
offers high separation efficiencies (up to 
-lo6 theoretical plates) and can be per- 
formed in  capillary structures capable of 
handling sample volumes in the  low fernto- 
liter range, the  on-line analysis with CE 
patch-clamp detection of evoked neuro- 
tra~lsmitter release from biological microen- 
vironments such as single cells or discrete 
nerve terminal areas should be feasible be- 
cause sample integrity is conserved. 

REFERENCES AND NOTES 

I .  L. E. Rabow et a/., Synapse 21, 189 (1 995) 
2 C. E. Jahr and R. A. Lester, Curr. Opin Neurobiol 2, 

270 (1992). 
3 .  C. J. McBa~n and M L. Mayer, Physiol. Rev. 74, 723 

(1 994). 
4. G. A. Re~hn tz ,  T. L. R~echel, R.  K. Kobos, M. E. 

Meyerhoff, Science 199,640 (1 978); R. M .  Buch and 
G. A. Rechntz, Anal. Chem. 61, 533A ( I  989); H. M. 
McConnel et a/., Science 257, 1906 (1 992); Y. Hu et 
a1 , Brain Res. 659, 11 7 (1 996); W S Leal et a/ , 
Proc. /Vat/ Acad Sci. U.S.A. 92, 1033 (1995); ibid., 
p. 1038. 

5. R. I. Hume, L. W. Role, G. D. Fschbach, Nature 305, 
632 (1983); S. H. Young and Mu-m~ng Poo, ibid., p.  
636. 

6 D. R. Copenhagen and C. E. Jahr, ibid. 341, 536 
(1 989); T. Maeda et a/.. Neuron 15, 253 (1 995). 

7. E. Neher and B. Sakmann, Nature 260, 799 (1976); 
0. P. Hami  et a/., Pfluegers Arch. 391, 85 (1981); B. 
Sakmann and E. Neher, Single-Channel Recording 
(Plenum, New York, ed. 2, 1995). 

8. Even f Glu most ilKely is the m a n  neurotransmitter 
actng on NMDA receptors at bra~n synapses [(2); 
(24); R. A Lester and C.  E. Jahr, J. IVeurosci. 12,635 
(1992)], numerous compounds endogenous to the 
mammalian brain are knovin to activate t hs  receptor 
[(24): X. Li etal., Neurosci, Lett. 155, A2 (1 993); P. Q. 
Trombey and G L. Westbrook, J iVeuro,uhysiol 64, 
598 (1990)l and to be released by KT  in a Ca2'- 
dependent manner [K. Q. Do etal . ,  J, ~Veurochem 
46, 779 (1986); M.  Zolllnger et a/ . ,  /bid. 63, 1133 
(1 996); M K~mura et a/ , Neuroscience 66, 609 
(1995)l. Extracellular overflow of NMDA receptor 
agonsts has also been obsenled during episodes of 
cerebral Ischemia, anoxia, and hypogycema [D. W. 
Choi, Neuron 1 623 (1 988); B. Meldrum, In Diversity 
of Interacting Receptors, L. G. Abood and A. Lajtha, 
Eds. (New York Academy of Scences, New York, 
1995), vol. 757, pp. 492-505: H. Hagberg et a / .  J. 
CerebralBlood Now idletab. 5,  613 (1985); M.  Sand- 
berg et al., J. h'eurociiem, 47, 178 (1 986); P. Andine 
et a/., bid.  57, 230 (1991); 0. Onwar et a/., ibid. 63, 
1371 (1 994)l. Furthertnore, unnatural NMDA recep- 
tor agonists are Important for the etology of some 
neurodegenerat~ve d~seases [J W. Olney et a/., 
J. Neuropati?ol. Exp. Neu1.01 34, 167 (1975); P. S 
Spencer et a/., Science 237, 51 7 (1 987); J. H. Weiss 
and D. Vlr. Cho~, ibid. 241. 973 (1988)l. Also, the 
chemcal nature of the coagonist act~ng on NMDA 
receptors is not f~rmly established [S. Cull-Candy, 
Curr Biol. 5, 8AI (1 9931. 

9 J. B. Shear e i  a/., Science 267, 74 (1995). 
10. H. A. Fishman et a/., Proc, /Vat/ Acad. Sci. U.S.A. 92, 

7877 (1995). 
11 I. Jacobson, Neurosci. Res. Commun. 8. I I (I 991): 

and X. Li, ibid. 10, 177 11 992). 
12 P. Q.  Trombey and G. M .  Shepherd, Curr. Opin. 

,\le~~robiol. 3, 540 (1993); J. Neurophysiol. 71 761 
11 994). 

13. The CE separations were performed In fused-silica 
capillaries 50 p.m in inner d~ameter (50 cm long) ~411th 
a high-power supply operated at 12 kV The inlet end 
of the capillary was pos~tioned 10 cm above the 
outlet end. In the sample nject~ons we placed the 
cap i l l a~~  \net in sample solution 20 cm above the 
outlet end for 10 s The fractured part of the separa- 
tion capillaw,$,'as enclosed In a I - m  polyethylene vial 
filled with Hepes-saline so l~~t ion and connected to 

ground by a Pt wre. We compensated for resdual 
potent~als resulting from incomplete ground~ng by 
applying a patch-clamp offset potential. 

14. Patch plpettes werefabrcated from thck-walled bo- 
rosllicate glass and had t ~ p  diameters of -2 p.m 
ireslstance, 5 to 15 megohms; serles resistance, 
1 5 0  megohms). The pipette shanks were treated 
w ~ t h  Sgmacote (S~gma, St. LOUIS, MO) and filled w~ th  
a soluton containng 140 mM CsCl, 2 mM MgCl,, 1 
mM CaCl,, 11 mM EGTA, and 10 mM Hepes; the pH 
was adjusted to 7.2 with KOH. Both the outs~de-out 
aatch-clama and the whole-cell ~atch-clama re- 
c' ording co"fguratlons were used, 4s specifed in the 
text. For outs~de-out patch-clamp exper~ments, cells 
were plated onto cover slips treated with poly-l- 
lyslne and allowed to adhere to the surface for 1 hour 
before recording. The signals were recorded w ~ t h  a 
List U M  EPC-7 ampfer .  digitized (20 kHz. PCM 2 
AID VCR adapter), and stored on v~deo tape. Data 
acqusition and initla analys~s were performed w~ th  
programs suppl~ed by J. Dempster, Un~vers~ty of 
Strathclyde, Un~ted K~ngdom. 

15. R. A. Wallngford and A. G. Ew~ng, Anal. Chem. 59, 
1762 (1987). 

16. B.  Katz and R. M~ led~ ,  J. Physiol. (London) 224, 665 
(1 972); C. R. Anderson and C.  F. Stevens, ibid 235, 
655 (1973); D. Coiquhoun and A. G. Hawkes, Proc. 
R Soc. London Ser. B 199, 231 (1 977). 

17. The s~gnals from the video tape were ow-pass- 
f~ltered (I kHz, -3 dB, 8-pole Butterworth f~lter) and 
dig~tized at 2 kHz. Current records were d ~ v d e d  n to  
0.5-s blocks, and we calculated the povier spectra 
by averaging at least 20 blocks. The resuit~ng spec- 
tra were f~tted to the sum of two Lorentzan functons: 

G(fl - ZS(01 /[I T (f/f,)'] 

where GfTj IS the spectral dens~ty, S(O), IS the low- 
frequency asymptote of the i th  component, i IS the 
frequency, and f,, is the corner frequency (half-am- 

pltude) of the i th component. Curve-ftt~ng was per- 
formed w~ th  a least squares Levenberg-Marquart a -  
gorithm that used proportonal weighing. Current 
traces were used only f the mean current was stable. 
Apparent s~ngle-channel conductances viere estl- 
mated from 

y = u2~[ lm(V - V,,)] 
where U' 1s the current variance, I, IS the mean 
current, Vis the hodng  potential 1-70 mV), and VL3 
IS the reversal potentla (assumed to be 0 mV). 

18. M. Kaneda et a/., J. Physiol, (London) 485, 61 9 
(1 995). 

19. P. Ascher, P. Bregestovski, L. Nowak, ibid. 399,207 
ri 988). 

20. J. Bufier et a/., J. Comp Physiol A 170, 153 (1992): 
G. K c  et a/., Eur. J iveurosci. 5, 65 (1993); B. 
Schonrock and J. Bormann. /bid., p.  1042. 

21. 0. Orwar et a / ,  data not shown. 
22. C. E. Jahr and C. F. Stevens, Nature 325, 522 

(1987); S. G. Cull-Candy and M.  M. Usow~cz, ibid., p.  
525: J R. Howe etal., J Physiol. (London) 432, 143 
(1991). 

23. G H Ma et a/., Mol. Pharmacol 47, 1 035 (I 995). 
24. D. K. Patneau and M. L. Mayer, J. Neurosci. 10, 

2385 (1 990). 
25. Helpful dscuss~ons with A. Hamberger, M. Sandberg, 

S. G. Weber, M. E Meyerhoff, and D. T. Ch~u and 
techncal assistance from H. Zhao and R Dadoo are 
gratefully acknowledged. Th~s work was supported by 
grants from the Natonal lnst~tute of Mental Health (MH 
65423-06) and the Nat~onal lnst~tute of Drug Abuse 
(DA 09873-01). The work of 0 . 0 .  vias supported by 
the Swedsh Natural Science Research Counci (K-PD 
10681-303), and that of A.M. ivias supported by the 
German Got leb Daimler- and Karl Benz-Foundailon 
(2.95.32). 

1 February 1996; accepted 3 April 1996 

Nanoscale Magnetic Domains 
in Mesoscopic Magnets 

Michel Hehn, Kamel Ounadjela," Jean-Pierre Bucher, 
Franqoise Rousseaux, Dominique Decanini, Bernard Bartenlian, 

Claude Chappert 

The basic magnetic properties of three-dimensional nanostructured materials can be 
drastically different from those of a continuous film. High-resolution magnetic force 
microscopy studies of magnetic submicrometer-sized cobalt dots with geometrical 
dimensions comparable to the width of magnetic domains reveal a variety of ~ntricate 
domain patterns controlled by the details of the dot geometry. By changing the thickness 
of the dots, the width of the geometrically constrained magnetic domains can be tuned. 
Concentric rings and spirals with vortex configurations have been stabilized, with par- 
ticular incidence in the magnetization reversal process as observed in the ensemble- 
averaged hysteresis loops. 

Mesoscopic  magnets are currently being submicrometer-sized dots in close interac- 
studied for their f ~ ~ n d a m e n t a l  and techno- tion with a substrate (1-5) or as free atomic 
logical properties. These magnets are found clusters in  beams ( 5 , .  6) .  Very small 
in several forms: as  articles or  patterned ~nonodornain C o  ~3articles (a  few tens of 
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atoms) do not s h o ~ v  any hysteretic behavior 
a t  room temperature (6), whereas in bigger 
particles, which are relevant to high-density 
data storage materials, anisotropies build up 
that lock the  magnetic rnoment in a given 

Fondamentale, Unlvers~te paris-Sud 91405 Orsay Ce- direction. lllteresting properties are expect- 
dex, France. ed as the  geometrical iiirnensions of the  
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istic nanoscopic length scales such as the 
magnetic exchange length and mesoscopic 
dimensions such as domain width (7). 

In order to study static and dynamic 
magnetism in very small particles with di- 
ameters of tens to hundreds of nanometers, 
one can either study one particle at a time 
with a local technique such as a supercon- 
ducting quantum interference device 
(SQUID) loop surrounding the particle to 
be studied (8) or perform average magnetic 
measurements on assemblies of many iden- 
tical (monodisperse, similarly shaped) dots 
(1, 2, 4). The latter approach has been 
adopted by several groups, and reliable x-ray 
(9), electron beam (10, 1 I), and scanning 
tunneling microscopy-assisted (2) tech- 
niques have been developed to synthesize 
large arrays of identical dots, in which the 
magnitude of the interaction between the 

L. 

particles can be tuned by varying the period 
of the array. Magnetic domain configura- 
tions and reversal processes that have been 
extensively studied since the turn of the 
century now had to be reexamined for 
nanostructured materials (1 2). 

We focused on submicrometer-sized Co 
dots, magnetized perpendicular to the plane 
of the array. The dots were patterned by 
x-ray photolithography in single crystalline 
Co films and contained several magnetic 
domains whose sizes we could tune by ad- 
justing the thickness of the film (13). Ef- 
fects of the boundaries then became appar- 
ent, and the domain geometry was found to 
be strongly dependent on the aspect ratio 
(the ratio of the height to the length of the 
dots). The film properties before the pho- 
tolithographic process were compared with 
the properties of the dot arrays. We used 
conventional magnetometry to characterize 
the overall magnetic properties of a large 
number of identical dots. The domain struc- 
ture of individual particles was studied by 
local magnetic force microscopy (MFM). 

Arrays of square dots 5 by 5 mm2 with a 
lateral dimension of 0.5 pm and a lattice 
periodicity of 1 pm were patterned from 
epitaxial Co films grown in ultrahigh vac- 
uum with thicknesses, tc,, varying from 10 
to 150 nm (Fig. 1). Before the Co deposi- 
tion, a 20-nm-thick Ru buffer layer was 
grown onto an A1,0,(1,1,-2,O) sapphire 
substrate: the Co laver was subseauentlv 
grown a i d  capped b; 5-nm Ru. ~ h k  high 
crystalline quality of the hexagonal close- 
packed (hcp) (0001) phase of the Co films 
was confirmed by in situ and ex situ tech- 
niques (14). We patterned the films by 
x-ray lithography and ion-beam etching, 
using a soft technique developed earlier to 
avoid the deterioration of fragile multilay- 
ered sam~les (9). . . .  

We performed magnetization measure- 
ments for all samples at room temperature, 

Fig. 1. Oblique view of a 25-nm-thick Co dot array 
obtained with an atomic force microscope. The 
lateral size of the dot is 0.5 pm, and the lattice 
periodicity is 1 pm The edges are straight with 
nearly a vertical profile, and the surfaces of the 
dots have retained the smoothness observed on 
the as-grown films. This quality of patterning was 
retained for Co films UQ to 150 nm thick. 

using an alternating gradient force magne- 
tometer with the field applied perpendicu- 
lar and parallel to the film plane. The mag- 
netization curves for a 100-nm-thick film 
and for the same film patterned into an 
array of dots (Fig. 2), with the field applied 
perpendicular to the substrate, are reminis- 
cent of perpendicularly magnetized mul- 
tidomain structures (15). The singularity at 
H, in the magnetization versus field curve 
of Fig. 2 is ascribed to a nucleation of 
magnetic bubbles in an otherwise saturated 
environment (all magnetic moments ori- 
ented along the field direction). The linear 
variation at smaller fields is due to irrevers- 
ible magnetic wall motion. Differences be- 
tween arrays and films appear in both the 
nucleation field H, and the saturation field 
H, (Fig. 2). Instead of increasing with thick- 
ness up to ~ P M ,  (where M, is the saturation 
magnetization) as in continuous films, both 
of these fields decrease as the dot thickness 
is increased. 

In MFM, the resolution is solely limited 
by the distance at which the tip is scanned 
above the surface and by the tip radius, 
typically 50 nm. A Nanoscope 111, equipped 
with a CoCr-coated Si tip magnetized along 
the tip axis, was used in the vibrating-lift 
mode developed by Digital Instruments. 
The detected signal (frequency shift of the 
vibrating cantilever) is proportional to the 
second derivative of the local field, and 
therefore this technique provides a good 
signal-to-noise ratio. For domain sizes under 
consideration here, we have shown that 
MFM contrasts can be identified unequiv- 
ocally with mainly "up" and "down" per- 
pendicularly oriented domains (14). Before 
the MFM measurements, the samples were 
either magnetized or demagnetized in fields 
perpendicular or parallel to the film plane. 
During the demagnetization processes, we 
swept the field alternately from positive to 

Fig. 2. Perpendicular magnetization curves for 
both film and arrays with the external field applied 
perpendicular to the film plane. The thickness of 
the Co film and array is 100 nm; emu, electromag- 
netic unit. 

negative values while simultaneously reduc- 
ing the field amplitude. For perpendicular 
or parallel magnetization, the field was 
abruptly turned off after saturation. 

Two parameters can be used to consider 
the effects of geometry: (i) the dot height, 
which determines the domain size in much 
the same way as film thickness does in the 
case of infinite films, and (ii) the dot shape, 
determined ~ r i m a r i l ~  by the aspect ratio, 
which induces the particular pattern of the 
domain structure. In this work. the sauare 
base of the dot was kept constant (0.5 pm by 
0.5 pm) and the aspect ratio was varied from 
0.05 for tG = 25 nm to 0.3 for tc, = 150 
nm. When the domain size is much smaller 
than the base of the dot, the magnetostatic 
energy at any point inside a dot is deter- 
mined primarily by nearby domains, al- 
though the dipolar interaction is a long- 
ranw interaction. Therefore, identical strive 

L. 

periods are expected for a continuous film 
and for dot arrays. Shape effects, by contrast, 
dominate the orientation of domains in the 
dots and distinguish patterned array behavior 
from continuous film behavior. 

The domain configurations in the per- 
pendicular remnant state consist of magnet- 
ic bubbles (Fig. 3, A and C). A   redo mi- 
nantly single bubble configuration is seen 
for the 150-nm-thick dot array (Fig. 3A), 
although the precision of the MFM exper- 
iment is not sufficient to exclude the pres- 
ence of small domains or nonuniform "flow- 
er" states at the dot edges (1 6). The circular 
bubble is nucleated at the center of the dot 
where the demagnetizing field is the highest 
and does not grow bigger as a result of the 
repulsive interactions with the edges. The 
space available within each dot is just suf- 
ficient to accommodate one single bubble. 
The domain structure observed in the 50- 
nm-thick dots array (Fig. 3C) consists of a 
metastable network of bubbles, similar to 
the bubble array found in the continuous 
film with the same thickness (14). After 
perpendicular demagnetization, ihe'domain 
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patterns consisted of bubbles and randomly 
oriented stripe-like domains (Fig. 3, B and 
D). The domains of the 150-nm-thick dots 
look like dumbbell patterns (Fig. 3B), re- 
sulting probably from elliptical distortion 
and elongation of the one single nucleated 
domain (1 7). whereas the domains of the , , 

50-nm-thick dots reveal disclination insta- 
bilities (Fig. 3D) related to the conservation 
of the in-plane symmetry (1 7). 

The stripe orientation is very sensitive to 
the direction of the in-plane component of 
the applied field (Fig. 4). For the 50-nm- 
thick Co dots (Fig. 4, C and D), the stripe 
direction is aligned with the in-plane mag- 
netic field component applied before the 
MFM measurements. The tendency of the 
domain walls to avoid the edges of the dot 

L. 

and of the domains to increase their length 
is clearly apparent in the case of an in-plane 
demagnetization along the diagonal of the 
array. This tendency results from the geo- 
metrical constraints and is enhanced when 
the dot height is reduced (see Fig. 4, E and 
F. for results from a 25-nm-thick dot arrav). , , 
In this instance, the domain pattern con- 
sists of s~irals or concentric cvlinders of 
alternate magnetization irrespective of the 
direction of the applied field. The 150-nm- 
thick dot array (Fig. 4, A and B) presents an 
interesting limiting case in which the width 
of the domain becomes comparable to the 
lateral size of the dot. Although the shape 
of the domain Datterns is similar to that of 
dumbbells, the preferential diagonal direc- 
tion along which they orient depends on 
the direction of the applied field. If the field 
is applied parallel to the side of a dot, the 
domains reorient +45O away from the di- 
rection of the demagnetization field. How- 

Fig. 3. MFM images in zero applied field after 
perpendicular saturation for (A) 150-nm-thick and 
(C) 50-nm-thick Co dot arrays and after perpen- 
dicular demagnetization for (B) 150-nm-thick and 
(D) 50-nm-thick Co dot arrays. 

ever, when the field is applied along the 
diagonal, the domains remain along the 
field direction. 

Simple arguments can account for the 
formation of domains during in-plane de- 
magnetization. As the dot is exposed to a 
large enough in-plane magnetic field, one 
expects all magnetic moments to align 
along the field direction. When the field 

L. 

is decreased and while the main compo- 
nent of the magnetization remains in- - 
plane, vortices begin to form at the cor- 
ners of the dots to reduce the in-plane 
demagnetizing field (1 8). The system min- 
imizes the exchange energy by having the 
magnetization at the center of the vortex 
perpendicular to the surface. During the 
field decrease the mannetization rotates - 
coherently out-of-plane; this results in a 
magnetization perpendicular to the film 
with regions (where vortices were created, 
that is, mostly at corners) that have oppo- 
site magnetization. 

When the bubble diameter is comparable 
to the lateral dimensions of the dot (as for 
the 150-nm-thick dot array), only two bub- 
bles nucleate at opposite comers; this reduc- 
es their dipolar interaction, and the bubbles 

partly coalesce to form dumbbell-shaped do- 
mains because of their large diameter (Fig. 4, 
A and B). For symmetry reasons, when the 
field is applied along the side of a dot, the 
dumbbells align either along one diagonal or 
the other (Fig. 4A). When the bubble di- 
ameter is small compared to the lateral di- 
mensions of the dot (as for the 50-nm-thick 
dot array), the bubble nucleated at the edge 
remains pinned on it but can run out into 
stripes (Fig. 4, C and D). Although the 
domain structures never look exactly the 
same from one dot to the next, their ener- 
gies are very close because they are for the 
most part reproducible mirror images of each 
other. 

The high geometrical quality of the dots 
is reflected in the concentric ring configu- 
rations obtained after parallel demagnetiza- 
tion of 25-nm-thick dots (Fig. 4, E and F). 
At this reduced dot thickness, the energy is 
smallest for in-plane magnetic moments. 
The main component of the magnetization 
therefore remains in-plane and parallel to 
the edges of the dots, which results in a 
circular domain structure with a singularity 
at the center of the dot where the in-plane 
magnetization reorients fully perpendicular 
to form a vortex. The concentric ring struc- 
ture observed in the MFM images is due to 
small, alternately up and down, perpendic- 
ular components also observed in the stripe 
structure of hcp Co films (14, 19). 

How domain confinement proceeds in 
the 25-nm-thick Co dot array is particularly 
interesting. The curve of the first perpen- 
dicular magnetization (Fig. 5), taken after 
the sample had undergone in-plane demag- 
netization, displays one pronounced jump of 
the magnetization which occurs within a 
field interval of 2 Oe. The dipolar interac- 
tion between dots is so weak that no col- 
lective behavior can be invoked to explain 
this phenopenon, and thus the observation 
of the simultaneous switching of millions of 
dots necessarily implies that the collapse 
field is most sensitive to local parameters 
such as the thickness and quality of the 

Fig. 4. MFM images in zero applied field after 
parallel demagnetization along the side of the dot 
for (A) 150-nm-thick, (C) 50-nm-thick, and (E) 25- 
nm-thick Co dot arrays and after parallel demag- 
netization along the diagonal of the dot for (B) 
150-nm-thick (D), 50-nm-thick, and (F) 25-nm- 
thick Co dot arrays. 

Applied field (kOe) 

Fig. 5. First perpendicular magnetization curve for 
the 25-nm-thick Co dot array. (Inset) A close-up 
of the region where the jump occurs and gives 
evidence of the field transition within 2 Oe. 
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material, in principle identical over the 
\\;hole sample surface. We attribute this sin- 
gularity, nrhlch corresponds to about 6% of 
the magnetization at saturation, to the col- 
lapse of the central dolnain in roughly half 
of the dots oriented antiparallel to the field 
direction. This switchlne field is e x ~ e c t e d  

u 

to be most sensitive to the local parameters 
of the material and less sensitive to the 
finite size and shape of the dots. This result 
is due to a colnbination of the central po- 
sition of the domain. which is far awav from 
the edges, and the presence of the nearby 
alternatelv oriented magnetic domains, 
which ens'ure efficient screining of the edg: 
es. Close exainination of the magnetization - 
curve (Fig. 5)  reveals at least two more, 
although weaker, jumps at lower field (re- 
producible under identical condltlons) that 
can be attributed to the initial col la~se of 
part of the outer rings. Such a distribution 
of jumps may result because the height of 
one jump depends on both the size of the 
doinain to be reversed and the nuinber of 
dots with the same configuration. Not sur- 
prisingly, after the dots have becolne single- 
domain. a further increase in the field is 
necessary to overcome the strong demagne- 
t i z i n ~  field near the bottoms and the toos of " 
the dots and to completely align the mo- 
ments along the field direction. " 

Our results delnonstrate that two length 
scales determine the lnagnetic dolnain 
structures and magnetic dolnain reversal 
processes in Co  dot arrays. One length scale 
is set by the geometry of the dots, and the 
other is imposed by the size of a domain 
wall separating two adjacent domains. 
When starting from a previously stabilized 
concentric ring configuration, we observe 
clear julnps in the flrst magnetization curve 
of an array that are clearly linked to specific 
dolnain annihilation processes. 

Investigating dolllain patterns in mag- 
netic storage devices 1s beconling increas- 
ingly necessary for industrial applications as 
written bits becolne smaller and smaller. In 
order to prevent accidental switching of 
magnetic domains, stringent control of the 
quality of the lnaterlal and the dot geometry 
is required. 
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Adenosine Diphosphate as an lntracellular 
Regulator of Insulin Secretion 

C. G. Nichols," S.-L. Shyng, A. Nestorowicz, 6. Glaser, 
J. P. Clement IV, G. Gonzalez, L. Aguilar-Bryan, 

M. A. Permutt,? J. Bryan? 

Adenosine triphosphate (ATP)-sensitive potassium (K,,,) channels couple the cellular 
metabolic state to electrical activity and are a critical link between blood glucose con- 
centration and pancreatic insulin secretion. A mutation in the second nucleotide-binding 
fold (NBF2) of the sulfonylurea receptor (SUR) of an individual diagnosed with persistent 
hyperinsulinemic hypoglycemia of infancy generated K,,, channels that could be 
opened by diazoxide but not in response to metabolic inhibition. The hamster SUR, 
containing the analogous mutation, had normal ATP sensitivity, but unlike wild-type 
channels, inhibition by ATP was not antagonized by adenosine diphosphate (ADP). 
Additional mutations in NBF2 resulted in the same phenotype, whereas an equivalent 
mutation in NBFl showed normal sensitivity to MgADP. Thus, by binding to SUR NBF2 
and antagonizing ATP inhibition of K,,, channels, intracellular MgADP may regulate 
insulin secretion. 

Potassium channels that are ATP-sensitive 
are found in many types of cells and serve to 
couple metabolic state to electrical actlvity 
( 1  ). By hyperpolarizing the cell, KATp chan- 
nels limit electrical activltv and hence re- 
duce calclu~n entry into lnuscle and nerve 
cells. In the Dancreas, thev are a critical link 
between bliod glucose doncentration and 
insulin secretion ( 1 ) .  ATP binding can 

u 

cause closure of the KATP channel, and, by 
antagonizing thls action, MgADP causes 
channel opening. When glucose concentra- 
tion is low, and hence glycolysis is inhibit- 
ed, the fall in the intracellular concentra- 
tion of ATP ([ATP]) and rise in [ADP] may 
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cornbine to activate pancreatic KATp chan- 
nels ( 2 ,  3) ,  resulting in hyperpolarization of 
the 13 cell. inhibition of calciuin entrv, and , , 
a halt in insulin secretion. The pancreatic 
K,4TP channel is encoded by the sulfonyl- 
urea receptor [SUR, a Inember of the ATP- 
binding cassette (ABC) superfamily] (4) 
and a small in~vard rectifier K channel 
(Kir6.2) subunit (5). 

If changes in nucleotide concentrations 
link insulin secretion to the blood glucose 
concentration, then changes in the ADP or 
ATP sensitivity of the channel should shift 
the relation between insulin secretion and 
blood glucose concentration and lead to 
either a diabetic, hypoinsulinemic, or hy- 
perinsulinernic state. Inherited lllutations in 
SUR can cause persistent~hyperinsulinemic 
hypoglycemia of infancy (PHHI) (6 ) ,  a dls- 
ease characterized by glucose-dependent 
insulin secretion (7). We Isolated mutations 
in SUR by analysis of genolnic DNA sam- 
oles from individuals affected with PHHI. 
In one ~ndividual, a mutation was found 
that corresponded to a point mutation 
(G1479R,  here glycine 1s replaced by ar- 
ginine at position 1479) in the second nu- 
cleotide-binding fold (NBF2) of SUR. The 
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