
either 10 Ins before the onset of the EPSP in 
one cell and 10 ms after the onset of each 
EPSP in the other cell (Flg. 3, B and C). 
After thls stimulation, the EPSP amplitude 
111 the neuron in which the postsynapt~c APs 
occurred 10 ms before the EPSPs was re- 
duced, whereas it was increased when the 
postsynaptic A P  occurred 10 ms after the 
onset of the EPSPs (Flg. 3, B and C), nrhich 
suggests that postsynaptic ,4P can up- or 
don.n-regulate the amplitude of EPSPs, de- 
pending o n  the precise timing of synapse 
activation. 

These observations suggest that the  den- 
dritic APs are a trigger for ~l~odifications of 
the f ~ ~ n c t l o n a l  synaptic connectivity be- 
tween neocortical pyramidal neurons. T h e  
result of synaptic integration, encoded 
wlthln the back-propagating AP,  IS con- 
veyed to dendrites, and hence the  back- 
propagating A P  could be regarded as a 
"bindlng signal" for active synaptic con- 
tacts. A slngle synaptic contact could there- 
fore be inodlfied in  the  context of the  
sulnined activity of all the  contacts o n  the  
neuron. The  finding that EPSPs \\,ere up- or 
do\vn-regulated, depending o n  the precise 
timing of EPSPs ~71th respect to APs, fur- 
ther suggests that single synapses are mod- 
ified according to  the  temporal relations of 
the electrical activity of the  neurons in  a 
network (14).  
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Microtubule Treadmilling in Vivo 
Vladimir I. Rodionov and Gary.G. Borisy* 

In vivo, cytoplasmic microtubules are nucleated and anchored by their minus ends at the 
centrosome and are believed to turn over by a mechanism termed dynamic instability: 
depolymerization and repolymerization at their plus ends. In cytoplasmic fragments of 
fish melanophores, microtubules were shown to detach from their nucleation site and 
depolymerize from their minus ends. Free microtubules moved toward the periphery by 
treadmilling-growth at one end and shortening from the opposite end. Frequent release 
from nucleation sites may be a general property of centrosomes and permit a minus-end 
mechanism of microtubule turnover and treadmilling. 

Microtubules  ihfITs) are fibrillar intracel- 
lular structures that play important roles in 
lnultiple cellular activities, including mito- 
sis, transport, positioning of membrane or- 
ganelles, and deterlnination of cellular 
shape. h?T arrays within cells are capable of 
rapid rearrangenlent that depends to  a large 
extent o n  M T  dynamics-the ability to ex- 
change subunits between the soluble and 
polymer pools (1 ). Studies o n  M T  dynamics 
in vltro demonstrate the  existence of two 
principal mechanisms of subunit exchange 
knom.11 as treadmilling (2 )  and dynamic in- 
stability (3). Treadnlilling involves the  ad- 
dition of subunits to  one (plus) end of a n  
M T  and loss of subunits from the  opposite 
(minus) end. Dynamic instability is defined 
by gain and loss of subunits at the  same end 
(either plus or minus) of an  M T  during 
growth and shortening. In  living cells, 
where the  ~n inus  ends of h?Ts are believed 
to  be tightly anchored at the  centrosome, 
hflTs are thought to  excha~lge subunits by 
po1ymeri:ation and depo1ymeri:ation a t  
their plus ends, thus using the  dynamic 
instability inechanism 14). , , 

W e  sthdied microtubule dynamics in cy- 
toplas~nic fragments of fish melanophores, 
~ ; h i c h  translocate cytoplasmic pigment 
granules to the  center (aggregation) or to  

Laboratop1 of Molecular Boogy  Urversty of Wsconsn 
Madlson Wl 53706 USA 
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the  periphery (dispersion) along a radial 
array of h?Ts (5). Remarkably, melano- 
phore fragments retalned the  ability to  ag- 
gregate pigment and organl-e a radial M T  
array of correct polarity orientation (with 
the ininus ends a t  the  center) (6)  in  the  
apparent absence of the  centrosome (7). T o  
study hflT dynamics, we fluorescently 
tagged MTs in melanophores by microin- 
iection of labeled tubulin. microsur~icallv u ,  

dissected fraglnents from the parental cells, 
and induced pigment aggregation and for- 
mation of the  M T  aster (8). Images of la- 
beled MTs were then sequentially acquired 
in the  living fragments a t  short time inter- 
vals (3  s) for extended periods (10 min)  (9 ) .  

Playback of the  image sequences re- 
vealed characteristic patterns of M T  behav- 
ior. A t  any given time, about 80% of the  
h?Ts (n  = 1067) appeared to be static, with 
one end a t  the  pigment aggregate and the  
other at the  plasma membrane. T h e  other 
20% of MTs showed dynamic behavior, 
either primarily growing (10.6%), primarily 
shortening (9.3%), or moving (-1%) (Fig. 
1'4). MTs ihowed only short length excur- - 
sions at their free ends, as if dynamic insta- 
bility was suppressed. MTs emerged from 
the  pigment mass and grew toward the  pe- 
riphery (Fig. 1'4, M T l ) ,  which indicates 
that  the pigment aggregate had the  capacity 
to  nucleate h?Ts. T h e  aggregate also seemed 
to stochasticallv release MTs, after which 
they shortened a t  their proximal ends (Fig. 
l A ,  hflT2). Thus, the t ~ v o  populations of 
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MTs were interconvertible. Static MTs, af- 
ter being released from the aggregate, began 
to shorten; growing MTs, after arriving at 
the surface. eenerallv became static. In ad- . - 
dition to growing and shortening, short 
MTs of constant leneth that moved awav - 
from the pigment aggregate were observed 
(Fig. lA, MT3). This last pattern of MT 
behavior was so remarkable that it pro- 
voked the question of the mechanism of 
movement. 

Movement of MTs could be achieved 
either by transport (MT-dependent motors 
bound to a cytoplasmic matrix) or by tread- 
milling (polymerization at the plus end and 
depolymerization at the minus end). The 
rate of a motor-driven process need bear no 
relation to polymerization or depolymeriza- 
tion kinetics. In contrast, treadmilling is 
possible only if the rate of MT polymeriza- 
tion at the plus end equals the rate of 
depolymerization at the minus end. Analy- 
sis of MT length kinetics showed that, un- 
like the process of dynamic instability, 
growing MTs persisted in the growing phase 
(93% of the time) (Fig. lB, MT1) and 
shortening MTs persisted in the shortening 
phase (92% of the time) (Fig. lB, MT2). 
Persistent growth was always at the distal 
end, and persistent shortening was always at 
the proximal end, which is consistent with 
the identification of distal ends as plus and 
proximal ends as minus. Analysis of instan- 
taneous growth (or shortening) rates for the 
MT population showed that the average 
rate of polymerization (v+ = 4.2 + 4.2 
prnlmin) was essentially equal to the aver- 
age rate of depolymerization (v- = 4.4 + 

FQ. 1. Microtubule be- A 
havior in melanophore 
kagments (74). (A) Live 
fluorescence images of 
microtubules in a frag- 
ment with pigment gran- 
ules aggregated to the 
center. Single panel at left, 
MT distribution in a frag- 
ment at low magnification. 
Scale bar, 10 pm. Panels 
at right, time sequence of 
MTs in the same fragment 
at higher magnfication. 

4.1 (~mlrnin) (Fig. 2). However, the stan- 
dard deviation was large, presumably be- 
cause of residual dynamic instability and 
variation among cell fragments. Translocat- 
ing MTs with both ends free provided an 
opportunity for closer analysis at the level 
of single MTs (Fig. lB, MT3). Although 
MTs in different fraanents varied in their - 
absolute rate of movement, the ratio v+/v- 
for individual MTs was essentially unity 
(0.99 + 0.25) (10). Thus, the major condi- 
tion of treadmilling was satisfied. Although 
these results strongly suggested a treadmill- 
ing mechanism for MT translocation, they 
did not rigorously exclude transport. 

To definitively distinguish between 
transport and treadmilling mechanisms, a 
reference mark was placed on translocating 
MTs bv ~hotobleachine a narrow zone with , . - 
a laser microbeam. If MTs were transported, 
the zone of bleaching would move with the 
MT so that the distances between the zone 
and the ends of the MT would remain 
constant. Alternatively, if MTs treadmilled, 
the zone would remain stationary but the 
distance from the zone to the leading end u 

would increase and the distance to the trail- 
ing end would decrease. Bleached zones 
placed on growing (Fig. 3, A and D) and 
shortening (Fig. 3, B and E) MTs did not 
inhibit either growth or shortening and 
always remained stationary. When a mov- 
ing MT was irradiated with a laser mi- 
crobeam (n = 6), its leading end advanced 
away from the photobleached zone, 
whereas its trailing end approached the 
zone, ultimately crossing it and appearing 
on the other side (Fig. 3, C and F), which 

MT1 grows at its distal B MT1 MT2 MT3 
end, MT2 shortens at its 
proximal end, and MT3 20 . 
translocates through the $ +end 

* 

+end 
cytoplasm from the ag- 5 15 - 
gregate to the plasma 
membrane. MT3 was ex- 5 lo 
ceptional in that it failed 5 5 . 
to s t o ~  on arrival at the 
membrane; rather, it l ~ t ~ n l a t ~ . l , , , , ~  
moved along the frag- 50 100 150 200 50 100 150 200 50 100 150 200 

Time (9) ment e d ~ e ,  s t o ~ ~ i n a  at . .  - 
the next orthogonal surface. Time in seconds is indicated at the lower left of each panel. (8) Change 
of distance from the pigment aggregate of ends of the three MTs shown in (A). 

demonstrated that MTs moved by a tread- 
milling mechanism. 

Our results permit a characterization of 
the MT life cycle in melanophore fragments 
(Fig. 3, G and H). MTs are nucleated at the 
pigment aggregate and grow radially out- 
ward, and their plus ends become stabilized 
at the ~lasma membrane. At some ~oin t .  

L ,  

the minus ends are released from the aggre- 
gate and shorten toward the membrane, and 
the MT disappears (Fig. 3G). If MTs are 
released from the aggregate before their plus 
ends reach the plasma membrane, they 
treadmill to the periphery (Fig. 3H). The 
model predicts that in the steady state, the 
number of growing and shortening MTs 
should be the same. which was in fact ob- 
served. The two behavior patterns can be 
related to each other by postulating a "res- 
idence time" for an MT minus end to re- 
main at the aggregate before it is released. 
Using a simple model (I  I )  and experimen- 
tal parameters, we calculated the average 
residence time to be 43 + 16 min. 

Why do melanophore fragments display 
an opposite-end pattern of MT turnover 
instead of dynamic instability? In cytoplas- 
mic fragments, the pigment aggregate rather 
than the centrosome serves as a site for MT 
nucleation. Presumablv. MTs are more , , 
weakly attached to pigment granules than 
to the centrosome and thus have a higher 
probability of being released. Frequent re- 
lease, followed by depolymerization of MTs 

Growth rate 
A -20 -10 0 10 20 

120 I 

20 10 0 -10 -20 
Shortening rate 

Fig. 2. Frequency histograms of rates of MT po- 
lymerization at (A) the distal (plus) ends and depo- 
lymerization at (8) the proximal (minus) ends. 
Change of MT length was quantitated for 47 
growing and 45 shortening MTs in 10 fragments. 
Rates of MT growth or shortening for each time 
point in the series of images were calculated with 
a running average of tive time points. 
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at their minus ends, would have the conse- 
quence o f  increasing the steady-state con- 
centration o f  tubulin monomers. W e  ob- 
served depolyrnerization rates o f  4 p d m i n ,  
which is more than two orders of magnitude 
faster than the treadmilling reported in 
vitro (2). At such rates, the predicted in- 
crease in tubulin concentration might be 
sufficient to  significantly reduce the fre- 
quency o f  MT catastrophe, suppressing dy- 
namic instability. Thus, decrease in the res- 
idence time at the nucleation site may pro- 
vide a mechanism for switching the pattern 
o f  MT turnover. 

Treadmilling of free MTs  does not  pre- 
clude similar behavior by attached MTs. 
Tubulin flux or treadmilling has been de- 
scribed for MTs o f  the mitotic spindle (12). 
These differ from free MTs  in that their 
ends are anchored at the kinetochore and 
spindle pole, and their apparent treadmill- 
ing has been interpreted to  be the result o f  
coupled motor activity (1 2). In interphase 
cells, MTs are generally considered to  be 
anchored to  the centrosome. However, the 
literature contains a number o f  reports sug- 
gesting that MTs can be released (13). Our 
discovery o f  treadmilling o f  free MTs in 

Fig. 3. Photobleach A R 

ing (A), shortening (B), and 
translocating (C) away 
from the pigment aggre- 
gate were crossed with 
the laser microbeam (ver- 
tical mows; time in sec- 
onds is shown at the low- 
er right of each panel). 
Photobleaching did not 
affect growth (A) and 
shortening (B) of MTs. 
Similarly to the bleached 
zones placed on growing 
(A) and shortening (6) 
MTs, the bleached zone 
placed on translocating 
MTs (C) remajned station- 
ary while the proximal end D F 
of the MTfirst approached 
the zone, entered it at a ,, 
244 s, and appeared on 3 ;u 10 
its other side at 275 s. 
Upward-pointing arrow- 5 
heads in (A) and (C) indi- 5 

cate distal (growing) ends 
of MTs; downward-point- 
ing arrowheads in (8) 20 40 60 80 20 40 60 80 50 100 150 200 250 

and (C) indicate proximal Time (s) 

(shortening) ends. (D 
through F). Change of 
distance from reference 
points of ends of MTs 
shown in (A) through (C). 
The length and position of 
the MTs in (F) are shown 
by the thin vertical lines. 
The positions and duration of the bleached zones are shown as open horizontal bars. (G and H) MT lie cycle. 
(G) Primary pattern of MT turnover. MTs are nucleated at the pigment aggregate (black disk) and grow at their 
plus (distail ends toward the surface. Growth is terminated when their distal ends reach the surface; MTs then 
appear stationary. Eventually, minus (proximal) ends of stationary MTs are released from the aggregate and 
MTs depolvmerize. (H) Secondarv Dattern of MT turnover. Same as for ~rimarv Dattem, but MT minus ends 
release from the aggregate before their plus ends reach the suiace. &&use the rates of pdymer- 
ization and depolymerization at the opposite ends of MTs are balanced, they treadmill toward the surface 
without substant& change in length..The processes involved in both patiems are the same; the only 
difference is whether release at the minus end follows or precedes anival of the plus end at the surface. A 
residence time for the MT minus end at the pigment aggregate may be calculated from experimental 
parameters (1 1). For a fragment with a radius of 20 fim, polymerization (or depolymerization) velocities of -4 
pdmin mean that MTs would grow (or shorten) for 5 min before aniving at the surface (or d i ~ a p ~ n g ) .  
Treadmilling MTs would appear if they were released from the aggregate within 5 min of their nucleation. 

vivo focuses increased attention o n  the MT 
minus end and underscores the importance 
o f  understanding how it interacts wi th the 
centrosome. 
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1 1. If Pg is the fraction of growing MTs, P, the fraction of 
shortening MTs, and P, the fraction of stationary 
MTs with both ends capped (at the pigment aggre- 
gate and qt the plasma membrane), then Pg + P, + 
P, = 1. Because in the steady state Pg = P, and 
the rate of growth v + equals the rate of shortening 
V-, P, = 1 - 2% = 1 - 2tg/(T + t,) = 1 - 
2(Rlv +)/(T + Rlv +), where R is the radius of a fraw 
ment, t i  is the time required for a MTto grow, t, is& 
time required for an MT to shorten from the aggre- 
gate to the plasma membrane, and T is the resi- 
dence time. The equation solved for T is T = 
Rlv +(I + P d l ( 1  - P d .  A value of T = 43 min 
was calculated for R = 20 pm, mean velocity v + = 
4 pm/min, and P, = 0.79. Treadmilling MTs 
would appear if T < 5 min. Assuming that residence 
times are distributed normally, a 1% incidence of 
treadmilling is consistent with a standard deviation 
in T of 16 min [(43 min - 5 min)/2.3]. An average 
residence time of 43 + 16 min predicts that -1 0% 
of the time an MT would be growing; -10% of the 
time it would be shortening; -80% of the time it 
would appear static, with one end at the pigment 
aggregate and the other end at the surface; and 
-1% of the time it would appear to be free and 
treadmilling, as 0bSe~ed. 
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Cancer Chemopreventive Activity 
of Resveratrol, a Natural Product 

Derived from Grapes 
Meishiang Jang, Lining Cai," George 0. Udeani, 

Marla V. Slowing, Cathy F. Thomas, 
Christopher W. W. Beecher, Harry H. S. Fong, 
Norman R. Farnsworth, A. Douglas Kinghorn, 

Wajendra G. Mehta, Richard C. Moon, John M. Pezzutoi 

Resveratrol, a phytoalexin found in grapes and other food products, was purified and 
shown to have cancer chemopreventive activity in assays representing three major 
stages of carcinogenesis. Resveratrol was found to act as an antioxidant and antimuta- 
gen and to induce phase II drug-metabolizing enzymes (anti-initiation activity); it medi- 
ated anti-inflammatory effects and inhibited cyclooxygenase and hydroperoxidase func- 
tions (antipromotion activity); and it induced human promyelocytic leukemia cell differ- 
entiation (antiprogression activity), In addition, it inhibited the development of preneo- 
plastic lesions in carcinogen-treated mouse mammary glands in culture and inhibited 
tumorigenesis in a mouse skin cancer model, These data suggest that resveratrol, a 
common constituent of the human diet, merits investigation as a potential cancer che- 
mopreventive agent in humans, 

C a n c e r  is the  largest single cause of death 
in  hot11 111e11 and a-omen, claiming over 6 
lnillioll lives each year n-orldn-ide. Chemo- 
preveiltion, the  reve en ti on of cancer by 
lilgestlon of clieillical agents that reduce 
the  risk of carcinogenesis ( I  ), is one of the 
lnost direct ways to reiluce inorhldity and 
mortalitr. Cancer c1lemoare~-entive agents u 

include nollsteroicial anti-intlammatory 
drugs INSAIDs) such as indoinethacin, as- - ,  

pirin, pirosicam, and sulindac, all of n-hich 
inhibit cyclooxygenase ( C O X )  (2 ) .  Thls in- 
hikiitory activity is relevant to cancer che- 
mourevention because COX catalyzes the  
conversion of arachido~lic acid to pro-in- 
tlailllnatory s~hs tances  such as prostaglan- 
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dins, which can stimulate tumor cell gron.th 
and suppress immune surveillance (3) .  I11 

addition, C O X  can activate carcinogens to  
forms that damage geiletlc Inaterial (4) .  

111 searches for ilea. cancer chemopre\-en- 
ti\-e agents over the  past several years, hun- 
dreds of plant extracts ha\-e lieen evaluated 
for their ~ ~ o t e n t i a l  to ~nh ib i t  COX. A11 ex- 
tract derived from Cassia quinq~iang~ilnta 
Rich. (Leguminosae), collected in Penl, was 
identified as a potent iilhibltor, and oil t he  
basis of bioassay-guided fractioilation, res- 
veratrol (3,5,4'-trillydroxy-trii~1s-stilhe11e) 
(Fig. 1 )  was identified as the  active prin- 
ciple (5).  

T h e  crocess of chemical carcnlogenesis " 

can he divided into three general stages, 
and chemoure~-entive agents ha\-e heel1 cat- 
egorized accordiiig to the  stage that they 
inhillit (6). Resveratrol mhihits cellular 
events associatecl n-it11 tumor initiation, 
proinotlon, and progression. As noted 
aliove, the compounil was dent i t ied  oil the  
hasis of ~ t s  ability to  inhibit the  cyclooxy- 
genase activlty of COX- 1 (lnedian effecti\-e 
dose ED,, = 15 yhll) (Fig. 2A) ,  and this 
acti\-lty correlates n ~ t h  antitumor promo- 
tion. Although its inhiliitory activity was 
less than that of certalil KSAIDs, such as 

indomethacin (ED,, = 2.3 y h l )  (Fig. LA), 
it was much greater than that mediated by 
compounds such as aspirin (ED,, = 552 
p k l ) .  Also, unlike indomethacill and lnost 
other NSAIDs, resveratrol inhihited the  hy- 
droperosidase activity of COX-1 (ED,, = 

3.7 yhll) (Fig. 2B). Resveratrol-mediated 
inhihitioil n-as specific for the  cycloosygen- 
ase activity of COX-1 hecause there n.as n o  
discernahle activity n.llen oxygen uptake 
n.as assessed ~ i t h  COX-2 (Fig. 2 A ) ,  a n  
inducible form of the  enzyme associated 
a-it11 responses such as iilflammatioil ( 7 ) ,  
and inhihition of the  hydroperoxidase ac- 
tivity of COX-2 (EDS, = 85 y h l )  (Fig. 2B) 
was greatly reduced relative to the  activity 
obser~.ed with COX-1. 

O n  t h e  hasis of these results, we inves- 
tigated the  anti-inflammatory activity of 
resveratrol. I n  the  carrageenan-incluceil 
lnodel of inflalnmatloil In rats, resveratrol 
significantly reduced pedal edeilla hot11 in  
the  acute phase ( 3  to  7 hours) and in  the  
chrollic phase (24  to  144 hours). T h e  
edema-suppressiilg acti\-ity of resveratrol 
was greater thail that  of pheny1huta:one 
and  n-as similar to  that  of i i~doillethacin 
(Fig. 3 ) .  Overall ,  these data demoilstrate 
t h e  potential of resl-eratrol to  inhibit tu- 
mor promotion. 

Resvel.atro1 x a s  also found to  iilhlhit 
el-ents associateil n.ith tumor ~ n ~ t i a t ~ o n .  For 
example, resl7eratrol inhihited, in  a Jose- 
depeildeilt manner, free-radical forlnatioil 
(ED,, = 27 yhll) n.1len human promyelo- 
cytic leukemia (HL-62) cells were treated 
\I-it11 12-0-tetradecanoylpl~orl~ol-13-ace- 
rate (TPA)  (8). T h e  compound also ~LLIIC-  

tioiled as an  antiilnltagen. as illustrated hy 
its dose-depeildent inhibition of the muta- 
gelllc response induced by treatment of Srtl- 
monelln typhim~i~i~an strain Tk1677 nit11 
7,12-di111et11ylhe11_0a11t11race11e (DhllBA) 
(ED,, = 4 p M )  (9) .  In  addition, resveratrol 
induced quinone reductase actlvity n i t h  
cultured mouse hepatoma (Hepa l c l c 7 )  
cells (concelltratioil required to doulile ac- 
tivity, 21 y h l )  (131, rvhich is relevant he- 
cause phase I1 en-ymes, such as quinone 
reductase, are capable of metabolically de- 
toxlfying carciilogeils ( 1  1 ) .  A n  identical re- 
sponse profile n-as observed with cultured 
BPIC1 hepatoma cells (a  derivative of Hepa 
l c l c 7  cells that is iilcapalile of phase I 
enzyme induction), illdicating that resvera- 
trol is a monof~lnctional inducer. 

\Ve also tested the  ability of res~~erat rol  
to  inhibit the  progressioil stage of carcino- 

Fig. 1. Structure of rssveratrol 




