
Increase in Single L-Type Calcium Channels in 
Hippocampal Neurons During Aging 

preparation, originally developed by Gray, 
Johnston, and colleagues in guinea pigs 
( I  I), is often termed the "zipper slice" for 
its tendency to "unzip" along the major cell 
layers, exposing pyramidal cell somata. We 
adapted this preparation for single-channel 
studies in hippocampal CAI neurons of 
adult and aging rats (1 2). 

Recording methods were based on estab- 
lished cell-attached patch procedures (1 3). 
The dihydropyridine (DHP) agonist Bay K 
8644 was used to induce the L-type current 
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Voltage-activated calcium (Ca2+) influx is increased in mammalian CAI hippocampal 
neurons during aging. However, the molecular basis for this elevation is not known. The 
partially dissociated hippocampal ("zipper") slice preparation was used to analyze single 
Ca2+ channel activity in CAI neurons of adult and aged rats. Total L-type Ca2+ channel 
activity in patches was found to increase with aging, primarily because of an increase in 
the density of functional channels. Learning in aged animals was inversely correlated with 
channel density. This increase in functional Ca2+ channels with aging could underlie the 
vulnerability of neurons to age-associated neurodegenerative conditions. 

to overwhelmingly dominate total patch cur- 
rent (4, 14, 1.5). Because L-type channels in 
brain neurons can continue to open after 
repolarization to -70 mV [termed repolar- 
ization openings (ROs) (1.5-17)], we also 
examined the repolarization period. The 
methods used were similar to those described 
previously for cultured hippocampal neurons 

There  is increasing evidence that dysregu- 
lation of several aspects of Ca2+-dependent 
processes, including voltage-activated Ca2+ 

cordings needed for a reliable statistical 
comparison of neurons in aged, mid-aged, 
and young adult brain neurons. This slice 

influx, occurs in brain neurons during aging 
( 1 ). Voltage-activated Ca2 +-dependent af- 
ter-hyperpolarizations (AHPs), Ca2+ action 
potentials, and macroscopic Ca2+ currents 
have consistently been observed to be larger 

A Young adun 

and more prolonged in hippocampal CAI 
neurons from aging rats (2) and rabbits (3). 
The aging-related increase in AHPs seems 
to involve, in part, L-type channels (2, 3), 
which are one of several types of high- 
threshold Ca2+ channels found in neurons 
(4). It has been well established that ele- 
vated Ca2+ is neurotoxic (5), and aging 
appears to be the major risk factor for Alz- 
heimer's disease (AD) and several other 
neurodeeenerative and traumatic condi- - 
tions (6), which suggests that increased 
Ca2+ influx could contribute to heightened - 
vulnerability of aging hippocampal neurons. 

However, the molecular basis of the ag- 
ing-dependent increase in the Ca2+-depen- 
dent AHPs and other Ca2+ potentials and 
currents is not understood. To  date. it has 
not been feasible to use single-channel 
patch-clamp recording techniques to deter- 
mine whether changes in density, conduc- 
tance, or other channel properties underlie 
the change in Ca2+ influx with aging. Dis- 
sociated cell preparations used for patch- 
clamp studies of adult brain neurons (7) 
may be too traumatic to use in studies of 
aging brain cells (8). It is also difficult to 
obtain the high signal-to-noise ratios re- 
quired for recordings of single Ca2+ chan- 
nels from nondissociated slice preparations, 
which are being used increasingly for 
whole-cell recording (9) but have been used 
in only a few studies of single Ca2+ chan- 
nels (10). -70 mV 1 -70 mV 1 

+lo rnv +10 rnv 
We used partially dissociated hippocam- 

Fig. 1. Partially dissociated zipper slice preparation for recording single Ca2+ channels from CAI 'lice the large neurons. (A) Exposed CAI pyramidal neuron from a young adult animal during recording with a cell- 
number of high-qua1ity9 re- attached pipette. (B) Similar neuron during recording from an aged rat. (C and D) Five representative 

leak-subtracted recordings from a multichannel patch on a neuron. (C) shows recordings from a young 
Department of Pharmacology, College of Medicine. Uni- adult animal and (D) shows recordings from an aged animal during repetitive depolarizations (-70 mV to 
versity Of KY 40536-0084, USA. + 10 mV). The first 15 depolarizations (30-s intervals) were used to create an average current ensemble 
'To whom correspondence should be addressed. for each patch (shown below the five single traces). Voltage protocol is shown at the bottom. 
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(1  7) and included use of 2Q mh;l B a '  as the 
charge carrier. This Ba'+ concentration is 
lo~ver tlian that often used for studles of 
single Ca'+ channels and enlia~ices the R O  
acti~rit-y of L-type channels (17). 

Tliirty ilepolarizat~on pulses to + 10 111V 
[from a holding potential (V,,) of -7L1 mV] 
were applied to each patcli (at 3Q-s intervals) 
and a11 enselnble average of pseudomacro- 
scop~c  patcli current was constructed (Fig. 
1 ) .  This averaee was inteerated and dlvideLl " " 
by tlie pulse or n:i~idon. iluration to calculate 
average total patch current (I)  for each neu- 
ron during the ljL?-ms depolarization pulse 
anil Juring the 303-ms postpulse repolariza- 
tion windon. ( 18).  

Analvsis of 17ariance of tlie ensemble 
alrerage current sliowed that I during the  
det3olari:ation pulse and re~olarization win- 
do\v was ~ncreased \ n t h  aging (Fig. 2A; 
ilepolari:atio~i pulse: F = 7.43, P < 0.331: 
repolarization: F = 6.48, P < Q.PQ5). Post 
hoc analyses showed that these results nere  
largely clue to a n  increase that occurred in 
the aged group. (ROs \\-ere present in 37% 
of young adult, 52% of mtd-aged, aiid 72% 
of ageil neuron patches.) 

T o  iletermine wlietlier the increased I 
was due to a shlft in voltage dependence 
ratlier than to a n  olrerall increase in current 
flux, we evaluated the  voltage ilependence 
of channel act ivat~on by plotting the cur- 
rent-voltage (1-1.) relation In patches main- 
tamed through a full I-\' analysis. W e  used 
a smaller hut coinparable group of patches 
than in the  enseinble average analysis of I. 
No  shift was found in the  voltage depen- 
Jence of Ca2- channel activation in tlie 

analyhea, indicating tlkat I wa:. ~ncreahed 
throughout the  voltage range (Fig. 2B). 

T o  dlssect out m~liich of tlie m ~ l l t i ~ l e  sin- 
gle-channel properties tliat contribute to I 
\vas most responsible for the change 111 I n.itli 
ag~ng ,  n7e evaluated these factors separately 
(1 8 ) .  Values of i, the single-channel current 
amplitude, \yere measured directly from each 
trace at each potential of the I-\' protocol in 
which L-type chalniel openings could be 

.I - 1 ' .  , a1 y cidtlng~~ished (open time > j  ms in 
Bay K 8644) (4 ,  14, 15).  T h e  average i .Id 
not differ with age at any voltage step. In 
addition, the  'average slope conductance did 
not Irary lvith age (Fig. ?A).  

Estul~ates of 3, the number of available 
channels, were ohtamed nit11 the llletliod of 
maximal s ~ m ~ ~ l t a n e o u s  openings, nhicli  was 
highly rellable under the conditions of the 
present stuily (19).  T h e  resistance of each 
pipette was used to calculate the area of each 
patch (212) for estimates of the density of 
available channels (N/I~.m') Average pi- 
pette resistance was similar among all age 
groups: young adult, 4.96 + 0.37 megohm: 
mid-ageil, 4.85 I L?.L?9 megohm; anrl aged, 
4.95 z 0.10 meguhm, \.ielding mean patch 
areas of 2.77, 2.81, and 2.77 Fm', respective- 

ly. W e  also mo~iitored patches carefully to 
ensure that inore patch area was not pulled 
into the plpette in aged neurons (2d) and 
ruled out tlie possibility tliat an!; ohserved 
effects retlecteil age differences 111 ~ensi t i \~i ty  
to Bay K 8644 (2 1 ). T h e  denslty of a\,all,lble 
channels was increased about threefold in 
tlie aged neurons (Flg. 3B). Tliis increase in 
X/F~ll' accounted for most of the agi~ig- 
related Increase in I (Fig. 2A4), and therefore 
appears to underlie mucli of tlie change in 
voltage-gated Ca2+  influx with aging. 

,411 indirect estimate ofp, (tlie probability 
tliat a single cliannel is open) was obtained for 
the ,lverage p,, over the entire 150-111s pulse 
(as opposed to the maximal po at IlllriY) by 
 sing tlie values for N, I, and 1 obtained at 
steps to + 1Q L ~ V  (18). Thls lnillrect estuilate 
did not significantly increase with aging, al- 
though a nearly significa~it trend rvas observecl 
(mean i SEhl): young adult p,,, 3.33 2 3.33; 
mid-aged po, 0.36 + Q.Q4; and aged po, 0.44 
+ L?.Q4. More direct estimates of p,  CIS a 
function of aging n.ill require analyses In 
patches ~v l th  fewer channels. 

Before recording, 10 aged aniinals were 
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Fig. 2. Average total current (0 In the multchannel 
patch (calculated by division of the Integral of each 
ensemble average by the pulse or wlndow dura- 
tion) Increases with aging (A) Mean = SEM for 
current durng the 150-ms depolar~zation and dur- 
Ing a 300-ms wlndow after repolarization to resting 
potentla1 (n = 35 young adult, 19 md-aged, and 25 
aged patches). Values for I during both the depo- 
larization pulse and the repolarization window dif- 
fered sgnfcanty as afunction of age (asterisk, P < 
0.05: doubleasterisk, P 0.01 by Bonferroni post- 
hoc comparison). (B) I -V relatlon for 10 patches 
from each age group. Plots of 1 (mean = SEM) 
during the depolarization pulse show that no shift 
occurred in voltage dependence. 

stuilied for perfc>rma~ice i ~ i  a spatial-learning 
\vater-maze taslc sensiti~re to aging differences 
(22) .  Successful recordings were obtained 
from eight of these animals, in whicli tlie 
ra~ilc order of h'/Frn2 was mversely correlated 
Lvith the rank order of Cerforlnance In the 
\\-ater maze (Flg. 4) .  Young adult and mid- 
aged a~iillials generally pesfc>rm uniformly 
Lvell o n  this task (22) .  T h e  inverse correla- 
tion of a lilgher N/Fm' n i t h  maze perfor- 
inance in a taslc k ~ i o ~ v ~ i  to involve the liip- 
pocampus (22) raises the possibility that the 
increase in L-type Ca'+ clialinel densltp may 
be related to llnpaireil neuronal function. In 
fact, L-type C a '  clia~inel antago~i~sts  call 
improve learnlng behavior In ageil animals 
(23) .  Our  results, therefore, could polnt to a 
single-channel basis for those ps\;chophar- 
lnacological obser~ratlons. 

a Millivolts 
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Fig. 3. Aglng-related increase in channel density. 
(A) Mean t SEM values for sngle-channel current 
ampltudes (I") during depolarlzation pulses to mul- 
t lpe test voltages In patches from animals of the 
three age groups, lndivldua values of i represent 
the mean amplitude of all clearly resolvable L-type 
openngs durng the pulse [depolarizaton open- 
ngs (DOs)] for each patch at each voltage and for 
ROs alter the pulse at 7 0  mV (n = 5 to 20 
patches per age group at each voltage). Mean 
slope conductance for each group was calculated 
from the average of indvdua patch slope con- 
ductances. No slgniflcant age differences were 
seen in average slngle-channel current ampltude 
at any voltage or in slope conductance. (B) Vie 
obtained L-type channel densty by estimating N 
from maximum simultaneous openngs (19) and 
calculating patch area from pipette resistance 
(20). Channel density increased substantially as a 
functon of aging (shown by asterisks, F = 9 5, P 
< 0.001) and appears to account for most of the 
increase in I (Fig 2Aj in = 35 young, 19 mid-aged. 
and 25 aged patches). 

SCIENCE \:OL. 272 * 17 hl.AY 1996 



Thus, a substantla1 aging-related in- 
crease occurs in N ,  the magnitude of n h ~ c h  
aupears sufficient to account for lllost of tile 

L 

elevation in I. An increase in the density of 
functional cliallllels iloes not ~iecessarilv 
imply more channel protein molecules per 
unit merribralie. Studies of Ca2+ c l ~ a l ~ n e l  
radioliga~i~l binding In brain cells have not 
obser~ed an aging-related increase ( 2 4 ) ,  but 
binding studies map ox~erestimate f~lnction- 
a1 cllaniiel density ( 2 5 ) .  Consequently, the 
agmg-dependent illcrease in N could i r i -  
volve recruitment of previously "silent" 
chailiiels. Alteratioris in vhosuhor\-lation 

L L ,  

state can moJulate Ca'- cliallnel functiori 
and availability ( 2 6 ) )  and s~lcli alterations 
can occur \T-it11 aging ( 2 7 ) .  O n  tlie other 
lia~id, ev~dence of an aging-related increase 
in lllRNA of the a, ,  subunit of L-type 
clialliiels iii  C A I  of F344 rats has also been 
found ( 2 8 ) .  Xdiiitional studies \?ill lie re- 
quired to understand the basis of tlie in- 
creased N / I - ~ ~ '  in aged rieurons. Lloreover, 
changes in L-type C a 2 1  channels alone 
probahl\- do not account for all aspects of 
aglrig-deFeildent cliange 111 voltage-gated 
(-a?+ influx (4)) much less all aspects of 

dysregulatic~n of bra111 ne~lroiial Ca" lio- 
meostasls i I ) .  ~, 

Nevertheless, brain neurons 1~1th elevat- 
ed Ca" channel dellsitv are llltelv to be 
subject to enhanced Ca2' influx duriiig and 
after eacli depolari:atlori, which In turn 
could i~lipalr neuroiial alid beliavioral func- 
t1on ( 2 ,  3 ,  2 3 )  and iriiglit also accelerate 
gradual deterioratioii of iieuroiial structure 

I 
1 Spearman r =  -0.74 

1 2 3 4 5 6 7 8  
Channel density 

Fig. 4. Rank scores of channel density (8 is high- 
est) and Ailorris water maze performance (8 is 
best) for aged animals for v~tiicli scores on both 
variables were a\/aiable. Anmals were ranked on 
ttie bass of pedormance over the last three ac- 
quisition tr~als and on AYI*ln2 (Fig. 3Bj. The task 
depends s~gnif~cantly on h~ppocampal iunct~on 
and is Impaired ~ z : ~ t h  agng n F344 rats 122). H 
signficant negatve correaton (r, = -0 74, P < 
0 05 Spearman s nonparalnetr~c test) was 
found betv~een maze performance and increas- 
ng channel density. indcatng that channel den- 
s~ty was h~ghest n neurons from the lnost In- 
pared anmals. Dotted lines represent 95% con- 
f~dence intervals. 

( 5 ) .  In additLon, persistent challe~lges h\- 
high Ca2- influx c i ~ ~ r l d  r e j ~ ~ l t  in the even- 
tual ileclille of hufferilir and estrusi~xi 
mechanisms needed to responLl to periodic 
toxic ills~llts ( 1  ) .  Thus, an elevation in tlie 
Lle~isitp of available L-tj-pe Ca'+ channels 
appears to be a candiilate mecllallisnl for 
aspects of aging-dependent vulnerability to 
neurotoxic liitluences 
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EGTA. 10 mlvi Pepes, and 1 ~pi\,l tetrodotox n (TTX:. 
Fpettes were f e d  ~vi t l i  20 mlvi BaC 90 ~ni\,l c.10- 
Ine ci-lor cle 10 mivl tetraeth!!lam~mon~um TEA1 10 
mi\,l Hepes, and 500 nPJ Bay KE304. The lil-i was 
7 3 for all solat~o~is,  If necessaw o s m o a ~ t y  !!!as 
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15 ~ecorded leak currents of opposte lpolar~ty (same 
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l992:,  pp 740-762 The method of maximum SI- 
multaneous open ngs was ~ . sed  to determne A! by 
tnclng ttie maxma nstantaneous current I /  ,,,) n 
an!! of tiin 30 depolarzat ons to +I 0 mV 1 5 0  lms: 
and di\,dng b!! the sngle-channel almpltude;at -1 0 
mVto g be i'l [rV = 1 ,  c , .  , I Ths method apcears ro be 
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i, <, IS above 0.1 tlie I kel liood that ttie maximum 
ceak overlac of current s an accurate estimate of 4' 
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- 0 01 8; [3 Sa*lnann ana E Nel ie~ n S ~ - ~ i C h a ' i -  
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'j!ere fev! s ~ n i ~ t a n e o i ~ s  openlnys The mean z SE?i 
ba l~~es  for open t 17e at -30 lnV viere young a d ~ l t ,  
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Binding of APC to the Human Homolog 
of the Drossphila Discs Large Tumor 

Suppressor Protein 
Akihiko Matsumine, Akiko Ogai, Takao Senda, 

Nobuaki Okumura, Kiyotoshi Satoh, Gyeong-Hun Baeg, 
Takeo Kawahara, Shigeru Kobayashi, Masato Okada, 

Kumao Toyoshima, Tetsu Akiyama* 

The adenomatous polypos~s coli gene (APC) is mutated in fam~l~a l  adenomatous polyposis 
and in sporadic colorectal tumors, and its product binds to the adherens junctlon proteln 
p-catenin. Overexpress~on of APC blocks cell cycle progression. The APC-p-catenin 
complex was shown to bind to DLG, the human homolog of the Drosophila drscs large 
tumor suppressor protein. This interaction required the carboxyl-terminal region of APC 
and the DLG homology repeat region of DLG. APC colocalized with DLG at the lateral 
cytoplasm in rat colon epithelial cells and at the synapse in cultured hippocampal neurons. 
These results suggest that the APC-DLG complex may participate in regulation of both 
cell cycle progression and neuronal function. 

T l i e  tumor suppressor gene .~PC 1s mutat- 
ed 111 liiost cases of famlllal adenomatolls 
polypous (FAP), a iiom~nantly inherited 
d~sease c11aractrr1:eii by mr~ltiple ailenama- 
tous p o l y p u ~ i  the colo~i  (1 ,  2). The .IPC 
gene is also somaticall\; mutated In tlie ma- 
jor~ty of sPuracl~c colorectal tumors (2 ) .  MLI- 
tatloli of .4PC is thought to he an early 
elrent 111 tumorigenesis (3) .  

Tlie l:roduct of .lPC is a 32Q-liD ho- 
llioii~liierlc protein localireii In the cyto- 
plasm (4 ,  5).  The APC protem interacts 
\vltli tile adlierens junctioli protein p-cate- 
nin, a-h~ch sliggests that APC may 1.e In- 
volved 111 cell adllesioli (6) .  APC also asso- 
clates ~vitli m~crotubules and 1~1th a prote~n 

of unkno~vn f ~ ~ ~ l c t i o n ,  EB1, In cells overex- 
presslng transfecteii .iPC (7). Overexpres- 
sion of XPC blocks progressloll fl-om the 
G,-G; to the S phase of the cell cycle (8). 

To  dentify other proteins tliat associate 
nit11 APC, lve performed a tn.0-hybriii 
screen of a 1iuma11 bran cDN.& library using 

\-aslous reglolls of APC as "halt" (9) .  One 
clone that scored posit~ve for lnteractio~i 
1~1th the COOH-termlnal region of .&PC 
ciintalned a portlo11 of tlie cDS.& elicodllig 
DLG (alnlno acids 199 to 5Q7), tlie liuman 
lio~llolog of the D~osoph~in kscs large t~iiiior 
suppressor protell1 ( 1  0,  1 1 ). To colifirln tliat 
APC and DLG associate directly, we eu- 
pressed each as a elutatll~one-S-tralisferase 
(GST) fusion protelli and euam~ned its ahll- 

A PvMatsun7 ne, A Oga, K Satoh G -H Saeg, T 
AItlyalna Department of Oncogene Researcli, n s t l t ~ t e  Lty to iliteract with the other F'rotel11, pro- 
for M crok a Diseases, Osaka Un vers ty, Su t a  Osaka duced by 111 vltro tralislatloli (Fig. 1 ) .  111 
535. Japan. vitro-translateii f~~ll-length DLG associated 
T Senda, T .<a?<aIiara, S Kokayash~, Depa~tnent of 
Anato17y 1, Nagoya 1J:.15,erslt!, Scl;ool of i'nealcne, specificall\. n.ith the COOH-termlnal do- 
Naoova A ~ c h  A33 Ja12an llialn of APC (amino acds 2475 to 2843, - .  
N OkilmJla ana Ivi Oltada. D \ ~ s o n  of Froten i'netabo- hPC-C369) fuseij to GST I,ut llot .ivltll GST 
Ism, 1nstl;ste to: Prote~n Research Osaka Unitke~sity 
Su~ta O s a a  535, Japan. alone. Lilwmise, 111 -vltro-translated XPC- 
K. Toyosii~*;a, Tne Centel- for ~ s u t  Diseases, Osaia C369 interacted ivith GST-DLG not 
537, Japan n.1th GST alone. 
-TO ivhom cor:esponsence slioud ke addressee. DLG contams three DLG liomoloqy re- 




