
Enduring Cognitive Deficits and Cortical nia, we explored the behavioral and neuro- 
chemical effects of long-term exposure to 

Dopamine Dysfunction in Monkeys After PCP (twice a day for 14 days) in the vervet 
~ ~ ~ ~ = ~ ~ ~ ~ ~ ~ ~ i ~ i ~ ~ ~ ~ t i ~ ~ ~ ~ p ~ ~ ~ ~ ~ ~ ~ i ~ i ~ ~  monkey(Cercopithecusaethiopssabae~~s).an 

Old Viforld primate. \Ve designed experi- 
ments to test ~vhether repeated treatment 

J.  avid ~entsch,  D. Eugene Redmond Jr., John D. Elsworth1 \\rlth PCP illdLlces elldLIril1g cogniti\~e dys- 
Jane R. Taylor, Kenneth D. Youngren, Robert H. Roth* function. Cognitive functions of the frontal 

The effects of the psychotom~metic drug phencyclldine on the neurochemistry and 
function of the prefrontal cortex in vervet monkeys were investigated. Monkeys treated 
with phencyclidine twice a day for 14 days displayed performance deficits on a task that 
was sensitive to prefrontal cortex function; the deficits were ameliorated by the atypical 
antipsychotlc drug clozaplne. Repeated exposure to phencyclidine caused a reduction 
in both basal and evoked dopamine utilization In the dorsolateral prefrontal cortex, a brain 
region that has long been associated wlth cognitive function. Behavioral deficlts and 
decreased dopamine utilization remalned after phencyclidine treatment was stopped, an 

- 
lobe depend on the integrity of dopaminer- 
gic innervation; therefore, to better under- 
stand the ~leurochemical pathology under- 
lying observed behavioral deficits, we mea- 
sured dopalnine utilization in the forebra~ns 
of PCP-treated monkevs. 

Monkeys were trailled on the "object 
retrieval with a detour" task ( 1  1 ) ;  perfor- 
mance of this task is sensltlve to disruptions 

Indication that these effects were not simply due to direct drug effects. The data suggest in f ~ ~ n c t i o n  of the prefrontal cortex ( 1  2)  
that repeated adminlstratlon of phencyclldine In monkeys may be useful for studylng and to reductions in ~nesotelencephalic do- 
psychlatrlc disorders associated with cognltlve dysfunction and dopamlne hypofunction paminergic tone (10) but not to hippocam- 
in the prefrontal cortex, particularly sch~zophrenia. pal lesions (1 2) .  We had demonstrated ear- 

Phencyclidine (PCP) is a noncompet~tive 
N-methy1-~-aspartate receptor antagonist 
~v i th  psychotomimetic effects. A single in- 
gestion of PCP can ~nduce  transient clinical 
syinptoms of schizophrenia in humans (1 ); 
repeated ingestion can result in a long- 
lasting syndrome nlarked by neuropsycho- 
logical deficits, social withdratval, and af- 
fective blunting as well as halluc~nations, 
formal thought disorder, paranoia, and de- 
l ~ ~ s ~ o n s  (2) .  In part~cular, cogniti\-e dysfunc- 
tion, a pro~ninent and stable symptom of 
sch~zophren~a (3 ,  4 )  and frontal lobe dam- 
age (5, 6) ,  has been observed in long-term 
allusers of PCP (2) ,  and decreased u t ~ l ~ z a -  
tion of glucose in the frontal lobes (hypo- 
frontality) of PCP abusers has been reported 
(7). These data suggest that frontal lobe 
dvsf~~nction occurs after loncr-term intake of - 
PCP, but the neurochemical mechanism 
underlvin: PCP-111duced behavioral chang- , " 

es is not clear. The antigluta~natergic effects 
and psychotomimetic properties of PCP 
contr~buted to development of a hypogluta- 
materglc hypothes~s of schizophrenia (8). 

The  douaminergic innervation of the " 

frontal lobe and the prefrontal cortex in 
particular has a critical n e ~ ~ r o m o d ~ ~ l a t o r y  
role in the regulat~on of cognition in the 
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primate (5) .  Increased perseveration (inap- 
proprlate repetition of a prev~ously reward- 
ed response) and abnormalities in working 
memory, behavioral inhibition, affect, at- 
tention, planning, drive, and social interac- 
tions have been observed in schizophrenic 
individuals (4 )  and in PCP-abusing humans 
( 1 ,  2) ,  or as a result of lesions of the pre- 
frontal cortex in hu~nans and nlonkeys (7). 
In monkeys, many of these behavioral def- 
icits can be induced by man~pulations that 
specif~cally or preferent~ally disrupt dopa- 
mine transmission in the prefrontal cortex 
(9, 10). 

Because long-term abuse of PCP in hu- 
mans may represent a pharmacological 
model of cogn~tive deficits of the frontal 
cortex that are assoc~ated with schizophre- 

Fig. 1. (A) Monkeys treated with 
PCP (sod bars) (0 3 mg/kg twce a 
day, ~ntramuscularly) for 14 days (n 
= 6) were s~gr~ificantly less suc- 
cessful (§P < 0 001) on perfor- 
mance of the object retreva w~th a 
detour task than were saline-treat- 
ed monkeys (open bars) (n = 5). In 
this task, subjects retreve a reward 
from a transparent box affixed to a 
tray. The box has one open s~de.  
which s directed to the front, left or 
right of the monkey. When the open 
s ~ d e  IS directed to the r~ght or left 

lier that this task IS an appropriate mea- 
sure of behavioral d i s i ~ ~ h ~ b ~ t ~ o n  and of 
verseveration in monkevs i10) ,  both , ~ , ,  

symptoms of dysfunction of the frontal 
cortex 13, 4 ,  6 ) .  Comuared with saline- 
treated controls, PCP-treated monkeys 
d~splayed significa~lt performance deficits 
(P  < 0.201) (Fig. 1 A )  7 days after cessa- 
tion of drug admi~l~strat ion.  PCP-treated 
mo11keys displayed d e f ~ c ~ t s  In response in- 
h i b i t ~ o n  ( P  < 2.201) (Fig. 1B) and exhib- 
~ t e d  a greater propensity to persevere than 
co~ltrol  animals ( P  < L?.L?L?l) (Fig. IB).  
These def~cits were still present in PCP- 
treated animals at least 4 weeks after ces- 
sation of drug t r e a t m e ~ ~ t .  Thus, repeated 
exposure to PCP resulted in prolonged 
behavioral defic~ts. These ~mpairrnents 
(perseveration and poor response 111hibi- 
tion) are s im~lar  to those observed In 
schizophrenic ind~viduals ( 3 ,  4 )  and in 
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reaches 
the monkey has to lnhlblt a prepo- 
tent respor,se to reach directly at the reward. Success was scored on a trial ~f a mor,key obtaned the 
reward In or,e reach response without touchlr,g a closed, transparent face of the box (B) Mor,keys 
treated with PCP (solid bars) (n = 6) produced s~gr~iflcantly more barrler reaches (deflned as a reach nto 
a closed, transparent s d e  of the box) (SP < 0.001 ) ar,d perseverat~\~e responses jdef -ed as a reach at 
a closed, transparent side of the box that IS identical to the previous successful, rewarded response) (§P 
< 0.001) thar, salir,e-treated ar,~mals (open bars) (n = 5) Data are expressed as mear, i- SEM. One-way 
analyss of \/arance (ANOVA) wlth repeated measures a:;d Scheffe's F-test were used to determne 
s~gniflcance. 
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11~111lans and monkevs with d a l n a ~ e  to the 
prefrontal cortex (7). 

\Ve next in\-estigate~i the effects of 1 
njeeks of exposure to PCP on regional do- 
paminergc utilization in the primate brain. 
Altllough a slngle dose of PCP increases 
ci7rtlcal doL-ramine ut111:ation (1 3 ) ,  monlieys 
treateJ repeatedly wit11 PCP (0.3 lng per 
kilogram of bod!- weight twice a day for 11 
da\-s) displaveLd a measuralyle decrease 111 

dopamine ut1ll:atlon In the Llorsi71ateral 
prefrontal cortex (to 6c?''o of control; P < 
O.Lll) (Fig. ?A) .  ,4 p r o h u n ~ l  decrease 11-1 

iioL~amine u t~ l i ra t~on  was also observed in 
the prel~mbic ccirtex (to 32'0 of control; 
P < 2.001) (Fie. 2'4). No significant effect 
nias ohservecl in other reglolls of the frontal 
cortex such as the ilor~ome~lial pretri7ntc~l 
cortex, lateral orbital cortex, ancl anterior 
cingulate cortex or other dopam~ne-rich 
subcortlcal htructures such as the caudate 
nucleus, putamen, and nucleus accumbens 
core or illell (Fig. 2A).  The changes in 
ilopallline uti1i:atlon 111 the ,iorsolateral 
pretrontal and prellml?ic cortlceh Ivere due 
to decreases in concentratlolls of the dopa- 
mlne metabolite homo\-anillic a c d ,  liecause 
\ve did not obser\,e any iilfferences 111 abso- 
lute dopamine concentrat~ons of saline- and 
PCP-treated animals. This suggests that 
PCP-induce;l change> in   lo pa mine ~LIIIC- 
tion are due not to 11eurotoxicit1~ (that 15, a 

decrease in cortical dopamine innerr,atlon), 
hut rather to f ~ ~ i ~ c t i o n a l  hvooactlr.itr- o i  me- , 
socortical cio~~amlne neurons. No change> 
in serotonin utilization 111 the Liorsolateral 
prefrontal cortex were ohserved in PCP- 
treated animals. 

Kext, we coillpared drug-el-okecl Increab- 
es in dopamme u t i l~ra t~on  111 the prefro~ltal 
cortices of PCP-treated monkevs with sa- 
line-treated control animals. The  increase 
in  lopa am me u t ~ l ~ r a t ~ o ~ ~  in the iior.olateral 
t-rretrontal and ~~rel lmbic cortices in mo11- 
kel-s gir-en a s111gle ~ n l e c t ~ o l l  of PCP \\-as not 
oblerved in monke7-s after long-term expo- 
sure to PCP (Fis. SB), similar to \\;hat ha> 
been observed in rodents (14). Thus, re- 
peated treatment n ; ~ h  PCP leads to a drug- 
~nduie~d  inhil~ition of basal and PCP- 
evoked dopamine ut1ll:ation in the prefron- 
tal cortex. 

Data from sch~rophren~c subject> >up- 
port the idea that a decrease in cortical 
Llopamine k1nct1011 may ccintrihute to the 
cognit~r-e ~lysfilnction in sc11i:ophrenia. 
Xugmentation of mebotelencephalic dopa- 
~ninergic function by ad~ninistratlon of am- 
plletamlne or apomorphine lessens the cog- 
illtlve iiysfi~nct~on or the fallure of metabol- 
ic actir.ation of frontal cortlcal reglolls dur- " 

Ing perfc~rmance of a cognit~ve tasli in 
s i l l~ :o~~l~ren ic  inLll\~i~l~~als (15). h!Ioreo\rer, 
manv of the typical ileuroleptic ilrugs 
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Cortical Subcortical reduced dopan~ne ut~l zat~on [def~ned as 
the ratlo of t~ssue content 'In nanoorams 

per millgram of protenj of liomovanllc acd (riVAj to dopatnne; n the dorsolatera prefroAtal 1-P T3.01 j 
and premb~c cortices ("P < 3.3011, but nor other regions, of the monkey bran. PCP (sol~d bars; (3.3 
1ng:kg: or sal~ne (open bars] (3.1 rn!kg; was admnlstered twice d a ~  y for 1 i days to young adult i2 0 to 
3 5 kg: male a-d fernale rnonkeys. Twe-ty-four hours after tlie fl-a treatment, the an~mals \/,/ere kil ed 
a-d sa ne-peiused, the bran \/,/as removed, and the tssue \,hias dssected, stored and analyzed as 
descrlbed (731. ;B: A snge  dose of PCP increases dopanne uti~zato- 111 the dorsolatera prefro,ita and 
preinbc cortices of conrrol rnonkeys (-P < 3.05) but not rnonkeys that viere treated w~tti PCP for 2 
i;,/eeks. Monkeys viere treated w~th ether salne or PCP for 14 days (0.3 mg!kg ivice a day;, and on tlie 
'5th day, a s~ngle dose of PCP (3.3 rng:kg) or s a n e  was adrnn~stered, and tlie lnonkeys viere killed. 
Tssue was Iiawested and processed as ;- (A:. dlPFC. dorsolateral prefrontal cortex; rnPFC. medial 
prefronta cortex: Orb, atera orbital cortex: pl~mb,  pre:nb~c cortex, aCng, anteror cnguate coriex: 
NACore, core of n-~cleus accumbens: NAShell, shell of nucleus accu,nbens: Caud, caudate nucleus: 
Put, putanen A I values are means -t SEIM and data are expressed as percentage of control One-\/,lay 
anayss of vara-ce a-d Schefe's F-tesr viere used to compare group responses. 

(which share D2 receptor anta~o11ist ac- 
tions) have nlinimal efficacy on, and may in 
fact exacerbate, cog11itive dysfunct~on in 
schi:ophren~a (1 6) .  These data suggest that 
t l ~ s  subset of behavioral deflcits in schiro- 
phrenia may be due to hypoactivity of do- 
pamine systems that innervate the frontal 
cortlces. 

If the behavioral and biological abnor- 
lllalities induced bv repeated PCP admin~s- 
tratlon resemble tllose' observed in schizo- 
phrenia, then PCP-induced behavioral im- 
palrments may respond to drug treatment in 
a lnanner that is qualitatively similar to that 
of the deficlts of sch~zonhrenia. Although " 
the effects of clozapine (a so-called atypical 
neuroleptic agent) on schirophrenic cogni- 
tive deficits, in particular, are controvers~al 
(1  7 ) ,  thls drug has been reported to alleviate 
the symptoins of treatment-refractory schizo- 
phrenic patients without inducing measur- 
able extranvramldal effects (18). We treated 

L ,  

monkeys trained to perform the object re- 
tr~eval with a d e t o ~ r  task with clozapine 
(1 9) .  There was a definitive ~mprovernent in 
those animals previously treated with PCP; 
that is, the performance deficits were partial- 
ly an~eliorate~l ( P  < 0.05) (Fig. 3). In con- 
trast, clozaplne treatment lmpalred the per- 
formance of contrc>l anilllals (P  < 0.C5) ( F L ~ .  
3); these results are slmllar tc> the effects of 
c1o:acine that have been observed in normal 
humans and monkeys (20). 

The beneficial effects of clorapine on 
behav~oral ~mpairments nlav be related to 
~ t s  ablllty to increase extracellular dopa- 

Saline PCP 

Fig. 3. Clozap~ne (' mg:kg per day for 3 days) 
inproves successful performance of t?e object 
retreva vi~tli a detour task In rnonkeys previously 
treated for 2 weeks i;,/ith PCP (n = 6) and tested 2 
hours after the last ~njecton of clozapine. In con- 
trast, clozap~ne impars normal, control an~mals (n 
- - _ I  ;,. Palred : -tests viere used to cornpare per- 
formance on vehicle vi~tli performance on cloza- 
pine Data represent mean 2 SEM. "Dfferent from 
vehicle, P < 3.35; Ympared relative to saline con- 
:rols. P < 0.031. 



mine. A siligie dose of c1o:apine ilicreasec 
iiiipamine release 111 the primate prefronral 
cortex, and long-term aiiministration ill- 
crease, basal es t racel l~~lar  ilopamlne con- 
centration in the prefronral cortex (21) .  
Although t h ~ r  may not he the only mecha- 
nisi11 b\ which clozapine eliclts its eftecta o n  
1'CP-induced cognitive ~ i y s f ~ ~ n c t l o n ,  this 
actlr-arion of tlie dopamine system of the  
prefrontal cdrtes may contribute to the 
ability o t  c lcapine to amellorate the  im- 
pa~rments  in our moilel anii. perhaps, in 
schi~ophrenia.  

Our  ilata slioii- that repeateil acimlnistra- 
tlon of PCP ~nhllyits basal and s t lml~late~i  
i iopa~n ine r~ ic  function in  the prefriintal 
cortex of the lnonkev bram. T h e  ~ief ic ienc~-  
of . lopa~nine in the prefrontal cortex that 1s 
iniiuceL1 111- repeareJ aLimlnistrarion o t  PCP , A 

1s asoclateLl n l t h  a long-lasting cognitive 
cieficit, which is ameliorated by the atypical 
t l ~ e r a ~ ~ e u t i c  cirug c1o:apine. These effect, 
are ol~ier\-eci loilg atter PCP aiilni11istrarlon 
1s stoppeLi and thus cannot be attributed to 
direct etfects ot tlie iirug. Thls primate mod- 
el ot dop,lmine ,iystl~ncrion in the cortes 
may p r o ~ - i ~ i e  a paradiym for ~nl~est ig ,~r ing 
the  patliiipli\-sloliigy uncierlylng neuropsy- 
cliiarrlc Jlsorders associateil n-lth a rrlmarv 
cogiiitive Liyfunctlon 111 the cortes anL1 a 
dopamiiierrric Lieilcit 111 tlie prefronral cc>r- 
tes,  as 1s h\porhesired in schi:iiphrenia 
(22) .  It also ma\- provide a nieans for el-al- 
Liatiny t l ierape~~t ic  ;Igenrs that are se lect in-  
1y rargeteil tc>n-arJ alle\-iatlng cortical .iopa- 
111111e liypotllllctlL7li. 
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Catalytic protein subunits of telomerase from the ciliate Euplotes aediculatus and the 
yeast Saccharomyces cerevisiae contain reverse transcriptase motifs. Here the homol- 
ogous genes from the fission yeast Schizosaccharomyces pombe and human are iden- 
tified. Disruption of the S. pombe gene resulted in telomere shortening and senescence, 
and expression of mRNA from the human gene correlated with telomerase activity in cell 
lines. Sequence comparisons placed the telomerase proteins in the reverse transcriptase 
family but revealed hallmarks that distinguish them from retroviral and retrotransposon 
relatives. Thus, the proposed telomerase catalytic subunits are phylogenetically con- 
served and represent a deep branch in the evolution of reverse transcriptases. 

T e ~ o m e r a s e  is a r ibonucleopr~tei i  enrylne 
1-esyonsible in inost eukarvc)res fcr the  corn- 
ylere replication of cliriimosome encis, or 
telomeres ( 1  ). Its RNA subun~t  17rci.i iiies the , , 

telnplate tor adLiltlc>n of short sequence re- 
peats [typically 6 to 16 nucleoticies (n t s )  to 
the  cliromosome 3 '  enci (2 ) .  In ciliareil 
protozoa anLl yeast, telomerase is regulareil 
a11d the average telii~nere length is main- 
tained (.?). In most l i ~ u ~ i a n  sc>matic cells, 
h o v - e x r ,  telomerase activitv cannix he de- 
tected and relomeres shorten with succes- 
sive cell ili~-isions (4). Telomerase acti\.it\- 

reappears in immorral i~e~i  ceil lines and in 
ahii~ut 85% o t  liuman t u m o r ,  which has led 
to stuiiies nf the  useiulne,ss c > t  tc-lomerase for 
cancer ciiagnostics and therapeurics (5,  5). 

Teliiinerase RNA sul~unlts have been 
~denrified ailii allalrreii in ciliates, yeast, 
aliil mammals ( 2 ,  7), but the  protein sub- 
units have l ~ e e n  elusive. In Tetrnlu?rneizn, 
two relnmerase-associated proteins (pYL?, 
p95) have been iiescribed (81, ancl pY0 ho- 
~noloos have been found in h u m a l l  and 
rodents (9 ) ;  the presence caralvtic active 
site resiLlues in these proteins has not  been 
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