
stage or during the plume activities in the 
geological time. Thus, the transition zone 
could be a diamond-enrichment zone and, 
therefore, is a potential reservoir of dia
mond in Earth. 

REFERENCES AND NOTES 

1. E. Stolper et al., J. Geophys. Res. 86, 6261 (1981); 
E. G. Nisbet and D. Walker, Earth Planet Sci. Lett. 
60, 105 (1982); E. Ohtani, ibid. 67, 261 (1984) 

2. E. Ohtani, Phys. Earth Planet. Inter. 38, 70 (1985); C. 
B. Agee and D. Walker, Earth Planet. Sci. Lett. 90, 
144(1988). 

3. G. H. Miller, E. M. Stolper, T. J. Ahrens, J. Geophys. 
Res. 96,11831 (1991); E. Ohtani, A. Suzuki, T. Kato, 
Proc. Jpn. Acad. Ser. B 69, 23 (1993). 

4. C. B. Agee and D. Walker, Earth Planet. Sci. Lett. 
114,315(1993). 

5. M. Kitamura, Chikyu Monthly (Gekkan Chikyu) 13, 
582 (1991) [in Japanese]. 

6. Pressure was calibrated on the basis of the a-p tran-

Lesion studies have shown that medial tem
poral areas, including the hippocampus and 
adjacent cortices, play a critical role in de
clarative, or explicit, memory, specifically in 
the encoding of new memories (I, 2). In 
brain-damaged patients, the loss of medial 
temporal structures results in severe antero
grade amnesia and in lesser degrees of retro
grade amnesia (3). Lesions in animals also 

C. L. Grady, A. R. Mcintosh, B. Horwitz, M. J. Mentis, P. 
Pietrini, M. B. Schapiro, Brain Aging and Dementia Sec
tion, Laboratory of Neuroscience, National Institute on 
Aging, National Institutes of Health (NIH), Building 10, 
Room 6C414, 9000 Rockville Pike, Bethesda, MD 
20892, USA. 
J. M. Maisog and J. V. Haxby, Section on Functional 
Brain Imaging, Laboratory of Psychology and Psychopa-
thology, National Institute of Mental Health, NIH, Building 
10, Room 4C110, 9000 Rockville Pike, Bethesda, MD 
20892, USA. 
L. G. Ungerleider, Section on Neurocircuitry, Laboratory 
of Neuropsychology, National Institute of Mental Health, 
NIH, Building 49, Room 1A75, 9000 Rockville Pike, Be
thesda, MD 20892, USA. 

*To whom correspondence should be addressed. 

218 

sition of Mg2Si04 [17) and the ilmenite-perov-
skite transition of MgSi03 (18). We used a graphite 
capsule and a LaCr03 heater. 

7. P. H. Nixon and F. R. Boyd, in Lesotho Kimberlites, 
P. H. Nixon, Ed. (Lesotho National Development, 
Maseru, South Africa, 1973), pp. 48-56. 

8. E. Ito and E. Takahashi, Nature 328, 514 (1987). 
9. We synthesized the starting materials by heating stoi

chiometric mixtures of reagents for about 20 hours at 
1000°C; the oxygen fugacity was controlled around 
the fayalite-magnetite-quartz (FMQ) buffer. 

10. Temperature was estimated by the power versus 
temperature relation in separate runs (a W25%Re-
W3%Re thermocouple was used for monitoring 
temperature). The errors in temperature are 
±100°C. 

11. W. B. Tonks and H. J. Melosh, in Origin of the Earth, 
H. E. Newsom and J. H. Jones, Eds. (Oxford Univ. 
Press, New York, 1990), pp. 151-174. 

12. J. Zhang and C. Herzberg, J. Geophys. Res. 99, 
17729(1994). 

13. P. J. Wyllie, ibid. 85, 6902 (1980); S. E. Haggerty, 
Nature 320, 34(1986). 

14. S. T. Crough et al., Earth Planet. Sci. Lett. 50, 260 

have shown memory performance to be de
pendent on both the hippocampus and ad
jacent structures (4). One theory (I) is that 
the hippocampus participates in the storage 
of new memories by binding together neural 
activities in distributed regions of the cor
tex, so that later presentation of all or part of 
the stimulus context can reactivate the en
tire network and facilitate retrieval. The 
role of the hippocampus is thought to be 
limited in time, so that at some point after 
the new memory is processed, it can be 
retrieved without hippocampal involvement 
(5). Other regions also participate in mem
ory, such as the prefrontal cortex (6-8), 
which shows frequency potentiation, sim
ilar to that seen in the hippocampus, dur
ing conditioning (9), and the inferior tem
poral cortex (10), which interacts with the 
prefrontal cortex during encoding of visual 
associative (11) and delayed match-to-
sample tasks (7) in monkeys. 

The degree of memory impairment with 

SCIENCE • VOL. 269 • 14 JULY 1995 

(1980); A. P. le Roex, Nature 324, 243 (1986); S. E. 
Haggerty, Earth Planet Sci. Lett 122, 57 (1994). 

15. R. O. Moore and J. J. Gurney, Nature 318, 553 
(1985); R. S. Rickard etal., Geo!. Soc. Aust. Spec. 
Publ. 14, 1054 (1989); B. Harte and J. W. Harris, 
Mineral. Mag. 58A, 384 (1994). 

16. I. Sunagawa, in Material Science of the Earth's Inte
rior, I. Sunagawa, Ed. (TERRAPUB, Tokyo, 1984), 
pp. 303-330. 

17. H. Morishima et al., Science 265, 1202 (1994). 
18. H. Yusa etal., J. Geophys. Res. 98, 6453 (1993). 
19. R. L. Lange and I. S. E. Carmichael, Rev. Mineral., 

MSA short course volume, 24, 25 (1990). 
20. We calculated the isothermal compression curve of 

diamond from the following data sources: H. J. Mc-
Skimin and P. Andreatch, J. Appl. Phys. 43, 2944 
(1972); E. S. Zouboulis and M. Grimsditch, High 
Pressure Res. 9, 218 (1992); S. K. Saxena, N. Chat-
terjee, Y. Fei, G. Shen, Thermodynamic Data on Ox
ides and Silicates (Springer-Verlag, Berlin, 1993). 

21. We thank M. Kitamura and K. Onuma for discussion. 

28 February 1995; accepted 18 May 1995 

aging varies; explicit memory is reduced in 
old compared with young people, but little 
change is seen in implicit memory (12). 
There are changes in the hippocampus with 
aging, including reductions in long-term 
potentiation (13), loss of afferent input 
(14), and loss of neurons (15). Some age-
related hippocampal changes such as in
creased dendritic arborization may be a 
compensatory response to loss of cells or 
input (16). There also are age-related 
changes in other areas of the cortex, such as 
reductions in neurons (17), dendrites (18), 
and synapses, particularly in the frontal cor
tex (19). However, the relation between 
these changes and age-related reductions in 
human memory is unknown. 

In a previous experiment (20), we used 
positron emission tomography (PET) to 
measure regional cerebral blood flow 
(rCBF) in young people during encoding 
and recognition of faces. The medial tem
poral cortex, including the hippocampus, 
showed increased rCBF (rCBF activation) 
during encoding of new memories but not 
during recognition. The prefrontal cortex 
was activated during both conditions: in the 
left hemisphere during encoding and in the 
right hemisphere during recognition. Here 
we discuss young and old people (Table 1) 
who underwent repeated PET scans (21) 
while performing three tasks twice in the 
following order: memorizing a set of faces 
(encoding), face matching (perception), 
and face recognition. A sensorimotor con
trol task also was performed at the begin
ning and end of each scanning session. Dur
ing the encoding task, subjects were shown 
32 unfamiliar faces and asked to memorize 
them. Each face was shown for 4 s, and the 
entire set was shown three times, in a dif
ferent order each time. The matching task 
used different faces from the memorization 
set and was a forced-choice match-to-sam
ple task in which the sample face and two 

Age-Related Reductions in Human Recognition 
Memory Due to Impaired Encoding 

Cheryl L. Grady,* Anthony R. Mcintosh, Barry Horwitz, 
Jose Ma. Maisog, Leslie G. Ungerleider, Marc J. Mentis, 
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The participation of the medial temporal cortex and other cerebral structures in the 
memory impairment that accompanies aging was examined by means of positron emis
sion tomography. Cerebral blood flow (rCBF) was measured during encoding and rec
ognition of faces. Young people showed increased rCBF in the right hippocampus and 
the left prefrontal and temporal cortices during encoding and in the right prefrontal and 
parietal cortex during recognition. Old people showed no significant activation in areas 
activated during encoding in young people but did show right prefrontal activation during 
recognition. Age-related impairments of memory may be due to a failure to encode the 
stimuli adequately, which is reflected in the lack of cortical and hippocampal activation 
during encoding. 



choice faces were ÿ resented simultaneouslv. 
During the recognition task, subjects were 
shown two choice faces in each trial, one of 
which was an unfamiliar distractor, and 
asked to indicate which had been seen pre- 
viously in the set of 32 faces. There were no 
age differences in reaction time, but accu- 
racy was reduced in the older people, to a 
greater degree for the recognition task than 
for the matching task (Table 1). 

Areas of significantly increased C B F  
were identified by comparison of rCBF im- 
ages obtained during encoding and recogni- 
tion with the images obtained during the 
matching and control tasks (22). During 
encoding of faces, relative to both compar- 
ison conditions (23), young people showed 

C B F  activation in the anterior cingulate 
and in the left prefrontal cortex, including 
the orbitofrontal, inferior, and middle fron- 
tal gyri (Fig. 1). There also was activation 
in the left temporal cortex, extending over 
the middle and inferior temporal gyri. In 
the right hemisphere, significant activation 
during encoding, compared with both 
matching and control tasks, was limited to 
the medial temporal region, including the 
hippocampus and the parahippocampal gy- 
rus. The old people (24) had no significant 
activation in the inferior prefrontal or me- 
dial temporal cortex during encoding (Fig. 
1). There was an area of increased rCBF in 
the left ventral temporal cortex similar to 
that seen in young people during encoding, 

Table 1. Demographic characteristics of subjects and performance data on the face matching and 
recognition tasks. Values are mean 2 SD. M, male; F, female. Reaction time shows the significant main 
effect of task by two-way ANOVA with repeated measures (F = 119.2, P < 0.001); other effects are not 
significant. Accuracy shows the significant main effect of age (F = 17.1, P < 0.001) and task (F = 187.1, 
P < 0.001); the accuracy measure also shows a significant interaction of age and task (F = 6.2, P < 
0.025). 

Participant 
parameters 

Young 
people Old people 

Number 
Age (years) 
Education bears) 
Reaction time (ms) 

Face matching 
Face recognition 

Accuracy (% correct) 
Face matching 
Face recognition 

but rCBF in this area was increased in com- 
parison only with that observed during the 
control task, not with C B F  observed during 
the matching task. 

The young people showed four regions of 
significant activation during the face recog- 
nition task, relative to both matching and 
control tasks (Fie. 1). These areas were in 
the right prefroital ' cortex, including the 
inferior and middle prefrontal regions; the 
right parietal cortex; and the bilateral ven- 
tral occipital cortices (25). In old people, 
significant activation during recognition 

Fig. 2. The rCBF during encoding minus rCBF 
during the matching task for young and old peo- 
ple in the right hippocampus [at the maximum of 
activation identified in the young people (34, 
-24, -12)l. Values are analysis-of-covariance 
(ANC0VA)-adjusted. 

- 
Encod- 

Young 
-ng 

Old 

w m r  
P 

Encoding and recognition > contrd 

Encoding and rewgniUon > matching 

a Encoding and m c g n i h ~  > both 

- - - 
Fig. 1. Lateral schematics of the right and left hemispheres showing areas of sure line, and the intersection of the horizontal and vertical black lines marks 
significant rCBF increase during the face encoding and recognition tasks in the zero point for the coordinate system. The tick marks in the grids are at 
young and old people. All areas in color had significant rCBF activation (22). 1-cm intervals. 
The horizontal black line denotes the anterior commissure-posterior commis- 
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was seen only in the right prefrontal cortex 
(26) (Fig. 1). 

Comparison of rCBF activation between 
groups (27) showed significantly more acti
vation in young than in old people during 
encoding in the left inferior frontal and 
inferior temporal cortex and in the anterior 
cingulate cortex. Despite the significant ac
tivation of medial temporal structures in 
the young people and a lack of significant 
activation of this region in the old people, 
there was no significant difference between 
groups in this area during encoding, mainly 
because of increased variance in the old 
people (Fig. 2). During recognition, there 
was significantly more activation in young 
than in old people in the right parietal and 
occipital cortex. There was no difference 
between groups in the right prefrontal re
gion, in which both showed significant ac
tivation during recognition; and for either 
task, there were no areas in which old peo
ple had more activation than young people. 

We also tested whether the functional 
interactions between the hippocampus and 
other cortical structures were altered in old 
people during encoding. Correlation coeffi
cients (28) were computed between rCBF 
in the right hippocampus (at the maximum 
for the young people) and rCBF in all other 
brain areas during encoding in young and 
old people. In young people, the right hip-
pocampal region was most strongly correlat
ed with the anterior cingulate in a region 
that was activated during encoding (young, 
r = 0.94; old, r = 0.02; between-group 
comparison, P < 0.002, two-tailed test), 
whereas the largest correlation in old peo
ple was between the right hippocampus and 
the left parahippocampal gyrus (young, r = 
0.52; old, r = 0.96; between-group compar
ison, P < 0.002, two-tailed test). 

These results show that in young people, 
dissociable neural systems participate in en
coding and recognition. Face memory en
coding was associated with activation of the 
left prefrontal cortex and recognition with 
activation of the right prefrontal cortex, a 
hemispheric difference that has been de
scribed previously (8, 29). Patterns of rCBF 
activation were disrupted in older individ
uals, particularly during encoding, although 
there also was incomplete activation of the 
neural system responsible for recognition. 
The lack of activation in the areas respon
sible for encoding suggests that impaired 
recognition performance in older individu
als is caused, in part, by a failure to encode 
the faces sufficiently. This result also sug
gests that older people employ no particular 
strategy, beyond that used in perception, in 
their attempt to memorize the faces. The 
between-group differences in correlations 
between the hippocampus and other brain 
regions suggest that the old people failed to 
engage the appropriate network for encod

ing, which in young people includes the 
hippocampus and anterior cingulate. Rec
ognition in the old people may have been 
adversely affected by interference from the 
faces presented during the matching task 
that preceded the recognition condition, 
because older individuals are more suscep
tible to the effects of distracting stimuli 
(30). However, given the marked differenc
es in rCBF between the two groups during 
encoding, it is unlikely that poor recogni
tion in the old people was due solely to 
interference. 

In a previous study, we found no differ
ence between young and old people in ac
tivation of the fusiform gyrus area that is 
primarily responsible for the perception of 
faces (21). Activation in the prestriate cor
tex, however, was reduced in older people 
and was accompanied by increased activa
tion in other regions of the cortex, includ
ing the frontal cortex (21). This may reflect 
an alteration in the cortical networks in
volved in visual perception by older people 
in an effort to compensate for reduced effi
ciency of the prestriate cortex. This change 
in the networks appears to be successful in 
maintaining performance accuracy for this 
perceptual test, at the cost of a reduction in 
processing speed. In contrast, during mem
ory processing, old people showed less acti
vation of the areas responsible for task per
formance than did young people during 
both encoding and recognition, and there 
was no evidence for functional compensa
tion in the old people during either task. 
This suggests that a lack of compensatory 
changes in cortical networks, coupled with 
reduced activity of critical areas, results in a 
more marked age-related reduction in cog
nitive performance. 
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Regulation of Human Leukocyte p21 -Activated 
Kinases Through G Protein-Coupled Receptors 

Ulla G. Knaus, Sharron Morris, Hui-Jia Dong, 
Jonathan Chernoff, Gary M. Bokoch 

The Rac guanosine 5'-triphosphate (GTP)-binding proteins regulate oxidant production 
by phagocytic leukocytes. Two Ste20-related p21 -activated kinases (PAKs) were iden- 
tified as targets of Rac in human neutrophils. Activity of the -65- and -68-kilodalton PAKs 
was rapidly stimulated by chemoattractants acting through pertussis toxin-sensitive 
heterotrimeric GTP-binding proteins (G proteins). Native and recombinant PAKs phos- 
phorylated the p47phoX reduced nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase component in a Rac-GTP-dependent manner. The action of PAKs during phago- 
cyte activation by G protein-coupled pathways may contribute to regulation of NADPH 
oxidase activity. 

T h e  oxidative burst of human phagocytic 
leukocytes, which is critical to the inflam- 
matory response, is mediated by a multicom- 
ponent NADPH oxidase regulated by the 
small guanosine triphosphatase (GTPase) 
Rac2 ( 1  ). Oxidase activation occurs through 
chemoattractant receptors coupled to per- 
tussis toxin-sensitive G proteins (2) .  Rac 
guanine nucleotide exchange factors (3) 
and the Bcr GTPase activating protein (4) 
are important components of the activation 
process. The molecular details of how Rac 
regulates NADPH oxidase activity remain 
to be elucidated. Phosphorylation and de- 
phosphorylation events modulate oxidant 
production, and NADPH oxidase compo- 
nents are substrates in vivo for unidentified 
kinases (5). p65p"k, a mammalian protein 
kinase related to Ste2O kinase of budding 
yeast (6) ,  binds specifically to the GTP- 
bound forms of Rac and the related GTPase 
CDC42 (7). Rac-GTP stimulates autophos- 
phorylation of p65~dk and its catalytic ac- 
tivity toward exogenous substrates. 

Human neutrophil cytosolic fractions 
screened in overlay assays with the active 
forms of p21 Rho-related GTP-binding pro- 
teins revealed two proteins with apparent 
molecular sizes of 65 and 68 kD that bound 
Rac-GTP or CDC42-GTP or both, but not 
RhoA-GTP (Fig. 1A). Guanosine 5 '-diphos- 
phate (GDP)-bound forms of Rac (Fig. 1A) 
and CDC42 did not interact with these tar- 
gets but did bind to the 28-kD Rho GDP 
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dissociation inhibitor (RhoGDI). Both Esch- 
erichia coli and baculovirus Sf9 cell-expressed 
Rac proteins bound p65 and p68. Neither 
p65 nor p68 was detected in neutrophil 
membranes when Racl-GTP was used as a 
probe (Fig. 1A). 

The binding of these cytosolic proteins 
specifically to Rac-GTP was confirmed 
with Racl and RhoA GST fusion proteins. 

Fig. 1. Detection of kinases binding to activated 
Rho-family p21s in human neutrophils. (A) Nitro- 
cellulose filters containing neutrophil cytosolic and 
membrane proteins separated by SDS-PAGE 
were probed with GTP-binding proteins (1 p,g/ml) 
(78) isolated as in (10, 19) and labeled with 
[35S]GTPyS as in (79), whereas 32P-labeled GDP 
forms were prepared by allowing intrinsic hydroly- 
sis of bound [cx-~~P]GTP to take place. Shown is 
one of three representative overlays with Racl- 
GTPrS (lane I ) ,  Racl-GDP (lane 2), CDC42- 
GTPyS (lane 3), and RhoA-GTPyS (lane 4) on 
cytosolic proteins and Racl-GTPrS on mem- 
brane proteins (lane 5). (B) Activated Racl (lane 1) 
and RhoA (lane 2) GST fusion proteins coupled to 
glutathione-Sepharose beads were incubated 
with dialyzed neutroph~l cytosol for 60 min and 
washed extensively, and kinase activity was mea- 
sured (1 7). 

Kinase activitv assavs revealed that both 
p65 and p68 became'phosphorylated when 
bound to Rac-GTP resin (Fig. 1B). Anti- 
bodies to p 6 5 ~ a k  (PAK1) revealed a 68-kD 
protein in neutrophil cytosol that comi- 
grated with recombinant human PAK1, 
whereas antibodies to a homolog that is 
79% identical to PAKl [termed PAK2 
(8)] detected a 65-kD protein (Fig. 2). 
The proteins observed by immunoblotting 
of neutrophil cytosol migrated with the 
same apparent molecular sizes as the p65 
and p68 Rac-binding proteins detected in 
overlays and were not present in neutro- 
phil membranes. Both p65 and p68 were 
immunoprecipitated by the respective an- 
tibodies to PAK2 and PAK1. Thus, hu- 
man neutrophils contain kinases closely 
related or identical to PAKl and PAK2, 
and both kinases autophosphorylate when 
Rac-GTP is present. 

Because PAKs are direct targets of Rac, 
we investigated whether PAKs could be 
activated under conditions in which Rac 
activation occurs (9). Proteins from neutro- 
phil lysates stimulated with the chemotac- 
tic peptide fMetLeuPhe (fMLP) or phorbol 
myristate acetate (PMA) were immunopre- 
cipitated with antisera to PAKl or PAK2 
and kinase activity was determined. We 
observed rapid (30 s to 1 min) and transient 
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Fig. 2. Detection of p65pak-related kinases in 
neutrophils by immunoblotting. Cytosol (lanes 1 
and 4) and membrane fractions (lanes 2 and 5) 
of neutrophils transferred onto nitrocellulose 
were probed with antisera to PAKl (lanes 1 to 3) 
and PAK2 (lanes 4 and 5) (20). A control lysate of 
Cos cells overexpressing human PAK1 was 
used (lane 3); PAK1 partially degraded in this 
lysate, accounting for the lower band in this lane. 
The autoradiogram of a Racl -[35S]GTPrS neu- 
trophil cytosol overlay (OL) (lane 6) is provided for 
comparison. 
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