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Does the Release of Potassium from Astrocyte
Endfeet Regulate Cerebral Blood Flow?

OLAF B. PAuLsoN AND Eric A. NEWMAN*

Local increases in neuronal activity within the brain lead to dilation of blood vessels
and to increased regional cerebral blood flow. Increases in extracellular potassium
concentration are known to dilate cerebral arterioles. Recent studies have suggested
that the potassium released by active neurons is transported through astrocytic glial
cells and released from their endfeet onto blood vessels. The results of computer
simulations of potassium dynamics in the brain indicate that the release of potassium
from astrocyte endfeet raises perivascular potassium concentration much more rapidly
and to higher levels than does diffusion of potassium through extracellular space,
particularly when the site of a potassium increase is some distance from the vessel wall.
On the basis of this finding, it is proposed that the release of potassium from astrocyte
endfeet plays an important role in regulating regional cerebral blood flow in response

to changes in neuronal activity.

OY AND SHERRINGTON, IN 1890,

suggested that “the brain possesses

an intrinsic mechanism by which its
vascular supply can be varied locally in cor-
respondence with local variations of func-
tional activity” (1, p. 105). Such an intrinsic
homeostatic mechanism would help to
maintain an adequate supply of oxygen and
nutrients to the brain despite widely varying
levels of neuronal activity. Although the
existence of such a regulatory process has
been established (2-5), the mechanism that
links neuronal activity and regional cerebral
blood flow (rCBF) remains unknown. Inter-
stitial concentrations of potassium and hy-
drogen ions, adenosine, and several neuro-
transmitters vary with neuronal activity.
These substances all cause changes in arteri-
ole diameter (6, 7) and have been implicated
in the regulation of rCBF. However, the
relative importance of each of these factors is
not known.

Extracellular K™ concentration ([K*],)
varies widely during periods of neuronal
activity and can rise from a quiescent level of
approximately 3 mM to a maximum level of
more than 10 mM (8). Cerebral arteries and

arterioles (but not capillaries) are extremely
sensitive to changes in K concentration,
increasing in diameter as much as 50% in
response to a change in [K'], from 3 to 10
mM (9, 10). This sensitivity to K" could be
an important factor in regulating rCBEF.
Potassium released by active neurons could
diffuse through extracellular space to the
ablumenal wall of arterioles and cause arteri-
ole dilation. The resulting decrease in vascu-
lar resistance (11) would increase rCBE,
thus bringing a greater supply of oxygen to
precisely the region where it is needed, to
the activated portion of the brain. However,
arterioles are widely spaced within the brain
[they are often separated by more than 500
pm (12)] and may not necessarily be near
regions of activated tissue. Thus, the K*
released by active neurons would have to
diffuse tens or hundreds of micrometers
before reaching arterioles and effecting dila-
ton.
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The fate of the K" released by neurons
into the interstitial fluid is determined, in
part, by astrocvtes. The K" released by
neurons increases [ K" J,, which in turn gen-
erates a passive influx of K* current into
astrocytes. The K influx depolarizes these
cells and causes a passive efflux of current
from other cell regions or from astrocytes
electrically coupled to them. Because astro-
cytes are almost exclusively permeable to K
(13), this outward current is carried by K.

The endfeet of astrocytes, which termi-
nate on blood vessels and on the pial surface
of the brain, have a much greater K* con-
ductance than other regions of the cell (14).
Thus, a large fraction of the outward K*
current generated by [K*], increases would
flow out from astrocyte endfeet. The efflux
of K* current from the endfeet of astrocytes
is termed “K™ siphoning” (15).

Cerebral arterioles are completely sur-
rounded by the endfect of astrocytes. Thus,
during periods of neuronal activity, K" si-
phoned from astrocyte endfeer would be
deposited directly onto arteriole walls. This
process could be important in the regulation
of rCBF. Potassium siphoning could raise
the K* concentration (| K™ ]) at the arteriole
wall more rapidly and to a higher level than

would diffusion of K* through extracellular
space. The resulting dilation of the arteriole
would augment rCBF to a greater extent
than otherwise possible.

We have evaluated the effectiveness of K"

siphoning in increasing [K "] at the arteriole
wall with computer simulations. We have
incorporated the following processes into
our model: (i) an imposed, instantaneous
rise in [K"], from 3.0 to 10.0 ma/ in the
interstitial space of the brain (simulating the
release of K' trom neurons), (ii) diffusion
of K" through extracellular space, (iii) the
transfer of K" by current flow through
astrocytes (K* siphoning), and (iv) passive
uptake of K" into a cellular distribution
space (16). Details of the model are given in
(17).

The K concentration at the arteriole wall
was calculated as a function of time after the
imposed increase in [K ™ |,. When the [K*],
increase was distributed uniformly through-
out the brain, K* siphoning enhanced the
rise in [K*] at the arteriole wall to a small
but significant extent (Fig. 1A). When driv-
en solely by diffusion (Fig. 1A, diffusion),
[K" ] rose with a slight delay, peaking with a
latency of 324 msec. When both diffusion
and siphoning were included in the calcula-

Fig. 1. Simulation of the T
[K™] buildup at the exter-
nal wall of an arteriole af- L
ter an imposed, instanta-
neous rise in [K™], from 3 L
to 10 mM within the

brain. Transport of K*

from the region of [K*], 7
increase to the arteriole
occurred cither by diffu-
sion through extracellular
space (diffusion curves) or
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tions (Fig. 1A, diffusion and siphoning), the
[K"] rise was more rapid (peaking at 60
msec) and was 6% larger in peak magnitude.

The effect of K* siphoning was far greater
when the imposed increase in [K'], oc-
curred at some distance from the arteriole.
When the imposed [K* |, increase began
just 50 pwm from the arteriole wall, the
increase in [K*] at the arteriole due to
diffusion alone was delayed severely, peak-
ing at 2520 msec (Fig. 1B, diffusion). This
delay was almost completely eliminated
when siphoning currents were included in
the calculations; [ K™ | at the arteriole peaked
at 66 msec (Fig. 1B, diftusion and siphon-
ing). In addition, the maximal [ K™ attained
was more than double (109% larger) in the
latter case.

Simulation results were insensitive to vari-
ations in many system parameters including
changes in the magnitude of the imposed
K" increase, the volume of the K" distribu-
tion space, the absolute value of astrocyte
membrane conductance, and the percentage
of astrocyte membrane conductance local-
ized to the endfoot. Large changes in these
parameters had little effect on the compara-
tive effectiveness of K siphoning and diffu-
sion in transferring K™ to the arteriole wall.

The simulations indicate that K" siphon-
ing significantly augments diffusion in in-
creasing [K'] at arterioles. Potassium si-
phoning is effective for two reasons. (i) The
transfer of K* by the siphoning process,
unlike that by diftusion, occurs almost in-
stantancously (15). (It is mediated by cur-
rent flow and is slowed down only by the
time constant of astrocytes.) (ii) The space
between astrocyte endfeet and arterioles is
extremely narrow [the width of the basal
lamina, approximately 20 nm (/8)]. Thus,
even a small eflux of K* from the endfoot
will increase [K "] rapidly within this nar-
row space.

On the basis of our simulations, we con-
clude that K release from astrocyte endfeet
could be an important mechanism for rais-
ing [K"] at the arteriole wall, particularly
when the site of the initial [K "], increase is
some distance from the arteriole. Undoubt-
edly, many mechanisms play an important
role in the regulation of cerebral blood flow
under various physiological conditions. We
propose that K" siphoning onto arteriole
walls is an important mechanism for modu-
lating rCBF in response to local vatiations in
neuronal activity.
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Vein-Cutting Behavior: Insect Counterploy to the

Latex Defense of Plants

DaviDp E. DUSSOURD* AND THOMAS EISNER

Many mandibulate insects that feed on milkweeds, or other latex-producing plants, cut
leaf veins before feeding distal to the cuts. Vein cutting blocks latex flow to intended
feeding sites and can be viewed as an insect counteradaptation to the plant’s defensive
secretion. Experimental vein severance renders milkweed leaves edible to generalist
herbivores that do not show vein-cutting behaviors and ordinarily ignore milkweeds in

nature.

HEN INJURED, MANY PLANTS EX-
ude latex, a viscous, often milky
secretion. The suggestion, ad-
vanced a century ago, that the fluid is defen-
sive (1) received early support from the
pioneering experiments of Kniep (2). Work-
ing with Euphorbiaceae, Kniep showed that
if such plints were drained of latex by
repeated puncturing of their leaves, they
were rendered edible to slugs. Untreated
plants kept as controls remained uneaten.
We have found that Kniep’s experiment is
performed as a matter of dietary routine by a
diversity of insccts that feed on latex-pro-
ducing (laticiferous) plants. These insects
first treat their hosts by inflicting localized
bites, thereby inducing latex drainage and
blockage of latex flow to intended feeding
sites. We view this behavior, which appears
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to have evolved independently in a number
of phyletic lineages, as a major adaptation
enabling insect herbivores to circumvent the
latex defenses of plants. We now describe
vein-cutting behavior for a number of in-
sects and provide experimental evidence for
its function.

In many of the major laticiferous plants,
including milkweeds (Asclepiadaceae), latex
is stored under pressure within clongate
cellular tubes (laticifers) that follow the ve-
national system of the leaves (3). Thus, to
sever laticifers and induce latex emission, a
herbivore need only cut into the veins of its
host. We first observed such vein-cutting
behavior in Labidomera clivicolls, a chryso-
melid beetle commonly found on field milk-
weed, Asclepins syrinca. Labidomera adults
(Fig. 1, A to D) and larvae (Fig. 1G)

typically initiate the behavior by biting re-
peatedly into several adjacent branches of a
leaf midrib, inducing latex emission with
cach bite (Fig. 1, A, B, and G). They then
move distal to the cuts and, commencing at
the edge of the leaf, consume the area of leaf
blade delimited by the incisions (Fig. 1, C
and D). As they feed, there is no visible latex
emission trom the tissue being caten. By
severance of veins, Labidomera evidently
render leat tissue distal to the cuts relatively
latex-free and block further latex flow to the
site. Experimental replication of the proce-
dure confirms this process. Although initial
vein transections invariably induce latex out-
flow, subsequent transections made distal to
the first result in little or no emission (Fig.
). |

Other insects that feed on milkweeds
show similar ingestive strategy. The ceram-
bycid beetle Tetragpes tetrophthalmus charac-
teristically bites repeatedly into the midrib
before feeding at the leaf tip (Fig. 1, E and
F), whereas caterpillars of certain moths
(Euchactes egle and Cycnin tenera) and but-
terflies (Danaus gilippus and Danaus plexip-
pus) first treat leaves by chewing furrows
across the midrib or the petiole itself (Fig.
1H). In Danaus plexippus such behavior had
previously been noted (4). Young caterpil-
lars of Danaus gilippus cut a circular trench
(Fig. 1I) and then feed on leaf tissue within
the trench. In all these cases we noted that
latex outflow was profuse only in conjunc-
tion with the initial vein severances and was
minimal from tissue being subsequently in-
gested.

Leaf tissuc distal to vein cuts is not always
completely consumed by milkweed insects.
Such tissue may be exploited secondarily by
other insects, including general feeders that
ordinarily ignore milkweed leaves. We ob-
served one such generalist, a Japanese beetle
(Popillin japonica), teeding distal to vein cuts
scemingly produced by Labidomera. This led
us to compare the acceptability to both
specialist and generalist herbivores of milk-
weed leaves with either intact or experimen-
tally transected veins.

The herbivores included three milkweed
specialists (L. clivicollis, 'I'. tetrophthalmus,
and Danaws plexippus) and four generalists
not ordinarily found on milkweeds (Japa-
nese beetles, Popillin japonica; woolly bear
caterpillars, Pyrvharctin isabella; southern ar-
myworm caterpillars, Spodoptera  evidania;
and the slug Deyoceras veticulatum). Each
animal was enclosed within a mesh sleeve
with a single live milkweed leaf (4. Syrmm)
and allowed to feed for a set pcnod (5)
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