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Pipe flows. From the 19th-century laboratory to the
pressing energy questions of today. (Left) Osborne
Reynolds's experimental demonstration of the tran-
sition to turbulence in pipe flows and (right) the
Yamal-Europe natural gas pipeline.

is highly active. The term “flow control” can
be something of a misnomer, in that the com-
plexity of fluid systems and the constraints
on sensing and actuation are often too dif-
ficult for successful application of control
theory. However, “flow manipulation” is
possible with some active and passive tech-
niques. Hof et al. exploit their understanding
of a particular transition mechanism to iden-
tify an elegantly simple, physically realizable
active approach. Most important, this control

is obtained with a net gain: The reduction in
pumping power associated with the elimina-
tion of turbulence outweighs the energy input
required to generate the control disturbances,
an essential element of practical flow control.

For large-scale pipelines, the impact of
preventing the transition to turbulence could
be expressed in terms of more than a 100-
fold decrease in the friction drag acting on
the fluid for the same flow rate, a gain that
would be directly reflected in the reduction
in required pumping power. The economic
impact and energy implications of control-
ling the transition to turbulence are appar-
ent. However, the continued effectiveness of
the control strategy for turbulent Reynolds
numbers suggests that this approach could
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also give insight into fundamental physics
of fully developed turbulence, the multiscale
nature of which provides an equally challeng-
ing problem to fluid mechanicians. There
are important differences between pipe flow
and other internal and external flows, such
as the flow over a wing, but there is perhaps
potential to develop the approach to address a
broader class of flows.
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AMPA Receptors—Another Twist?

Mark Farrant and Stuart G. Cull-Candy

eurons in the brain can alter their
Nresponsiveness to signals from other

neurons, a flexibility that contributes
to the richness of neuronal communication
and underlies the fundamental processes of
information transfer, learning, and memory.
The most important receptive elements that
allow neurons to “listen” to one another are
ligand-gated transmembrane ion channels,
and those that enable fast excitatory commu-
nication belong to the AMPA receptor sub-
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type. When the neurotransmitter glutamate
is released from a presynaptic neuron, it acti-
vates postsynaptic AMPA receptors, allowing
cations to enter, causing depolarization that
triggers an action potential in the postsynap-
tic neuron. On page 1518 of this issue, von
Engelhardt ez al. (1) use a proteomic approach
to identify an auxiliary protein that regulates
AMPA receptor activity.

AMPA receptors are homo- or heterote-
tramers assembled from subunits GluA1 to
4. AMPA receptor—mediated excitation is
regulated by numerous processes that influ-
ence biophysical properties of the receptors
(including affinity for glutamate, ionic selec-
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A protein expressed in brain controls
the plasticity of synaptic transmission
by regulating the properties of a
neurotransmitter receptor.

tivity, conductance, and gating) or their loca-
tion and stability within the cell membrane.
These changes arise through developmental
or activity-driven alteration in AMPA recep-
tor subunit composition, and by posttran-
scriptional or posttranslational modifications
such as alternative RNA splicing, RNA edit-
ing, and protein phosphorylation, glycosy-
lation, or palmitoylation. The discovery that
transmembrane AMPA receptor regulatory
proteins (TARPs; y-2, -3, -4, -5, -7, and -8)
act as auxiliary subunits that affect receptor
trafficking and function (2—6) revealed even
greater capacity for variation in receptor
regulation. TARP-like molecules also exist
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in invertebrates, indicating
evolutionarily conserved
roles for such proteins (7).
Recently, cornichon proteins
(CNIH-2 and -3) were identi-
fied as another distinct class
of AMPA receptor regulatory
proteins (8).

Using mass spectrometry
to analyze GluAl-contain-
ing AMPA receptor com-
plexes isolated from mouse
forebrain, von Engelhardt et
al. identified a protein they
call cystine-knot AMPA
receptor modulating protein
(CKAMP, with a predicted
mass of 44 kD; also known
as mouse shisa homolog 9)
(see the figure). CKAMP44
has a single transmembrane
domain and an intracellular
PDZ motif that could anchor
the molecule at the mem-
brane. Intriguingly, like certain other pro-
teins or polypeptide neurotoxins that interact
with ion channels, the extracellular domain
of CKAMP44 has a cysteine-rich region.
This is similar to the cystine-knot motifs
found in cone snail toxins that affect certain
voltage-gated channels (9) and in a cono-
toxin that modifies AMPA receptor function
(10). Related motifs are present in the snake
toxin o-bungarotoxin and the Ly-6 protein
lynx1, both of which interact with nicotinic
acetylcholine receptors (/7). A Ly-6 protein
also modifies Shaker-type K* channels in the
fly Drosophila melanogaster (12).

CKAMP44 is most abundant in the hip-
pocampus, specifically in the granule cell
layer of the dentate gyrus. Subcellular frac-
tionation of mouse forebrain identified
CKAMP44 within membranes of post-
synaptic neurons (the postsynaptic density
region that contains AMPA receptors). When
expressed in hippocampal neurons in culture,
CKAMP44 localized to the surface membrane
of dendritic spine heads, opposite presynaptic
release sites. These observations suggested a
role for CKAMP44 as amodulator of synaptic
AMPA receptors. However, von Engelhardt
et al. found that unlike TARP proteins, such
as stargazin (TARP y-2), that enhance steady-
state AMPA receptor responses, CKAMP44
decreased such responses. TARPs increase
the surface expression of AMPA receptors,
slow receptor deactivation (delay channel
closure after glutamate is removed), decrease
their desensitization (reduce the decline in
response seen in the continued presence of
glutamate), and increase channel conduc-

CNIH

www.sciencemag.org SCIENCE VOL 327

CNIH-2, -3

Enhance AMPA receptor

surface expression

Increase response

- Slows receptor
deactivation

- Decreases receptor
desensitization

Actions of heterologously expressed transmembrane AMPA receptor interacting proteins

TARP

CKAMP44

AMPA receptor
TARP (e.g., -2 or ¥-8)

Enhance AMPA receptor
surface expression

Increase response

- Slows receptor
deactivation

- Decreases receptor
desensitization

- Increases channel
conductance

Three classes of AMPA receptor—interacting proteins. Von Engelhardt et al. identified
TARPs (y-2 and -8) and CKAMP44, but not CNIH-2 or -3, in AMPA receptor complexes (con-
taining GluA1 receptor subunits). In the schematic, no particular stoichiometry of associa-
tion with AMPA receptors is implied.

tance (2—4). Although CKAMP44 reduces
steady-state currents, it does not affect
AMPA receptor surface expression. Instead,
it increases, and slows recovery from, desen-
sitization. Exactly how CKAMP44 modifies
AMPA receptor behavior is not clear, but by
analogy with effects caused by receptor sub-
unit mutations (/3), the authors suggest that
CKAMP44 might stabilize the closed confor-
mation of the glutamate-binding cleft, most
likely by interacting with the extracellular
domain of the AMPA receptor.

‘What does this mean for synaptic function?
Von Engelhardt et al. examined miniature
excitatory postsynaptic currents (mEPSCs)
that result from the release of glutamate from
individual vesicles in the presynaptic neuron.
Whereas TARPs shape both the time course
and amplitude of mEPSCs (/4), CKAMP44
did not. Thus, in CA1 pyramidal cells of the
mouse hippocampus, neither the removal
nor overexpression of CKAMP44 affected
mEPSCs. A modulatory action of CKAMP44
became apparent only during high-frequency
transmission. When evoking pairs of EPSCs in
CA1 pyramidal cells in which CKAMP44 was
overexpressed, the normally observed increase
in EPSC amplitude from the second of two
closely timed stimuli (a form of synaptic plas-
ticity termed short-term facilitation) was elimi-
nated for AMPA receptor—mediated responses,
but responses from a different glutamate
receptor type [N-methyl-p-aspartate (NMDA)
receptor] were unchanged. In CA1 pyrami-
dal cells, CKAMP44 abundance is relatively
low, whereas in dentate gyrus granule cells,
it is high. In the latter, increasing CKAMP44
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expression had no effect,
but removal of CKAMP44
enhanced short-term facili-
tation. Thus, CKAMP44
may play a role in setting the
extent of short-term plasticity
at different synapses.

How does this alter our
understanding of such plas-
ticity? At “facilitating”
synapses, the increase in
EPSC amplitude reflects a
short-lived enhancement
of neurotransmitter release
brought about, in part, by
an increase in the concen-
tration of calcium in the pre-
synaptic terminal. Ordinar-
ily, desensitization of post-
synaptic AMPA receptors,
which opposes such facilita-
tion (by depressing postsyn-
aptic responsiveness), plays
little part, as recovery is
rapid. Von Engelhardt ef al. demonstrate that
CKAMPA44 attenuates facilitation of the post-
synaptic response by slowing this recovery
from desensitization. Likewise, synapses that
normally show short-term depression exhibit
facilitation in the absence of CKAMP44.

At hippocampal synapses, CKAMP44 is
differentially expressed—but is this expres-
sion dynamically or developmentally reg-
ulated? Indeed, why is CKAMP44 neces-
sary? Recovery from desensitization, and,
by implication, short-term facilitation, might
equally well depend on AMPA receptor sub-
unit composition and the nature of any assoc-
iated TARP. Understanding these issues will
require investigation of the stoichiometry of
the interaction between CKAMP44, the vari-
ous AMPA receptor subunits, and TARPs.
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