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Abstract The purpose of the present study was to devéltor and Griffiths 1983; Bozarth and Pudiak 1996; re-
op an animal model of nicotine self-administration thatewed by Henningfield et al. 1983; Slifer and Balster
more closely approximates the conditions of human nit985). This has led some to conclude that the reinforcing
otine use than do existing models. In most nicotine sgifoperties of nicotine are relatively low (Griffiths et al.
administration models, rats acquire self-administratid®79) or that special conditions are required for animals
during brief daily sessions in which rapid injections ofta self-administer the drug (Corrigall 1991; Dougherty et
relatively high dose of the drug, 0.03 mg/kg, serve as thle 1981). Thus, nicotine self-administration was some-
reinforcer. The present study examined nicotine self-aifnes studied using special procedures to induce self-ad-
ministration in rats that acquired the behavior while haministration of the drug (Lang et al. 1977; Slifer 1983;
ing virtually unlimited access to injections of a relativel@lifer and Balster 1985).
low dose of the drug; the rats did not have any prior op-The work of others, however, has shown that animals
erant training or shaping. Under these conditions, ra¢adily acquire nicotine self-administration if the drug is
readily acquire nicotine self-administration at doses @glivered rapidly as a high concentration bolus containing
least as low as 0.00375 mg/kg per injection, and th@¥3 mg/kg nicotine (Cox et al. 1984; Corrigall and Coen
self-administer throughout the active portion of their989; Donny et al. 1995; Shoaib et al. 1997). However,
light cycle. The daily nicotine intake of rats, whiclthis dose is approximately equal to the human intake
ranged from 0.18 to 1.38 mg/kg per day, appears tofbmm two cigarettes (Benowitz and Jacobs 1984). When
comparable to that of human smokers. cocaine-experienced cigarette-smokers blindly self-ad-
ministered similar doses of IV nicotine, they identified
Key words Nicotine - Self-administration - Intravenous the drug as cocaine (Henningfield and Goldberg 1983).
Dose-response - Nicotine intake - Unlimited access - Ratsus, nicotine’s effects on the CNS at relatively high dos-
es may differ considerably from its effects at lower doses.
The present study was conducted to examine nicotine
self-administration in naive rats allowed to acquire the
ehavior while having unlimited access to injections of

The development of animal models of nicotine self—aa- ; P
ministration has progressed more slowly than for other>c> ranging from 0.00375 to 0.03 mg/kg per injection.

abused drugs (Rose and Corrigall 1997). This is in part
due to the fact that animals do not self-administer nig@aterials and methods
tine under the same conditions in which they readily

self-administer drugs such as cocaine and heroin (e\T/gl.enty-eight)male Holtzmanh rats d(25(0—350 g; /I?(SD,dMadisgnl,
iIsc., USA) were anesthetize 3.75 mg/kg droperido
0.075 mg/kg fentanyl) and implanted with a catheter (PE 90 and
ilastic) in the right jugular vein and a polysulfonyl “button” (Ins-
tech, Plymouth Meeting, Pa., USA) just posterior to the shoulder
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available; daily injections of gentamycin (/kg, IV) and hourly 5

injections of saline (5Qul containing 200 units/ml heparin, 1V) £ 1001

were given. <«
The rats were randomly assigned to one of four groufs so-

(n=7/group). At the beginning of the dark cycle on day 3 of recog

ery from surgery, the small cue light (45 millicandles) over each I8- o

ver was turned on, thus signaling that IV nicotine (0.00375, 0.007%p,

0.015 or 0.03 mg/kg per injection (expressed as the free basesof 404

nicotine sulfate; Sigma) was available contingent upon a pressgof

one of the two levers (the rats did not receive any prior shapingzor .

training with food reinforcement.) A 7-s time-out, during which th@

cue light over the active lever was off, followed each injectiod. L ____

Pressing the alternate lever had no consequence. Nicotine was de- 1 3 5 7 9 11 13

livered in a volume of 5Qul/350 g body weight at a rate of .

50 pl/0.81 s by high-speed pumps (PHM-100-15, Med Associates, Session Number

Georgia, Vt., USA) using 6-ml disposable syringes. To maintain T -

the high degree of catheter patency needed to establish and %291-1 The mean number of nicotine injections self-administered

tain reliable nicotine self-administration (see Discussion), the drjgr day at each dose during the first 14 days of self-administ-ation

solutions contained 400 units/ml heparin. Computers and interfaces

(Coulbourn) located in an adjoining room were used to record the

time of occurrence of all lever presses and injections, and to deliver  _q_ Injections - o- Intake

the injections. Nicotine was always available except for a 1- to 2-h

period at the end of the light portion of the light cycle, when thie ,4, 2

drug solutions were changed and the animals were cared for; ghe

cue lights over the levers were not on during this period. Evéty

week the rats were weighed and provided with a freshly sanitiZd *T*

operant chamber. Water was always available, but daily food Ta- ool o .

tions were limited to 20-25 g to prevent the rat's weights from rag- J_\I

idly increasing between each weighing, because that would have i

resulted in their nicotine dose/injection considerably decreasit_ig ,,—'# L\

flexible spring coils. During recovery, food and water were freely 120
] Nicotine Dose / Injection
] - O- 0.00375 mg/kg
T - ®- 0.0075 mg/kg

—0O— 0.015 mg/kg

_— —B— 0.
] !\!_!’5—1_! 0.03 mg/kg

#

over the week. However, any rat not gaining 5% body weight singe T
its prior weighing had its daily food ration increased. e ¥

Each rat was allowed to self-administer nicotine until it metzza l
criterion of 3 consecutive days, during which the number of inje§-
tions it self-administered per day had a coefficient of variation 3f
15% or less, although a minimum of 14 days of self-administra-
tion was required. A rat in the 0.0075 mg/kg group had to be Nicotine Dose (mg/kg) / Injection
dropped from the study due to a broken catheter, and a rat in the
0.00375 mg/kg group was dropped because it failed to dem@ig. 2 The effect of nicotine dose per injection on self-adminis-
strate any evidence of self-administration (one to three respongetion rates and total nicotine intake when stable responding was
per day for 2 weeks); it was possible to withdraw blood from itghieved. *P<0.05 versus 0.015 and 0.03 mg/k§<0.05 versus
catheter throughout. 0.03 mg/kg. #<0.05 compared to other groups designatad #

Log transforms of the number of injections, the total drug in-
take (i.e., the number of injectionsxthe nicotine dose), the total
number of lever presses and the nicotine dose per injection were. . .
analyzed using analyses of variance (ANOVAs; SAS) and lineiflile that of the highest dose group began to decline
regression (Systat 6.0, SPSS). Repeated measures ANOVAs wéogvly. ANOVAs indicated that, overall, the rate of self-
performed on the mean number of injections self-administered pgefministration on day 3 was significantly higher than
day over the first 14 days of acquisition with dose and day serv%t on day 1F(13, 286)=8.90P<0.00001, for the main

as factors. The mean number of injections and total drug int . .
per day during the 3 days in which each rat met the criterion ect of day]. However, ANOVAs failed to indicate any

stable responding (above) were analyzed separately using sggnificant differences in the self-administration rates of
ANOVAs and linear regression, with dose serving as the indepéhe different groupsRs>0.12 for the effect of dose and
dent variable. The total number of lever presses occurring durip@ dosexday interaction).

these 3 days were also analyzed using repeated measures AN P :
OVAs with dose and lever as the factors. The number of IeverAII of the rats met the criterion for stable responding

presses occurring during one of these days was also analyzed$@€ Materials and methods) within 14-26 days of self-
ing repeated measures ANOVAs, with dose, lever and time peradministration; the mean days to criterion for the

serving as the factors. Post-hoc tests were conducted using QWb lowest dose groups (0.00375 mg/kg=17.2+1.8;
can’s multiple range test. Alpha was set at 0.05 for all tests. 3 5075 mg/kg=16.3+0.9) were only slightly higher than
those for the two highest dose groups (0.015 mg/kg
=14.1+0.1; 0.03 mg/kg=14.8+0.8). Analyses conducted
Results on the means from the three sessions in which the rats

met the criterion showed that their self-administration
Nicotine self-administration was rapidly acquired at aihtes were dose-dependent; the number of injections self-
of the doses tested, with the self-administration ratesadfministered per day was inversely related to the dose
all of the groups significantly increasing over the firgsee Fig. 2). Linear regression analyses indicated that the
few days of acquisition (see Fig. 1). Thereafter, the rat@srelation between the nicotine dose and the number of
of the three lowest dose groups continued to increaisggctions per day was —0.6F(fL, 24)=19.6,P<0.0002].
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Fig. 3A-D Pattern of nicotine self-administr_ation over 24-h perand its cumulative record shows its pattern of self-ad-
o S ot A e oo, o e reappistrtion (closed cirles) on the day it met the crteri-
ing.Closedgcirclli)asinjectioné/.Open circlesinactive lever presscfs.rElJ forlstable responding. AISO showr_1 In each record is
Shaded regioindicates session was inactive the rat’s pattern of responding on the inactive lever (open
circles). As can be seen, most of the responding for nico-
tine occurred during the active (dark) portion of the rat’s
light/dark cycle. In addition, it can be seen that the
In addition, ANOVASs revealed that the self-administraslopes of the cumulative increases in self-administered
tion rates of the 0.00375 and 0.0075 mg/kg groups wangections are relatively stable and dose-dependent.
significantly higher than the 0.03 mg/kg group, and the Analyses were also conducted on the mean number of
rate of the 0.00375 mg/kg group was also higher than #aive and inactive lever presses that occurred during the
0.015 mg/kg groupH(3, 22)=6.35,P<0.003, for the ef- sessions in which each rat met the criterion for stable re-
fect of dose]. sponding. ANOVAs revealed that, overall, the mean rate
Nicotine consumption during the sessions in whidaf responding on the active lever (112.91+12.39) was
the rats met criterion was also found to be dose-depsignificantly higher than that on the inactive lever
dent. The total daily intake of the drug was positively rg84.90+15.54;F(1, 22)=15.57,P<0.0007, for the effect
lated to the dose per injection and linear regression arwdliever]; the total number of responses occurring on the
ysis showed that the correlation between nicotine dde® levers was dose-dependelr(d, 22)=3.76P<0.026,
and total intake was 0.8F(1, 24)=52.41P<0.00001]. for the effect of dose]. However, ANOVA failed to indi-
ANOVA indicated that the differences in nicotine coreate any dose-dependent differences in the number of ac-
sumption among the 0.00375, 0.0075 and 0.015 mgtikge, versus inactive, pressd2>0.32, for the dosexlever
groups were significanf[3, 22)=16.63P<0.0001]. interaction). As can be seen in Fig. 4a, the rats in the
The temporal pattern of self-administration for rats ;00375 and 0.03 mg/kg groups (doses expressed as 3.75
each group can be seen in Fig. 3. The rat represenaing 30.0ug/kg in Fig. 4a) exhibited considerably higher
each group is the one with the mean rate of self-admimistes of responding on the active compared to the
tration that was closest to the mean rate for its groupactive lever, whereas the rats in the 0.0075 and
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Ao o T Discussion
300 The present study shows that experimentally naive rats
i rapidly learn to self-administer IV nicotine at doses at
— least as low as 0.00375 mg/kg per injection. Further-

oo LT I i\ more, the results also show that the rate of nicotine self-

administration by rats having acquired this behavior at
. doses ranging from 0.00375 to 0.03 mg/kg is inversely
related to the dose per injection. This is typical of the
i dose-response functions obtained with other self-admin-
istered drugs.

Total Lever Presses [ 24 Hours

10 ~ — v : The dependence of self-administration rates and total
3.78 7.8 180 30.0 drug intake on the dose per injection has been demon-
Nicotine Dose (ug/kg) / Injection strated with various self-administered drugs. Such stud-
ies have shown that, above the threshold dose for pro-
B —e— Active -0+ Inactive ducing positive reinforcement, the rate of self-adminis-
Lever Lever tration is inversely related to the dose per injection,
whereas drug intake is positively related to the dose
Hours 14 Hours 5-8 Hours 9-12 (Weeks and Collins 1964; Pickens and Harris 1968; Pic-

kens and Thompson 1968; see Wise 1987, for discus-
: sion). Furthermore, these functions have been shown to
\I be linear on a log-log scale (Weeks and Collins 1979), as
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-3 R was observed in the present study. The inverse relation-
I i ship between self-administration rate and drug dose has
Ii 3 been interpreted as indicating that animals are attempting

103 i l to regulate their drug intake by reducing their self-ad-
] ministration rates at higher doses, or increasing them at

375 75 15 30 375 15 15 30
Nicotine Dose (ug/kg) / Injection

Total Lever Presses [ Period

375 75 15 3 lower doses (Yokel and Pickens 1974; Wise 1987). The
dose-dependent differences in self-administration rates
and nicotine intake observed herein are consistent with
Fig. 4 A Mean number of total lever presses on the active and the hypothesis that the different groups of rats were regu-
active levers for each group during the sessions in which eachm@png their nicotine intake.

met the criterion for stable responding<0.05 versus inactive le- . .
ver.B Mean lever presses occSrring c;Igl)Jring differeﬁ p:lr?ct)dg o?‘ the At least one other StUdY has_ be_en CondUCte,d n Wh'Ch
dark portion of the light cycle from one of the above sessions rats were allowed to acquire nicotine self-administration
while having continuous access to |V doses ranging from
0.003 to 0.03 mg/kg per injection (Cox et al. 1984). In
0.015 mg/kg groups (expressed as 7.5 and i§/kKg in that study, female Wistar rats with access to 0.03 mg/kg
Fig. 4a) failed to exhibit evidence of selective leventicotine self-administered about the same number of in-
pressing in their overall rates. Supplemental ANOVAgctions per day as the rats having access to the same
conducted separately for each dose, confirmed that dese in the present study. However, in that study, rats hav-
number of responses on the two levers significantly difig access to 0.01 mg/kg nicotine acquired self-adminis-
fered in the 0.00375F(1, 5)=10.84,P<0.022] and tration considerably more slowly than those having ac-
0.03 mg/kg groupsH(1, 6)=6.68,P<0.042], but not in cess to 0.03 mg/kg, and, after 2 weeks, exhibited re-
the 0.0075 and 0.015 mg/kg group?s¥$0.17 and 0.48, sponse rates that were still 50% lower than those at
respectively). the higher dose. Moreover, rats having access to
Responding on the inactive lever was often obsen@®03 mg/kg nicotine failed to show any increase in re-
to increase considerably in some animals several hogpsnding over the 2 weeks of self-administration. Inter-
into the daily sessions (e.g., see Fig. 3c). Thus, the destingly, though, rats self-administering 0.03 mg/kg
from the active portion of one of the criterion sessioper injection exhibited a significant increase in their
were divided into three equal periods. As can be seen@aponse rates when their dose was reduced to 0.003 mg/kg
Fig. 4b, all of the groups appeared to exhibit a preferenm injection. The reason that different dose-response
for the active lever during the first 4 h of this sessiofunctions were obtained in that study compared to the
However, the two highest dose groups failed to exhibitesent study is not clear, but could be related to the use
any lever preference during the second 4-h period, as @idifferent rat strains and sexes.
the 0.0075 and 0.015 mg/kg groups during the third peri-Another factor that may have contributed to the dif-
od. In each case, the disappearance of selective respégrénces between the findings in the present study and
ing from one period to the next appeared to result pifiose of previous studies (e.g., Cox et al. 1984; Corrigall
marily from an increase in the number of responses amd Coen 1986; Donny et al. 1995; Shoaib et al. 1997),
the inactive lever over the two periods. might involve the rate at which IV nicotine is “actually”
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delivered. While developing the nicotine self-administr&enowitz NL, Jacob P 1l (1990) Intravenous nicotine replacement
tion procedure for use in this laboratory, we realized that SUPPresses nicotine intake from cigarettes. J Pharmacol Exp

. . . Ther 254: 1000-1005
rats that did not reliably self-administer the drug Wegg,,n ma, Pudiak CM (1996) Intravenous nicotine self-admin-

often not receiving the full volume of their injections asstration in laboratory animals: chasing the enigma. Soc Neu-

quickly as was programmed. We were only able to deter-rosci Abstr 22: 163

mine this by inserting a small air bubble into the lirfeorrigall W (1991) Understanding brain mechanisms in nicotine
; ; ; ; reinforcement. Br J Addict 86: 507-510

connecting the syringe f[o the swivel and Obser‘.’”.‘g tESrrigalI W, Coen KM (1989) Nicotine maintains robust self-ad-

speed and distance of its movement when an injectiOnministration in rats on a limited-access schedule. Psychophar-

was administered. Our observations indicated that the ef-macology 99: 473-478 o o

ficacy of nicotine as a reinforcer declined rapidly as t§@x BM, Goldstein A, Nelson WT (1984) Nicotine self-adminis-

“ R ; ; _ i~p. tration in rats. Br J Pharmacol 83: 49-55
actual” injection time increased beyond 2-3 s, partic onny EC, Caggiula AR, Knopf S, Brown AR (1995) Nicotine

larly at lower doses. In such cases, necropsies Oft€Ngglt agministration in rats. Psychopharmacology 122: 390-394
showed that, compared to rats with reliable self-adminisougherty J, Miller D, Todd G, Kaustenbauder HB (1981) Rein-

tration rates, rats exhibiting retarded injection speeds hadforcing and other behavioral effects of nicotine. Neurosci Bio-
developed fibrosis of the jugular vein that constricted the Pehav Rev 5: 487-495

. . T L riffiths RR, Brady JV, Bradford LD (1979) Predicting the abuse
silastic catheter. Thus, for IV nicotine to be positively re= liability of drugs with animal drug self-administration pro-

inforcin_g, it needs to be delivered rapidly as a high con- cedures: psychomotor stimulants and hallucinogens. Adv
centration bolus. Behav Pharmacol 2: 163-208

Cigarette smoking has been well studied in humahtgnningfield JE, Goldberg ST (1983) Nicotine as a reinforcer in
and the present findings in rats are consistent with thoseg”wa”é”%ggtsgggd laboratory animals. Pharmacol Biochem
. . ehav 19: 989
in humans. Studies have shown that smokers consyfggningfield JE, Miyasato K, Jasinski DR (1983) Cigarette smok-

about 35 mg nicotine/day, with individual values varying ers self-administer intravenous nicotine. Pharmacol Biochem
widely over approximately 10-80 mg/day (Benowitz and Behav 19: 887-890

; ; pl@gg WJ, Latiff AA, Mcqueen A, Singer G (1977) Self adminis-
Jacobs 1984, 1990). Such studies typically do not re tration of nicotine with and without a food delivery schedule.

nicotine intake in mg/kg, but based on our calculations pparmacol Biochem Behav 7: 65-70
using an average body weight of 70 kg, it would appe&@tkens R, Harris W (1968) Self-administrationdeimphetamine
that smokers consume an average of 0.5 mg/kg nicotinebe rats. Psychopharmacology 12: 158-163

per day, and that these values might range from abBi&fe[‘s Rﬁ TthO”?ps.or; T (1968t) COC"’.‘:“S'rei”LOfVFe% bet.havior ig
. rats: efects or reinforcement magnitude an IXea-ratio size.
0.14-1.14 mg/kg per day. The rats in the present studypp,_imacol Exp Ther 161: 122-129

consumed 0.18-1.38 mg/kg nicotine per day. Thus, rase JE, Corrigall WA (1997) Nicotine self-administration in ani-
allowed unlimited access to IV nicotine consume daily mals and humans: similarities and differences. Psychopharma-

amounts of nicotine that are comparable to human sm(%g-cology 130: 28-40

. oaib M, Schindler CW, Goldberg SR (1997) Nicotine self-
ers. In contrast, rats allowed only limited access administration in rats: strain and nicotine pre-exposure effects

0.03 mg/kg per injection consume an average of approxi-on acquisition. Psychopharmacology 129: 35-43
mately 0.5-0.6 mg/kg of the drug in a 1-h session (Corsiifer BL (1983) Schedule induction of nicotine self-administra-
gall 1989; Donny et al. 1995). tion. Pharmacol Biochem Behav 19: 1005-1009

i ; ifer BL, Balster RL (1985) Intravenous self-administration of
The model utilized in the present swdy shows th%& nicotine: with and without schedule induction. Pharmacol Bio-

nicotine self-administration in rats exhibits some of the -hom Behav 22: 61-69
same dose-response characteristics seen with other $@léks JRr, Collins RJ (1964) Factors affecting voluntary morphine
administered drugs. Moreover, nicotine self-administra- intake in self-maintained addicted rats. Psychopharmacology

tion in rats exhibits important similarities to nicoting/\ée& 267279
\

. . . eks JR, Collins RJ (1979) Dose and physical dependence as
self-administration in humans. The model should pro factors in the self-administration of morphine by rats. Psycho-

to be useful for studying the mechanisms that underlie pharmacology 65: 171-177
the development and maintenance of nicotine use.  Wise RA (1987) Intravenous drug self-administration: a special
case of positive reinforcement. In: Bozarth MA (ed) Methods
of assessing the reinforcing properties of abused drugs.
Springer, Berlin Heidelberg New York, pp 117-142
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