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LIPTON, J., S. ZEIGLER, J. WILKINS AND G. ELLISON. A silicone pellet for continuous cocaine: Comparison with continu- 
ous amphetamine. PHARMACOL BIOCHEM BEHAV 38(4) 927-930, 1991.--An inexpensive silicone pellet is described for the 
continuous administration of cocaine for up to 5 days. Rats implanted with this pellet show minimal skin irritation and go through 
distinct behavioral stages, with an initial period of hyperactivity followed by motor stereotypies. Then, at 3--4 days after implanta- 
tion, a variety of hailucinogen-like ("late-stage") behaviors appear, including limb flicks, sudden startle responses, and repetitive 
mid-air grasping movements. Compared to continuous d-amphetamine, continuous cocaine induces decreased motor stereotypies but 
heightened "late-stage" behaviors. 

Cocaine Amphetamine Drug regimen Psychosis Rats 

AN established analog of paranoid schizophrenia is the psychosis 
associated with the chronic administration of d-amphetamine in 
humans (1, 2, 9, 21). The development of a slow-release sili- 
cone pellet for chronic amphetamine administration (11) enabled 
the study of the stages of continuous amphetamine administra- 
tion in rats, for it allowed modeling of the 'speed runs' of am- 
phetamine addicts by continuously releasing low levels of 
amphetamine for many days. A number of experiments (4, 5, 7, 
8) showed how continuous exposure to low concentrations of 
d-amphetamine initially produced a greater behavioral response 
than a correspondingly low dose administered acutely to drug na- 
ive animals, and eventually led to a distinctive "late-stage" of 
hallucinogen-like behaviors accompanied by biochemical alter- 
ations in brain distinctly different from those following intermit- 
tent amphetamine (4, 6, 10). 

Cocaine abuse has also been reported to lead to a paranoid 
psychosis, with psychotropic effects ranging from tactile sensa- 
tions to intricate visual events (17, 22, 23). According to Man- 
schreck et al. (13) the freebase form of cocaine can produce 
paranoid psychosis in humans. The strong reinforcing effect of 
freebase is a factor in its binge-like abuse pattern, which induces 
elevated levels of cocaine for as long as the addict continues to 
indulge (17,23). 

Most studies concerned with the effects of chronic cocaine 

administration do not truly mimic the drug schedule of the free- 
base cocaine abuser. Injection regimens that are used to model 
chronic abuse of cocaine show wide fluctuations of serum co- 
caine levels over a 24-hour period (14), whereas freebase smok- 
ers continue to frequently self-administer drugs in order sustain 
euphoric effects (as well as to prevent dysphoric effects), and 
tend to show smaller plasma fluctuations than those seen in ex- 
perimental paradigms (23). Therefore, an uninterrupted (i.e., con- 
tinuous) administration may more closely characterize the intake 
patterns of an addict than an intermittent administration. 

Attempts to administer continuous cocaine using subcutaneous 
osmotic mini-pumps have had mixed results due to the vasocon- 
strictive properties of cocaine at the release site, which can pro- 
gressively alter absorption rates into the bloodstream and often 
induces a marked local tissue necrosis which further decreases 
serum levels of the drug. We have developed a silicone pellet for 
use in the chronic administration of cocaine freebase which shows 
none of the necrotic properties associated with the osmotic mini- 
pumps and thereby provides an easy, inexpensive method to study 
the effects of chronic cocaine administration. 

METHOD 

Subjects 
Thirty male Sprague-Dawley CDF rats (250-300 g) were placed 
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into individual transparent-front observation cages and allowed to 
habituate to the new environment for two days. The 12-h light/ 
dark cycled room was equipped with black and red fluorescent 
fixtures which illuminated the cages during the dark cycle so ob- 
servers could record behavioral data. Observers sat directly in 
front of the cages, but were not easily seen by the animals be- 
cause of the low level illumination facing the cage fronts. 

Pellet Design 

The cocaine pellet was based on a modification of the previ- 
ous amphetamine pellet design (11) and consisted of a 4 cm sec- 
tion of Silastic Medical Grade tubing (Dow Coming 601-405) 
filled with 80 mg of cocaine freebase (Sigma Pharmaceuticals) in 
a suspension of PEG capped on each end with medical grade sil- 
icone elastic polymer. Control pellets were identical to cocaine 
pellets but were filled exclusively with PEG. Pellet release was 
determined by high pressure liquid chromatography (HPLC) as- 
say of 80 mg pellets implanted for various time periods and then 
removed (n = 4 for days 0, 1, 3, and n = 8 for 5 days). The am- 
phetamine pellets used in the behavioral experiments release 20 
mg of amphetamine base over the first five days [details in (11)]. 

Pellet Implantation and Removal 

A general anesthetic (Halothane) was used to anesthetize the 
animal and a 15 nun incision was made on the back of the ani- 
mal. The connective tissue under the skin was separated, form- 
ing a 5 × 1 cm cavity, and a pellet was inserted into the space, 
the wound was sutured and a topical antibiotic was applied. For 
the behavioral experiments, a second pellet was implanted by re- 
peating this procedure on the contralateral flank. On day 6 pel- 
lets were removed from all groups under Halothane anaesthesia. 
A cut was made just adjacent to the old wound, topical anesthetic 
applied, the connective tissue was cut, pellet(s) removed, and the 
wound was then closed as described previously. 

Behavioral Scoring 

Each animal was observed twice daily for 5 min at 1 and 5 h 
after the onset of the dark cycle. During these periods behavioral 
data was recorded with the aid of a 10-s interval timer and fre- 
quency/duration sampling observation sheets. A frequency score 
was recorded every time an animal was observed making a be- 
havioral response; duration scores were recorded (at 5- or 10-s 
intervals) for as long as the response occurred. Any behavior 
which lasted more than 10 seconds, or was bisected by a 10-sec- 
ond time interval was given another tally (i.e., if animal contin- 
ually sniffs without stopping for 1 minute, it would receive 6 
tallies: one under each 10-second interval of that minute). Obser- 
vation sheets listed the eight behaviors which were reliable indi- 
cators (based on pretest observations) of the progression of 
symptoms seen in animals exposed to cocaine, amphetamine and 
LSD (limb-flicks and wet-dog shakes). The categories were: Ly- 
ing Motionless (rat immobile and not supported by any limbs for 
at least 5 s); maximum number of tallies possible in a 5-min ses- 
sion was 60; Stand and Rear (animal standing on hind legs and 
rearing); scored every 5 s if continuous, or for each rear if it 
lasted for less than 5 s; Cage Crossing (animal's head and shoul- 
ders cross the midline of the cage); Body Bite (using teeth on 
body to groom or scratch); Stereotyped Cage Biting (chewing on 
metal floor incessantly for 10 s); Sudden Startle (a sudden jump, 
usually accompanied by vocalization, with no apparent external 
cue); Limb Flick (animal flicks fore-paws), and Wet-Dog Shakes. 
Other competing behaviors were noted on the observation sheets 
but were either too low in frequency to be quantified or were 

TABLE 1 

MEAN COCAINE SERUM LEVELS ( _+ SEM, N = 6) AND MEAN RELEASE 
RATE ( _+ SEM, N = 6) OF COCAINE PELLETS (TWO PER RAT) FOR 

DAYS 1, 3 AND 5 Ab'TER IMPLANTATION 

Day 1 Day 3 Day 5 Day 7 

Serum levels 
( ± SEM; ng/ml) 

270 +-- 33 
Amt released by 

pellets ( ___ SEM; mg) 
17 --- 2.2 

369 --- 58 187 ± 18 0 --- 0 

56 --- 3.7 30 ± 3.2 N/A 

The levels indicate that the pellets gradually increase their release 
through day 3 and slowly decline through day 5. Serum levels roughly 
correspond to the frequency of stereotypic behaviors (see Fig. 1). 

similar to those listed above and offered redundant information. 
These behaviors have been shown previously to occur during 

the "late stage" of continuous amphetamines and in similar work 
involving cocaine in both monkeys (8,18) and rats (14). Two 
trained observers who were not informed of treatment conditions 
each watched the animals for one of the two observation periods 
during the day. Totals were averaged across observers each day, 
and a total of seven observation days were recorded, including 
one day of both predrug and postdrug. 

In order to assess the degree to which declining pellet output 
vs. tolerance to the drug accounted for the appearance of "late- 
stage" behaviors in the cocaine animals, a second set of animals 
was habituated to the automated activity cages previously 
described (3) and then implanted with pellets. After 5 days the 
pellets were removed and, 12 h later, fresh pellets reimplanted. 
Activity measurements continued throughout the 7 days of this 
experiment. 

RESULTS 

Cocaine pellet assays indicated the mean release rate from two 
pellets of cocaine freebase---SEM was 17 ~ 2.2 mg in the first 24 
h, 56---3.7 mg over the next 48 h and 30---3.2 mg in the final 
48 h (see Table 1). Thus each rat received 103 mg (51.5 mg per 
pellet) over the five days, or about 65% of the total amount im- 
planted. HPLC analysis of serum collected from animals 1, 3 
and 5 days after implantation of cocaine pellets and 2 days after 
removal (i.e., day 7) indicated persisting cocaine levels over the 
5- day administration (see Table 1). 

As reported previously, the amphetamine group initially 
showed marked increases in stereotypy [stereotyped biting, 
F(3)=3.246,128, p<0 .05  and cage-biting, F(3,128)=5.786, 
p<0.005,  compared to controls; see Fig. 1]. This activity then 
declined and was not significantly different from controls during 
days 3 and 4, when the amphetamine animals exhibited the char- 
acteristics of the amphetamine "crash"  stage. During this period 
virtually all behaviors were attenuated [except lying motionless, 
F(3,128) = 12.981, p<0.0001,  cf. Fig. 1]. Day 5 witnessed a re- 
covery of some stereotypic behaviors (sniffing, cage biting) as 
well as a peak in frequency for standing and rearing. Because of 
the brevity of the observation periods, no significant "late-stage" 
behaviors were evident in the amphetamine group when com- 
pared with controls. 

Increased cage crossing [F(3,128) = 28.643, p<0.0001;  two- 
tailed t-test vs. controls, p<0.0001,  Fig. 1] was the first notice- 
able change in the behavior of the cocaine group on day 1, these 
peaked on day 3. Rearing also peaked on day 3 [F(3,128)= 
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FIG. 1. Mean frequencies of two 5-minute trials per day over seven days 
(one pre- and one postimplantation). Increased locomotion is evident for 
cocaine animals (see cage crossing), whereas stereotypic behavior is more 
characteristic of amphetamine animals (see cage-biting). Late-stage be- 
haviors (wet-dog shake, startle) are only evident in cocaine animals. 

16.408, p<0.0001, t-test vs. controls p<0.0001]. Figure 1 shows 
that the cocaine group showed significant increases in spontane- 
ous "startle" responses [F(3,128)=4.511, p<0.01; t-test, 
p<0.006] and wet-dog shakes [F(3,128)=4.383, p<0.02; t-test 
p<0.03] by day 4. On the final day of drug administration, the 
cocaine group showed a diminution in the frequency of "late- 
stage" responses with a return to stereotypic behaviors (sniffing, 
biting, rearing). Removal of cocaine pellets led to a rapid decline 
in all "late-stage" and stereotypic behaviors. 

Controls showed very little fluctuation in the frequencies of 
their behaviors. The lying motionless category showed marked 
fluctuations because animals were found to be either sleeping or 
active on different days, with no discernable pattern. Controls 
also showed a systematic increase in body biting behaviors, most 
likely due to pellet wound irritation. Upon removal of the drug 
pellets, all behavior frequencies fell to control levels, or below, 
with the exception of lying motionless, which was much higher 
on day 6 for both drug groups when compared to controls. 

The measurements in the activity cages indicated that in drug- 
naive animals, implantation of the cocaine pellets resulted in a 
gradual increase in activity levels. The cocaine pellet animals 
were significantly more active than the controls at 24 hr after 
pellet implantation [mean activity_sem in arbitrary units 
described previously (3) for 2 preimplantation days was 
1805__-463 as compared to 2908___744 for the 1st day after im- 
plantation; Dunnett, p<0.01]. Activity levels peaked on Day 2 
(4215 -726)  and began to decline on subsequent days. However, 
upon reimplantation of fresh pellets on day 5, the cocaine ani- 
mals showed no change in the gradual decline of their activity 
levels (day 4: 3378--.635; day 6: 3052---734), and by day 9 
(2477 --- 500) the activity of the animals was not significantly dif- 
ferent from preadministration levels. Thus reimplantation with a 
second pellet produced much smaller increases in activity, indi- 

DISCUSSION 

The development of this inexpensive pellet for the chronic 
administration of cocaine offers a reliable mode of delivery while 
avoiding the local tissue necrosis, with its attendant alteration in 
release rates, often encountered with osmotic mini-pumps. Un- 
like daily injections, which typically induce a progressive sensi- 
tization of motor stereotypies, the cocaine pellet leads to gradual 
tolerance to the drug. Thus, with cocaine, as with amphetamine 
(15, 19, 20), the mode of delivery is a key factor in the produc- 
tion of hyperactivity, stereotypies and "late-stage" behaviors. 
The uninterrupted flow of cocaine from the pellets may mimic 
some critical aspects of the schedule of drug intake of chronic 
"binge" abusers better than do either repeated injections or 
minipumps. According to the HPLC analysis of the pellets it ap- 
pears that during the first 3 days there is a gradual increase in 
cocaine release; this slowly tapers off during the remaining 2 
days. It is possible that this initial gradual increase in release 
models an addict's progressively increasing usage at the begin- 
ning of a binge, while the gradual decrease during days 4 and 5 
may mimic an addict's gradual weaning from the drug as dys- 
phoric effects increase. 

While the progression of behaviors associated with chronic 
cocaine exposure differs somewhat from that of amphetamine, 
both produce a similar "late-stage" (16). Cocaine-induced hy- 
peractivity and motor stereotypies were increased over controls 
in all categories, as was seen by the heightened cage crossing in 
the cocaine animals. This was not true in the amphetamine ani- 
mals because their intense and focussed motor stereotypies dom- 
inated their activity, limiting the expression of other behaviors 
tremendously, including those typically seen in the "late-stage." 

The fact that the frequency of "late-stage" behaviors 
produced by the cocaine pellet were significantly greater than 
those produced by the amphetamine pellet might be taken to in- 
dicate that the "late-stage" behaviors induced by amphetamine 
were lessened due to its selective damage to caudate dopamine 
terminals (6). Since cocaine does not appear to cause comparable 
caudate DA terminal damage as does amphetamine animals 
(12,25), the present findings indicate that caudate DA neurotox- 
icity is not integral to the onset of "late-stage" behaviors. How- 
ever, we have recently (25) reported that while the amphetamine 
pellet induces alterations in dopamine D1 and D2 receptors in 
caudate and the cocaine pellet does not, with continuous cocaine 
there is a sizable and persisting alteration in benzodiazepine and 
muscarine receptors in several brain regions. The fact that these 
changes in benzodiazepine and muscarine binding are primarily 
in dopamine-rich areas suggests that dopamine may act as a 
modulator for the induction of these unique neurotoxic effects. 

In order to discern the mechanisms which precipitate "late- 
stage" behaviors, the attributes shared by the amphetamine and 
cocaine pellets must be identified. Both pellets cause incessant 
dopaminergic hyperstimulation, progressive sleep loss over time, 
and persisting receptor changes in dopamine-rich brain regions. 
Which of these effects is essential for the appearance of "late- 
stage" behaviors remains unknown, but the answer to this ques- 
tion has clear implications for the biochemistry underlying stim- 
ulant-induced psychoses. 

REFERENCES 

1. Bell, D. The experimental reproduction of amphetamine psychosis. 
Arch. Gen. Psychiatry 29:35--40; 1973. 

2. Ellinwood, E.; Sudilovsky, A.; Nelson, L. Evolving behavior in the 
clinical and experimental amphetamine (model) psychosis. Am. J. 
Psychiatry 130:432-435; 1973. 

3. Ellison, G.; See, R. Chronic administration of typical, but not atyp- 
ical neuroleptics induce persisting alterations in rest-activity cycles 
in rats. Pharmacol. Biochem. Behav. 36:807-811; 1990. 

4. Ellison, G.; Eison, M. Continuous amphetamine administration: a 
new animal model of psychosis. Psychol. Med. 13:751-761; 1983. 



930 LIPTON ET AL. 

5. Ellison, G.; Eison, M.; Huberman, H. Stages of constant amphet- 
amine intoxication: delayed appearance of paranoid-like behaviors in 
rat colonies. Psychopharmology (Berlin) 56:293-299; 1978. 

6. Ellison, G.; Eison, M.; Huberman, H.; Daniel, F. Long term changes 
in dopaminergic innervation of caudate nucleus after continuous am- 
phetamine administration. Science 201:276-278; 1978. 

7. Ellison, G.; Morris, W. Opposed stages of continuous amphetamine 
administration: Parallel alterations in motor stereotypies and in vivo 
spiroperidol accumulation. Eur. J. Pharmacol. 74:207-214;1981. 

8. Ellison, G.; Nielsen, E. B.; Lyon, M. Animal model of psychosis: 
Hallucinatory behaviors in monkeys during the late stage of continu- 
ous amphetamine intoxication. J. Psychol. Res. 16:13-22; 1981. 

9. Griffith, J.; Cavanaugh, J.; Held, N.; Oates, J. D-amphetamine: 
Evaluation of psychotomimetic properties in man. Arch. Gen. Psy- 
chiatry 26:97-100; 1972. 

10. Hotchkiss, A.; Morgan, M.; Gibb, J. The long term effects of mul- 
tiple doses of methamphetamine on neostriatal tryptophan hydroxy- 
lase, tyrosine hydroxylase, choline acteyltransferase and glutamate 
decarboxylase activities. Life Sci. 25:1373-1378; 1979. 

11. Huberman, H.; Eison, M.; Bryan, K.; Ellison, G. A slow release 
silicone pellet for chronic amphetamine administration. J. Pharma- 
col. 45:237-242; 1977. 

12. Kleven, M.; Woolverton, W.; Seiden, L. Lack of long-term mono- 
amine depletions following repeated or continuous exposure to co- 
caine. Brain Res. Bull. 21:233-237; 1988. 

13. Manschreck, T. C.; Laughery, J. A.; Weisstein, C. C.; Allen, D.; 
Humblestone, B.; Neville, M.; Podlewski, H.; Mitra, N. Character- 
istics of freebase cocaine psychosis. Yale J. Biol. Med. 61:115-122; 
1988. 

14. Nayak, P. K.; Misra, A. L.; Mule, S. J. Physiological disposition 
and biotransformation of [3H]cocaine in acutely and chronically 
treated rats. J. Pharmacol. Exp. Ther. 196:556-569; 1976. 

15. Nelson, L.; Ellison, G. Enhanced stereotypies after repeated injec- 
tions but not continuous amphetamines. Neuropharmacology 17:1081 - 
1084; 1978. 

16. Nielsen, E.; Lee, T.; Ellison, G. Following several days of continu- 
ous administration d-amphetamine acquires hallucinogen-like proper- 
ties. Psychopharmacology (Berlin) 68:197-200; 1980. 

17. Post, R. Cocaine psychosis: A continuum model. Am. J. Psychiatry 
132:225-231; 1975. 

18. Post, R. M.; Kopanda, R. T.; Black, K. E. Progressive effects of 
cocaine on behavior and central amine metabolism in rhesus mon- 
keys. Biol. Psychiatry 11:403--419; 1977. 

19. Rebec, G.; Segal, D. Enhanced responsiveness to intraventricular 
infusion of amphetamine following its repeated systemic administra- 
tion. Psychopharmacology (Berlin) 62:101-102; 1979. 

20. Robinson, T.; Becker, J. Enduring changes in brain and behavior 
produced by chronic amphetamine administration: A review and 
evaluation of animal models of amphetamine psychosis. Brain Res. 
Rev. 11:157-198; 1986. 

21. Sato, M. Acute exacerbation of methamphetamine psychosis and 
lasting dopaminergic supersensitivity--A clinical survey. Psychophar- 
macology (Berlin) 22:751-756; 1986. 

22. Siegel, R. Cocaine hallucinations. Am. J. Psychiatry 135:309-314; 
1978. 

23. Siegel, R. K. Cocaine smoking. J. Psychoactive Drugs 14:271-341; 
1982. 

24. Woods, J. H.; Downs, D. A. The psychopharmacology of cocaine. 
In: Drug use in America: Problem in perspective, appendix vol. 1: 
Patterns and consequences of drug use. Washington, DC: U.S. Gov- 
ernment Printing Office; 1973:116-139. 

25. Zeigler, S.; Lipton, J.; Toga, A.; Ellison, G. Continuous cocaine 
administration produces persisting changes in brain neurochemistry 
and behavior. Brain Res., in press; 1991. 


