Activity-Dependent K* Accumulation
in the Developing Rat Optic Nerve

Abstract. Potassium-sensitive microelectrodes were used to study activity-depen-
dent changes of extracellular potassium ion concentration ([K*],) in rat optic nerves
of different postnatal ages (I day to adulthood). The maximum level to which [K™],
rose with optimal frequencies of stimulation depended on age: mean maximum
evoked [K™], was 17.2 mM in 1- to 3-day-old optic nerves and 9.8 mM in adult
nerves. The ceiling [K"], seen in immature optic nerves, which is uniquely large for a
mammalian central nervous system structure, may result from a relatively enhanced

rate of evoked K* release.

Neuronal activity in the presence of a
restricted extracellular space typically
results in a transient accumulation of
excess extracellular K* (). Studies on
mammalian central nervous systems
(CNS) indicate the existence of a re-
markably constant ‘‘ceiling”’ level of
extracellular K* concentration ([(K*],)
of 10 mM to 12 mM (2), which is éxceed-
ed only under conditions of anoxia or
spreading depression (3). Mechanisms
that might help to determine this maxi-
mum [K*], include active K* reuptake,
specific neuronal and glial membrane
properties, the rate of neuronal K* re-
lease, tissue geometry, and intercellular
coupling (4). Changes in the degree of
K™* accumulation with changes in tissue
maturity have not yet been systematical-
ly considered [but see (5)], and may have
important implications for developmen-
tal neurobiology as well as improve our
understanding of K* homeostasis within
the brain. We report here the ontogeny
of activity-dependent K™ accumulation
as studied in a relatively simple structure
of the mammalian CNS, the rat optic
nerve. Although the axons of this nerve
are functional at all ages, electron mi-
croscopy indicates that they are com-
pletely unmyelinated at birth, begin mye-
linating 6 to 8 days after birth, and are
entirely myelinated in the aduit (6). Neo-
natal nerves exhibit a maximum [K*],
uniquely high among mammalian CNS
structures; this concentration falls rapid-
ly with maturation. We have investigated
some of the possible mechanisms for this
developmental change.

Microelectrodes sensitive to K™, pre-
pared in a conventional fashion, were
used to record [K*], (7). Optic nerves
from pigmented Long-Evans rats 1 day
old to adulthood were dissected free with
the arachnoid ensheathment intact,
placed in a recording chamber, and
bathed in an oxygenated physiological
saline with 5 mM [K*] (8). The K*-
sensitive microelectrodes were posi-
tioned toward the center of each nerve
and adjusted to give the maximum field
potential (recorded through the indiffer-
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ent barrel of the electrode assembly).
Variable periods and frequencies of stim-
ulation were applied to nerves by suction
electrodes at current levels set at intensi-
ties that were twice those producing
maximum field responses (supramaximal
stimuli) and sufficiently long to activate
the slowest fiber groups at each age (20
to 200 psec).

Stimulation raised [K*], to a point
that depended on stimulus frequency and
the age of the animal. In nerves less than
3 days old, low frequencies of stimula-
tion (1 to 5 Hz) significantly raised [K*],
(Fig. 1A). The rate of accumulation and
maximum [K*], progressively increased
with higher stimulus frequencies, reach-
ing 20 mM to 21 mM in some nerves at 10
to 20 Hz. Older nerves exhibited much
lower [K*], (maximum of 11 mM in
adults), even with stimulus frequencies

as high as 400 Hz (Fig. 1B). The depen-
dence of maximum evoked [K*], on
stimulus frequency and optic nerve age
is shown in Fig. 1C for four repre-
sentative nerves. By varying stimulus
frequency, the absolute maximum evok-
able [K*], was determined for 32 indi-
vidual nerves of different ages. The ma-
jor decrease in [K*], ceiling occurred
within the first week of life (Fig. 1D),
before myelination had begun (6).

We tested the possibility that major
changes in the rate of K* dissipation
might account for developmental varia-
tions in K* accumulation. After the
stimulus train ended, [K*], fell toward
the ambient concentration of 5 mM and
usually dipped below this level, produc-
ing a period of undershoot in [K*], (Fig.
2A)), which increased in magnitude as
the frequency or duration (or both) of the
stimulus train was increased (Fig. 2A,).
Such undershoots usually imply the exis-
tence of an active K™ reuptake mecha-
nism (9). There were no consistent dif-
ferences between the undershoots seen
in immature and mature optic nerves
after comparable increases in [K 1, (Fig.
2A,). The average rate of dissipation of
comparable concentrations of accumu-
lated K* (Fig. 2B) was slightly greater
for immature than mature nerves (10). In
optic nerves of all ages the kinetics of
dissipation were dramatically slowed
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Fig. 1. (A) Evoked changes of [K*], in 2-day-old optic nerve. Ten-second trains of supramaxi-
mal stimuli were applied at the frequencies noted on each superimposed trace. Data were
recorded on magnetic tape, digitized, and linearized by computer. (B) Evoked changes of (K*1,
in adult optic nerve. Stimulation procedure as in (A). Note change in [K*], scale. (C) Peak
change in [K*], produced by 10-second trains of various frequencies applied to nerves of
different ages. (D) Graph of the maximum activity-induced [K*1, [derived from experiments of
the type shown in (C)] as a function of age. Each point represents the mean *+ standard
deviation of grouped data; N is shown in parentheses. The difference between the two youngest
groups is significant (r = 5,92, P < .01) .

0036-8075/82/0618-1341801,00/0 Copyright © 1982 AAAS 1341



and undershoots abolished by the addi-
tion of 50 wM strophanthidin (an inhibi-
tor of Na®- and K*-dependent adeno-
sinetriphosphatase) to the bathing medi-
um (Fig. 2C). These observations indi-
cate that active K reuptake occurs in
both mature and immature optic nerves
and that age-related differences in maxi-
mum [K*], cdannot be explained by a
developmental change in reuptake mech-
anisms.

Intense neural activity alters the size
of the extracellular space of mammalian
brain (/1). We reasoned that develop-
mental changes in the amount of activity-
dependent shrinkage of the extracellular
space might account for age-dependent
changes in maximum [K*],. To test this
possibility, we added 10 mM choline to
the bath and allowed it to equilibrate
with the nerves. Because of its high
selectivity for quaternary amines, the

K* electrode responds only to changes
in extracellular choline concentration
(ICh*1,) under these conditions (/2).
Since Ch* does not easily cross cell
membranes, changes in [Ch*], primarily
reflect changes in the dimensions of the
extracellular space. In nerves less than 5
days old, periods of intense stimulation
produced minimum changes in [Ch™],
(< 5 percent), whereas similar peri-
ods of stimulation in older nerves in-
creased [Ch*], as much as 30 percent
(Fig. 2D). Thus, the observed develop-
mental sequence of the activity-depen-
dent changes in extracellular space were
in a direction opposite to that anticipated
in order to explain the higher K™ accu-
mulation seen in young nerves.

When we increased [K '], in the bath-
ing solution, there was a graded reduc-
tion in the change of [K*], evoked by a
standard stimulus train. At bath [K*],’s

of between 16 mM and 20 mM, field
potentials and changes in [K™], disap-
peared. Mature nerves failed at bath
[K*],’s that were only about 2 mM less
than concentrations causing failure in
immature nerves. Self-inhibition by high
evoked [K*], may be a major determi-
nant of the ceiling in neonatal nerves, but
it cannot account for the much lower
ceiling in adult nerves.

The extent of K* accumulation must
also depend upon the rate at which K™ is
released by activated axons. The in-
crease in [K*], resulting from individu-
al supramaximal stimuli in immature
nerves was about seven times that in
adult nerves (inset, Fig. 2E). The devel-
opmental time course of [K*], changes
resulting from single stimuli was similar
to the time course observed for maxi-
mum [K*], accumulation (compare Fig.
1D with Fig. 2E) (when data from all
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Fig. 2. (A;) Poststimulus undershoots of [K*], induced by 10-second trains in a 2-day (5 Hz, left) and adult (50 Hz, right) nerve at low (top trace)
and high (bottom trace) gain. (A,) Superimposed'traces at left are from a 3-day nerve stimulated at 5, 10, and 20 Hz. At right the undershoots from
this nerve (at 2, 5, 10, and 20 Hz) have been superimposed and are shown at higher gain. (B) Kinetics of [K™*], decay after an evoked increase,
Stimulus frequencies have been adjusted to give comparable increases in [K*], (5 Hz for 3 days, 200 Hz for adult), and poststimulus decay of
[K*], has been plotted on a semilogarithmic scale. [K* 1, is the lowest value to which [K*], falls after an evoked increase. (C) Strophanthidin
(50 wM) block of poststimulus undershoot. Data from a 7-day nerve stimulated at 25 Hz for 10 seconds before and 10 minutes after introduction of
strophanthidin to bath. Each [K*], transient is shown at low (top trace) and high (bottom trace) gains. (D) Activity-induced changes in
extracellular volume. Top traces illustrate [K*], changes elicited by 10-second trains applied to 1-day (10 Hz) and 21-day (100 Hz) nerves in
control solution. Bottom traces show measurements of [Ch™], after introduction of 10 mM Ch™ to bathing solution. (E) Peak [K*], after single su-
pramaximal stimuli, as a function of age. Each point is mean + standard deviation derived from the number of nerves shown in parentheses. The
difference between the two youngest groups is significant (¢ = 3.49, P < .01). Inset shows specimen records of [K™*], changes following single
shocks to three nerves of different ages.
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ages were pooled, r = .8, P < .001). At
similar stimulation frequencies, there-
fore, [K*], increased more rapidly in
immature nerves than in mature nerves
(Fig. 1, A and B). Mature nerves, how-
ever, exhibited high maximum rates of
K* accumulation because they tolerated
higher frequencies of stimulation than
immature nerves (13), but in spite of this
compensating factor the measured maxi-
mum rates of K* accumulation in adults
were never more than 60 percent of the
maximum rates in neonates. Moreover,
during stimulus trains at highest frequen-
cies, the high initial rates of K* accumu-
lation in adults were maintained more
briefly than those of neonatal nerves
(Fig. 1, A and B).

The following observations may be
relevant to the higher evoked [K*], seen
in immature rat optic nerves. (i) Active
K" reuptake is present in optic nerves of
all ages, and the decline of evoked [K™*],
in immature nerves is at least as rapid as
in adults. (ii) Activity-evoked shrinkage
of the extracellular space is prominent
only in mature optic nerves. (iii)) Com-
plete inhibition of evoked [K '], increase
occurs at bath [K*],’s of 16 mM to 20
mM for nerves of all ages. (iv) The rise in
[K*], produced by a single stimulus is
much larger in neonatal than in adult
nerves. (v) Maximum rates of K™ accu-
mulation are greater and persist longer in
neonates than in adults regardless of
stimulus frequency. Thus, the high levels
of evoked [K*], seen in immature ani-
mals seem to result from higher and
more sustained rates of [K'], release,
which come into equilibrium with K*
dissipation rates at higher absolute [K*],
than in adults. With maturation the maxi-
mum rate of K* accumulation declines,
in part because the increase in [K™], per
impulse becomes less. The inability of
older nerves to sustain high rates of K*
release may result from frequency-de-
pendent conduction block. Although in
some axons this process has been attrib-
uted to accumulation of extracellular
K™, our data suggest that other mecha-
nisms are also prominent in the adult
optic nerve [compare with (/4)].

The maturational changes in [K™],
evoked by a single stimulus occur pri-
marily within the first postnatal week
(Figs. 1D and 2E), before myelination
has begun (6). These may reflect alter-
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ations in specific membrane properties
or a topographical reorganization of ion-
ic channels in anticipation of myelina-
tion. The existence of voltage-sensitive
K" channels in mammalian myelinated
nerves has been questioned (I5), and
active K" channels might become less
prominent as the optic nerve matures (6).
The absence of active K" channels
would not necessarily reduce K* efflux,
however, since this ion might still carry
repolarizing current through K*-specific
leakage channels (16). On the other
hand, our calculations suggest that axo-
nal growth may reduce the density of
excitable membrane per unit volume of
nerve during the first week, solely ac-
counting for the lower net increase in
[K*], per impulse without invoking spe-
cific membrane changes (17).

Whether the enhanced K* accumula-
tion seen with neural activity in imma-
ture optic nerves has more general signif-
icance for the mammalian CNS is not
known. If this maturational sequence
proves to be widespread, the optic nerve
may provide a conveniently simple ex-
perimental system for further analysis.
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