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Repeated doses of addictive drugs- 
opiates, cocaine, and amphetamine 
cause drug dependence and, after- 
ward. withdrawal. These behavioral 
syndromes result from adaptation of 
the nervous system (I ). The molecu- 
lar mechanisms underlying these ad- 
aptations are just beginning to be un- 
derstood. In this issue of Science, Mal- 
donado and co-workers (2) identify 
one of the key elements for the with- 
drawal response, the transcription fac- 
tor CREB (cyclic AMP-responsive ele- 
ment-binding protein)., The new work 
shows that the ~hvsical effects of with- . , 
drawing opiates from addicted mice 
(shaking, for example) are much less 
severe in a mouse strain lacking two 
of the three types of CEEB proteins. 

Dependence on drugs of abuse de- 
velops only when the drug is adminis- 
tered in sufficiently large doses, at a 
high enough frequency, and over a 
long enough period of time. It is hy- 
pothesized that excessive bombard- 
ment of relevant receptors under these 

- .  

in the cyclic AMP (CAMP) signaling system 
(see the figure). A single dose of opiate inhi- 
bits the firing of LC neurons. Multiple opiate 
doses eventually cause tolerance; LC firing 
rates return toward normal despite the con- 
tinued presence of the opiate (1). In addi- 

tion, LC neurons exhibit dependence: 
Administration of opiate receptor an- 
tagonists to opiate-dependent rats re- 
sults in dramaticallv increased LC fir- 
ing rates in vivo (1 ). This increased fir- 
ine of LC neurons is associated with the 
beiavioral opioid withdrawal syndrome. 

Opiates initially inhibit LC firing by 
regulating two types of ion channels: 
ODiates activate a K+ channel and in- 
hibit a slowly depolarizing, pacemaker- 
like Na+ channel (which is activated 
by CAMP-dependent phosphorylation). 
Opiate regulation of the K' channels is 
mediated directly by the G proteins Gi 
and Go, and opiate regulation of the Na' 
channel is mediated bv an initial de- 
crease in CAMP levels, iresumably lead- 
ing to decreased phosphorylation of the 
Na+ channel (see figure, top panel). 

With long-term opiate administra- 
tion, levels of several proteins in the 
CAMP-dependent signaling cascade 
are increased in the LC, including 
adenylyl cyclase and CAMP-dependent 
protein kinase. Among the multiple ef- 

circumstances (either as a primary or How opiates act in neurons of nonaddicted and addicted fects of up-regulating the c ~ ~ p - ~ a t h -  
secondary consequence of drug action) animals. (Top) Opiates act via their p-opiate receptor to inhibit way, the slowly depolarizing Na+ chan- 
causes long-lived molecular adapta- firing Of a locus ceruleuS (LC) neuron. (Bottom) With long-term nel becomes more fully phosphoryl- 
tions in the signaling properties ofneur- Opiate the cascade becomes up-regulated9 and the ated, making LC neurons hyperexcit- 

excitability of LC neurons is increased, an effect that is un- 
ons. These adaptations can occur in masked by administration of opioid antagonists or by opiate ab- able (see figure, bottom panel). Indirect 
three classes of neural systems: (i) phys- stinence. CREB-mediated transcriotion mav mediate some of evidence had suggested that CREB, 
ical control systems, which mediate the key adaptations that produce this alterahon in LC neurons. the critical nuclear target of the CAMP 
autonomic and other somatic func- The critical CREB-regulated genes and their precise connec- ~athwav (as well as of some Caz+-de- 
tions, leading to physical dependence fion to the physiologicchanges in LC excitability have not been penden; pathways), might regulate the 
and subsequent physical withdrawal ~ ~ ~ ~ ~ E ~ J ~ ;  ~ ~ $ ~ ~ ~ ~ Y ~ ~  PKA9 CAMPpdewndent Pro- amounts of these critical signaling pro- 
symptoms upon drug cessation; (ii) teins, as well as perhaps genes for bio- 
motivational control systems, which 
govern motivated behavior+specially the 
mesoaccumbens dopamine projection that ex- 
tends from the ventral tegmental area of the 
midbrain to the nucleus accumbens; and (iii) 
associative memory systems, which produce 
powerful learned associations that predispose 
an individual to cue-dependent drug craving. 

All highly addictive drugs produce adap- 
tations in the mesoaccumbens circuitry (1, 
3), and CREB appears to be critical for at 
least some of these (3). Only a subset of ad- 
dictive drugs-opiates and ethyl alcohol, but 
not cocaine or amphetamin~roduce physi- 
cal dependence as manifested by a physical 
withdrawal syndrome. Thus the physical sys- 

tem is a significant, but not absolutely neces- 
sary, component of drug addiction. 

The noradrenergic locus ceruleus (LC) in 
the dorsal pons is a critical neural substrate 
for opiate-induced physical dependence and 
withdrawal (1,4). The major opiate receptor 
for morphine-like opiates (including heroin) 
is the heterotrimeric GTP-binding protein 
(G protein)-linked p-opiate receptor. This 
receptor is expressed on LC neurons, on neu- 
rons regulating the mesoaccumbens pathway, 
in the nucleus accumbens itself, and in many 
other brain regions. Long-term opiate ad- 
ministration causes a decrease in p-opiate 
receptor signaling in the LC (tolerance) with- 
out causing a decrease in the number or affin- 

synthetic enzymes such as tyrosine 
hydroxylase, which is up-regulated in the LC 
by opiates and binds C U B .  The new work 
by Maldonado et al. (2) provides the most 
direct evidence to date that CREB is a criti- 
cal actor in opiate-induced adaptations. [Be- 
cause immediate early gene activation (the 
usual result of CREB stimulation) was not 
changed in the transgenic mice, and there- 
fore the functional deficit was not localized 
neuroanatomically, the results of Maldonado 
et al. do not actually confirm that the critical 
structure in which CREB acts is the LC.] 

Developmental compensations for the 
missing molecules make treacherous the in- 
terpretation of data from mice produced by 
current knockout technologies; the mice used 
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development. Nevertheless, in  the  present 
case these difficulties are quite significant 
because the  investigators must implicitly as- 
sign certain adaptatiors to development and 
others to  opioid drug administration. In ad- 
dition, one cannot tell whether the  failure of 
the  partial CREB ktlockout to  alter the  ex- 
pected induction of immediate early gene 
expression or of adenylyl cyclase activity in 
response to  opioid abstinence is due to sig- 
naling patharays independent of CREB or 
whether the  persisting CREBP form, up-reg- 
~~ la tec l  in these mice, is adequate to compen- 

sate in  some physiologic roles, but not others. 
Despite these caveats, the  work by Mal- 

donado et al. provides significant near el+ 
dence that CREB is involved in  physical opi- 
oid dependence. This identification of a po- 
tential role for CREB in drueinduced neural - 
plasticity parallels recent work o n  memory 
that implicates CREB as a key molecule in  
converting short-term environmental stimuli 
into long-term changes in [>rain function. For 
example, CREB is required for the  tnainte- 
nance phase of long-term potentiation and for 
some aspects of long-tenn memory In Aplysln, 

Drosophiln, and mice (5). Now, CREB is in- 
volved in atlother type of molecular memo- 
ry-drug-iniiuced neural plasticity that leads 
to  lxhaviors associated with addiction. 
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Rural Research in Australia 
John C. Radcliffe and Adrienne E. Clarke 

Australia 's  economy depends heavily o n  
agriculture and mining, industries that pro- 
vided wealth for the  early European settlers. 
T h e  initial driving force behind Australian 
research and development (R&D) began then 
as the  settlers struggled to adapt European 
crops and methods of farlning to  food pro- 
duction in  a very different environment. 

T h e  early farmers identified ~ r o l ~ l e m s  
needing so1L;tions and soon petit i ined the  
povemment to invest in R&D. A modern sys- 
;em of rural R&D has subsequently evolv'ed 
in  arhich rural producers, processors, and the  
research community together secure h~ldgets 
a1.d set research apendas. T h e  system encour- - 
ages teamwork and cooperation within the  
R&D communitv. which is small o n  a world , , 
scale. Producer and scientist peer-review is a 
cornerstone of the  system, and Australian 
farlners are avid users bfresLiting technology. 

Allnost all Australian rural R&D is Der- 
formed in the  public sector within 10 feder- 
ally funded universities, by state and territory 
governments, or l ~ y  national agencies. T h e  
principal national research body is the  Cotn- 
mon\vealth Scientific and Industrial Re- 
search Organisation (CSIRO). Traditionally, 
CSIRO undertakes investieations of a more - 
strategic nature. Locally relevant and applied 
research is undertaken by the  state agencies. 

Since 1936, agricultural industries have cre- 
ated research councils by collecting levies o n  
production (similar to the  "check-offs" col- 
lected in some American rural itldustries). T h e  
federal government has provided dollar-for- 
dollar matching for the  levies collected fro111 

growers. In  1989, these councils became au- 
tonomous R&D corporations, developing 5- 
year strategic plans and annual operating plans. 

Much corporation research is now commis- 
sioned l ~ y  competitive tetldering o n  cost and 
scientific merit, criteria that may attract con- 
sortia with skills drawn from several organi- 
zations. A n  example is the  Dairy R&D Cor- 
poration project o n  the  development of per- 
sistent legumes in tropical daily pastures, a~h ich  
encompasses researchers from two separate 
states' agricultural agencies and CSIRO. 

Is rural R&D \vorth the cost? A 1995 In- 
dustries Com~nission inquiry (1 ) examined a 
range o i  benefit:cost studies as part of their 
evidence. O n e  of these st~ldies included re- 
search projects (with their benefit:cost ratios) 
o n  control of "take-all" disease in ~vhea t  
(92.2), nematode-tolerant grape root stocks 
(25.5), new cotton varieties (18.4), ne\v trop- 
ical pastures based o n  disease-resistant Stylo- 
snnthes spp. (4.7), and replacement of asbestos 
fil~er reinforcing with arood fibers in celllent 
sheet (72.2). In all, the CSIRO research cost 
$ A U D  161 million with estimated returns 
of $ A U D  2371 million (2) .  T h e  Industries 
Co~ntnission concluded that "the returns to 
society from investing in rural R&D are high." 

Technologies derived from R&D have 
benefited the  nation enormously. Natural re- 
sources have been protected through biologi- 
cal control methods, including the  elimina- 
tion of large areas of prickly pear (Opuntia) 
17~7 Cnctoblastis cnctorum, the  developlnent of 
myxomatosis to control ral~bits, and the  con- 
trol of skeleton areed (Chondrilln juncen) with 
a rust filtlgus and of sirex arasp (Sirex noctilio) 
in forests with parasitic nematodes. 
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wood drying technologies; and the  develop- 
ment  of lo\v-cost, readil\r-available cheinical 
preservatives for plantation timbers lacking 
natural durability. Hardwood eucalypts have 
been adapted for paper-making; their fine 
fibers complementing the  larger fibers of soft- 
\ \~oo~l s  to produce a smooth, fine paper sheet. 

Australia's crop and livestock industries 
have also benefited greatly from research. Ex- 
amples include the  development of rhizobial 
nitrogen and phosphate fertilizers to exploit 
Australia's low-fertility soils; recognition of 
the role of hard seededness in maintaining an- 
nual medics and clovers in  cereal-livestock 
rotations; and modeling the  cropping poten- 
tial of Australia's cereal lands 171; defining the  
lnathematical relation between rainfall, its sea- 
sonal distribution, and grain yield. Decision- 
support systems based o n  previous research 
results are now hecotnine available for farmers. 

Australia's wine industry has recently be- 
come internationally conlpetitive through re- 
search that allowed adaptation of Australian 
vineyards to mechanized pruning and pick- 
ing, and the  developlnent of a scientific LIII- 

derstanding and technical reproduciliility of 
the cold-fermentation processes hrought from 
Germany in the  19th century. New indus- 
tries sinde 1970 include ccjtton, n(xv based 
o n  A u s t r a l i a n - l ~ ~ d  varieties; tropical l~eef  
based o n  Stylosnnthes pastures, currently ex- 
panding a t  the  rate of 1@@,0@@ hectares per 
annum; grain-lupines, into which high-me- 
thionine genes are now being incorporated; 
and the  adaptation of canola to  Australian 
conditions to  form a new oilseed industry. 

A National Agricultural Research Strat- 
egy has recently been developed for govern- 
lnetlt and industry to maxi1ni:e cornl-rle- 
rnentarity bet\veen researchers and R&D in- 
vestors. W h e n  adopted, Australia should re- 
tain its colnpetitiveness through producer- 
driven, gol7ernment-enco~1rageCi R&D. 
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