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Fig. 2. Polyacrylamide (12.5%) gel
electrophoresis showing photo cross-
linking between Tnl and actin in the

=66 reconstituted (TnC-TnIB? -TnT)-Tm—
_45 F-actin®F thin filament system in the
—-36 presence (lanes 1 and 2) or absence
—pg (lanes 3 and 4) of Ca?*. (Lanes 1 and
—24  3) Samples before irradiation; (lanes 2
_po and 4) samples that have been irradiat-

ed for 5 min at 4°C. (Left panel) The
Coomassie blue—stained gel; (right
panel) the fluorescence of the same gel

before staining. Labeling of TnI with BP-Mal and of actin with CP-Mal were performed as described in
Fig. 1. Samples irradiated (22) in the presence of Ca** contained 0.2 mM CaCl,; those irradiated in the
absence of Ca>* contained 2 mM EGTA and 4 mM MgCl,. The positions of molecular mass markers (in

kilodaltons) are shown on the right.

modifications on the activity. The regula-
tory capacity values [defined as 1 -
(ACICC32+/ACIEGTA), where ACtCaz+ and ACtEGTA
are Mg-ATPase activities in the presence
and absence of Ca®*, respectively] of (TnC-
Tnl-TnT)-Tm-F-actin, (TnC-TnIPAN-TnT)—
Tm-F-actin®AB, and (TnC-TnI®P-TnT)-Tm—
F-actin®F were 0.60, 0.55, and 0.71, respec-
tively (duplicate measurements yielded val-
ues of 0.62, 0.61, and 0.65, respectively).
Thus, the modifications do not significantly
affect the regulatory capacity of the reconsti-
tuted thin filaments.

Our energy transfer and photo cross-link-
ing results provide evidence that the protein
region containing Cys'** of Tnl is in close
proximity to actin in the absence of Ca**
and moves away from actin in the presence

Table 2. Parameters of cnergy transfer between
the 1,5-IAEDANS donor and the DAB-Mal ac-
ceptor in the reconstituted (TnC-TnI°AN-TnT)—
Tm—F-actin®*® thin filament complex as a func-
tion of the different metal-binding states. 74 and
Tdas Donor fluorescence lifetimes (in nanosec-
onds) in the absence and presence of acceptor,
respectively; E, transfer efficiency defined as
E =1 — (144/74); bg, donor quantum yield; R,,
critical transfer distance obtained under the as-
sumption that «? = 2/3; R, apparent donor-ac-
ceptor separation distance. The hifetimes of (TnC-
TnIPAN.TnT)-Tm-F-actin were taken to be g4,
whereas those of the major component of (TnC-
TnIPAN.TnT)-Tm—F-actinPAPB were taken to be
Taa (Table 1). b4 was calculated as by = by’ (74/
74") with values of &4’ = 0.53 and 74’ = 13.5 ns,
where ¢4’ and 14 are the fluorescence quantum
yield and lifetime, respectively, of the 1,5-IAE-
DANS-labeled aa isoform of Tm (15). R, was
calculated as R, = R,'(74/74')"®, with the value of
R, =399 A, where R, is the critical transfer
distance for the 1,5-IAEDANS-DAB-Mal couple
attached to aaTm and F-actin, respectively (15).
R was calculated from the equation
R = R(E™'-1)".

Metal-

bind- Td Tda Ro R
ing  (ns) (ns) X)) @A
state

Ca?* 15.52 13.62 0.122 0.61 40.8 56.7
Mgz"' 17.14 8.71 0.492 0.67 415 41.7
Apo 17.10 7.15 0.582 0.67 415 39.3
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of Ca’*. This movement is most likely in-
duced by the binding of Ca’* to the low-
affinity “triggering” sites of TnC, althou%h
the possibility of its induction by Ca**
replacing Mg?* at the high-affinity sites
cannot be ruled out at present. We have
shown that in the ternary Tn complex, the
same region of TnI moves toward Cys™ of
TnC in response to Ca?* (13). Thus, the
Cys'® region of Tnl appears to switch be-
tween actin and TnC in such a manner that
it is close to actin when Ca®" is absent and
moves away from actin toward TnC when
Ca’* binds to TnC. These results are consist-
ent with the proposed model for Ca?* regu-
lation of striated muscle contraction and
confirm the role that Tnl plays as a Ca**-
dependent molecular switch in thin fila-
ment—based regulation.
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Hypoxic Dilation of Coronary Arteries Is Mediated
by ATP-Sensitive Potassium Channels

JURGEN DAuT, WILLIBALD MAIER-RUDOLPH,
NIKOLAS VON BECKERATH, GERHARD MEHRKE,
KERSTIN GUNTHER, LISELOTTE GOEDEL-MEINEN

The function of the heart depends critically on an adequate oxygen supply through the
coronary arteries. Coronary arteries dilate when the intravascular oxygen tension
decreases. Hypoxic vasodilation in isolated, perfused guinea pig hearts can be prevent-
ed by glibenclamide, a blocker of adenosine triphosphate (ATP)—sensitive potassium
channels, and can be mimicked by cromakalim, which opens ATP-sensitive potassium
channels. Opening of potassium channels in coronary smooth muscle cells and the
subsequent drop in intracellular calcium is probably the major cause of hypoxic and
ischemic vasodilation in the mammalian heart.

LOOD FLOW THROUGH THE CORO-
nary arteries is precisely regulated,
and any imbalance between the oxy-
gen supply and the oxygen demand of the
heart leads to angina pectoris or to heart
failure. A decrease of the oxygen tension in
coronary arteries (hypoxia) or an interrup-
ton of blood flow (ischemia) causes a
marked reduction of the resistance of coro-

nary arteries. The proposed mechanisms un-
derlying this dilation of coronary arteries
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have been controversial. It has been suggest-
ed that the hypoxic and ischemic increase in
coronary flow may be caused by (i) release
from cardiomyocytes of vasodilatory metab-
olites (1) that act on vascular smooth muscle
cells (1, 2) or on endothelial cells (3); (ii)
direct effects of intravascular oxygen tension
(Poy) on coronary endothelium that induce
release of vasodilatory substances, for exam-
ple, prostaglandins (4) or endothelium-de-
rived relaxing factor (EDRF) (5); (iii) direct
effects of Po, on vascular smooth muscle
cells (6); or (iv) various other mechanisms
Q).

Our study of hypoxic and ischemic vaso-
dilation was carried out on isolated guinea
pig hearts perfused at a constant rate (7).
The resistance of the coronary arteries was
monitored by measuring coronary perfusion
pressure (CPP) in the aorta. In addition, the
left ventricular pressure (LVP) produced by
isovolumetric contractions was measured
with a latex balloon inserted into the left
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Fig. 1. Effects of hypoxia (H) and ischemia (I) on
CPP and LVP. (A) Control, (B) with 2 pM
glibenclamide, and (C) 1 hour after removal of
glibenclamide.
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ventricle through the pulmonary vein. Dur-
ing hypoxia, there was a decrease in coro-
nary perfusion pressure, indicating a marked
vasodilation within 30 s (Fig. 1A). After a
15- or 30-s period of ischemia, a transient
vasodilation of nearly the same amplitude as
during hypoxia was observed.

Smooth muscle cells isolated from mesen-
teric arteries possess ATP-sensitive K™ chan-
nels (KAtp channels) (8), which are inhibit-
ed by intracellular ATP. Glibenclamide and
other antidiabetic sulfonylureas reduce the
open probability of Kxrp channels in vari-
ous tissues (8-10). Both hypoxic vasodila-
tion and ischemic vasodilation were prevent-
ed by 2 pM glibenclamide (Fig. 1B, n = 11
hearts). Glibenclamide also had a negative
inotropic effect of 5 to 20%; the mechanism
underlying this effect is still unclear. The
effects of glibenclamide on CPP were com-
pletely reversible after 1 hour of washing
(Fig. 1C), whereas LVP did not always
recover completely.

Glibenclamide appears to selectively block
Kirp channels. No other type of K* chan-
nel was found to be affected by antidiabetic
sulfonylureas (8, 10, 11). Thus the results in
Fig. 1 are consistent with the idea that early
hypoxic vasodilation and ischemic vasodila-
tion may be related to the opening of Kirp
channels. However, the interpretation of
measurements on beating hearts is compli-
cated by the interaction between ventricular
pressure and coronary flow. Inotropic or
chronotropic effects are usually associated
with a change in coronary resistance. There-
fore most of our subsequent experiments
were carried out in hearts that were arrested
with a solution containing 15 mM K. The
maximal vasodilation induced by hypoxia,
ischemia, or other interventions in arrested
hearts (n = 36) was similar to that found in
beating hearts.

To determine if coronary endothelial cells
participated in the effects described above,
we induced vasodilation by three different
interventions (Fig. 2): (i) hypoxia, (ii) ap-
plication of cromakalim (BRL 34915), an
antihypertensive drug that opens Kjitp
channels (8, 10), and (iii) application of the
nonapeptide bradykinin, the action of which
is mediated by the endothelium (12). The
effects of hypoxia and cromakalim were
blocked by glibenclamide (Fig. 2), whereas
the vasodilation induced by bradykinin was
unchanged (n = 6). These findings suggest
that early hypoxic and ischemic vasodilation
are not related to release of EDRF or prosta-
glandins from the endothelium.

The simplest explanation for our results is
that hypoxic and ischemic vasodilation are
mediated by opening of Kitp channels in
coronary smooth muscle cells. However, it
could still be argued that it is the decrease of
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Fig. 2. Effects of hypoxia (H), 200 nM cromaka-
lim (Crom) and 500 pM bradykinin (Brad) on
CPP in the arrested heart. (A) Control, (B) with 2
M glibenclamide, and (C) 1 hour after removal
of glibenclamide.

Po, per se, or some other oxygen-sensitive
mechanism, and not the fall in intracellular
ATP, that causes the vasodilation (5).
Therefore we tried to lower the intracellular
ATP concentration in the presence of a high
intravascular Po, by applying the mitochon-
drial uncoupler 2,4-dinitrophenol (DNP)
(Fig. 3A). Perfusion of the heart with 25
wM DNP caused a decrease in coronary
perfusion pressure that was similar to that
produced by hypoxia. This vasodilation was
almost completely blocked by glibenclamide
(n = 4). Inhibition of oxidative phosphoryl-
ation by 200 pM cyanide caused a similar
vasodilation, which was also blocked by 2
uwM glibenclamide (n = 3) (13).

These experiments show that substances
that decrease intracellular ATP concentra-
tion produce a pronounced vasodilation in
the presence of a high Po,. Thus we consid-
er it unlikely that the decrease in coronary
resistance during hypoxia is caused directly
by the reduction of Po,. We suggest that
early hypoxic and ischemic vasodilation in
isolated, perfused guinea pig heart may be
mediated by the following sequence of
events: (i) Hypoxia and ischemia induce
opening of Kirp channels in coronary
smooth muscle cells; this opening may be
mediated by a fall in the intracellular ATP
concentration or by a rise in the intracellular
adenosine diphosphate concentration (14).
(if) The outward current flowing through
the K{rp channels produces a hyperpolari-
zation. (iii) The hyperpolarization reduces
the open probability of voltage-dependent
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Ca’* channels (14). (iv) This leads to a
decrease in intracellular free Ca’* of the
smooth muscle cells and thus to a dilation of
coronary resistance vessels.

As a test of this hypothesis, we tried to
change the membrane potential by an ap-
proach that does not involve K* channels.
Blockage of the electrogenic sodium pump
of coronary smooth muscle cells by the fast-
acting cardiac glycoside dihydroouabain
(DHO) should produce a cell membrane
depolarization (15) and thus an increase in
vascular tone. Addition of 200 pM DHO to
the perfusate of the arrested heart caused a
rapid increase of coronary perfusion pres-
sure; this effect could be reversed within 2 to
3 min (Fig. 3B). The average increase in
CPP produced by 200 pM DHO was 15
mm Hg (n = 5). The increase in CPP within
20 s is primarily due to the depolarization
caused by inhibition of the electrogenic
pump current. The resulting change in intra-
cellular Na* is probably much slower and
can be separated kinetically (16). When
DHO was applied for more than 1 min, a
transient decrease in CPP below control
values was found after removal of DHO
(Fig. 3B). This decrease was probably
caused by intracellular Na* accumulation
during prolonged inhibition of the sodium
pump. A rise in intracellular Na* stimulates
the sodium pump and is expected to pro-
duce a transient hyperpolarization of
smooth muscle cells after removal of DHO,
as has been observed in cardiac ventricular
muscle (16). Thus both hyperpolarization
and depolarization of vascular smooth mus-
cle cells appear to be correlated with changes
In coronary resistance.

Can our results be reconciled with the
classical hypothesis that hypoxic dilation of

A H DNP DNP
100 —_— _ l —_
£
E
a
o
[3)
0 L 1 L 1 1 1 —
0 10 20 30
B DHO
120
T
£
E
o
[
[3)
40 T Y Y Y Y TN T S S S N |
0 5 10 15

Fig. 3. (A) Effects of hypoxia (H) and 25 pM
DNP on CPP in the arrested heart. At the arrow,
2 pM glibenclamide was added. (B) Effects of
200 wM DHO on CPP in the arrested heart. (C)

coronary arteries may be caused by release of
adenosine from cardiomyocytes into the in-
terstitial space (1, 2)? Intravascular applica-
tion of 1 wM adenosine produced a decrease
in CPP similar to that observed during
hypoxia (Fig. 3C). This effect was reduced
to 32 + 4% (mean = SEM, n = 5) in the
presence of 2 pM glibenclamide (Fig. 3C).
These findings might be explained by the
hypothesis that adenosine causes the open-
ing of the KXrp channels in smooth muscle
cells via a receptor-activated G protein—
dependent mechanism. The glibenclamide-
insensitive component of the action of aden-
osine may be due to activation of intravascu-
lar purinergic receptors on coronary endo-
thelial cells, causing release of EDRF (17).
Thus we cannot exclude the possibility that
release of adenosine from cardiac muscle
cells contributes to coronary vasodilation
during hypoxia and after ischemia.

Our results suggest that both cromakalim
and hypoxia cause relaxation of coronary
smooth muscle cells by opening Ktp chan-
nels. Application of 100 or 500 nM croma-
kalim in the beating heart produced the
same degree of vasodilation as hypoxia
(Figs. 1A and 3D). The decrease in CPP was
accompanied by a small negative inotropic
effect (<20%) in the steady state (n = 12),
which may be related to a shortening of the
ventricular action potential caused by open-
ing of Kirp channels in cardiac muscle (18).
The potency of cromakalim in opening
Kirp channels and also the potency of
glibenclamide in blocking Kirp channels
varies between cell types and between spe-
cies (11). Several other vasodilating agents
such as pinacidil and nicorandil, which are
chemically unrelated to cromakalim, also
open Kirp channels (8, 19, 20), but each of
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the K™ channel openers has specific effects
on regional blood flow (20, 21). It may be
possible, therefore, to develop K* channel-
opening drugs that act preferentially on
coronary arteries. Such vasodilators might
be useful in the therapy of coronary heart
disease.
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Simulation of Paleocortex Performs Hierarchical
Clustering

Jost AMBROS-INGERSON, RICHARD GRANGER,* GARY LYNCH

Simulations were performed of layers I and II of olfactory paleocortex, as connected to
its primary input structure, olfactory bulb. Induction of synaptic long-term potentia-
tion by means of repetitive sampling of inputs caused the simulation to organize
encodings of learned cues into a hierarchical memory that uncovered statistical
relationships in the cue environment, corresponding to the performance of hierarchical
clustering by the biological network. Simplification led to characterization of those
parts of the network responsible for the mechanism, resulting in a novel, efficient
algorithm for hierarchical clustering. The hypothesis is put forward that these cortico-
bulbar networks and circuitry of similar design in other brain regions contain
computational elements sufficient to construct perceptual hierarchies for use in

recognizing environmental cues.

OW VARIOUS PROPERTIES OF

memory might emerge from de-

sign features of circuits in cerebral
cortex is a major problem area for neural
network research (1, 2). In previous studies,
we addressed this in models of the superfi-
cial layers of the olfactory cortex (3) by
incorporating several of the characteristics
of the synaptic long-term potentiation
(LTP) effect (4). Implementation of a repet-
itive sampling feature meant to represent the
cyclic sniffing behavior of mammals (5) pro-
duced a system that exhibited a kind of dual
encoding of learned cues: early cycles (sniffs)
generated response patterns that were com-
mon to a subset of cues that resembled each
other, whereas later responses were specific
to an individual member of the subset. This
could mean that the cortical model simply
constructs two types of representations (cat-

ing retrieval, sequentially traverses this hier-
archical recognition memory. Moreover,
simplification of the network results in an
algorithm that provides a novel and efficient

Fig. 1. Anatomical architec-

ture of the bulbar-cortical Bulb

solution to the computationally difficult
problem of hierarchical clustering.

The elements and circuitry simulated are
shown in Fig. 1. Two networks, bulb and
cortex, consisting of distinct architectures
and physiologies, are extensively connected
by both feedforward and feedback projec-
tions (7). The entire system works in syn-
chrony with a 4- to 7-Hz (theta) sampling
pattern that is characteristic of small mam-
mals (5). Bulb mitral cells (those neurons
innervated by the peripheral receptors and
that project to cortex) receive inputs pre-
sented repetitively for brief periods. Inputs
to the cortical network arise from the result-
ant synchronous bursting in a subset of
mitral cells, yielding cyclic activity in rela-
tively discrete “operation cycles” time-
locked to the sampling rhythm. Sparse ran-
dom connectivity in the simulation selective-
ly activates those cortical cells whose den-
drites are most connected to the input lines
that are active. Learning increments active
synapses on sufficiently depolarized cells via
a rule based on LTP (3), which has been
shown to produce a measurable increment
in synaptic strength during even a single 50-
ms burst of activity (4), that is, within a
single operation cycle in the model. Learn-
ing requires only a few training trials per
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simulation. The bulb simu-

lation contains 400 projec-
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in bulb have been shown to

have extremely long oblique dendrites that form dendrodendritic contacts with a dense granule cell
inhibitory network (22). We adopt an assumption made by others (12) that this excitatory-inhibitory
arrangement serves to normalize the output of the bulb (that is, the total number of mitral cells that are
activated is reasonably constant across cues with different intensities and compositions). The inhibitory
neurons (granule and probably periglomerular) are represented in the model by a single layer of cells
and are innervated by randomly organized excitatory feedback from cortex. The strength of the
simulated feedback contacts is set during a “development” period in which hundreds of cues are
presented and the strength of feedback synapses allowed to vary according to a correlational (Hebb)
rule. The mitral cells of bulb project sparsely and nontropographically to the outermost layer of
olfactory cortex via the LOT, both biologically (7) and in the simulation. The cortex is simulated as a
layer of 1000 excitatory layer II cells that are assumed in the model to be arranged into patches of 20
cells each by the radial axonal arborizations of local (feedback) inhibitory interneurons. The modeled
neurons sum the voltages from their active synaptic inputs and require different amounts of
depolarization for discharges, bursts of discharges, and for induction of synaptic change via LTP. A
more detailed simulation of individual patches has shown that active cells that trigger inhibitory
interneurons can suppress firing by other cells in a patch; because of this, typically only one or two cells
in a patch will discharge in response to bulbar inputs, making each patch into a competitive (or
modified winners-take-all) arrangement of the type discussed by many authors (9, 10). Such an
arrangement is assumed in the present simulation. Each cortical cell receives input from the LOT and
from a feedforward associational system generated by the cortical neurons themselves, in both cortex (7,
23) and the simulation. The operating rules for the model are based on physiological data reported in

egory and individual) or that it discovers
hierarchical structure in the cue world and
stores memory in this highly structured
form. Human subjects in perceptual studies
robustly recognize objects first at categorical
levels and subsequently at successively sub-
ordinate levels (6), suggesting the presence
of structured memories that are organized
and searched hierarchically during recogni-
tion. Here we show that the olfactory cor-
tex—olfactory bulb model, during learning,
generates a multilevel hierarchical memory
that uncovers statistical relationships inher-
ent in collections of learned cues, and, dur-
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the literature (5, 24).
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