averaged mIPSC rise phase in control, and control + 20 µM 
amiloride.  Note the speeding of rise-time in amiloride. A4 top, cumulative rise-time histogram 
comparing control to the presence of amiloride at pH 7.4. A4 bottom, effect of amiloride on 
mIPSC rise-time, dashed lines connect averages in individual cells, solid black line connects the 
mean of the population averages. A5 left, graph constructed as in fig. 8E, effect of amiloride on 
τfast and τslow. A5 right, amiloride significantly increases the contribution of the fast decay 
component.  A6, Effects of amiloride on charge transfer. 
In series B, extracellular sodium was replaced with lithium to block the Na+/H+ exchanger. B, 
Raw trace sequence from one CGC illustrates the effects of lithium replacement, increased 
buffering capacity and a combination of the two conditions on mIPSCs.. B1, averaged traces from 
one CGC under the conditions specified. B2 top, cumulative distribution of mIPSC amplitudes 
from one cell in control (3 mM   HEPES, pH 7.4) and control/lithium replacemet. B2 bottom, 
quantified mean amplitudes of experimental conditions relative to control. B3, normalized, 
averaged mIPSC rise phase in control and control/lithium.  Note the speeding of rise in lithium. 
B4 top, cumulative rise-time histogram comparing control and lithium. B4 bottom, effect of 
lithium on mIPSC rise-time. B5 left, graph constructed as fig. 8E, effects of lithium on τfast and 
τslow. B5 right, effects of lithium on the contribution of the fast decay component.  B6, effects of 
lithium on charge transfer. Values of bar and line graphs are means ±SEM, n=9 neurons in 
amiloride experiments, n=3 in lithium experiments. Significance was assessed with respect to 
control:  generally p<00.05 in some cases lower due to Bonferroni correction,  p<.01, † 
p<.001, †† p<.0001. 

 
 
Acidification to pH 6.8 in 3 mM HEPES negated the effects of amiloride (p=0.85), and 

acidification by itself to pH 6.8 in 3 mM HEPES generated mIPSCs that were not 

different from those recorded under acidified amiloride (p=0.87) or control (p=0.9) as 

summarized in Fig. 11A2. Application of amiloride at pH 7.4 sped mIPSC rise-time  

(Fig. 11A3). Cumulative rise-time histograms revealed a pronounced leftward shift due to 

amiloride (p<0.0001, K-S test, Fig. 11A4). More quantitatively, amiloride sped mean 
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rise-time from 0.691 ± 0.024 to 0.639 ± 0.025 ms or ~7.6% (p<0.01, t-test, n=9 Fig. 

11A3). Further paralleling the effects of increased buffering, amiloride significantly sped 

τfast by ~19% (p<0.01, t-test, n=9) and slowed τslow by ~ 24% (p<0.001, t-test, n=9) as 

shown together in Fig. 11A5. Amiloride also increased the contribution of the fast decay 

component by ~10% (p<0.001, t-test, n=9, Fig. 11A5). As expected, charge transfer in 

control (1.38 ± .25pC) was significantly reduced by addition of 20 µM amiloride at pH 

7.4 by ~42% (p<0.0001, t-test, n=9, Fig. 11A6) which was very comparable to the 

reduction elicited by increased buffering of ~48% (p<0.0001, t-test, n=7, Fig. 11A6). 

Furthermore, amiloride at pH 6.8 and control at pH 6.8 did not differ from control at pH 

7.4 (p=0.78 and p=0.88 respectively Fig. 11A6). It is noteworthy to point out that in 4 of 

9 neurons studied, 10 mM HEPES was used instead of 24 mM to assess any difference in 

efficacy. As the raw and averaged traces in Figs. 11A&A1 suggest, no difference in 

effect was seen between 10 and 24 mM HEPES (when compared to traces in previous 

and subsequent experiments), therefore these data were pooled. 

In a parallel set of experiments designed to inhibit the NHE by means other than 

amiloride or its derivatives, extracellular sodium was replaced with lithium. Although 

lithium will ride the exchanger, it does so at an extremely truncated rate, thereby 

significantly reducing the proton extrusion function of the protein, at this [LiCl] there will 

be virtually no NHE activity in any of the three isoforms (Aronson, 1985; Orlowski, 

1993; Szabo et al., 2000). Similar to amiloride, lithium replacement in 3 mM HEPES 
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buffering produced averaged mIPSCs that were pronouncedly reduced, similar to the 

effects of increased buffering (24 mM HEPES) in the same cell. Furthermore, lithium 

replacement in solutions buffered with 24 mM HEPES did not produce an “additive” 

inhibitory effect on mIPSCs (Fig. 11B, B1). Cumulative amplitude distribution histogram 

shows a clear left shift due to lithium replacement (p<0.0001, K-S test, Fig. 11B2). Mean 

control amplitudes (65.81 ± 13.74 pA) were highly variable and values were calculated 

relative to control. Amplitudes were significantly inhibited by lithium replacement by ~ 

29.3% (p=0.015, t-test, n=3), increased buffering by ~ 46.3% (p<0.01, t-test, n=3) and 

lithium plus buffering by ~ 46.8% (p=0.011, t-test, n=3), summarized in Fig. 11B2. 

Lithium replacement, similar to increased buffering and amiloride, also sped rise-time as 

shown in Fig. 11B3. Cumulative rise-time distributions showed a significant left-shift in 

lithium (p<0.0001, K-S test, Fig. 11B4).  Average control rise-time 0.690 ± 0.032 ms was 

sped to 0.61 ± 0.019 by lithium replacement (~11.6% ), a consistent effect (p=0.07, t-test, 

n=3, Fig. 11B4). Lithium replacement significantly sped τfast by ~23% (p=0.013, t-test 

n=3) and significantly slowed τslow by~33% (p=0.03, t-test, n=3) shown in the combined 

graph in Fig. 11B5. Lithium replacement significantly increased the contribution of τfast 

to total decay by~ 16% (p<0.001, t-test, n=3 Fig. 11B5). As amiloride and increased 

buffering had done in previous experiments, replacing extracellular sodium with lithium 

significantly reduced mIPSC charge transfer by ~51.5% (p=0.01, t-test, n=3) which was 

similar to the reduction by 24 mM HEPES of     ~54.3% (p=.012, t-test, n=3) and lithium 
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replacement in 24 mM HEPES of ~ 61.8% (p<.01, t-test, n=3) as shown in Fig. 11B6. 

Together these data suggest that the Na+/H+ exchanger is a major factor in the shaping of 

not only synaptic pH, but also GABAergic transmission in general. 

The Na+/H+ Exchanger Acidifies the GABAergic Synapse under Physiological 

Buffering  

In a final set of experiments, the contribution of the NHE was probed under physiological 

buffering conditions. As NDAE is another major neuronal proton extruder, which is 

completely inhibited by removal of bicarbonate from the extracellular solution (Kaila, 

1994), experiments carried out to inhibit the Na+/H+ exchanger in purely HEPES buffer 

with (without HCO3
-) may exaggerate the role of NHE in synaptic acidification. To this 

end, the following experiments recapitulate the amiloride and lithium studies in 

physiological proton buffering. Furthermore, LiCl concentration was lowered to 1mM; 

this was done for two reasons: first, this concentration is within the range that will afford 

partial inhibition of Na+/H+ exchanger-1, -3, -5 (Ki = 3.4 mM, 2.6 mM and 0.63 mM   

respectively) (Orlowski, 1993; Szabo et al., 2000), and more intriguingly, clinical studies 

reveal that 1mM lithium is well-within the concentration range that offers therapeutic 

effect in many psychological disorders (Hansen and Amdisen, 1978; Lenox et al., 1998; 

Watanabe et al., 1973). Similar to studies performed in HEPES buffering, mIPSCs  
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FIGURE 12. In physiological bicarbonate buffering, selective inhibition of sodium/proton 
exchanger diminishes mIPSCs. A, raw traces from one CGC illustrate the effects of buffering and 
Na+/H+ inhibition under physiological buffering; note that in these experiments, lithium was 
lowered to 1mM to mimic therapeutic concentrations. B, averaged mIPSCs derived from 
>100events/condition. 
 
recorded in solutions buffered with 24 mM HCO3

-/5%CO2 were reduced with the 

addition of either 20 µM amiloride or 1mM LiCl in a manner similar to increased 

buffering (Figs. 12&13A).In control, mIPSC frequency (0.48 ± 0.11 Hz) was not 

significantly altered by drugs or buffering, though trends to increase in lithium and 

amiloride were observed that is consistent with previous work (Jang et al., 2006) (Fig. 

13B). Mean control mIPSC amplitude (73.11 ± 9.96pA) was highly variable and all 

values were calculated relative to control. All treatments significantly reduced mIPSC 

amplitude: 1mM lithium by ~ 24.4% (p<0.001, t-test, n=6), 20µM amiloride by ~ 45.3% 

(p<0.001, t-test, n=6) and increased buffering with 10mM HEPES by ~45.3% (p<0.001, 

t-test, n=5) as shown in Fig. 13C. Amiloride and increased proton buffering both sped 

rise-time in these experiments, while lithium at this concentration was similar to control 

(Fig. 13D1). 
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FIGURE 13. In physiological bicarbonate buffering, selective inhibition of sodium/proton 
exchanger reduces mIPSC amplitude, speeds rise-time, and alters decay kinetics in a manner 
similar to increased proton buffering. A, averaged traces constructed from >100 events/condition. 
B, effects of experimental conditions event frequency relative to control (24 mM HCO3

-). C, 
quantified mean amplitudes relative to control. D1, normalized rising phase of averaged traces 
illustrates the speeding of onset in HEPES and amiloride. D2, cumulative rise-time distribution 
from one cell shows pronounced leftward shift due to amiloride, however lithium at this 
concentration does not differ from control. D3, combined cumulative rise-time distribution 
constructed as in Fig. 6aC1, compares rise-time distribution between control and 
control+amiloride. Graph plots n=6 neurons, control=638 events, amiloride=533 events. E1, 
effects of Na+/H+ exchanger inhibition on averaged values of τfast relative to control. E2, effects 
of Na+/H+ inhibition on τslow relative to control. F, effects of Na+/H+ inhibition on contribution 
of fast decay component relative to control. G, summary of the effects of increased buffering and 
Na+/H+ inhibition on charge transfer relative to control. Values of bar graphs are means ±SEM, 
n=6 neurons. Significance assessed with respect to control:  generally p<0.05 in some cases 
lower due to Bonferroni correction,  p<.01, † p<.001, †† p<.0001. 
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 To quantify the effects of amiloride and lithium on rise-time, a cumulative rise-time 

distribution histogram revealed a clear left-shift by amiloride (p<0.0001, K-S test Fig. 

13D2) but not for lithium (p=0.58, K-S test, Fig. 13D2). A combined cumulative rise-

time histogram from all six cells showed a significant effect of amiloride (p<0.0001, 

Mann-Whitney U test, n=633 events in control and 533 events in amiloride, Fig. 13D3).  

The τfast component in control (2.09 ± 0.14ms) was significantly sped by both forms of 

Na+/H+ exchanger inhibition: τfast in lithium became 1.74 ± 0.15 for a ~16% change 

(p=0.012, t-test, n=6, Fig. 13E1), while in amiloride τfast sped to 1.62 ± 0.04ms for a 

32% change (p<.01, t-test, n=6, Fig. 13E1). Surprisingly, lithium but not amiloride 

significantly slowed τslow by ~13% (p=0.013, t-test, n=6, Fig. 13E2). Though both drugs 

increased the percent contribution of the fast decay component, only amiloride 

significantly enhanced this kinetic parameter (by ~14%) (p<0.01, t-test, n=6, Fig. 13F). 

Finally, as amplitude and kinetics suggest, both forms of Na+/H+ exchanger inhibition 

significantly decreased charge transfer from control (2.72 ± .51pC). These values were 

calculated relative to control such that 1mM lithium diminished charge transfer by 

~28.7% (p=0.001, t-test, n=6), 20µM amiloride reduced this value by ~63.5% (p<0.0001, 

t-test, n=6) and enhanced proton buffering via 10mM HEPES in these experiments 

diminished charge transfer by ~ 61.1% (p<0.0001, t-test, n=6). These data are 

summarized graphically in Fig. 13G. 
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III. Discussion 

Interpretation 

NHE Acidification Amplifies GABAergic Neurotransmission 

GABAergic mIPSCs recorded from rat cerebellar granule cells at pH 7.4 under 

conditions of strong proton buffering power bear the unique changes to amplitude and 

kinetics consistent with alkalinization when compared to mIPSCs recorded from the same 

cells at the same pH, yet under physiological or near-physiological proton buffering 

(Figs. 6a, 6b, & 8). These data strongly suggest that synaptic pHo is not “clamped” to a 

value of 7.4, as some may believe, but is actually quite labile. The next logical step was 

to isolate the source of this synaptic acidification. I targeted the NHE protein as the 

putative acid source for several reasons: First, recent reports in c.elegans detailed activity 

of a NHE homologue which activates post-synaptic acid-sensing channels thorough 

acidification (Beg et al., 2008); second, anatomical data localize neuronal NHEs to 

GABAergic neurons of the cerebellum (Douglas et al., 2001; Ma and Haddad, 1997); and 

further functional studies illustrating that NHEs are active pHi regulators at presynaptic 

GABAergic terminals (Jang et al., 2006). Thus, NHEs seem ideally positioned to play a 

role in shaping synaptic pH. I found, in fact, that selective inhibition of the NHE resulted 

in changes to mIPSCs that are also consistent with alkalinization (Figs. 11-13). The 

simplest model suggests that under physiological conditions, proton extrusion via NHE 
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overwhelms the synaptic buffering capacity of this extremely confined space resulting in 

its persistent acidification. This acidic environment enhances mIPSC amplitude, alters 

kinetics, and effectively doubles the charge transferred. I further support this statement 

with the following observations: First, the highest concentration of HEPES used in this 

study had no effect on post-synaptic GABAA-mediated whole-cell current responses to 

exogenously applied GABA (Fig. 9F1&F2), thereby strongly suggesting against a non-

specific activity of HEPES on the channel. Second, the diminished effect of the 

competitive antagonist TPMPA on mIPSC amplitude under increased buffering 

conditions indicates that increased HEPES did not diminish quantal release of GABA, 

but in fact, increased it (Fig. 10), thereby strongly suggesting against a pre-synaptic 

source for the observed inhibition. Third, mIPSC diminution due to NHE inhibition 

occurred without changes to/addition of HEPES buffering (Figs. 11-13). Fourth, adding 

protons back into the system (decreasing pH) negated both the effects of increased 

buffering capacity and NHE inhibition (Figs. 9&11). And finally, the speeding of mIPSC 

rise-time kinetics and decreased mIPSC amplitude associated with increased 

buffering/NHE inhibition is unique to alkalinization and warrants expansion: in studies of 

mIPSC rise-time kinetics, pharmacological antagonists will either slow rise-time, or have 

no effect (Jones et al., 2001; Overstreet et al., 2003). The only known conditions that will 

speed GABAA current rise-times are increased agonist concentration (Jones and 

Westbrook, 1995; Lavoie et al., 1997) and alkalinization (Mozrzymas et al., 2003); of 
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these two conditions, only alkalinizing the receptor will result in inhibition of amplitude 

in conjunction with faster rise-times. All three agents used to counter active synaptic 

acidification in this study (increased HEPES, amiloride, and lithium), decreased mIPSC 

amplitude and sped rise-time. These results, taken together with data collected from 

TPMPA experiments, are consistent with the notion that increased buffering/NHE 

inhibition increases quantal agonist release. That mIPSC amplitudes and charge transfer 

are still inhibited by increased proton buffering in the face of increased agonist 

concentration further underscores the powerful impact of synaptic pH on GABAergic 

neurotransmission.   

I believe this model is appealing when paralleled to studies reporting alkalinization at 

excitatory synapses (Makani and Chesler, 2007), for just as alkalinization will serve to 

maintain the fidelity of NMDA transmission, acidification will ensure the best 

GABAergic “bang-for-the-buck”. 

Theoretical Considerations 

Pre-Synaptic Considerations 

At this point, I believe it is only fair to address the experimental results of the TPMPA 

experiments in finer detail, namely that an increase in buffering power leads to a decrease 

in TPMPA blockade. At first blush, and assuming that the very simplest possibility is the 

most likely, one might make a case for inhibition of the pre-synaptic voltage-gated HVA 

channel. Certainly, there is precedence for this type of proton modulation within the 
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retinal ribbon synapse during evoked neurotransmitter release. Evidence has been put 

forth by several groups that mIPSC frequency is decreased by removing [Ca2+]o (Braga et 

al., 1999; Llano and Gerschenfeld, 1993; Mozrzymas et al., 1999). However, blockade of 

HVAs with classic antagonists such as nifedipine or Cd2+ has not supported the notion 

that the HVA calcium channels are contributing to mIPSC/mEPSC spontaneous release 

frequency or amplitude (Boehm and Betz, 1997; Kondo and Marty, 1997; Thompson et 

al., 1993). With our most likely suspect ruled out, we must turn to alternative 

explanations. A foray through the literature reveals that there are precious few treatments 

that increase quantal amplitude and convincingly rule out a post-synaptic effect. One 

such manipulation is blockade of glutamate uptake: this will diminish GABA vesicular 

content (Mathews and Diamond, 2003), but the glutamate transporter is actually 

dependent on extracellular protons and over-buffering protons would be expected to 

diminish glutamate transport resulting in diminished mIPSCs if anything (though 

presumably at pH 7.4 in high or low buffering there should easily be enough protons to 

run the transporter).  

 For an answer that is plausible, can be supported by more than one study, and 

testable, let us turn to the acidification of the synaptic vesicle. It is well known that the 

 V-ATPase loads the synaptic vesicle with protons so that it can be subsequently loaded 

by any number of neurotransmitter transport proteins that “piggy-back” off the proton 

gradient. Upon contact with the cell membrane and as a first step in exocytosis, a fusion 
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pore forms between the vesicle and the lipid bilayer. This pore facilitates 

neurotransmitter conductance out of the vesicle (Chernomordik and Kozlov, 2008).  

After release, vesicles primarily maintain their spherical nature and withdraw back to the 

cytosol (He et al., 2006; Lisman et al., 2007). This is the point at which two independent 

groups made a very interesting find: Working with hippocampal neurons and astrocytes 

and using a synaptophluorin to monitor vesicular pH and re-filling, they both determined 

that the HEPES buffer used in the extracellular solution was being taken up by the vesicle 

and retarding the time of re-acidification. Both groups concluded that HEPES was 

enhancing the buffering of the vesicle such that it was holding more protons than prior to 

HEPES exposure (as complete re-acidification did occur, it simply took hundreds of 

milliseconds longer). This re-acidification time was dose-dependent on HEPES 

concentration, with appreciable effect seen between concentrations of 5 and 25 mM 

buffer (Bowser and Khakh, 2007; Gandhi and Stevens, 2003). It is established that 

alkalinized vesicles contain less neurotransmitter (Camacho et al., 2008). It follows that 

more highly acidified vesicles would contain a higher concentration of neurotransmitter. 

Furthermore, it is known that highly acidic vesicles exhibit faster exocytotic kinetics than 

those of less acidity (Camacho et al., 2006), and it has been demonstrated in mEPSCs at 

the Calyx of Held that kinetics of exocytosis will modulate the rise-time of miniature 

synaptic events such that increased fusion pore conductance results in faster rise times 

(He et al., 2006). Mapping this information back to our TPMPA experimental results, we 
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can readily imagine that under 24 mM HEPES buffering, vesicles are incorporating the 

buffer, becoming more acidic, exhibiting faster exocytosis kinetics, releasing more 

agonist and thereby proving more resistant to TPMPA block and kinetic changes than 

vesicles and events under the 3 mM HEPES condition. It should be noted that the 

difference in TPMPA blocking efficacy (40% in 3 mM HEPES and 20% in 24 mM 

HEPES), though seemingly large, is not without precedent. Indeed, Barberis et al. (2005) 

observed a difference of similar magnitude when comparing CGC neurons of DIV 9 to 

those at DIV 12. This group determined that the difference in TPMPA efficacy was due 

solely to a difference in vesicular loading; hence it is very feasible that pronounced 

differences in the agonist concentration within vesicles are possible. The obvious test is 

carrying out the experiment at pHo 6.8. This would add protons back to the system, ruling 

out a proton effect at the point of exocytosis while allowing one to gauge HEPES effect 

on vesicular loading. In any case, the data as it stands only supports the notion that the 

observed mIPSC diminishment is not the result of pre-synaptic inhibition.  

mIPSCs to IPSCs 

Through several lines of evidence, this study has put forth the notion that acidification 

occurs at the GABA-ergic synapse and that protons are modulating neurotransmission. 

As this study has focused on mIPSCs and not spontaneous or evoked responses, one may 

certainly wonder what the effect of protons would be under conditions of an actual action 

potential (AP), or trains of action potentials. The study of these phenomena is not well 
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suited to this preparation for reasons both technical and experimental. On a technical 

level, the homogeneity of the culture is both a blessing and a curse. For once glutamate 

channels are blocked (to isolate GABA-ergic currents) there is no depolarizing stimulus 

to speak of (and therefore the only responses observed are essentially mIPSC without the 

need for TTX); and unlike the slice, the presence of neurons spontaneously firing APs 

under glutamate blockade in these conditions is non-existent. This is not to say that 

cultured neurons are not well suited to examining eIPSCs; on the contrary, autaptic 

preparations would be ideal. However, as only 5% of the neurons in CGC cultures are 

GABAergic (Losi et al., 2003), interneuron autaptic preparations would offer a strong 

degree of technical challenge.   

  Technical considerations aside, allow me to speculate on what may be occurring 

at the synapse upon AP-firing:  First, we know that the NHE is driven by low pHi, and 

ATP-hydrolysis at the bouton is likely the single greatest source of free protons in this 

subcellular compartment (Erecinska and Dagani, 1990). Furthermore, the invasion of the 

AP into the bouton will result in influx of Na+ and Ca2+ via their respective voltage-gated 

channels. It is known that a rise in [Na+] within the cell will stimulate the Na+/K+ ATPase 

(Sweadner and Goldin, 1980), furthermore, at the bouton the plasma membrane Ca2+ 

pump is not present, therefore, critical calcium extrusion is being handled by the 

Na+/Ca2+ exchanger, which is bringing further Na+ into the cell (Schwiening and Thomas, 

1998), further  driving Na+/K+ ATPase activity which is in turn producing more protons 
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that must be blown out. This is critical as internal acidification of the bouton is known to 

induce massive increases in synaptic release in excitatory and inhibitory neurons (Chen et 

al., 1998; Jang et al., 2006). Hence, it is likely that stronger NHE activity will ensue 

under conditions of physiologically electrically driven transmission. It may be that efflux 

of HCO3
- from the GABAA channel itself is a means to partially mitigate the potential 

over-acidification of the synapse under AP-driven activity. This may be exceptionally 

important to the homeostasis of this entire synapse as very low pHo will lead to NHE shut 

down (Eq. 19), and (Orlowski, 1993). Furthermore, as it is very likely that extracellular 

CA activity is low at the synapse (Makani and Chesler, 2007), there must be a means by 

which the spent bicarbonate can be replenished quickly.As we discussed in regards to the 

kidney, bicarbonate recovery occurs via acidification of HCO3
- to form carbonic acid 

which will dissociate to carbon dioxide and water at a rate 200 times faster than the 

reverse (Eq. 9) in the absence of CA activity (Maren, 1967). The gaseous CO2 can freely 

cross the cell membrane, react with intracellular bound CA, and readily be released again 

by the GABAA channel. Though hypothetical, this “kidney in the brain” concept is 

readily testable through addition of any one of several membrane impermeant CA 

inhibitors into the pipette solution and monitoring the mIPSCs. As we can imagine, the 

tight maintenance of this system will heavily impact GABA-ergic transmission. Putting 

this picture together we come up with the last figure of this manuscript: Fig. 14. Though 
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not incorporated into the preceding model, it is important to bear in mind that AP-driven 

NHE activity will likely modulate pre-synaptic HVA channels, and this may mitigate  

 

FIGURE 14. Schematic of theoretical synaptic pH fluctuation/regulation during an action 
potential. Depolarization of presynaptic bouton leads to activation of voltage gated sodium 
channels (NaV) and HVAs resulting in Na+ and Ca2+ entry and GABA release from vesicles. 
NCX clears Ca2+ resulting in increased [Na+]i, stimulating Na+/K+-ATPase resulting in H+ 
accumulation, results in increased NHE proton extrusion; GABARs activated in acidified 
synapse, pass greater inward Cl- and outward HCO3

- current.  HCO3
- and H+ combine quickly to 

form H2CO3
-, which dissociates relatively quickly to carbon dioxide and water. CO2 passes 

through the membrane quickly and is catalyzed to bicarbonate nearly instantaneously by 
intracellular CA. 

Pre-Synaptic Post-Synaptic 
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the pH-induced GABAR enhancement; however, it is just as likely that GABAR-

mediated bicarbonate extrusion may also be in place to protect the HVA channels from 

shut-down.  Even considering the unlikely scenario that this may be a mIPSC-exclusive 

phenomenon, the spontaneous, AP-independent, calcium-independent quantal release of 

GABA is of critical importance. Indeed, electrotonically compact stellate cells of the 

cerebellum are exquisitely sensitive to both excitatory and inhibitory quantal events, the 

latter of which (the mIPSCs) can rapidly terminate neuronal firing (Carter and Regehr, 

2002). Add to that the work of Cobb et al. (1995), wherein it was made clear that one 

inhibitory interneuron in the hippocampus may dictate the firing pattern of over one 

thousand pyramidal cells. Clearly, the mIPSC alone is of significant importance, and if 

nothing else, this work will serve to further bolster the importance of quantal synaptic 

communication. 

Physiological Relevance 

This work provides evidence that GABAergic synapses onto cerebellar granule 

cells are acidified by NHE proton extrusion and this in turn leads to an enhancement of at 

least the unitary post-synaptic response to one neurotransmitter vesicle. This new role for 

NHEs, first suggested by the work of Beg et al. (2008), is now brought to the mammalian 

CNS by these studies. In the CNS, neuronal NHE expression, for most isoforms, 

increases with age in the rodent (Ma and Haddad, 1997) and in humans (Lin et al., 2003). 

Furthermore, it is highly expressed in inhibitory neurons (Douglas et al., 2001; Jang et 
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al., 2006). The potential contribution of NHEs to conditions of known pathological 

extracellular acidification such as hypoxia, ischemia and hypoglycemia (Katsura and 

Siesjo, 1998; Kraig et al., 1986), is now poised for further investigation. In addition to 

these disorders, this study opens new avenues of novel mechanistic exploration of the 

NHE-GABA contribution to other pathological states; for example, along with ataxia, 

growth retardation, and abnormalities in cell morphology, NHE dysfunction is most 

commonly associated with seizure (Bell et al., 1999; Cox et al., 1997; Gu et al., 2001; 

Kang et al., 2002; Xia et al., 2003). Put into the context of this work, it is a logical 

conclusion that compromised NHE function would lead to a diminishment of inhibitory 

drive and thus open the door to runaway excitation. The converse, NHE over-expression, 

has been correlated with loss of respiratory drive in rabbits (Kiwull-Schone et al., 2007) 

and clinically with sudden infant death syndrome (SIDS) (Wiemann et al., 2008). As 

NHE protein levels increase with age, it is fair to speculate that precocious NHE 

expression could lead to excessive acidification and thus runaway GABAergic inhibitory 

drive.  

This study also reports that lithium, at therapeutic concentrations (1 mM) (Lenox 

et al., 1998), significantly inhibits NHE. Though this is surely not the only mechanism of 

lithium’s therapeutic properties, it does set the stage for further investigations into the 

NHE-GABAergic impact on bipolar disorder, major depression, schizoaffective disorder 

and chronic cluster headache (Nemergut, 2005). Furthermore, this study sheds light on 
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mechanisms underlying observations of lithium action in clinical settings, such as lithium 

toxicity induced seizure (el-Mallakh and Lee, 1987; Solomon, 1979; Sugarman, 1984), as 

well as observations in the experimental arena, particularly lithium-pilocarpine seizure 

models (Kaminski et al., 2007; Thompson and Wasterlain, 1997). 

Apart from the direct involvement of NHEs, this research offers novel insights 

into mechanisms underlying carbonic anhydrase inhibitors as anti-epileptic agents 

(Masereel et al., 2002; Thiry et al., 2007). It is well known that this enzyme is critical to 

enhancing bicarbonate-based buffering capacity (Chesler, 1990; Kaila and Ransom, 

1998b), and as this study illustrates, diminished extracellular buffering will lead to an 

enhancement of synaptic acidification and concomitant enhancement in GABAergic 

inhibition. Before turning from the subject of GABA, it has not escaped notice that the 

impact of these findings coupled with recent reports of synergism between protons and 

benzodiazepines (Wojtowicz et al., 2008) will promote avenues of new drug design in 

this far-reaching pharmaceutical field. 

 It is my hope that these findings will also contribute to understanding the 

functional properties of the enigmatic acid-sensing ion channels (ASICs). Though the 

biological significance of these channels has been illustrated through knock-out models 

(Cho and Askwith, 2008; Wemmie et al., 2006), activation of these proteins by protons 

under physiological conditions remains elusive. This study further affirms that buffering 

at the synapse is sufficiently weak to allow acidifications of the magnitude necessary to 
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activate ASIC channels (Waldmann and Lazdunski, 1998), and further, alongside the 

vesicular release of protons (DeVries, 2001; Shuba et al., 2008), offers NHE as an 

extremely attractive source for proton extrusion and subsequent ASIC activation at the 

synapse.  

Summary 

In conclusion, this work has shown that the GABergic synapse is subject to 

endogenous acidifications that significantly enhance the quantal relay of information 

across this synapse. Further, I have shown that this acidification is the direct result of 

sodium/hydrogen exchanger activity, assigning a novel and pivotal role to what has long 

been considered simply a housekeeping protein involved in pHi maintenance. I have put 

forth data that brings physiological validation to scores of previous work, which 

meticulously catalogued the effects of acidification on ionotropic channels in general, and 

GABAA receptors in particular. This work provides the first evidence of endogenous 

proton modulation of neurotransmission between neurons of the mammalian brain. Far 

from putting a story to rest, this work opens new doors for further scientific research into 

a field that I hope will only continue to blossom. 
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