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GRUNBERG, N. E., D. E. MORSE AND J. E. BARRE'I-I. k?ffects of urinary pH on the hehavioral responses of.wuirrel 
monkeys to nicotine. PHARMACOL BIOCHEM BEHAV 19(3) 55.'~-557. 1983.--The present study evaluated the behav- 
ioral effects of nicotine under conditions that manipulated urinary pH. The effects of nicotine were examined on the 
responding of squirrel monkeys under a multiple fixed-interval, fixed-ratio schedule of stimulus-shock termination when 
nicotine was administered alone or together with the gastric administration of an acidifier (ammonium chlorideJ or an 
alkalinizer (s~xlium bicarbonatel. Responding under the FI schedule was increased markedly across a range of doses of 
nicotine (0.02-0.20 mg/kg). Responding under the FR was increased to a lesser extent by the lower doses of nicotine 
(0.02-0.05 mg/kg) and was decreased by doses of nicotine that increased responding under the FI (0.1(~0.20 mg/kg). 
Generally, administration of the acidifier attenuated the effects of nicotine while administration of the alkalinizer poten- 
tiated those effects. These findings support the argument that changes in cigarette smoking under conditions that alter 
urinary pH involve nicotine per se. In addition, a new interpretation of the relationship between urinary pH and cigarette 
smoking is offered. 

Nicotine Urinary pH Ammonium chloride Sodium bicarbonate 
Fixed-ratio schedule Stimulus-shock termination Squirrel monkeys 

Fixed-interval schedule 

R E C E N T L Y ,  a psychopharmacologica l  explanat ion was of- 
fered by Schachter  to account  for the increases in cigaret te 
smoking behavior  that commonly  occur  in part icular  situa- 
tions [10]. For  example ,  under  stress there is an increase in 
urinary acidity which increases the rate of  excre t ion  of  un- 
metabol ized nicotine from the body [I,2]. As a result of  de- 
c reased  availabil i ty of  nicotine in the body,  it is argued that 
the smoker  is put into a state of  partial nicotine withdrawal.  
In turn. this leads to increased cigaret te smoking to replenish 
nicotine levels which then rel ieves the unpleasant  with- 
drawal state. 

Support  for this model  was provided by a series of  studies 
that manipulated urinary pH and observed  changes in smok- 
ing behavior  of  habitual human smokers  19,10]. Howeve r ,  
the role of  nicotine per se in altering smoking behavior  when 
urinary pH is changed was reasoned by logical deduct ion  
rather than by empir ical  observat ion.  Despite this important  
omiss ion,  this work  has been taken as ev idence  for the role 
of  nicotine in cigaret te smoking and has formed the basis for 
new approaches  to smoking cessat ion.  

More recent  studies with both humans and animals have 
been performed to address  the urinary pH/smoking  and 

nicotine issues. It has been demonst ra ted  that changes in 
urinary pH alter per formance  of  smokers  on a detect ion task 
(presumably because  extent  of  nicotine depr ivat ion is af- 
fected ) [12]. Fur ther  studies have found that when urinary 
pH is changed,  the amount  of  nicotine excre ted  in the urine 
also changes 13. 7, 8]. However ,  it has not been clearly 
demonst ra ted  that changes in urinary pH alter ei ther nicotine 
self-administrat ion or  the behavioral  effects of  nicotine. 

The only data  relevant  to this point are from studies that 
examined  the effects  of  urinary pH on nicotine self- 
administrat ion of  rats [6]. Latiff,  Smith,  and Lang found that 
rats self-administered nicotine at a lower  rate when the urine 
was made alkaline, whereas  rats whose  urine was made 
acidic self-administered nicotine at a higher rate. These  data 
support  Schach te r ' s  assumpt ion that nicotine mediates the 
urinary pH/smoking  phenomenon.  Howeve r ,  once an initial 
rate of  nicotine self-administrat ion was established,  changes 
in urinary pH did not affect self-administrat ion o f  nicotine by 
the rats. I ,atiff et al. [6] argue that their findings generally 
support  Schach te r ' s  posit ion,  but also indicate the impor- 
tance of  schedules in controll ing nicotine self-administrat ion.  
H o w e v e r ,  there is still a lack of  convincing data that e i ther  
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nicotine self-administration or the behavioral effects of 
nicotine are related to changes in urinary pH. 

The present study evaluated the behavioral effects of 
nicotine on the responding of  squirrel monkeys when 
nicotine was administered alone or together with a gastric 
acidifier (ammonium chloride) or alkalinizer (sodium bicar- 
bonate). Previous research has shown that schedule- 
controlled performances of this type are quite sensitive to 
the effects of  nicotine [ l l ] .  Data collected under procedures 
that also manipulate urinary pH, therefore, would provide 
necessary information for evaluating the potential modifica- 
tion of  the behavioral effects of nicotine by changes in uri- 
nary pH. 

METHOD ,~ 

Subjects ! I  
Two mature male squirrel monkeys (Saimiri sciureus) 

© were used. The subjects were housed individually and, ex- 
cept during experimental sessions, were provided with un- 
restricted access to food and water. Each subject weighed 
roughly one kg. The animals previously had been trained on 
the stimulus-shock termination procedure used in the pres- 
ent study. Neither subject had received any other drugs dur- 
ing the 6 months preceding the present study. 

Apparatus 
During experimental sessions each subject was seated in a 

Plexiglas chair [5] which loosely restrained the monkeys at 
the waist. A BRS/LVE No. 121-05 response lever and three 
pairs of colored lamps were mounted on the front wall. The 
tail was immobilized by a small Plexiglas stock which con- 
tained a pair of brass electrodes that rested on a shaved 
portion of the distal end of the tail. Prior to each session, the 
tail was coated with EKG sol electrode paste to ensure low- 
resistance contact with the electrodes. Electric shock con- 
sisted of a 200 msec 5 mA pulse from a 650 V AC 60 Hz 
transformer delivered through a variable resistor in series 
with the tail. The chair was placed inside a sound-attenuating 
enclosure supplied with white noise and equipped with a 
ventilating fan. 

Behavioral Procedure 
The effects of nicotine were evaluated on the responding 

of  squirrel monkeys under a multiple 3-min fixed-interval 
(FI), 30-response fixed-ratio (FR) schedule of stimulus- 
shock termination. Under the FI schedule, the first response 
after 3 min terminated a stimulus (red light) in the presence 
of which shocks (5 mA, 200 msec) began to occur every 5 sec 
after the FI had elapsed. Under the FR schedule, the com- 
pletion of  30 responses within a 15 sec interval terminated a 
stimulus (white light); failure to complete 30 responses 
within 15 sec resulted in the presentation of shock every 15 
sec until the 30 responses were completed. These two 
schedules were separated by a 30 sec timeout period during 
which responding had no consequences and the experi- 
mental chamber was darkened. The presentation of two 
shocks under either schedule automatically advanced the 
procedure to the 30 sec timeout. Each experimental session 
(roughly 1.25 hr long) included three separate cycles. Each 
cycle began with a 5 min period which was followed by four 
repetitions each of the FI and FR schedules. No stimulus 
lights were illuminated during the initial 5 min period of the 
cycle. The FR and FI schedules alternated regularly within 
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FIG. 1. Cumulative response records showing control performance 
(top record) and effects of nicotine alone I second record) and effects 
of nicotine in combination with ammonium chloride and scx.tium 
bicarbonate (third and fourth records, respectively). Responding 
was maintained under a multiple 3-min fixed-interval (FI), 30- 
response fixed-ratio (FR) schedule of stimulus-sh~vck complex ter- 
mination. The line beneath the response record was displaced during 
the FR schedule component. The pen reset at the end of each com- 
ponent when a response produced a 30-see timeout period during 
which no shocks were delivered. Shock deliveries are indicated by a 
diagonal deflection on the response record, e.g., after 0.2 mg/kg 
nicotine alone. The session was divided into 3 cycles of four compo- 
nents each. separated by a 5-min period. Nicotine was administered 
during this time at the doses indicated. Note that low doses of 
nicotine alone increased responding and that the highest doses de- 
creased responding. Ammonium chloride, administered prior to the 
session, antagonized the rate-decreasing effects of nicotine, whereas 
sodium bicarbonate potentiated these effects. 

each cycle. After the fourth FR within a cycle, the 5 min 
cycle began again and the schedule sequence was repeated 
until the three cycles were complete. Experimental sessions 
were conducted five days per week (Monday-Friday) be- 
tween 9:00 a.m. and I:00 p.m. 

Drug Procedure 
Nicotine and control injections of saline were adminis- 

tered at the beginning of the 5-min period preceding each 
cycle. Drug dosing procedures were conducted on Tuesday 
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FIG. 2. Dose-response curves of the effects of nicotine on respond- 
ing of two squirrel monkeys under the fixed-interval and fixed-ratio 
stimulus-shock termination schedule. Points above C are the control 
values with ± 1 S.E. represented by the vertical bars. 
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FIG. 3. Effects of intragastric administration of an acidifier (NH4CI) 
and an alkalinizer (NaHCO:0 on the effects of nicotine under the 
fixed-interval and fixed-ratio schedules of stimulus-shock termina- 
tion. Points above C are the control values with ± 1 S.E. represented 
by the vertical bars. 

and Friday of each week, given that performances on Thurs- 
day were stable when compared to performances prior to the 
administration of nicotine. Performances during the Thurs- 
day's sessions were used as control values. 

Nicotine dihydrochloride (J. T. Baker Company) was dis- 
solved in 0.9% sodium chloride to make the following dos- 
ages (computed as nicotine base): 0.02, 0.05, 0,10, 0.20, and 
0.35 mg/kg of body weight. Solutions were injected in a vol- 
ume of 1 ml/kg of body weight. Nicotine solutions were in- 
jected subcutaneously in the region of the gastrocnemius 
muscle according to a cumulative dosing schedule [4,13]. At 
the beginning of an experimental session, the lowest dose of 
nicotine to be administered that day was injected. Increasing 
dosages of nicotine were injected during the 5 minute period 
preceding each subsequent cycle. No more than three injec- 
tions were given during each experimental session. On other 
days, each individual nicotine dose was administered as a 
bolus injection to insure that the cumulative dosing paradigm 
was appropriate for the assessment, of these doses of 
nicotine. Saline (0.9%) injections were used as a control. 

The effects of nicotine also were examined under condi- 
tions that included intragastric infusion of the acidifying 
agent ammonium chloride (125 mg NH4CI/kg of body weight) 
or the alkalinizing agent sodium bicarbonate (160 mg 
NaHCO.Jkg of body weight). Pre-test data determined that 
these concentrations of the chemicals substantially altered 
urinary pH without causing any apparent illness. According 
to these data, the mean unmanipulated urinary pH of the test 
animals was 6.60. Intragastric infusion of 125 mg/kg am- 

monium chloride resulted in a mean urinary pH of 5.58. 
lntragastric infusion of 160 mg/kg sodium bicarbonate re- 
suited in a mean urinary pH of 8.32. The infusion of nothing 
or of tap water served as control conditions. All infusions 
were in a volume of 10 ml/kg of body weight and were made 
approximately 30 rain before the experimental session. 

RESULTS 

For both subjects control rates of responding under the 
FR schedule were higher than under the FI schedule (mean 
1.50 versus 3.50 for FI and FR, respectively). These per- 
formances were stable over the entire time the study was 
conducted. 

Figure I presents cumulative records of the typical per- 
formance of one animal. The top record represents perform- 
ance under control conditions (i.e., no nicotine or gastric 
infusion). The FI schedule maintained lower overall rates of 
responding that were initiated following a brief pause early in 
the interval. Under the FR schedule, little or no pausing 
occurred and responding was maintained at a high rate until 
the 30 responses were completed and the timeout occurred. 

Dose-effect functions under the different conditions are 
shown in Fig. 2 which presents the mean performance data 
(each point represents at least eight data points) for each 
subject under the FI and FR schedules when urinary pH was 
not manipulated. Under the FI schedule, most doses of 
nicotine (0.02-0.20 mg/kg) increased responding with the 
maximum increases occurring at 0.05 mg/kg of body weight; 
only the highest dose of nicotine (0.35 mg/kg) did not in- 
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crease responding. Responding under the FR schedule was 
increased slightly at the 0.02 and 0.05 mg/kg doses of 
nicotine but decreased under this schedule for doses in the 
range 0.10--0.35 mg/kg. Doses of nicotine that increased re- 
sponding under the FI schedule (e.g.. 0.1 mg/kg) decreased 
responding under the FR schedule. 

The second record of Fig. I shows changes in responding 
during the cumulative dosing (0.05-0.20 mg/kg) of nicotine. 
The administration of 0.05 mg nicotine/kg resulted in marked 
increases in responding; larger doses increased responding 
less or resulted in a suppression of responding. Further, in- 
creasing doses of nicotine resulted in changes in the control 
patterns of responding (i.e., increased number and duration 
of pauses during responding and increases in number of 
shocks received). The effects of nicotine administered 
cumulatively were comparable to those found when the 
cumulative individual nicotine doses were given as single 
bolus injections (not shown). 

Figure 3 presents mean responding (each point represents 
at least eight data points) for each subject under each 
schedule after administering the urinary acidifier (NH4CI) or 
alkalinizer (NaHCO:0. Administration of these agents mark- 
edly altered the effects of nicotine under both schedules, 
shifting the nicotine dose-effect curve in consistent direc- 
tions. When nicotine was administered with the acidifier, the 
descending portion of the limb of the dose-effect curve was 
attenuated. Higher doses of nicotine co-administered with 
ammonium chloride produced larger increases (FI) or 
smaller decreases (F~R) than when nicotine was administered 
alone. In contrast, when nicotine and the alkalinizing agent 
sodium bicarbonate were given together, the intermediate 
regions (0.05-0.20 mg/kg) of the nicotine dose-effect curves 
were shifted downwards, indicating that the rate-increasing 
effects of nicotine were attenuated and the rate-decreasing 
effects potentiated. At the highest dose of nicotine, 0.35 
mg/kg, the otherwise parallel shifts in the acidification and 
alkalinization curves were typically reversed, with the co- 
administration of sodium bicarbonate attenuating the rate- 
decreasing effects of nicotine. 

Records 3 and 4 of Fig. 1 present performance after ad- 
ministration of nicotine and either ammonium chloride or 
sodium bicarbonate. Compared to the effects of nicotine 
alone, ammonium chloride (third record) attenuated the 
rate-decreasing effects of nicotine, whereas sodium bicar- 
bonate potentiated the rate-decreasing effects of nicotine. 
Thus, changes in the physiological state of the organism at 
the time of nicotine administration resulted in a strong and 
consistent change in the behavioral effects produced by 
nicotine. 

DISCUSSION 

Nicotine administration markedly increased responding 
under the FI schedule across a range of doses: responding 
under the FR was also increased, although to a lesser extent. 
Doses of nicotine that increased FI responding decreased 
responding under the FR schedule, indicating that FR per- 
fi~rmance was more sensitive to the rate decreasing effects of 
this drug. These results are generally similar to those re- 
ported previously [11]. Performance under both schedules 
and under a wide range of nicotine dosages was changed in a 
consistent manner by gastric administration of agents that 
alter urinary pH. Perhaps most pronounced were the find- 
ings that the gastric administration of an acidifying agent 
attenuated the rate-decreasing effects of nicotine, while gas- 
tric administration of an alkalinizing agent potentiated those 
effects. These findings support the argument that changes in 
cigarette smoking under conditions that alter urinary pH in- 
volve nicotine per se. Therefore, the present results may be 
used to support a psychopharrnacological explanation of 
why smoking increases in particular situations [10]. How- 
ever, the present results also suggest a new. alternative in- 
terpretation of Schachter's data and the urinary pH/smoking 
phenomenon. 

The present study found that the administration of 
acidifying and alkalinizing agents was accompanied by 
changes in the effects of nicotine on behavior. Therefore, 
situations that alter urinary pH may affect smoking behavior 
because the acute effects of given doses of nicotine (as self- 
administered by the smoker) change. That is, smoking be- 
havior may increase in situations that acidify the urine not 
because the excretion of unmetabolized nicotine increases 
(as Schachter argues), but rather because the acute behav- 
ioral effects of nicotine decrease from each puff on a ciga- 
rette for reasons separate from rate of excretion. Schachter's 
explanation assumes that the smoker must replenish "'lost'" 
nicotine. The present results suggest the alternative expla- 
nation that under the situations or conditions that alter uri- 
nary pH, the effects of given doses of nicotine change. These 
changes may result from changes in receptor affinity for 
nicotine, body fluid nicotine distribution, responsivity to 
nicotine stimulation, or a host of other possibilities. Further 
investigations of these mechanisms may contribute substan- 
tially to an understanding of cigarette smoking and to the 
biological and behavioral basis of drug addiction. 
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