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Acidosis, along with hypoxia and hypoglycemia are immediate metabolic consequences of 

reduced blood flow to the brain. Acidosis exacerbates ischemic brain injury by activating 

non-selective cation currents that induce neuronal damage in a calcium-dependent manner, 

independent of glutamate receptor activation. Adenosine is released during periods of 

metabolic stress and exerts a neuroprotective role mediated by adenosine A1 receptor 

stimulation. The purpose of this project was to study the effect of adenosine A1 receptor 

stimulation in an in vitro model of acidosis. The findings suggest that acidosis activates a 



 

non-selective sustained cation current which is directly inhibited by adenosine, consistent 

with the neuroprotective role of adenosine. 
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CHAPTER ONE 
Introduction 
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Acid-base regulation is a vital homeostatic function found in all tissues. In the central 

nervous system regulation of intracellular (pHi) and extracellular pH (pHo) involves chemical 

and physiological processes responsible for the maintenance of the pH at levels that allow 

optimal function of neurons (Deitmer & Rose, 1996). The task imposed on the various 

mechanisms responsible for the maintenance of acid-base homeostasis is large, since 

metabolic pathways in the brain are constantly consuming or producing protons (H+). Despite 

this tight regulation, slight changes in pH do occur under physiological conditions affecting 

many processes in the nervous system, including neuronal excitability, synaptic transmission 

and other functions such as enzyme activity and signaling cascades (Deitmer & Rose, 1996). 

Changes in pHi have been reported in response to depolarizing stimuli, bicarbonate efflux 

through GABAA receptor channels, as well as during seizures and spreading depression 

(Chesler, 2003). Neuronal activity can also give rise to changes in pHo, which might 

influence neuron function since many ion channels are sensitive H+. NMDA, AMPA and 

kainate whole cell currents are inhibited by extracellular H+, as are voltage evoked Ca2+ 

currents, leading to a depression of synaptic activity (Tombaugh & Somjen, 1996; Yao & 

Haddad, 2004).  

Thus, changes in pH within the physiological range can act as a signal for transfer of 

information to downstream substrates. However, during pathophysiological conditions the 

mechanisms responsible for pH balance can be overwhelmed, resulting in a 0.8-1.2 pH unit 

drop in pHi and pHo that can have a substantial effect on cell fate (Xiong et al., 2004). 

Disruption of the acid-base balance is an early event that occurs in the brain during 

conditions like hypoxia/ischemia (Yao & Haddad, 2004). The lack of oxygen leads a 
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cessation of oxidative phosphorylation and activation of anaerobic glycolysis to produce 

ATP (Zauner et al., 2002). This is followed by a marked decrease in pHi due to the imbalance 

between the production and consumption of H+ (Yao & Haddad, 2004). Also accumulation 

of metabolic waste such as CO2 and lactate can contribute to acid-base disturbances (Chesler, 

2003). Under these conditions the efficacy of the acid-transport systems responsible for acid-

base balance is greatly diminished and can actually contribute to equilibration of the pHo
 with 

the acidic pHi via transmembrane fluxes of H+ and HCO3
-. Brain tissue acidosis also occurs 

following traumatic brain injury, where it has been associated with a higher occurrence of 

patient death (Gupta et al., 2004; Clausen et al., 2005). Finally, mild acidosis has been 

reported in rats following epileptic seizures (Siesjo & Wieloch, 1986).  

Mild acidosis can have a neuroprotective effect because of its inhibitory effect on 

NMDA, AMPA receptors and voltage-gated Ca2+ channels. However severe acidosis has 

been shown to be neurotoxic. In cultured hippocampal slices, acidification for 15 up to 60 

minutes of pHi to 6.5-6.6 resulted in an irreversible depression of synaptic transmission and 

delayed neuronal loss (Xiang & Bergold, 2000; Shen et al, 1995). The loss of neurons was 

due to both necrosis and apoptosis (Ding et al., 2000). In addition to being neurotoxic per se, 

acidosis aggravated hypoxia/ischemia-induced neurotoxicity. However the mechanism by 

which hypoxic/ischemic brain injury was exacerbated by acidosis was not well understood 

until the recent molecular cloning and characterization of acid-sensing ion channels (ASICs). 

These channels are widely expressed throughout the brain and are activated by the levels of 

acidosis seen in hypoxic/ischemic tissue (Waldmann et al., 1997). Acidosis in mouse cortical 

neurons activated a depolarizing current mediated by cation influx through ASICs. Although 
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Na+ is the major permeant ion, Ca2+ permeated the acidosis-activated channels and the 

elevation in intracellular Ca2+ contributed to acidosis-induced death of neurons in vitro 

(Waldmann et al., 1997; Xiong et al., 2004). When the neurons were deprived of oxygen and 

glucose for 1 hour, to mimic hypoxic/ischemic conditions, acidosis resulted in a larger and 

more sustained current (Xiong et al., 2004). This suggests that the acidosis-mediated 

activation of ASICs is the mechanism by which acidosis contributes to brain injury during 

hypoxia/ischemia. 

 The acidosis-activated cation current mediated through ASICs has been well studied in 

hippocampal neurons and cerebellar Purkinje neurons. In cultured hippocampal neurons, a 

drop in pHo to 6.6 activated a large, transient amiloride-sensitive Na+ current followed by a 

sustained non-selective amiloride-insensitive cation current mediated by ASICs, suggesting 

the existence of heteromeric ASIC channels (Baron et al., 2002). Activation of ASICs by 

acidosis also induced membrane depolarization in acutely dissociated CA1 neurons (Gao et 

al, 2004). A large transient and smaller sustained component of the ASICs-mediated current 

was also seen in Purkinje cells after stepping the pHo from 7.4 to 6.0 (Allen & Attwell, 

2002). All the above studies used rapid perfusion systems to study the ASIC current, 

however during ischemia the drop in pH is too slow to evoke the large transient current due 

to channel desensitization. Thus, the sustained ASIC current may be more relevant to the 

pathophysiology of ischemic injury by producing an intense firing of neurons which may 

contribute to cell death during an ischemic insult (Baron et al., 2002). Unfortunately, due to 

the fact that the sustained ASIC current is small and it lacks selective antagonists, it has been 

largely overlooked in favor of the larger transient current. Under non-pathological 
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conditions, ASICs function appears to be implicated in processes underlying synaptic 

plasticity, learning, and memory (Wemmie et al., 2002). 

Another channel defined by its sensitivity to extracellular free H+ concentration is the 

pH-sensitive leakage potassium channel (TASK). This channel constitutes a subtype of 

KCNK channels, which generate K+-selective currents with little voltage- and time-

dependence (Talley et al., 2003). These so-called “leak” currents contribute to the resting 

membrane potential and are important for the modulation of neuronal excitability by shaping 

the duration and amplitude of action potentials. A consequence of the pH sensitivity of 

TASK channels is their potential role during pathophysiological conditions in which pHo is 

altered (Taverna et al., 2005). As much as 90% of the maximal current of TASK channels is 

recorded at pH 7.7, and only 10% at pH 6.7, suggesting that TASK channels would be almost 

completed inhibited during the acidosis following hypoxia/ischemia (Duprat et al., 1997). 

The inhibition of TASK channels under these conditions could cause a direct cell 

depolarization, which in turn could activate voltage-dependent conductances and finally lead 

to cytotoxic calcium entry. 

Endogenous levels of adenosine in the central nervous system vary accordingly to the 

behavioral state and pathological condition of the organism. This indicates that adenosine 

plays a critical role in linking energy metabolism to neuronal activity (Greene& Haas, 1991). 

During periods of normal neuronal activity adenosine levels are in the nanomolar range. 

Under conditions of increased demand and decreased availability of energy, like during 

epileptic seizures or hypoxia/ischemia, adenosine levels rise to micromolar concentrations 

(Cunha, 2001). 
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Adenosine’s effects in the central nervous system as an inhibitory neuromodulator of 

synaptic transmission and an endogenous neuroprotective agent during pathological 

conditions are mainly mediated by stimulation of adenosine A1 receptors (A1Rs). Activation 

of A1Rs decreases neurotransmitter release in a Ca2+-independent manner and hyperpolarizes 

the neuronal membrane by increasing K+ conductances, resulting in an overall reduction of 

neuronal excitability and cell firing (Greene & Haas, 1991; Haas & Selbach, 2000; 

Dunwiddie & Masino, 2001; Brambilla et al., 2004).   

The neuroprotective role of endogenous adenosine during hypoxic/ischemic conditions 

has been well documented (de Mendonca et al., 2000). Adenosine attenuated neuronal 

damage in cortical cultures subjected to hypoxia and glucose deprivation (Goldberg et al., 

1988). On the other hand, the A1R antagonists have been shown to enhance neuronal damage 

under similar conditions (Daval & Nicolas, 1994). In acute hippocampal slices superfused 

with hypoxic and hypoglycemic medium, adenosine reduced cell loss (Dux et al., 1990). In 

organotypic hippocampal slice cultures, stimulation of A1Rs by the selective agonist CHA 

resulted in improved cell survival in a glucose-deprived medium, whereas neuronal damage 

was enhanced by the adenosine receptor antagonist CPX (Hsu et al., 1994). Results from in 

vivo ischemia models have also confirmed the neuroprotective role of A1R stimulation by 

adenosine and adenosine analogs. Local and systemic administration of adenosine analogs 

have been shown to attenuate neuronal loss in rats subjected to global forebrain ischemia, 

whereas acute administration of adenosine receptor antagonists during in vivo ischemia has 

the opposite effect resulting in aggravation of ischemia-related neuronal loss (de Mendonca 

et al., 2000). Finally, pharmacological manipulations of the adenosinergic system that 
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facilitate the increase in the levels of extracellular adenosine during periods of excessive 

neuronal activity and increased metabolic stress also support the neuroprotective role of 

adenosine. Inhibition of adenosine deaminase and adenosine kinase during global forebrain 

ischemia have been shown to attenuate or prevent neuronal loss (Phillis & Goshgarian, 

2001). 

Since adenosine has been shown to have a neuroprotective role during conditions of 

excessive neuronal activity and increased metabolic stress, it is possible that adenosine also 

exhibits a neuroprotective role under conditions of acidosis per se, which can result in a 

significant metabolic strain on neurons. In the present study whole cell patch-clamp 

techniques were used to investigate the role of the adenosinergic system during acidosis in 

the CA1 region of the mouse hippocampus. 
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CHAPTER TWO 
Results 
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2.1 Effect of acidosis on membrane excitability 

In order to study the responses of CA1 pyramidal neurons during acidosis, whole cell 

current clamp recordings were performed in acutely prepared hippocampal slices. To mimic 

the effect of acidosis, the pH of the bath solution was reduced from 7.4 to 6.0. The average 

resting membrane potential under physiological pH conditions was 69.32±1.69mV and the 

input resistance was 149.4±4.64mOhm. The input resistance was calculated by measuring 

deflections in the resting membrane potentials due to a 400ms hyperpolarizing current 

injection of 150pA. When the extracellular pH of the bath solution was reduced to 6.0, the 

neurons responded with a reversible depolarizing shift, which stabilized after a few minutes 

of low pH perfusion to a value of 62.1±1.81mV, a change of 7.2±1.1mV (figure 1A). 

Following establishment of a new membrane potential, additional hyperpolarizing current 

was injected to hyperpolarize the membrane to the original potential so changes in the input 

resistance could be measured. A reduction in the extracellular pH from 7.4 to 6.0 caused a 

decrease in the input resistance to a new value of 126.57±6.8MOhm, a change of 

22.82±6.17MOhm. The low pH induced depolarization and change in input resistance were 

reversible upon perfusion with physiological pH bath solution. 

2.2 Characterization of the acidosis-evoked current 

a) Current-voltage relationship of the acidosis-evoked current 

Whole cell patch clamp recordings were performed in the CA1 region of acutely 

prepared hippocampal slices, in the presence of TTX (1µM) and CNQX (5µM) to determine 

the cell response to a reduction of the extracellular pH under voltage clamp conditions. The 

effect of acidosis was assessed by reducing the pH of the bath solution from 7.4 to 6.0. A 
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transient reduction of the extracellular pH induced a slowly developing inward current, 

which is consistent with the pH 6.0-induced depolarization seen in current clamp mode. The 

holding current response to acidosis was also accompanied by a change in whole cell 

conductance. The onset of the acidosis-evoked current reached maximal amplitude within 2 

minutes of exposure. The current-voltage (I-V) relationship of the current was obtained as 

follows: the whole cell I-V relationship from -90 to 20mV was recorded by using step pulse 

commands of 400ms duration with 10mV increments from a holding potential (Vh) of -60mV 

before and during acidosis (figure 2A & 2B). The I-V relationship of the acidosis-evoked 

current was calculated by subtraction of the whole cell I-V before acidosis from that obtained 

during acidosis. The I-V relationship of the acidosis-evoked current revealed that it was an 

inward, voltage-dependent current (figure 2C). The low pH effect was fully reversible upon 

perfusion with physiological pH bath solution. 

b) The acidosis-evoked current is sensitive to Cd2+ 

To examine the properties of the acid-activated current, whole cell voltage clamp 

experiments were performed at a holding current of -60mV in the presence of blockers for 

voltage gated calcium channels, since acidosis has been shown to results in an increase of 

intracellular calcium (Xiong et al., 2004). In order to block voltage gated calcium channels, 

Cd2+ (200µM) was bath-applied 5 minutes prior to the reduction of the extracellular pH of the 

bath solution. Under these experimental conditions, acidosis of the extracellular solution 

resulted in an inward current similar to that seen under control conditions at Vh= -60mV. The 

I-V relationship was obtained as described above (figure 3A & 3B).  However, the I-V 

relationship of the acid-induced current in the presence of Cd2+ indicated that the acidosis-
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evoked current was modulated by Cd2+ in a voltage-dependent manner, since at more 

depolarized membrane potentials (0 to 20mV) it was reduced compared to that seen under 

control conditions (figure 3C). From -90 to -30mV the two I-V curves were 

indistinguishable.  

c) Effect of cationic channel blockers on the acidosis-evoked current 

Next experiments were performed in the presence of Ba2+ (200µM), a blocker of 

voltage gated potassium channels, including those with partial permeability to sodium. 

Acidosis-evoked cation currents have been shown to be partially mediated by potassium 

(Waldmann et al., 1997). Bath application of Ba2+, by itself, did not affect the holding current 

at Vh= -60mV, however it did result in a decrease of whole cell conductance compared to 

control conditions, presumably due to loss of background potassium conductances, such as 

the GIRK conductances. A reduction of the pH of the bath solution from 7.4 to 6.0 in the 

presence of Ba2+ activated a small inward current at Vh= -60mV, which reached maximal 

amplitude within 2 minutes of acidification (figure 4A). The current-voltage relationship of 

the acid current from -90 to -40mV also confirmed the sensitivity of the acid current to Ba2+ 

(figure 4E). To corroborate this finding, voltage clamp recordings were performed in the 

presence of the cationic potassium channel blocker tetraethyl ammonium (TEA) both in the 

extracellular bath solution and in the intracellular micropipette solution (20mM and 40mM, 

respectively). In these cells the TEA did not change the holding current at -60mV, but the 

whole cell conductance was reduced. Under these conditions, acidification of the 

extracellular bath to pH 6.0 induced a small inward current at Vh= -60mV similar to that seen 

in the presence of Ba2+ (figure 4C). The current-voltage relationship of this current from -90 
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to  -40mV indicated that it was indeed similar to that seen in the presence of Ba2+, confirming 

its sensitivity blockers of potassium channels (figure 4E). 

d) The acidosis-evoked current is composed of two components 

The above results suggest that the acidosis-evoked current may be composed of two 

different components based on the current’s dissociable voltage-dependent sensitivity to Cd2+ 

and blockers of K+ channels. At hyperpolarized and near physiological membrane potentials 

(-90 to -30mV) the Cd2+-insensitive component was associated with an increase in 

conductance and had an extrapolated reversal potential of approximately -15mV, consistent 

with a permeability ratio of PK/PNa = 2/1 from the Goldmann-Hodgkin-Katz equation. This 

suggests that this Cd2+-insensitive component of the acidosis-evoked current may be the 

amiloride-insensitive non-selective sustained current mediated by ASICs. Experiments 

performed in the presence of amiloride (200µM) are consistent with this, to the extent that 

amiloride had no effect on the acidosis-evoked current at these membrane potentials (data not 

shown). 

2.3 Adenosine A1 receptor modulation of the acidosis-evoked current 

a) CTP increases the acid-evoked membrane depolarization 

Consistent with the neuroprotective role of A1R agonists during pathological 

conditions, A1R antagonists, when acutely administered, have potentiated mortality and 

degeneration during events like ischemia (de Mendonca et al., 2000). Even though acidosis 

has been shown to exacerbate ischemic injury, no study has attempted to examine blocking 

A1R during acidosis per se. To assess the effect of blocking A1Rs on the membrane 

excitability during acidosis further experiments were performed in voltage clamp mode. The 
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selective A1R antagonist 8-cyclopentyl theophylline (CPT, 1µM) was bath applied to prevent 

A1R activation. The resting membrane potential of the neurons following a 10 minute 

pretreatment with CPT was 67.72±1.69mV and the input resistance was 161.65±8.35MOhm. 

Reducing the extracellular pH to 6.0 in the presence of CPT caused a rapid membrane 

depolarization to a new value of 52.98±2.67mV, a change of 14.73±3.90mV compared to 

normal pH conditions (figure 5A).  Perfusion of acidic bath solution caused a decrease in 

input resistance to a value of 99.73±1.91MOhm, a change of 61.92±15.69MOhm compared 

to normal pH conditions (figure 5B). Restoration of physiological pH value reversed the 

acid-induced depolarization. The acidosis-evoked membrane depolarization and change in 

input resistance were larger compared to that seen under control conditions (figure 7C & 

7D). 

b) Effect of adenosine on acidosis-evoked current 

Adenosine and adenosine analogs have been shown to attenuate neuronal cell loss and 

degeneration during various brain insults (Phillis & Goshgarian, 2001). To study the effect of 

adenosine per se on the acidosis-evoked current, adenosine (50µM) was bath applied 

concurrently with the reduction of the pH of the bath solution to 6.0. In the presence of 

adenosine, reduction of the extracellular pH from 7.4 to 6.0 did not activate an inward current 

at Vh= -60mV. Instead a small outward current was activated (figure 8B). There was no 

significant increase in whole cell conductance at Vh = -60mV (figure 8E). The pH 6.0 

activated current was very small and in most cells reached its maximal amplitude within 1 

minute of exposure. The I-V relationship of the acidosis-evoked current in the presence of 

adenosine indicated that it was significantly reduced compared to that seen under control 
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conditions, particularly in the voltage range of -90 to -30mV (figure 6C). Upon perfusion 

with physiological pH bath solution, there was an additional outward current, which was 

presumably due to slow washout of the effect of adenosine on A1Rs. However, within a few 

minutes the holding current and whole cell conductance had returned to baseline levels. 

c) Effect of CPT on acidosis-evoked current 

Since the current clamp results described above suggest that A1R activation may act to 

limit the acidosis-induced increase in membrane excitability, the effect of blocking A1Rs 

with CPT on the pH 6.0-activated current was examined in voltage clamp mode. The CPT 

was applied to the bath solution for 10 minutes prior to reduction of the extracellular pH. In 

some of the cells studied, adenosine (50µM) was bath-applied to confirm complete 

antagonism of A1Rs by CPT. The CPT did not significantly affect the holding current (at Vh 

= -60mV) or the whole cell conductance. In the presence of CPT, a reduction of the 

extracellular pH to 6.0 activated a large inward current at Vh= -60mV (figure 8C). The onset 

of the current was similar to that seen under control conditions, however in most cells the 

current reached maximal current amplitude within 3-4 minutes. The I-V relationship of the 

pH 6.0 current indicated that in cells pretreated with CPT, the amplitude of the current was 

greater than that seen under control conditions (figure 7C). Also, acidosis resulted in a large 

increase in whole cell conductance in the presence of CPT compared to that see under normal 

conditions (figure 8E). 
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Figure 1. Acidosis in CA1 pyramidal cells. A) Effect 
of a reduction of the extracellular pH to 6.0 on the 
membrane potential. B) Current-clamp traces showing 
the maximal deflection in membrane potential due to a 
150pA current injection under normal pH conditions 
and during acidosis.  
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Figure 2. Acidosis-evoked current in CA1 pyramidal neurons. A) 
Voltage clamp recordings at -80, -60, -40, -20 and 0mV before and 
during acidosis. B) Whole cell current-voltage relationship before 
and during acidosis. C) Current-voltage relationship of the acidosis-
evoked current from -90 to 20mV. 
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Figure 3. Cd2+ sensitivity of the acid-evoked current. A) 
Voltage-clamp recordings in the presence of Cd2+ at -80, -60, -40,  
-20, 0mV before and during acidosis. B) Whole cell current-
voltage relationship before and during acidosis. C) Current-voltage 
relationship of the acid-evoked current under control conditions 
and in the presence of Cd2+. 
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Figure 4. The acidosis-evoked current is sensitive to the K+ 
channel blockers Ba2+ and TEA. A) Reducing the 
extracellular pH to 6.0 evokes a small inward current at a 
holding potential (Vh) of -60mV in the presence of Ba2+ 

(200µM). B) Voltage-clamp recordings from -90 to -40mV in 
10mV increments before and during acidosis in the presence of 
Ba2+. C) Acidosis evokes a small inward current at Vh = -60mV 
in the presence TEA (20mM external/40mM intracellular 
solution). D) Voltage-clamp recordings from -90 to -40mV in 
10mV increments before and during acidosis in the presence of 
TEA. E) Current-voltage relationship of the acidosis-evoked 
current under control conditions and in the presence of Ba2+ and 
TEA. 
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Figure 5.  Effect of CPT on the acidosis-evoked membrane 
depolarization. A) Acidosis results in a large membrane depolarization in 
the presence of CPT. B)  Maximal deflection in membrane potential due to 
a 150pA current injection in the presence of CPT before and during 
acidosis. C) Maximum change in membrane potential during acidosis 
under control conditions and in the presence of CPT . D) Maximum 
change in input membrane resistance during acidosis under control 
conditions and in the presence of CPT (** p<0.05, two-tailed t-test). 
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Figure 6. Effect of adenosine on the acidosis-evoked current. 
A) Voltage-clamp recordings from -90 to -40mV in 10mV 
increments before and during adenosine/acidosis. B) Whole cell 
current-voltage relationship before and during 
adenosine/acidosis. C) Current-voltage relationship of the 
acidosis-evoked current under control conditions and in the 
presence of adenosine. 
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Figure 7. Effect of CPT on the acid-evoked current. A) 
Voltage-clamp recordings from -90 to -40mV in 10mV 
increments before and during acidosis in the presence of CPT. 
B) Whole cell current-voltage relationship in the presence of 
CPT before and during acidosis. C) Current-voltage 
relationship of the acidosis-evoked current under control 
conditions and in the presence of CPT. 
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Figure 8. Effect of acidosis on membrane conductance. A) Acidosis results 
in an inward current at a holding potential (Vh) of -60mV. B) In the presence 
of adenosine (50µM) the acidosis-evoked current was slightly outward at Vh 
= -60mV. C) Pretreatment with CPT (1µM) resulted in a larger acid-evoked 
current at Vh = -60mV. D) Comparison of the current-voltage relationship of 
the acidosis-evoked current from -90 to -40mV under control conditions and 
in the presence of CPT and adenosine. E) Acidosis results in an increase in 
conductance under normal conditions (*** p<0.05, two-tailed paired t-test). 
In the presence of CPT, the acidosis-evoked conductance increase is 
enhanced (* p<0.05, two tailed paired t-test).  
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3.1 Hippocampal slice preparation 
Whole cell patch clamp recordings were made in the CA1 region in hippocampal slices 
obtained from male C57BL6J mice, 6-8 weeks old. Animals were anesthetized with 
isoflurane and killed by decapitation. The brains were quickly removed from the skulls and 
placed in ice-cold solution containing the following (in mM): 200 sucrose, 3 KCl, 1.4 
NaH2PO4, 26 NaHCO3, 10 glucose, 1.3 MgCl2 and 2.5 CaCl2, pH 7.4 (bubbled with 95% 
O2/5% CO2). Coronal hippocampal slices of 350µm thickness were cut using a vibrotome 
and then stored in a bath solution containing (in mM): 124 NaCl, 3 KCl, 1.4 NaH2PO4, 26 
NaHCO3, 10 glucose, 1.3 MgCl2 and 2.5 CaCl2, 310mOsm and pH 7.4 (oxygenated with 
95% O2/5% CO2) at room temperature for 90 minutes prior to all recordings.  
 
3.2 Electrophysiological recordings 
For the recordings slices were transferred to a submerged, oxygenated recording chamber. 
The recording chamber had a total volume of 1ml and was superfused with solution at 32oC 
at a rate of approximately 4ml min-1. Borosilicate glass micropipettes (outside diameter: 
1.5mm, inside: 0.86mm) were pulled to a resistance of 3-5MOhm when filled with 
intracellular solution (300mOsm, pH 7.4) containing (in mM): 130 potassium gluconate, 10 
KCl, 10 HEPES, 3 MgCl2, 2 MgATP and 1 NaGTP. When the experiments required a 
reduction of bath pH from 7.4 to 6.0, the bath solution pH was adjusted with HCl. 
Recordings were performed with an Axopatch 1D amplifier with a low pass filter of 2KHz. 
Data were digitized at 4-5KHz with a Digidata 1310 controlled by Clampex 9 software and 
analyzed off-line with Clampfit 9 software. 
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CHAPTER FOUR 
Discussion & Future Directions 
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4.1 Discussion 

Acidic extracellular solutions have been shown to activate both transient and sustained 

cation currents in hippocampal neurons (Gao et al., 2004; Askwith et al., 2004). In the 

present study, a reduction in the extracellular pH from 7.4 to 6.0 induced a reversible 

membrane depolarization due to activation of a sustained inward cation current in CA1 

pyramidal neurons from acutely prepared hippocampal slices. Pharmacological analysis of 

the acidosis-evoked current suggests that it is composed of two distinct components based on 

its sensitivity to blockers of K+ and Ca2+ channels. From -90 to -40mV, the acid-evoked 

current is sensitive to Ba2+ and TEA and it has similar characteristics to the amiloride-

insensitive non-selective sustained cation current mediated by ASICs during acidosis. This 

sustained ASIC current has been previously reported in both hippocampal and cerebellar 

neurons, however it has not been very well characterized because of its small size and its lack 

of selective antagonists. This current is seen following a large transient Na+ current also 

mediated by ASIC (Allen & Attwell, 2002). In the present study the larger, transient ASIC 

current was not observed presumably due to the pH of the solution being altered too slow 

during superfusion, allowing desensitization of the rapid transient ASIC current. However, it 

has been suggested that the sustained non-selective ASIC current may be more relevant to the 

pathophysiology of ischemia, since it may result in an intense firing of neurons which may 

contribute to ischemic cell death (Baron et al., 2002). Based on the results of the present 

study, the role of the TASK channels during acidosis appears to be minimal, since acidosis 

was accompanied by an increase in whole cell conductance with an extrapolated reversal 

potential of -15mV, which is opposite to the effect expected if the TASK channel became 
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inhibitited by H+. At more depolarized membrane potentials, the acidosis-evoked current 

became sensitive to Cd2+ suggesting that it is mediated by a  voltage-gated Ca2+ channel. This 

has important implications regarding cytotoxic Ca2+ entry of neurons during acidosis.   

Adenosine receptor agonists and antagonist can attenuate and exacerbate respectively 

neuronal degeneration and death during periods of increased metabolic stress (de Mendonca 

et al, 2000). A reduction of pHo to 6.0 in the presence of the specific A1R antagonist CPT 

resulted in a larger membrane depolarization and an enhanced acidosis-evoked current 

compared to that seen under control conditions. This is a significant finding since this type of 

excessive neuronal activity can lead to intense firing of neurons, excessive release of 

excitatory neurotransmitters, and neuronal death due to cytotoxic Ca2+ entry (Yao & Haddad, 

2004; Yermolaieva et al., 2004). On the other hand, co-perfusion of adenosine during 

acidosis resulted in a small outward current with no detectable change of conductance. In 

addition, in the presence of CPT there was a significant increase in the whole cell 

conductance, that may be explained by a disinhibition of the acidosis-evoked current from 

the inhibitory effect of A1 adenosine receptor activation. 

The findings of the present study suggest that during acidosis two dissociable 

conductances may be increased. At hyperpolarized potentials, a non-selective inward cation 

current becomes activated causing an increase in membrane excitability. Data suggests that 

the unknown cation current may be mediated by ASICs, since its characteristics are similar to 

those of a sustained non-selective cation current activated by acidic stimuli. At more 

depolarized levels, a voltage sensitive and Cd2+-sensitive inward conductance is activated. 

The Cd2+ sensitivity suggests this conductance results from an increased permeability to 
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Ca2+. The former is reduced by both endogenous adenosine and by exogenous adenosine. 

The latter is not directly affected by adenosine. The resulting increased metabolic energy 

demands quickly overwhelm the neuron, which responds with a release of endogenous 

adenosine into the extracellular space. The adenosine acting on A1Rs either directly inhibits 

the acidosis-evoked current to limit the membrane excitability or indirectly shunts it by 

attempting to hyperpolarize the membrane. However, the large increase in whole cell 

conductance seen during acidosis in the presence of CPT, suggests that the former is more 

likely to be happening: without the inhibitory action of A1Rs, the acidosis-evoked current is 

greatly disinhibited which may account for the large increase in whole cell conductance. As a 

result of this increased excitability, the neuron’s own voltage gated currents may then bring 

the membrane potential into the range of acidosis-induced increases of voltage-sensitive Ca2+ 

conductance and the neurotoxic effects of Ca2+ overload.  

4.2 Future Directions 

Future directions will include the further characterization of the acidosis-activated cation 

current and identification of the channels by which it is mediated. Candidate channels that 

remain to be investigated include members of the TRP ion channel family and members of 

the metabotropic glutamate receptor family, which have been implicated in neuronal injury 

following hypoxia/ischemia (Bruno et al., 1999; Faden et al., 2001; Aarts et al., 2003).
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