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WITKIN, J. M. AND J. E. BARRETT. Benzodiazepine-like effects of inosine on punished behavior of pigeons. PHAR-
MACOL BIOCHEM BEHAYV 24(1) 121-125, 1986.— Behavioral effects of the putative endogenous benzodiazepine recep-
tor ligand, inosine, were studied alone and in combination with the benzodiazepine antagonist Ro 15-1788. Keypeck
responses were maintained by food under a multiple fixed-interval 3-min, fixed-interval 3-min schedule of food delivery.
Under the multiple schedule, the first response after 3 min produced food in the presence of either white (no punishment) or
red keylights and, in addition, each 30th response produced a brief electric shock (punishment) when the keylight was red.
Inosine increased the low rates of punished responding (10-100 mg/kg IM) and the higher rates of unpunished responding
(30 mg/kg). The benzodiazepine antagonist Ro 15-1788 (0.03 mg/kg, IM) antagonized the rate-increasing effects of inosine
but had no effect when given alone. Combinations of inosine (30 mg/kg) with higher doses of Ro 15-1788 (0.1-1 mg/kg)
decreased responding much like Ro 15-1788 alone. The marked rate-decreasing effects of 1000 mg/kg inosine were not
affected by concurrent administration of Ro 15-1788 (0.01-1 mg/kg). The behavioral effects of inosine alone resembled
effects of benzodiazepines but not those of benzodiazepine antagonists. The response rate-increasing effects of inosine may
be due to its benzodiazepine receptor binding properties. whereas the rate decreases produced by higher doses of inosine

appear to be unrelated to benzodiazepine receptors.
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IDENTIFICATION of saturable, high-affinity, stereo-
selective receptors in the central nervous system for ben-
zodiazepines [4,15] led to a search for possible endogenous
ligands. Such compounds may be physiological regulators of
states related to anxiety. The purinergic compound, inosine,
was one of the first to be identified [1, 16, 20]. Inosine was
found to bind to brain benzodiazepine receptors with affinity
in the millimolar range [I, 13, 19]. In some experimental
preparations, inosine appears to behave like a ben-
zodiazepine receptor agonist. Pentylenetetrazol-induced sei-
zure latencies are increased by inosine [21] and cross-
desensitization to flurazepam is exhibited on mouse spinal
neurons in culture [12]. Studied under different conditions,
inosine exhibits benzodiazepine-antagonist properties: the
increase in exploratory activity of mice [6] and the increased
food consumption of rats [11] produced by diazepam are
reversed by inosine. Furthermore, flurazepam antagonizes
inhibitory effects of inosine on mouse spinal neurons [12]. In
the current study, the potential sedative-hypnotic/anxiolytic
actions of inosine were evaluated. The specific ben-
zodiazepine receptor antagonist Ro 15-1788 [3, 19, 25] was
used to investigate the involvement of benzodiazepine recep-
tors in the behavioral effects of inosine.

Behavior suppressed by response-produced electric
shock delivery (punished behavior, sometimes referred to as
conflict behavior) is a sensitive and selective baseline to

evaluate the potential sedative-hypnotic or anxiolytic poten-
tial of compounds. Punished behavior is increased by ben-
zodiazepines, barbiturates and a variety of other drugs with
sedative-hypnotic and anxiolytic activity [2, 5, 14, 24]. Simi-
lar effects are not obtained with neuroleptics, opiates, or
antidepressants nor are the increases in punished behavior
typically found after administration of drugs like the am-
phetamines which normally produce large increases in com-
parable low rates of unpunished behavior [2, 5, 14].

METHOD
Subjects

Four adult male white carneaux pigeons were maintained
at 80% (420-430 g) of their free-feeding body weights. They
were housed in individual cages with continuous access to
water and oyster shell grit. The cages were located within a
temperature- and humidity-controlled vivarium with a 12 hr
light-dark cycle. Three of the pigeons had been studied pre-
viously in an experiment in which effects of midazolam and
Ro 15-1788 were administered [25]. The fourth pigeon was
experimentally-naive prior to the current study.

Behavioral Procedure

Responding was maintained under a multiple fixed-
interval (FI) 3-min, fixed-interval 3-min schedule of food
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FIG. 1. Cumulative response records of P-10384 illustrating repre-
sentative control performance under the multiple FI 3-min (no
punishment) FI 3-min (with punishment) schedule. Also shown are
effects of various doses of inosine showing its rate-increasing effects
on punished and unpunished responding at 30 mg/kg, the mixed
rate-decreasing and rate-increasing effects of 300 mg/kg, and the
pronounced suppression of responding at 1000 mg/kg. The response
pen was incremented with each response and was reset at the time of
food delivery or automatically if a response was not emitted within
60 sec of the elapse of the 3-min interval. Angular deflections of the
response pen occurred during shock delivery. The lower tracing in
each panel is displaced downward during the component in which
punishment was in effect. The recording paper did not move during
the 15-sec timeout period which separated schedule components.

presentation. Responses during one FI component produced
electric shock according to a fixed-ratio 30 schedule. Under
the multiple schedule, the first response after 3 min in the
presence of a white keylight produced food (no punishment);
in the presence of a red keylight the first response after 3 min
produced food, and, in addition, every 30th response
produced shock (punishment). A 15-sec timeout, during
which the keylights were extinguished and responding had
no scheduled consequences, separated each FI cycle. If a
response did not occur within 1 min of the lapse of the FI,
timeout was initiated and food was not presented. The
experimentally-naive pigeon was initially trained to peck the
response key , (cf. [7]) and responses were then maintained
under the multiple FI 3-min, FI 3-min schedule. The punish-
ment contingency was added only after responding had
stabilized. Experimental sessions consisted of ten FI cycles
starting with the white keylight (no punishment); the color of
the lights alternated throughout the session. Several weeks
of training under this baseline resulted in stable rates of re-
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FIG. 2. Cumulative response records of P-1076 illustrating represen-
tative control performance under the multiple F1 3-min (no punish-
ment) Fl 3-min (with punishment) schedule. Effects of a rate-
increasing dose of inosine (30 mg/kg) are also shown alone and in
combination with 0.03 mg/kg Ro 15-1788. Although this dose of Ro
15-1788 was without effect when given alone, it reversed the effects
of inosine. Recording details as in Fig. 1.
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FIG. 3. Effects of inosine on punished (filled circles) and unpunished
(open circles) responding (N=4). Means+S.E.M. are shown. Points
above C represent control values (N=9). Control rates of unpun-
ished responding ranged between 0.59+0.03 to 0.92+0.11 responses
per sec and control rates of punished responding ranged across
animals between 0.19=0.02 to 0.26+0.02 responses per sec. Mod-
erate doses of inosine increased both punished and unpunished re-
sponding in each of the animals tested.
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FIG. 4. Effects of 30 mg/kg inosine (squares) and 1000 mg/kg inosine (triangles) alone (points
above 1) and in combination with Ro 15-1788 (N=4). Effects on unpunished responding are
shown in the left panel and the effects on punished responding are presented in the right panel.
Effects of Ro 15-1788 alone are represented by the filled circles. Means+S.E.M. are shown.
Points above C represent control values (N=15). Control rates of unpunished responding
ranged from 0.63+0.04 to 0.87+0.02 responses per sec and control rates of punished responding
ranged across birds from 0.14=0.001 to 0.28+0.02 responses per sec. Ro 15-1788 reversed the
rate-increasing effects of 30 mg/kg inosine but did not affect the rate decreases produced by 1000

mg/kg inosine.

sponding which were used to assess the effects of inosine
and Ro 15-1788.

Drugs

Ro 15-1788 (generously donated by Hoffman-LaRoche,
Inc., Basel, Switzerland), was prepared in fine suspension
with sterile water and Tween 80 (1 drop/5 ml). Inosine (Al-
drich Chemical Co., Milwaukee, WI) was dissolved in 0.9%
NaCl to a concentration of 150 mg/ml. Intramuscular injec-
tions (1.0 mlkg) were given 60 sec prior to experimental
sessions. Inosine, Ro 15-1788 and combinations of the two
were studied in a mixed order after effects of inosine and Ro
15-1788 were initially determined. Each dose was studied
separately on at least two occasions in each bird and drug
combinations were also generally studied in duplicate. Drug
doses are expressed as the total base. Drugs were adminis-
tered no more than twice weekly, on Tuesdays and Fridays,
with Thursday's sessions serving as non-injection control
sessions.

Data Analysis

Rates of responding in each component of the multiple
schedule were obtained by dividing total responses during
the FI by the total session time elapsed within the compo-
nent. Drug effects on response rate were compared to rates
of responding during vehicle and non-injection control ses-
sions for each bird individually. Drug vehicles were without
effect and were therefore averaged with rates obtained on
non-injection control sessions. Composite dose-effect func-
tions were derived by averaging changes in individual per-
formances across subjects. Drug effects were considered
significant if the mean deviated by at least 2 S.E.M. from the
control mean or from the effects of a drug alone.

RESULTS

Under control conditions, rates of punished responding
were at least 68% lower than unpunished response levels.
Temporal patterns of punished and unpunished responding
were, however, quite comparable; performance was charac-
terized by a period of little or no responding at the beginning
of the interval followed by a relatively constant rate of re-

sponding until food delivery (Figs. 1 and 2, top panels).

Inosine produced dose-dependent increases in punished
responding (Fig. 3, solid symbols) which were maximal at
100 mg/kg. Rates of unpunished responding were increased
to 129% of control levels after 30 mg/kg inosine, but were not
appreciably affected by other doses from 30 to 300 mg/kg
(Fig. 3, open symbols).

The rate-increasing effects of 30 mg/kg inosine are shown in
the cumulative response records of Figs. 1 and 2. Rates of pun-
ished and unpunished responding were clearly elevated above
control levels and the pause in responding at the beginning of
each interval was decreased. Rates of shock presentation in
the punishment component were increased 2.4 times that
prevailing under control conditions. Increases in responding
were evident within the first 3 min of the session and gener-
ally persisted throughout the 30 min session. Inosine (300
mg/kg) decreased responding early in the session, and un-
punished responding was increased subsequently (Fig. 1).
The decreases in both punished and unpunished responding
after 1000 mg/kg (Fig. 3) were also evident within the first
few minutes of the session, and responding was almost
completely eliminated for the last 20 min (Fig. 1).

The benzodiazepine antagonist Ro 15-1788 had no effect
on the rate-increases produced by 30 mg/kg inosine at 0.01
mg/kg Ro 15-1788 which increased unpunished responding
when given alone (Fig. 4). The increases in both punished
and unpunished responding were reversed by 0.03 Ro 15-
1788 which was without effect when given separately. This
antagonism of the effects of 30 mg/kg inosine is shown in the
dose-response functions of Fig. 4 and in the cumulative re-
sponse records of Fig. 2. Higher doses of Ro 15-1788 de-
creased punished and unpunished responding when given
alone or in combination with 30 mg/kg inosine. The
pronounced rate-decreasing effects of 1000 mg/kg inosine
were not reversed by Ro 15-1788 from 0.01 to 1 mg/kg (Fig.
4, triangles).

DISCUSSION

Effects of inosine on punished and unpunished respond-
ing were comparable to effects of benzodiazepines, barbitu-
rates and other sedative-hypnotic, anxiolytic agents. All of
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these drugs increase punished responding at doses which
often have little effect on rates of unpunished responding (2,
5, 14, 24]. Although less potent than benzodiazepines under
similar experimental conditions, inosine increased punished
behavior across a wide range of doses and with comparable
efficacy to that of benzodiazepines [2, 14, 25]. The lack of
benzodiazepine-like pharmacological activity of inosine in
other experimental preparations [16,22], may be the result of
procedural and/or species differences. The increases in pun-
ished behavior in the current study were not the result of any
general stimulant activity of inosine. d-Amphetamine in-
creased low rates of unpunished responding but only further
decreased punished responding (data not shown) as reported
previously for central nervous system stimulants [2, 5, 14].

The benzodiazepine-like behavioral effects of inosine in
the present study may be a function of the interaction of
inosine with benzodiazepine receptors in pigeon brain [17].
Ro 15-1788 reversed the inosine-induced increases in pun-
ished and unpunished responding at 0.03 mg/kg, a dose that
had no effect when given alone. Although higher doses of Ro
15-1788, when given in combination with a rate-increasing
dose of inosine, decreased responding much like Ro 15-1788
alone, such an interaction also occurs with benzodiazepines
and Ro 15-1788 [25]. However, in contrast to the rate-
increasing effects of inosine, combinations of Ro 15-1788
with a rate-decreasing dose of inosine revealed that a ben-
zodiazepine receptor mechanism for the behavioral effects of
high inosine doses does not exist; rate-decreasing effects of
relatively high midazolam doses are completely reversed by
Ro 15-1788 even at doses that decrease responding when
given alone [25]. Evidence suggesting that inosine interacts
with a barbiturate recognition site of the benzodiazepine-
GABA receptor complex [10, 18, 19] is compatible with the
observed increases in punished behavior by inosine but can-
not account completely for the interaction of inosine and Ro
15-1788.

WITKIN AND BARRETT

Inosine has been reported to behave like a ben-
zodiazepine antagonist under a number of experimental
conditions (e.g., [6,11]). However, in the current study pun-
ished responding was increased by inosine, an effect also
found after benzodiazepine treatment but absent after admin-
istration of the benzodiazepine antagonists Ro 15-1788 or
CGS 8216 [3, 23, 25]. Although Ro 15-1788 (0.01 mg/kg) in-
creased unpunished responding as previously reported in pi-
geons [25], increases in punished responding were not ob-
tained, and high doses decreased both punished and unpun-
ished responding. While relatively low doses of Ro 15-1788
decrease responding of pigeons (see also [25]), rate-
decreasing effects of inosine were obtained only after rela-
tively large doses. Thus, behavioral effects of inosine do not
resemble those of a benzodiazepine antagonist. A similar
conclusion was reached in an experiment in which inosine,
unlike Ro 15-1788, did not reverse or prevent the hypnotic
effects of diazepam [26]. Thus, the increases in punished
behavior observed here are consistent with the ben-
zodiazepine agonist activity previously reported for inosine
[12,21].

In summary, inosine produces effects on punished and
unpunished behavior of pigeons which resemble those
produced by benzodiazepines. However, these effects are
unlike those of the benzodiazepine antagonists Ro 15-1788 or
CGS 8216. The rate-increasing effects of inosine may be ini-
tiated by binding to benzodiazepine receptors while the
rate-decreases produced by higher doses appear to be the
result of non-benzodiazepine receptor mechanisms. Al-
though doubts have been raised regarding the possibility that
inosine functions as a physiological regulator of the ben-
zodiazepine receptor (cf. [8]), the pharmacology of this nu-
cleoside, with its dual ability to behave as an agonist and
antagonist, reflect interesting aspects of benzodiazepine ac-
tion and benzodiazepine receptor-coupled processes.

REFERENCES

1. Asano, T. and S. Spector. Identification of inosine and hypo-
xanthine as endogenous ligands for the brain benzodiazepine
binding-sites. Proc Natl Acad Sci USA 76: 977-981, 1979.

2. Barrett, J. E. and J. M. Witkin. Interaction of d-amphetamine
with pentobarbital and chlordiazepoxide: Effects on punished
and unpunished behavior of pigeons. Pharmacol Biochem
Behav 5: 285-292, 1976.

3. Bonetti, E. P., L. Pieri, R. Cumin, R. Schaffner, M. Pieri, E. R.
Gamzu, R. K. M. Muller and W. Haefely. Benzodiazepine
antagonist Ro 15-1788: Neurological and behavioral effects.
Psychopharmacology (Berlin) 78: 8-18, 1982.

4. Braestrup, C. and R. Squires. Specific benzodiazepine recep-
tors in rat brain characterized by high affinity [*H] diazepam
binding. Proc Natl Acad Sci USA 74: 8305-8309. 1977.

5. Cook, L. and A. B. Davidson. Effects of behaviorally active
drugs in a conflict-punishment procedure in rats. In: The Ben-
zodiazepines, edited by S. Garattini, E. Mussini and L. O. Ran-
dall. New York: Raven Press, 1973, pp. 327-345.

6. Crawley, J. N., P. J. Marangos, S. M. Paul, P. Skolnick and F.
K. Goodwin. Interaction between purine and benzodiazepine:
inosine reverses diazepam-induced stimulation of mouse ex-
ploratory behavior. Science 211; 715-716, 1981.

7. Ferster, C. B. and B. F. Skinner. Schedules of Reinforcement.
New York: Appleton-Century-Crofts, 1957.

8. Hamon, M. and P. Soubrié. Searching for endogenous ligand(s)
of central benzodiazepine receptors. Neurochem Int 5: 663-672,
1983.

9. Hunkeler, W., H. Mohler, L. Pieri, P. Polc, E. P. Bonetti, R.
Cumin, R. Schaffner and W. Haefely. Selective antagonists of
benzodiazepines. Nature 290: 514-516, 1981.

10. Lapin, J. P. Non-specific, non-selective and mild increase in the
latency of pentylenetetrazol seizures produced by large doses of
the putative endogenous ligands of the benzodiazepine receptor.
Neuropharmacology 20; 781-786, 1981.

11. Levine, A. S. and J. E. Morley. Purinergic regulation of food
intake. Science 217: 77-79, 1982.

12. MacDonald, J. F., J. L. Barker, S. M. Paul, P. J. Marangos and
P. Skolnick. Inosine may be an endogenous ligand for ben-
zodiazepine receptors on cultured spinal neurons. Science 205:
715-717, 1979.

13. Marangos, P. M., S. M. Paul, F. K. Goodwin, P. Syapin and P.
Skolnick. Purinergic inhibition of diazepam binding to rat brain
(in vitro). Life Sci 24: 851-858, 1979.

14. McMillan, D. E. Drugs and punished responding. 1. Rate-
dependent effects under multiple schedules. J Exp Anal Behav
19: 133-145, 1973.

15. Méhler, H.and T. Okada. Benzodiazepine receptor: Demon-
stration in the central nervous system. Science 198: 849-851,
1977.

16. Méhier, H., P. Polc, R. Cumin, L. Pieri and R. Kettler.
Nicotinamide is a brain constituent with benzodiazepine-like
actions. Nature 278: 563-565, 1979.



INOSINE AND PUNISHED BEHAVIOR

17.

20.

21.

Nielsen, M., C. Braestrup and R. F. Squires. Evidence for a late
evolutionary appearance of brain-specific benzodiazepine re-
ceptors: an investigation of 18 vertebrate and 5 invertebrate
species. Brain Res 141: 342-346, 1978.

. Olsen, R. and F. Leeb-Lundberg. Endogenous inhibitors of pic-

rotoxin-convulsant binding sites in rat brain. Eur J Pharmacol
65: 101-104, 1980.

. Skerritt, J. H., L. P. Davies, S. C. Chow and G. A. R. Johnston.

Contrasting regulation by GABA of the displacement of ben-
zodiazepine antagonist binding by benzodiazepine agonists and
purines. Neurosci Letr 32: 109-174, 1982.

Skolnick, P., P. J. Marangos, F. K. Goodwin, M. Edwards and
S. Paul. Identification of inosine and hypoxanthine as endoge-
nous inhibitors of [*H] diazepam binding in the central nervous
system. Life Sci 23: 1473-1480, 1978.

Skolnick, P., P. J. Syapin, B. A. Paugh, P. J. Marangos and S.
M. Paul. Inosine, an endogenous ligand of the brain ben-
zodiazepine receptor, antagonizes pentylenetetrazol-evoked
seizures. Proc Natl Acad Sci USA 76: 1515-1518, 1979.

22.

23.

24.

25.

26.

125

Spencer, D. G., Jr., T. Gherezghiher and H. Lal. Inosine and
Né6-substituted adenosine analogs lack anxiolytic activity in the
pentylenetetrazol discrimination model of anxiety. Drug Dev
Res 4: 201-206, 1984.

Weissman, B. A., J. E. Barrett, L. S. Brady, J. M. Witkin, W.
B. Mendelson, S. M. Paul and P. Skolnick. Behavioral and neu-
rochemical studies on the anticonflict actions of buspirone.
Drug Dev Res 4: 83-93, 1984.

Witkin, J. M. Effects of some volatile sedative-hypnotics on
punished behavior. Psychopharmacology (Berlin) 84: 16-19,
1984.

Witkin, J. M. and J. E. Barrett. Behavioral effects and
benzodiazepine-antagonist activity of Ro 15-1788 (flumazepil) in
pigeons. Life Sci 37: 1587-1595, 1985.

Witkin, J. M., E. Barrett, J. M. Cook and P. Larscheid. Differ-
ential antagonism of diazepam-induced hypnosis. Fed Proc 43:
930, 1984.



