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FISHER, M. C. AND R. J. BODNAR. 2-Deoxy-D-glucose antinociception and serotonin receptor subtype antagonists: 
Test-specific effects in rats. PHARMACOL BIOCHEM BEHAV 43(4) 1241-1246, 1992.-The antinociceptive actions of 
2-deoxy-o-glucose (2-DG) are mediated in part by endogenous opioid, dopaminergic, cholinergic, histaminergic, and neuro- 
hormonal influences. Although 2-DG antinociception was not affected by tryptophan hydroxylase inhibition, a possible 
serotonergic role in 2-DG antinociception was investigated because of the existence of serotonin [5-hydroxytryptamine (5-HT)] 
receptor subtypes. The present study examined the effects of general (methysergide: 5 and 10 mg/kg), 5-HT 2 (ritanserin: 2.5 
mg/kg), and 5-HT 3 (ICS-205,930:0.25-5 mg/kg) receptor subtype antagonists upon 2-DG antinociception on the tall-flick 
and jump tests in rats. On the tall-flick test, 2-DG (450 mg/kg) antinociception was significantly reduced by all ICS-205,930 
doses (48-58070) but unaffected by either methysergide (22-29070 reduction) or ritanserin (6070 reduction). In contrast, 2-DG 
antinociception on the jump test was significantly potentiated across the 120-rain time course and across the 2-DG dose- 
response curve (100-650 mg/kg) by methysergide, ritanserin, and ICS-205,930 pretreatment. Each of the three antagonists 
produced significant leftward shifts in the peak and total 2-DG dose-response curve for the jump test. These data suggest 
different sites of action for 2-DG antinociception as a function of the pain test employed and a differential modulation by 
serotonin receptor subtypes at those sites. 

2-Deoxy-D-glucose antinociception Serotonin Methysergide Ritanserin ICS-205,930 Rats 

THE antimetabolic glucose analog, 2-deoxy-D-glucose (2- 
DG), activates such physiological responses as glucoprivation, 
peripheral sympathomedullary discharge, hyperglycemia, and 
hyperphagia (14,19,34,39). 2-DG elicits an antinociceptive re- 
sponse following peripheral (8) and central (12) administration 
that displays both antinociceptive tolerance (6) and cross- 
tolerance with morphine antinociception (36). The opioid me- 
diation of  2-DG antinociception is partial because it displays 
synergy with morphine antinociception but is unaffected by 
the opiate receptor antagonist naloxone (9). The neurochemi- 
cal substrates of  2-DG antinociception have been evaluated 
using other pharmacological and hormonal manipulations. 
Whereas dopaminergic receptor agonists (amphetamine and 
apomorphine) decrease 2-DG antinociception (7), dopaminer- 
gic receptor agonists (chlorpromazine and haloperidol) po- 
tentiate 2-DG antinociception (13). Further, 2-DG antinoci- 
ception is potentiated by muscarinic cholinergic receptor 
antagonists [scopolamine and methylscopolamine (35)], hista- 
minergic (H2) receptor antagonists [zolantidine (24)], hypo- 
physectomy (10), and medial-basal hypothalamic damage (1). 
In contrast, central pretreatment with alloxan reduces 2-DG 

antinociception, presumably through actions upon central glu- 
coreceptors (25). 

Serotonin [5-hydroxytryptamine (5-HT)] has been postu- 
lated as a major transmitter implicated in antinociceptive 
processes [for reviews, see (2,4)]. A role for serotonin in the 
mediation of 2-DG antinociception was evaluated using the 
tryptophan hydroxylase inhibitor parachlorophenylalanine, 
which failed to alter this antinociceptive response at doses that 
reduced morphine antinociception (11). However, multiple 5- 
HT receptors [for reviews, see (32,33)] have since been classi- 
fied into 5HTIA , 5HTm, 5HTIc, 5HTID, 5HT2, and 5HT3 sub- 
types. Both opioid and nonopioid forms of  antinociception 
have been affected following administration of  selective 
5HTI^ (27-29), 5HT2 (23,30,31), and 5HT 3 (17,18,20) receptor 
agonists and antagonists. Indeed, nonopioid antinocieeption 
following continuous cold-water swims was unaffected by par- 
achlorophenylalanine pretreatment (11), but significantly re- 
duced by 5HT2 antagonists (23). To characterize further the 
role of  serotonin receptor subtypes in the mediation of  2-DG 
antinociception, the present study examined whether either 
general 5-HT (methysergide), 5-HT 2 (ritanserin), or 5-HT3 
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(ICS-205,930) receptor subtype antagonists would alter this 
form of antinociception in the tall-flick (15) and jump (16) 
tests. 

METHOD 

Male, albino Sprague-Dawley rats (300-550 g) were housed 
individually on a 12 L : 12 D cycle with ad lib access to rat 
chow and water. 

Nociceptive Tests 

Tall-flick latencies were ascertained with a radiant heat 
source (IITC Analgesia Meter, Woodland Hills, CA) in which 
heat was applied to the dorsum of  the rat's tail 3-8 cm proxi- 
mal to the tip. Each session consisted of  three latency determi- 
nations made at 10-s intertrial intervals. To avoid tissue dam- 
age, the determination was terminated if no response occurred 
after 12 s. Immediately thereafter, jump thresholds were as- 
certained in a chamber (30 x 24 x 26.5 cm) with 14 grid bars 
spaced 1.9 cm apart. Electric shocks (0.3 s) were delivered 
through the grids by a shock generator (BRS/LVE, Beltsville, 
MD) and shock scrambler (Campden Instruments, Chicago, 
IL). An ascending method of  limits procedure was employed 
for each of  six trials with shock initially delivered at 0.1 mA 
and increased in 0.05-mA increments at 5-s intervals. The 
jump threshold was defined as the lowest of  two consecutive 
intensities at which the rat simultaneously removed both rear 
paws from the grids or if a cutoff of 1.0 mA was reached. 

Protocol 

Following 4 days of  baseline latency and threshold determi- 
nations to ensure stability, a first group of  rats (n = 10) re- 
ceived the following injection conditions at 2-6 h into the light 
cycle according to an incompletely counterbalanced design at 
weekly intervals: a) vehicle/vehicle; b) vehicle/2-DG (450 mg/  
kg, Sigma Chemical Co.,  St. Louis, MO); c) 5 and d) 10 rag/ 
kg methysergide (Sandoz Laboratories, Basle, Switzerland) 
paired with 2-DG; e) 2.5 mg/kg ritanserin (Janssen Labora- 
tories, Beerse, Belgium) paired with 2-DG; and f) 0.25, g) 1, 
and h) 5 mg/kg ICS-205,930 (Sandoz) paired with 2-DG. A 
15-min interval elapsed between injection conditions. Tail- 
flick latencies and jump thresholds were assessed 30, 60, 90, 
and 120 min following the last injection in each condition. 
2-DG was administered IP in a distilled water vehicle. Methy- 
sergide was dissolved in 0.9% normal saline and administered 
IP. Ritanserin was administered SC and initially prepared in 
100070 methanol at a concentration of 10 mg/ml  and then 
titrated with 0.9°70 normal saline to its desired concentration 
0.5 h prior to treatment. ICS-205,930 was administered SC 
and initially prepared in 100% dimethyl sulfoxide at a concen- 
tration of 10 mg/ml  and then titrated with 0.9°70 normal saline 
to its desired concentration 0.5 h prior to treatment. 

Subsequent groups of  rats were pretreated at weekly inter- 
vals with vehicle/vehicle and either vehicle, methysergide (5 
mg/kg),  ritanserin (2.5 mg/kg),  or ICS-205,930 (5 mg/kg) 
paired with 2-DG doses of  100 mg/kg (n = 6), 225 mg/kg 
(n = 10), and 650 mg/kg (n = 5). Jump thresholds were as- 
sessed 30, 60, 90, and 120 min following the last injection in 
each condition. Finally, a last group (n = 10) of  rats were 
tested with either vehicle, methysergide (5 mg/kg),  ritanserin 
(2.5 mg/kg),  or ICS-205,930 (5 mg/kg) at weekly intervals. 
Tall-flick latencies and jump thresholds were assessed after 
30, 60, 90, and 120 min to determine basal nociceptive effects. 

Statistical A nalyses 

Split-plot analyses of variance (ANOVAs) assessed signifi- 
cant differences among conditions and across the time course 
for each of the 2-DG doses and each test. Significant 2-DG 
effects relative to vehicle and significant 5-HT antagonist ef- 
fects relative to 2-DG were assessed with Dunnett and Dunn 
comparisons, respectively. To determine alterations in 2-DG 
dose-response functions under vehicle and 5-HT antagonist 
pretreatment, linear regression analyses evaluated peak (30 
min) and total antinociceptive effects relative to the 2-DG 
doses to determine differences between slopes, intercepts, and 
the EDs0. Calculation of the total antinociceptive effect for 
each condition relative to vehicle was accomplished by sum- 
ming the differences between each experimental and vehicle 
score across the time course. 

RESULTS 

2-DG (450 mg/kg) Antinociception (Tail-Flick TesO 

In comparing ICS-205,930 effects upon 2-DG antinocicep- 
tion, significant differences were observed among groups, F(4, 
44) = 5.35, p < 0.001, across the time course, F(3, 132) = 
18.91, p < 0.0001, and for the interaction between groups 
and time, F(12, 132) = 2.74, p < 0.002. 2-DG significantly 
increased tail-flick latencies 30 and 60 min following injection. 
2-DG antinociception was significantly reduced after 30 min 
by pretreatment with ICS-205,930 doses of 0.25 (58% reduc- 
tion), 1 (50% reduction), and 5 (48o70 reduction) mg/kg (Fig. 
1A). The small antinociceptive effect induced by 2-DG after 
60 min was eliminated by ICS-205,930 pretreatment. 

In comparing methysergide and ritanserin effects upon 2- 
DG antinociception, significant differences were observed 
among groups, F(4, 42) = 3.99, p < 0.008, across the time 
course, F(3, 126) = 27.78, p < 0.0001, and for the interac- 
tion between groups and time, F(12, 126) = 2.18, p < 0.017. 
The significant increases in tall-flick latencies 30 min follow- 
ing 2-DG failed to be significantly altered by pretreatment 
with either methysergide at doses of  5 (29070 reduction) and 10 
(22o7o reduction) mg/kg or ritanserin (2.5 mg/kg: 6o?0 reduc- 
tion) (Fig. 1B). Because lower doses of 2-DG failed to produce 
appreciable antinociceptive effects on the tall-flick test, and 
higher 2-DG doses produced similar magnitudes of  antinoci- 
ception to that elicited by the 450-mg/kg dose, no other doses 
of  2-DG were analyzed in the tail-flick test for 5-HT antago- 
nist effects. 

2-DG (450 mg/kg) Antinociception (Jump TesO 

In comparing ICS-205,930 effects upon 2-DG antinocicep- 
tion, significant differences were observed among groups, F(4, 
44) = 39.60, p < 0.0001, across the time course, F(3, 132) 
= 53.44, p < 0.0001, and for the interaction between groups 
and time, F(12, 132) = 6.13, p < 0.0001.2-DG significantly 
increased jump thresholds across the time course. 2-DG anti- 
nociception in the jump test was significantly potentiated after 
60- to 120-min pretreatment with ICS-205,930 doses of  0.25 
(58°70 increase), 1 (29O/o increase), and 5 (27% increase) mg/  
kg (Fig. 2A). In comparing methysergide and ritanserin effects 
upon 2-DG antinociception, significant differences were ob- 
served among groups, F(4, 42) = 39.40, p < 0.0001, across 
the time course, F(3, 126) = 62.04, p < 0.0001, and for the 
interaction between groups and time, F(12, 126)=  7.25, 
p < 0.0001.2-DG antinociception in the jump test was signif- 
icantly potentiated by 5 (220/o increase) and 10 (32o70 increase) 
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FIG. 1. (A). Alterations in tail-flick latencies (seconds) in rats pretreated with either vehicle (O), 2-deoxy-D-glucose (2-DG, 450 
mg/kg; O), or 2-DG paired with ICS-205,930 doses of 0.25(I), 1 (0) or 5 (&) mg/kg. (B). Alterations in tail-flick latencies in 
rats pretreated with either vehicle (O), 2-DG (450 mg/kg; O), or 2-DG paired with either ritanserin at a dose of 2.5 mg/kg (11) 
or methysergide at doses of 5 (4)) or 10 (A) mg/kg. The open stars indicate significant reductions in the magnitude of 2-DG 
antinociception in the tail-flick test (Dunnett comparisons, p < 0.05). 

mg/kg methysergide and by 2.5 mg/kg (69% increase) ritans- 
erin (Fig. 2B). 

2-DG Dose-Response Curves (Jump TesO 

Evaluation of the effects of 5-HT receptor subtype antago- 
nists upon a dose of 100 mg/kg 2-DG revealed a failure to 
discern significant differences among groups, across the time 
course, or for the interaction between groups and time (Fig. 
3). Evaluation of the effects of 5-HT receptor subtype antago- 
nists upon a dose of 225 mg/kg 2-DG revealed significant 
differences among groups, F(4, 45) = 5.70, p < 0.0008, 
across the time course, F(3, 135) = 23.49, p < 0.0001, and 
for the interaction between groups and time, F(12, 135) = 
2.40, p < 0.016. The significant increases observed in the 

jump test following this dose of 2-DG were significantly po- 
tentiated by ICS-205,930 (90-120 min: 32% increase), methy- 
sergide (30-120 min: 56% increase), and ritanserin (30-120 
min: 76% increase). Evaluation of the effects of 5-HT recep- 
tor subtype antagonists upon a dose of 650 mg/kg 2-DG re- 
vealed significant differences among groups, F(4, 20) = 7.65, 
p < 0.0007, across the time course, F(3, 60) = 22.57, p < 
0.0001, and for the interaction between groups and time, F(12, 
60) = 2.64, p < 0.007. The significant increases observed in 
the jump test following this dose of 2-DG were significantly 
potentiated by ICS-205,930 (30-60 min: 43% increase) and 
ritanserin (30-90 rain: 53% increase) but not by methysergide 
(30% increase). 

Regression analyses of the 2-DG dose-response curves fol- 
lowing pretreatment with vehicle, ICS-205,930, methysergide, 
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FIG. 2. (A). Alterations in jump thresholds (mA) in rats pretreated with either vehicle (O), 2-deoxy-D-glucose (2-DG, 450 mg/ 
kg; O), or 2-DG paired with ICS-205,930 doses of 0.25 ( I ) ,  1 (0), or 5 (&) mg/kg. (B). Alterations in jump thresholds in rats 
pretreated with either vehicle ( ), 2-DG (450 mg/kg; O), or 2-DG paired with either ritanserin at a dose of 2.5 mg/kg ( l )  or 
methysergide at doses of 5 (O) or 10 (&) mg/kg. The solid stars indicate significant increases in the magnitude of 2-DG 
antinociception in the jump test (Dunnett comparisons, p < .05). 



1244 FISHER AND BODNAR 

A 

E 
O9 
LU 
n- 
O 
O 
O9 
W 
O 
Z Rd 
re 
UJ 
U. 
tl 
r~ 

..d 
O 
3= 
O9 
IM 
er 
"r  
F- 

A. B. 
0.5 1.6- 

0.4 
1.2- 

0.3 

0.S. 

0.2 

0.4- 
0.1 

0.0 , , , - , 0.0 
0 1 5 0  3 0 0  4 5 0  60  0 7 5 0  0 

- -  i i i 

1 5 0  3 0 0  4 5 0  6 ; 0  7 5 0  

2DG DOSE (mg/kg) 2DG DOSE (mg/kg) 

FIG. 3. Alterations in the magnitude of peak (30 rain, A) and total (B) 2-deoxy-D-glucose (2-DG) antinociception on the jump 
test in rats pretreated with either vehicle (O), ICS-205,930 (A), methysergide (0), or ritanserin ( I ) .  Calculation of the total 
antinociceptive effect for each condition relative to vehicle was accomplished by summing the differences between each experi- 
mental and vehicle score across the time course. Regression analyses indicated significant leftward shifts in the dose-response 
curves for 2-DG antinociception following methysergide, ritanserin, and ICS-205,930 pretreatment. 

and ritanserin revealed significant differences among groups 
for peak, F(6, 114) = 2.34, p < 0.036, and total, F(6, 114) 
= 4.37, p < 0.0005, antinociceptive effects on the jump test 
(Table 1). Analyses of EDso values indicated significant reduc- 
tions in the 2-DG doses necessary to increase peak antinoci- 
ceptive effects following pretreatment with methysergide 
(2507o reduction), ritanserin (27070 reduction), and ICS-205,930 
(21070 reduction) and total antinociceptive effects following 
pretreatment with methysergide (22070 reduction), ritanserin 
(43070 reduction), and ICS-205,930 (27070 reduction). 

5-HT Antagonists and Basal Nociception 

Neither methysergide, ritanserin, nor ICS-205,930 altered 
basal tall-flick latencies or jump thresholds across the 2-h time 
course. 

D I S C U S S I O N  

The magnitude of 2-DG antinociception was significantly 
and differentially altered by pretreatment with 5-HT receptor 

subtype antagonists. The differential effects were due to test- 
specific effects and the effectiveness of the antagonists em- 
ployed. First, 2-DG antinociception was significantly reduced 
in the tall-flick test by the selective 5-HT 3 antagonist ICS- 
205,930 but not by either the general 5-HT antagonist, methy- 
sergide or the selective 5-HT2 antagonist ritanserin. The reduc- 
tions in 2-DG antinociception in the tail-flick test occurred 
across a wide range of ICS-205,930 doses but failed to occur 
at peak effective doses for either methysergide or ritanserin. 
This reduction in antinociceptive effectiveness could not be 
attributed to any basal effect of ICS-205,930 on tall-flick la- 
tencies. A complete analysis of the reductions in 2-DG anti- 
nociception in the tall-flick test by 5-HT a antagonists was 
somewhat hampered by the narrow and asymptotic dose-re- 
sponse function for 2-DG antinociception in the tall-flick test. 
Whereas 2-DG doses lower than 450 mg/kg produced a small 
and inconsistent antinociception in the tall-flick test, 2-DG 
doses higher than 450 mg/kg produced a similar magnitude 
of antinociception in this measure. 

Second, 2-DG antinociception was significantly increased 

TABLE 1 
R E G R E S S I O N  ANALYSES OF T H E  D O S E - R E S P O N S E  F U N C T I O N S  OF 

2-DG A N T I N O C I C E P T I O N  ON THE J U M P  TEST F O L L O W I N G  
5-HT R E C E P T O R  SUBTYPE A N T A G O N I S T S  

Peak effects 
Slope 0.000604 0.000543 0.000731 0.000817 
Intercept 0.0035 0.0935 0.0358 - 0.0151 
EDs0 (mg/kg) 457.8 343.5 334. l 361.2 
Ratio vehicle - 0.75 0.73 0.79 

Total effects 
Slope 0.00162 0.00150 0.00224 0.00202 
Intercept 0.0543 0.3535 0.2855 0.1561 
EDso (mg/kg) 657.8 511.0 372.5 477.2 
Ratio vehicle - 0.78 0.57 0.73 

Condi t ion  Vehicle Methysergide Ritanserin ICS-205,930 
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on the jump test by the general 5-HT antagonist methysergide, 
the 5-HT2 antagonist ritanserin, and the 5-HT 3 antagonist 
ICS-205,930. The ability of  these antagonists to each potenti- 
ate 2-DG antinociception occurred across all 2-DG doses (225, 
450, and 650 mg/kg) capable of  eliciting an antinociceptive 
response itself. This potentiation in antinociceptive effective- 
ness could not be attributed to any basal effect of  either meth- 
ysergide, ritanserin, or ICS-205,930 on jump thresholds. In 
contrast, the 2-DG dose of  100 mg/kg failed to elicit antinoci- 
ception in the jump test and also failed to produce antinoci- 
ception when paired with any of  the 5-HT receptor subtype 
antagonists. Thus, it appears that these 5-HT antagonists re- 
quire the presence of  antinociception to exert potentiating ac- 
tions. The peak and total dose-response functions for 2-DG 
antinociception were significantly shifted to the left following 
pretreatment with methysergide, ritanserin, and ICS-205,930. 
This potentiating action of  5-HT antagonists upon 2-DG anti- 
nociception in the jump test appears to be due to changes in 
nociceptive reactivity rather than nonspecific actions for the 
following reasons: First, tall-flick latencies and jump thresh- 
olds were evaluated simultaneously in the analysis of  5-HT 
effects upon antinociception induced by the 450-mg/kg 2-DG 
dose. The clearly divergent, selective, and differential actions 
of  5-HT antagonists upon 2-DG antinociception in the tall- 
flick and jump tests argues against a nonspecific action. Sec- 
ond, the hyperphagic actions of  2-DG are selectively altered 
by 5-HT antagonists such that ritanserin only transiently re- 
duced 2-DG hyperphagia after 2, but not after 4 or 6, h (3). 
Neither methysergide nor ICS-205,930 altered 2-DG hyper- 
phagia. If  the potentiations in 2-DG antinociception in the 
jump test were due to a nonspecific decrement in motor re- 
sponses, then reductions in 2-DG hyperphagia would be ex- 
pected as well; this did not occur. 

The dissociative effects of  5-HT antagonists upon 2-DG 
antinociception as a function of  the nociceptive test is in keep- 
ing with other recent instances of  test specificity in nociceptive 
responding [for review, see (5)]. Nonopioid antinociception 
induced by continuous cold-water swims is reduced far more 

effectively in the tail-flick test than in the jump test by the 
5-HT2 antagonist pirenpirone (23) and is decreased in the tall- 
flick test and increased in the jump test in a diabetic model 
using alloxan (26). Further, opioid antinociception induced by 
intermittent cold-water swims is significantly decreased in the 
tall-flick test and significantly increased in the jump test by 
pirenpirone (23). 

In a schema (38) indicating that different forms of  stress- 
induced antinociception can be characterized as combinations 
of  either opioid or nonopioid and either neural or neurohor- 
monal, 2-DG antinociception appears to possess some opioid 
characteristics. Whereas it displays both synergy and two-way 
cross-tolerance with morphine antinociception, it is unaltered 
following naloxone pretreatment (9,36). Whereas parachloro- 
phenylalanine significantly reduced morphine antinocicep- 
tion, 2-DG antinociception was unaffected by this manipula- 
tion (11,37). The 5-HT 3 antagonist ICS-205,930 significantly 
and similarly reduces antinociception in the tall-flick test in- 
duced by 2-DG, morphine, and the r-agonist U-50,488H (20, 
22). However, ICS-205,930 reduced morphine antinociception 
in the jump test (22), but potentiated 2-DG antinociception 
in the jump test in the present study. Further, whereas both 
peripheral and central forms of morphine antinociception are 
reduced by general and 5-HT2 antagonists (21,22,30,31,40) 
these antagonists failed to alter 2-DG antinociception in the 
tail-flick test, and actually potentiated this effect in the jump 
test. Thus, whereas 2-DG may activate endogenous opioid 
pain-inhibitory pathways to produce part of  its antinocicep- 
tive actions, it appears that other systems are involved in the 
mediation of the antinociceptive response following this form 
of glucoprivation. 
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