
of Gly-PI degradation correlated with the 
liberation of myr-DAG, which became de- 
tectable after 1 min of IL-2 treatment and 
reached a maximum after 2 min (Fig. 2A). 

These analyses indicate that the hydrolysis 
of Gly-PI represents an early event in the 
transduction of the IL-2 signal in B lympho- 
cytes. B cells synthesize a Gly-PI that is 
sensitive to hydrolysis by PI-PLC and is 
rapidly degraded in response to IL-2. The 
products of the hydrolysis, myr-DAG and 
~ ~ - ~ l y c a n ,  are generated within minutes af- 
ter IL-2 treatment, well before any prolifer- 
ation or differentiation can be detected. The 
concentrations of IL-2 that induce these 
responses indicate that transduction is me- 
diated through high-affinity receptors (I), 
and because the p75 component of the 
receptor is the signal transmitter (13), the 
observed biochemical response is associated 
with that protein. Finally, the myr-DAG 
and 1~-~1yc;n responses show the same pat- 
terns of IL-2 stimulation and IL-4 inhibi- 
tion as the proliferative and J chain gene 
responses. 

kthough these data were obtained with a 
B cell model, there is suggestive evidence 
from studies of IL-2-IL-4 antagonisms that 
Gly-PI hydrolysis may be involved in IL-2 
signal transduction in other lymphoid cells. 
For example, IL-4 has been shown to inhibit 
IL-2-induced proliferation of anti-CD3- 
stimulated T lymphocytes (14) and to block 
both the proliferative and cytotoxic activities 
of IL-2-stimulated lymphokine-activated 
killer (LAK) cells (15). Definitive evidence 
for the transducing function of the Gly-PI 
system will require the demonstration that 
the hydrolysis products function as second 
messengers in IL-2 signaling. The next step 
is to determine whether myr-DAG or IP- 
glycan activates enzymes identified with 
IL-2 responses, such i s  ornithine decarbox- 
ylase (14 ,  or enzymes associated with other 
hormone responses, such as insulin-activat- 
ed CAMP phosphodiesterase (8). 

This study also indicates that the IL-2 and 
IL-4 signals are transduced by different 
pathways that intersect at an early point 
during the relay of their respective signals. 
By itself, IL-4 does not stimulate Gly-PI 
hydrolysis; yet it acts rapidly and efficiently 
to block the IL-2-induced hydrolysis. This 
antagonism is unlikely to be mediated by 
down-regulation of the IL-2 receptors. 
Studies in several systems have shown that 
IL-4 decreases the kxpression of IL-2 recep- 
tors (17, 18), but the suppression occurs 
relatively slowly and is only partially effec- 
tive. The observed 35 to 65% decrease in 
receptor number over 1 to 4 hours (18) \ ,  

cannot account for the rapid inhibition of 
Gly-PI turnover by IL-4. It is more likely, 
therefore, that 1 ~ 1 4  exerts its antagonistic 
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Whole Animal Cell Sorting of Drosophila Embryos 

Use of primary culture cells has been limited by the inability to purify most types of 
cells, particularly cells from early developmental stages. In whole animal cell sorting 
(WACS), live cells derived from animals harboring a lacZ transgene are purified 
according to their level of p-galactosidase expression with a fluorogenic P-galacto- 
sidase substrate and fluorescence-activated cell sorting. With WACS, incipient poste- 
rior compartment cells that express the engrailed gene were purified from early 
Drosophila embryos. Neuronal precursor cells were also purified, and they differenti- 
ated into neurons with high efficiency in culture. Because there are many lacZ strains, 
it may be possible to purify most types of Drosophila cells. The same approach is also 
applicable to other organisms for which germ-line transformation is possible. 

I N MANY ORGANISMS DIFFERENT DE- 

velopmental pathways originate be- 
cause of differential allocation of egg 

cytoplasm and regulatory gene products to 
individual cells; subsequent development of 
these cells and their descendants is common- 
ly modulated by signals between cells (1). 
Characterization of the biochemical differ- 

ences among developing cells and a molec- 
ular understanding of the interactions be- 
tween cells might be possible if the different 
cells of a developing animal could be isolat- 
ed for analysis and for study in vitro. This 
has been an important experimental ap- 
proach in studies of early amphibian devel- 
opment (2) and development of the mam- 
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malian nervous system (3) where, because of 
specialized'cell and tissue morphologies, it is 
possible to identify and excise certain types 
of developing cells and tissues. Also, the 
ability to isolate cells by their surface mark- 
ers has revolutionized ;he study of the im- 
mune system (4). Here we present a general 
method for purifying cells from developing 
animals based solelv on differences in cellular 
patterns of gene expression. Whole animal 
cell sorting (WACS) combines the resolu- 
tion and generality of current cell-marking 
techniques that use introduced transgenes 
with the purification and analytical power of 
fluorescence-activated cell sorting (FACS). 

For WACS, embryos of a strain harboring 
an Escherichia coli  lac^ transgene expressed 
in a particular cell type are grown to the 
desired developmental stage. The cells of the 
developing , animals are- dissociated and 
stained with a fluorogenic P-galactosidase 
substrate, and the fluorescent cells are puri- 
fied bv FACS. The ~urified cells can be 
analyzed directly or allowed to continue 
development in culture, alone or in the 
presence of other cells or developmental 
signaling molecules. There are several re- 
quirements for this strategy to be successful. 
First, strains that express p-galactosidase in 
the cells of interest at the appropriate devel- 
opmental stage are required (thousands of 
D. melanogaster strains with lacZ under the 
control of various cell- and tissue-specific 
promoters and regulatory elemen& have 
been generated by germ-line transforma- 
tion) (5).  Second, the animals' cells must be 
dissociated and live cells in the preparations 
must be identified. Third, the P-galacto- 
sidase-expressing cells must be fluorescently 
stained and purified. Finally, the purified 
cells must be able to continue their develop- 
ment in vitro. 

When the cells of D. melanogaster embryos 
are dissociated and grown as primary cul- 
tures, many morphologically distinct cells 
arise, including neurons, myocytes, and 
chitin-secreting cells (6). We prepared cells 
from -lo3 4- to 6-hour-old embryos by 
dounce homogenization and stained them 
with propidium iodide (PI) and either fluo- 
rescein diacetate (FDA) or calcein blue ace- 
toxymethyl ester (CBAM) to distinguish 
live cells from dead cells and debris by FACS 
analysis (Fig. 1, left). Live cells (stippled 
box) were considered as those that excluded 
PI (low PI fluorescence) and metabolized 
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mcnt of  Biochemistry, Stanford University, ~tankrd, 
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LlVE 
CELLS 

Calcdn blue (fluorercencelcell) Largeangle llght scatter 

Fig. 1. Flow cytometric analysis of D. tnelanoxnster embryo cells. We disrupted 4- to 6-hour-old 
embryos by dounce homogenization, stained the cells with PI and CBAM (26) and analyzed them by 
FACS (27). (Left) Contour plot of cellular fluorescence measurements. The live cell population is 
indicated by the stippled box. (Right) Light scatter measurements of the live cells. 

FDA to fluorescein (7) or CBAM to calcein 
blue (high calcein blue flourescence); they 
represented about 50% of the preparation 
and were well resolved from other popula- 
tions, which probably include dead cells, 
nuclei, yolk, and debris. The live cell popu- 
lation had a broad distribution of forward 
light scatter values because of heterogeneity 
in cell size and the presence of some incom- 
pletely dissociated cells (Fig. 1, right). Un- 
like in many heterogeneous cell populations 
(4), however, in the live cell population 
there were no subpopulations with distinc- 
tive forward and large-angle light scatter 
profiles, possibly because there has been 
little cellular differentiation at this early 
stage in development. In the following ex- 

Fia. 2. Staining of live D. tnela~o~aster culture 
ceis and embfo cells with FDG."(A) S2 cells 
were transiently transfected by the calcium phos- 
phate technique with 0.5 kg  of pP,,lacZ (solid 
line) or with pP,, (dotted line), a control plasmid 
without the lncZ sequences (29). The cells were 
collected 45 hours after transfection. then resus- 

periments, we used PI staining and forward 
light scatter measurements to exclude from 
analysis dead cells, 'large cell aggregates, and 
most debris; in some experiments, we also 
used CBAM staining to exclude cell-sized 
debris and a rare population of autofluores- 
cent particles. 

Cultured mammalian cells that express 
P-galactosidase can be fluorescently stained 
with the p-galactosidase substrate fluores- 
cein di-P-D-galactopyranoside (FDG) and 
remain viable (8). Nonfluorescent FDG is 
briefly introduced into cells at 3 T C  under 
hypotonic conditions, and the fluorescent 
reaction product fluorescein accumulates in 
cells expressing P-galactosidase. The p-ga- 
lactosidase reaction is carried out under iso- 

S2 cells 

SCIENCE, VOL. 251 

pended in SM medium and stained with FDG and 
PI (30). The p-galactosidase reactions were for 1 
hour and cellular fluorescence was determined by 0.1 
FACS. (B through E) Cells were prepared from 0.1 1 10 100 1000 
4.5- to 6.5-hour-old 43.04 embryos which harbor Fluorescein 
a jz-lacZ transgene (1 1,14), or from wild-type (f~uorescencelce~~) 
(Canton S) embryos of the same age (26). 
Washed, filtered cells were mock-loaded in hypo- B ftz-lac2 
tonic SM or loaded with 1 mM FDG (30) or 1 80 - 
mM FMG (31) for 1.5 min at 23°C. Isotonicity 
was restored, cells were stained with PI, and the 60 - 
p-galactosidase reactions were continued for 45 40- 
min and then stopped by addition of PETG. % 
Fluorescence values of the live cells are shown. 5 20- 

(B)jz-1acZ cells, mock-stained. ( C ) j r l n c Z  cells, 1 0. . I . . 
stained with FDG. The fluorescent population D Canton S 

C ftz-lac2 + FD 

E Canton 
may trail into the nonfluorescent population be- 80. 

cause of heterogeneity in p-galactosidase expres- 60. 
sion among developing embryos of slightly differ- 
ent ages. (D) Canton S cells, mock-stained. (E) 40- 
Canton S cells, stained with FDG (solid line) or 
FMG (dotted line). FMG was used to test the *O' 

substate loading of the cells. Less than 0.5% of 0, .\ , , , 

live cells had fluorescence values greater than four 0.1 1 10 100 0.1 I 10 100 
units after FDG staining. Fluorescein (fluorescencelcell) 



tonic conditions, and at 4°C so that fluores- 
cein will not leak from the cells (8) .  It was 
possible to stain transiently tranif&ed D. 
melanogaster Schneider's line 2 (S2) cells (9) 
expressing p-galactosidase with FDG under 
similar conditions, although FDG was load- 
ed at 23°C instead of 37°C to prevent heat 
shock. A fraction of the transfected cell 
population (Fig. 2A) had high fluorescein 
fluorescence (solid line), and the fluorescent 
cells were absent when the cells were trans- 
fected with a control ~lasmid without lacZ 
sequences (dotted line) or when FDG was 
omitted (7). The heterogeneity in fluores- 
cence probably rdlects heterogeneity in 
p-galactosidase expression among the trans- 
fmed S2 cells (10). Because most cells were 
unchanged in fluorescence after FDG treat- 
ment. there must be little transfer of the 
flue-ent products from cells that are ex- 
pressing p-galactosidase to those that arc 
not. 

We next determined if FDG could be 
used for labeling cells derived from whole 
D. melaano~aster embryos. In strains harbor- 
ing afirshi taraxu (Fx)-lacZ transgene, p-ga- 
lactosiclase is expressed, as is the endogenous 
fiz gene, in seven regularly spaced rows of 
cells (smpes) along the anterior-posterior 
axis (1 1). Cells from 4.5- to 6.5-hour-old 
fiz-lacZ embryos were loaded with FDG 
under the conditions used for S2 cells, and 
$-galactosidase reactions were continued fbr 
0,1, or 45 min. A significant cell population 
with fluorescence values of four units or 
more appeared a k r  1 min (7), and by 45 
min the fluorescent cells represented -35% 
of the live cells (Fig. 2C). This is in good 
agreement with the hction of $-galacto- 
sidase-srpressing cells determined by histo- 
chemical staining of intact embryos (11). 
There were few fluorescent cells if FDG was 
omitted (Fig. 2B), if cells were from Canton 
S embryos that lack a lacZ transgene (Fig. 2, 
D and E), or if the E. coli $-galactosidase 
inhibitor phenylethyl-p-D-thiogalactoside 
(PETG) was added to 1 mM before FDG 
addition (7). Also, when Canton S cells were 
treated with fluorescein mono-p-D-galacto- 
pyranoside (FMG), a fluorescent compound 
similar in structure to FDG, the entire pop  
ulation became fluorescent (Fig. 2E); this 
suggests that all of the embryo cells take up 
the P-galactosidase substrate and nonfluo- 
rescentcells are not simply deficient in sub- 
strate loading. These experiments demon- 
strate that fluorescent staining with FDG is 
specific for E. coli p-galaaosidase, and that 
one can use FDG to distinguish $-galacto- 
sidase-srpressing cells from none~pressing 
cells in heterogeneous cell populations de- 
bed from whole animals. 

We carried out similar experiments with a 
strain harboring an engrailed-lacZ transgene 

to show that WACS can be used to ~urifir 
I d 

cells solely on the basis of their pattern of 
gene expression. Early in embryogenesis 
there are no morphological differences be- 
tween en-expressing cells and nonexpressing 
cells, although the expressing cells become 
the posterior part of each segment (12). 
Cells from 4 to 6-hour-old en-lacZ embryos 
were treated with FDG, the fluorescent cells 
were sorted, and p-galactosidase and en 
expression in the cells were determined by 
antibody staining (Fig. 3). Essentially all 
sorted cells expressed both proteins, whereas 
only rare cells in a nonfluorescent control 
population expressed either; we obtained a 
similar result using protein immunoblots of 
cell ex-tracts probed with anti+-gala- 
sidase antibodies (13). Thus, the FACS as- 
say accurately measures expression of the 
endogenous gene, and WACS can separate 
stripes of en-expressing cells, the incipient 
posterior compamnent cells, from nonex- 
pressing cells of the interstripes. 

For the study of development in vitro, the 
purified cells must be capable of executing 
their normal developmental program in cul- 
ture. To test for developmental competency, 
we purified neuronal precursor cells from a 
strain with lacZ expression in neuroblasts 
and cells derived from neuroblasts (14) (Fig. 
4). After growth in culture for 1 day, 33 to 
41% of the purified cells had long slender 
proceses characteristic of neurons (Fig. 4) 

Fig. 3. Puriticatiion of the stripes of A 
enkpressing cells by WACS: cells 5 100 

from 4 to 6-hour-old 2.5EPLHT 5 80 
+ 5.OR embryos, which harbor an 
en-lac2 transgene expressed in the 2 40 
posterior compartment of each seg- < 20 

staincd with FM;. PI. and CBAM. 
ment (32), were prepared and 

( 

(15), and the cell bodies and processes of the 
differentiated cells stained Gth  anti-horse- 
radish peroxidase (HRP) antisera (9, which 
recognizes a neuronal surface antigen (16). 
Only a few percent (1.6 to 5%) of unpuri- 
fied control cells had this morphology under 
the same culture conditions. Purified cells 
that did not acquire neuronal morphology 
may have arrested at an earlier developmen- 
tal stage, possibly because culture conditions 
are suboptimal or because differentiation of 
these ceils requires interactions with other 
cell typcs. 

In the purified culture, neurons with one 
or two ~rocesses .were most common. but 
there w&e also rare cells with more th& two 
neurites. Many cells were present in clusters 
of two or more cells of similar morphology 
(Fig. 4); such clusters probably derive ftom 
individual precursor cells (1 7), suggesting 
that the purified cells can divide as well as 
difFerentiate. The purified cells also appeared 
to interact with each other, as neuronal 
proceses commonly bridged neighboring 
cells. Most of the morphological changes 
took place after more than several hours in 
culture; after 3.5 hours only about 2% of 
cells had neuronal morpholG, and of these 
most had only short processes. The time 
course of differentiation of the purified cells 
thus appears similar to the time course of 
neural-differentiation in its nonnal context, 
where axonogenesis begins 8 to 10 hours 

p-Galactosidase rc'actibns were for 
20 min. Live cells with high fluo- 
=in fluorescence (-7 to 990 

Stripe interstripe units), or a low-fluorescence con- c - - - - -  
trol population (-0.2 to 0.8 unit), 
were s o d  onto wid, polylysine- 
coated slides and iixed with 4% 

- 
F. 

paraformaldehyde. Fixed cells were 1 - stained with a rabbit polyclonal an- = 
ti+-galactosidase antixrum or a 
m o w  monoclonal anti-en anti- 
body (33) and then treated with a 
biotinylatcd secondary antibody D 
and HRP immunochemisny. The 
stained cells were photographed at 
x400 under interference-contrast 
optics; antigcn-positive cells appcar 

P = . 6 darker than the antigcn-negative 
cells, which appcar gray. (A) Fluo- 
rescein fluorescence of live cclls 
from en-lac2 embryos. The sort 
gate for the lugh-fluorescence cells is indicated. (6) An intact en-IacZ embryo stained with anti+- 
galamidase antiserum as described (22). An anterior stripe of 1acZsrpressing cells appevs slightly 
later than those shown. (C) High-fluorescein fluorescence cells (en "stripe" cells, left panel) or 
low-fluorescein fluonxcncc cells ("interstripe" cells; nght panel) stained with anti+-galactosidase 
antiserum. (D) High-fluorescein fluorescence cclls (left panel) or low-fluorescein fluorexcnce cells 
(right panel) stained with anti-en antibody. 
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Fig. A Puri6cation ofncuro~d prc- 
cursor cdls bv WACS and dcvclo~- 
mcntof&cdlsinvitro.ceirs 110 
were p+ h 4 to Chow- 1 old embryos of suain F249, which 
express @-gahosidasc in ncuro- 
blasts and their progeny (14), and 
stained with FDG and PI. .-a- 

1 ik tosidasc reactions w a  for 1 hour. 
Live cells (-6 x 1@) with high 0 
fluorcxein fluorescence (>4 units), 

Ruor#h or a mock-sod control popula- 
tion (all fluoresence values), w a  ' - 
s o d  into 0.1 ml of M/CM medi- 
um (34) in the center of a 35-mm 
CUltlurdish.Cdlswaallowedto 
attach for -1 hour, 0.2 ml of 
M/CMwasaddcd,andtheculnve 
was placed in a humidified chambcr 
at 25°C for 1 day. After culturing, 
t h a w - 3  x 103cclldustrrsin 
the aperimend and the control 
culnua. D i i t i a t c d  cdls were 
photographed without fixation at 
x400 with a water inmenion ob- 
jective and phase-contrast optics. 
Thc graph at the top kft shows - --- 

fluoG-in f l u k  values of 
the live cells h F249 anbryos. The sort gate for the high-fluorescence cells is indi-catcd. The color 
pan& arehotomiaogaphs ofthe live, f l u o m t  cdls .As culturing. Growth cones can be seen at 
the ends most d t c s .  Similar results were obtained in two independent experiments. 

after fedintion and continues for several 
hours throughout embryogenesis (1 8). 

Other purification methods, such as elu- 
triation 09) and difkential cell adhesion 
(19, 20), have been success~y applied to 
D. melanogaster embryo cells to enrich for 
cerrain cell types, but they lack the puri6ca- 
tion power of WACS, and they are based on 
intrinsic physical diEenmces among cells and 
so are not inherently generalizable. In con- 
trast, WACS is applicable to virtually any 
cell type at any stage of development, so 
long as the cells can be selectively marked 
with p-galactaidas and viably separated 
from neighboring cells. Given the large 
number of existing lacZ strains and the ease 
of generating new ones (5), it may be pos- 
sible to mark and purify most types of D. 
melanogaster cells (21). If necessary, FDG 
staining of p-galactosidax+expressing c& 
can be used in combination with other cell 
markers, including other fluorescent mark- 
ers that can be distinguished from fluores- 
cein by means of multiparameter FACS. 

The stage is now set to begin purification 
of the &rent cdls of an animal h m  a 
particular developmental stage for molecular 
analysis and fbr reconstructing developmen- 
tal interactions h m  purified cells in vitro. 
For instance, it should be possible to purify 
wingless-expressing cells, which neighbor 
the en-expressing cells in each segment, to 
test in vitro the proposal that wingless-ex- 
pressing cells are required for maintenance 
of en expression during embryogenesis (22). 
WACS may be of special importance in the 

study of the nervous system, where many 
a l l  types interact to form a functional nct- 
work WACS should also be applicable to 
other animals for which germ-line transfor- 
mation with lacz transgenes is possible, 
such as the mouse and the nematode worm 
(23). 

Because maximal sorting speeds of cur- 
rent FACS insauments approach -lo7 cells 
(or -lo3 embryos) per hour, lo5 to lo7 
puri6ed cells can be obtained in several 
hours by WACS if the cells of interest 
represent a reasonable proportion of total 
cells. This is enough for most cell-based 
analyses, and it should be enough for con- 
structing cell type-scific cDNA libraries 
and for detecting proteins and DNA bind- 
ing activities using sensitive techniques (24). 
Cdl yields can be increased if other purifi- 
cation techniques are used to enrich for the 
cells of interest before WACS, or it may be 
possible to establish continuous cell l ies  
from the purified cells. 
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Inhibition of Morphine Tolerance and Dependence by 
the NMDA Receptor Antagonist MK-801 

The N-methyl-D-aspartate (NMDA) subtype of the glutamate receptor is an important 
mediator of several forms of neural and behavioral plasticity. The present studies 
examined whether NMDA receptors might be involved in the development of opiate 
tolerance and dependence, two examples of behavioral plasticity. The noncompetitive 
NMDA receptor antagonist MK-801 attenuated the development of tolerance to the 
analgesic effect of morphine without affecting acute morphine analgesia. In Addition, 
MK-801 attenuated the development of morphine dependence as assessed by nalox- 
one-precipitated withdrawal. These results suggest that NMDA receptors may be 
important in the development of opiate tolerance and dependence. 

0 PIATE DRUGS SUCH AS MORPHINE 

are widely used in the clinical man- 
agement of pain. Their clinical use- 

fulness is limited, however, by tolerance and 
dependence. Tolerance is a decreased effect 
of a drug with repeated administration; a 
consequence of tolerance to opiates is the 
need to increase the dose of the drug to 
sustain the clinical analgesic effect. Depen- 
dence is also a state produced by repeated 
administration of a drug, but is only ex- 
pressed after administration is terminated; 
an opiate-dependent subject undergoes an 
unpleasant withdrawal or abstinence syn- 
drome in the absence of further administra- 

tion of drug. Tolerance and dependence are 
thought to result from neuronal adaptations 
produced by repeated drug exposure (1, 2). 
The behavioral and neural plasticity seen 
after repeated exposure to opiates is experi- 
ence-dependent and in many respects is sim- 
ilar to learning-in fact, learning has been 
suggested to be important in the develop- 
ment of tolerance and dependence (3, 4). 
Despite many years of study, the mecha- 
nisms underlying opiate tolerance and de- 
pendence are still relatively poorly under- 
stood. 

Excitatory amino acid systems have a role 
in behavioral and neural plasticity. In partic- 
ular, the N-methyl-D-aspartate (NMDA) re- 
ceptor is involved in neuronal development, 
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48 109-0720. examined ke'potential rb~e  of NMDA re- 
*To whom correspondcnce should bc addressed. ceptors in the development of tolerance and 

dependence by determining the effects of an 
NMDA receptor antagonist on the behav- 
ioral changes that occur with repeated ad- 
ministration of morphine to rats (6).  

Animals receiving 10 mg of morphine per 
kilogram of body weight (10 mglkg of 
morphine) displayed maximal analgesia on 
days 1 and 3 of treatment whether they were 
treated with saline or MK-801. In saline- 
treated animals the analgesic response to 
morphine displayed rapid development of 
tolerance, reaching baseline latencies by days 
7 to 9 (Fig. 1A). In contrast, animals treated 
with 0.1 mglkg of MK-801 showed consid- 
erably less tolerance, maintaining an analge- 
sic response throughout morphine treat- 
ment. This effect was dose-dependent; 
animals treated with 0.03 mglkg of MK-801 
showed tolerance to the analgesic effect of 
morphine that was similar to that in saline- 
pretreated animals, while animals treated 
with 0.1 or 0.3 mgjkg of MK-801 were 
analgesic throughout the testing period 
(Fig. 2A). The increased analgesia seen in 
the MK-801-treated group was not due to 
analgesic actions of MK-801 alone or to an 
acute analgesic interaction between MK- 
801 and morphine. First, animals treated 
acutely with MK-801 (0.03,0.1,0.3, or 3.0 
mglkg) showed no change in tail-flick laten- 
cy, demonstrating the lack of effect of this - 
drug alone on pain responsiveness (Fig. 3). 
Additionally, animals treated acutely with 
MK-801 (0.03,0.1, or 0.3 mglkg) and then 
with a mildly analgesic dose of morphine 
(1.0 mglkg) had tail-flick latencies no great- 
er than saline-pretreated animals, demon- 
strating the lack of acute interaction be- 
tween-these drugs (Fig. 3). Despite the 
absence of analgesia observed with MK-801 
alone or in combination with an acute injec- 
tion of morphine, we considered the possi- 
bility that this drug may have unmasked 
"hidden" analgesia in the morphine-tolerant 
animal and may therefore have affected the 
expression rather than the development of 
morphine tolerance. However, the data 
from day 10 of treatment indicate that this 
was no; the case: animals that had been 
treated with saline and morphine on days 1 
through 9, then challenged with MK-801 
and morphine on day 10 showed no greater 
analgesia than that seen the previous day, 
demonstrating that MK-801 does not affect 
the analgesia in an already morphine-toler- 
ant animal (Fig. 1B). Moreover, animals 
that had been treated with MK-801 and 
morphine on days 1 through 9, then given 
morphine alone on day 10, displayed con- 
siderable analgesia on day 10 despite the 
lack of MK-801 pretreatment on this day 
(Figs. 1B and 2B), suggesting that MK-801 
need not be present during testing to ob- 
serve analgesia in the chronically treated 
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