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DOLL, CHRISTOPHER J., PETER W. HOCHACHKA, AND PETER 
B. REINER. Channel arrest: implications from membrane resist- 
ance in turtle neurons. Am. J. Physiol. 261 (Regulatory Integra- 
tive Comp. Physiol. 30): R1321-R1324, 1991.-A widespread 
defense strategy used by hypoxia-tolerant animals is metabolic 
depression. One possible mechanism for metabolic depression 
is “channel arrest.” This hypothesis predicts that ion leakage 
through plasma membrane leakage channels is reduced during 
an anoxic episode. The decreased ion flux would result in the 
conservation of energy through the reduction of ATP-demand- 
ing ion pumping. We tested this hypothesis with the anoxia- 
tolerant turtle (Chrysemys picta) as a model system. With 
intracellular recording used in cortical slices, whole cell input 
resistance and specific membrane resistivity were monitored 
under control and anoxic conditions. There were no significant 
changes in resistance, indicating that the channel arrest defense 
mechanism was not utilized for energy conservation during 
short-term anoxia (1120 min). 
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BRAINS OF HOMEOTHERMS are very sensitive to oxygen 
deprivation. The evolutionary strategy in this group, 
even among diving species, has been to develop mecha- 
nisms that prolong and conserve oxygen stores for the 
nervous system (2). In marked contrast to this survival 
strategy, many ectotherms have developed nervous sys- 
tems that can tolerate and function during long periods 
of anoxia. Most notable of these is the turtle (Chrysemys 
picta), documented to survive for >6 mo at 3°C (23) and 
48 h at 25°C (16) in anoxic environments. We have 
documented neurons in vitro to remain intact and to 
function for up to 18 h of anoxia at 25°C (4). 

We suspect that the turtle brain is able to survive 
anoxia because it has evolved mechanisms that allow 
adequate production of energy (ATP) throughout the 
insult. These mechanisms include a low normoxic met- 
abolic rate (22), large glycolytic capacity (22), presence 
of a transient Pasteur effect (lo), and metabolic depres- 
sion. Depressed metabolism for the turtle brain during 
anoxia is supported by both in vivo (11) and in vitro (20) 

studies. Reduced metabolism during times of stress has 
been documented for several species of invertebrates and 
vertebrates, but precisely which metabolic processes are 
being suppressed is unknown (9). 

All cell membranes leak ions. Leakage is the result of 
both intracellular and extracellular ions flowing down 
their electrochemical gradients. Several cellular proc- 
esses contribute to this phenomenon in neurons, includ- 
ing activation of voltage- and ligand-gated channels, 
neurotransmitter release and uptake, co- and counter- 
transport systems, and leakage channels (voltage-inde- 
pendent ion channels) (7). Maintenance of a homeostatic 
intracellular environment requires the redistribution of 
these ions through the use of energy-demanding pumping 
systems such as that of Na+-K+-ATPase, which may 
consume as much as 50% of the cell’s resting metabolic 
rate (15). One mechanism by which the turtle brain could 
reduce its metabolism would be to reduce ion leakage 
(12), which could conceivably occur through the reduc- 
tion of any of the above leakage processes. In this paper 
we explore one facet of the “channel arrest” hypothesis, 
which predicts that leakage channels close in response 
to anoxia (8). 

MATERIALS AND METHODS 

Turtles (C. picta) were cold anesthetized before decap- 
itation. The brain was rapidly dissected free and im- 
mersed in precooled oxygenated artificial cerebrospinal 
fluid (aCSF). The cortical tissue was then dissected free 
as described by Connors and Kreigstein (3). Slices were 
stored at room temperature ~22°C in a holding chamber 
for at least 60 min until their use in the recording 
chamber. The recording chamber was a modification of 
a previous design (6) in which slices were continuously 
superfused with aCSF at a flow rate of 1.5-2.0 ml/min. 

Intracellular recordings were carried out using micro- 
pipettes (1.2 mm OD) filled with 2 M KC1 with resist- 
ances ranging from 30 to 70 MQ connected to an Axo- 
clamp 2A amplifier. Data were collected using the 
Pclamp suite of programs and an Axolab 1100 interface, 
which also served to generate current commands. Data 
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were also independently digitized at 49 kHz and stored 
on videotape for off-line analysis. 

Pyramidal neurons in the turtle were identified by 
location and action-potential shape as well as input 
resistance and time constants as previously discussed 
(3). Criteria for healthy cells included a stable membrane 
potential for 15 min maintained without the assistance 
of current, positive-going action potentials, and whole 
cell input resistance (R,) >70 MQ. Ground shift was 
corrected by subtracting the reading after withdrawing 
from the cell from the membrane potentials recorded 
during the experiment. 

R, and time constant (Tc) were calculated using hy- 
perpolarizing or depolarizing current pulses of 500-ms 
duration sufficient to elicit a 10 t 2.5mV change in 
membrane potential. R, was calculated using the equa- 
tion 

V = IR, (1) 

where V is the change in membrane potential and I is 
the current (Ohm’s law). Tc was calculated by fitting the 
membrane charging curves to the equation 

Y = A0 + Alewti’c (2) 

where Y is the voltage at any given time t, A0 is the 
offset, and A1 is the maximum voltage, using the Clampfit 
feature of Pclamp. Specific membrane resistance (R,) 
was calculated from the equation 

T C = R, x C, (3) 

where C, is the capacitance of the membrane per unit 
area. All computer fits showed a >0.9800 least squares 
residual (R) value or they were rejected. 

The aCSF for the turtle was a modification of that 
used by Connors and Kreigstein (3) and consisted of (in 
mM) 96.5 NaCl, 2.6 KCl, 2.5 CaC12, 2.0 MgClz, 2.0 
NaH2P04, 10 glucose, 26.5 NaHC03, and 0.03 phenol red 
as a pH indicator. For normoxic solutions, the aCSF was 
bubbled with 95% 02-5% COa. For anoxia, the aCSF was 
bubbled with 95% Nz-5% COZ. Final pH of both solutions 
was 7.4 when saturated with the gases used. Turtles were 
obtained from Lemberger, chemicals were purchased 
from Sigma Chemical and Fisher Scientific, data were 
analyzed using Pclamp software (Axon Instruments), 
statistics were carried out using Systat (SYSTAT), and 
graphics were done using Sigmaplot (Jandel). 

RESULTS 

We tested whether leakage channels were closing in 
response to an anoxic episode using intracellular record- 
ing. This method allowed the continuous monitoring of 
R,, Tc, and R,. Two separate measures of resistance were 
performed, R, and R, (Fig. 1). R, gives the resistance of 
the whole cell. If the area of the cell were known, resist- 
ance per unit area could be calculated (R,). Surface area 
of the cell is unknown, but R, can be derived by using 
Eq. 3. The calculation is based on a 1 pF/cm2 capacitance 
of the membrane. This number, although not specific for 
turtle neurons, is an average for biological membranes 
(7). The capacitance measure is necessary for comparison 
purposes only, and its exact value is not important as- 
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FIG. 1. A: an example of a computer-fit membrane charging curve 
for a single neuron. Time constants (T,) were computer fit using the 
Clampfit feature of Pclamp. All fits showed a least squares residual 
value (R) X.9800 or they were rejected. Two independent measures of 
membrane resistivity were calculated: whole cell input resistance (R,) 
and specific membrane resistivity (I?,). Ao, offset; A 1, maximum voltage. 
B: changes in R,, R,, T,, and membrane potential (MP) over a period 
of 120 min of anoxia for 8 repeatedly measured cells from 8 turtles. R, 
is calculated from T, assuming 1 pF/cm2 capacitance for the membrane. 
Data are illustrated with SE bars. All data were analyzed by a repeated 
measures design over time. There was no significance of fit for either 
a linear or a quadratic function (P > 0.05) for any measured parameter. 
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FIG. 2. Current (I)-voltage (V) plot for 8 repeatedly measured cells 
over a time course of 120 min of anoxia (0.1 to -0.5 by 0.05nA steps). 
Numbers in parentheses are no. of cells for that point set. Data are 
illustrated with 95% confidence bars. Each point set was analyzed 
across anoxic time course for either a linear or quadratic fit (repeated 
measures design). There was no significance for increasing resistance 
over time (P > 0.05). RP, resting potential. 
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suming that it does not change over anoxia, which is an 
unlikely event because changes in the lipid composition 
of the membrane would have to occur. Two measures of 
resistance were performed for two reasons. First, these 
two measures of resistance are independently derived 
and thus provide a way of double-checking the values 
obtained. Although the values for R, and R, are differ- 
ent, their changes through anoxia should parallel each 
other, as supported by Fig. 1. Second, we have found that 
the use of Tc tends to be more sensitive to small changes 
in resistance than Rm. However, the calculation of R, is 
based on no assumptions and is therefore the standard 
way of measuring resistance. 

A third observation of changes in resistance is obtained 
through the current-voltage plot (Fig. 2). The slope of 
the line represents voltage-dependent changes in R,. As 
can be seen in Fig. 2, the voltage dependence of R, does 
not significantly change over the course of 120 min of 
anoxia. Thus neither steady-state nor voltage-dependent 
R, changes during anoxia. 

DISCUSSION 

In an earlier paper (4), we documented that turtle 
cortical neurons were able to withstand long-term expo- 
sure to both N2 and pharmacological anoxia (N2 + cya- 
nide) without dramatically losing resistance or mem- 
brane potential as observed in the rat cortical neuron. In 
this study, we performed detailed measures of turtle 
cortical neuronal resistance to assess whether ion chan- 
nels are closing in response to an anoxic episode. 

We chose to use anoxia over pharmacological anoxia 
for several reasons. First, the anoxic chamber aCSF was 
tested for oxygen contamination using a radiometer and 
an O2 electrode. No detectable oxygen was measured 
compared with a control (sodium dithionite) solution, 
indicating that our chamber provided a good anoxic 
mimic. Second, we have shown that in this same chamber 
setup, the rat cortical and hippocampal neuron shows 
degenerative signs within 1 min of exposure to the anoxic 
solution and complete loss of membrane resistance and 
potential in -30 min (4, 19). Third, the use of artificial 
substances such as cyanide may be affecting synaptic 
activity and ion channels, causing artificial increases in 
membrane resistance (1). 

Channel arrest predicts an increase in R, and R, with 
anoxia. The results presented here do not support this 
expectation. This hypothesis was proposed as a mecha- 
nism of metabolic depression because of the high amount 
of energy assumed to be required to maintain ion homeo- 
stasis. However, evidence for this is not conclusive. Cell 
preparations where oxygen consumption is monitored in 
the presence and absence of ouabain (Na’-K’-ATPase 
inhibitor) create two problems. First, ouabain rapidly 
depolarizes the cell (4, 5); as a result, the cell becomes 
increasingly unhealthy, causing an overestimation of en- 
ergy consumed by ion pumping. Second, plasma mem- 
brane ion pumps may be relying on glycolytic ATP 
production for function rather than on oxidative ATP 
production (13). Glycolytic energy production in relation 
to oxidative energy production has never been simulta- 
neously measured during a ouabain experiment. One 

reason neurons were used in this study was because of 
their large surface-to-volume ratio, suggesting a compar- 
atively high metabolic maintenance cost for ion homeo- 
stasis. 

Although only cortical pyramidal neurons were inves- 
tigated in this study, we hypothesize that the results can 
be applied to other types of turtle neurons for several 
reasons. The cells used in this experiment survive anoxia, 
indicating that channel arrest is not necessary for sur- 
vival of the neuron. Intracellular measurements of R, in 
turtle cerebellum during anoxia do not support acute 
channel arrest defense mechanisms (18). Both in vivo 
(11) and in vitro (20) studies indicate a 50% reduction 
in metabolism by 120 min into anoxia, suggesting that 
metabolic depression is occurring via other mechanisms. 

Two questions need to be more fully addressed before 
mechanisms of metabolic depression are investigated 
further. First, what fraction of metabolism does leakage 
consume in the brain? If it is small, as some evidence 
suggests (14, 17), then channel arrest is not sufficient to 
explain metabolic depression in the turtle brain. Second, 
accurate measures of metabolic depression are needed. 
Current measures of turtle brain metabolic depression in 
vivo are based on brain lactate accumulation over the 
duration of anoxic insult (11). Because lactate is not 
trapped in the tissue (21), the concentration of lactate 
that remains may underestimate lactate produced, re- 
sulting in overestimates of metabolic depression. 

As a final note, the rate of adenosinetriphosphatase 
activity was not directly measured. Pumping activity may 
be reduced during anoxia because ion leakage can occur 
through a variety of processes of which leakage channels 
are but one, as reviewed in the introduction. Thus re- 
duced pumping activity during anoxia may occur through 
reduction of other leakage processes, such as suppression 
of electrical activity. However, until the metabolic costs 
of leakage processes are known, mechanisms of metabolic 
depression will not be fully understood. 
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