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Abstract – Endocannabinoids and CB1 receptors (CB1) have been implicated in endotoxin
(lipopolysaccharide [LPS])-induced hypotension: LPS stimulates the synthesis of
anandamide in macrophages, and the CB1 antagonist SR141716 inhibits the hypotension
induced by treatment of rats with LPS or LPS-treated macrophages. Recent evidence
indicates the existence of cannabinoid receptors distinct from CB1 or CB2 which are
inhibited by SR141716 but not by other CB1 antagonists such as AM251. In
pentobarbital-anesthetized rats, i.v. injection of 10 mg/kg LPS elicits hypotension
associated with profound decreases in cardiac contractility, moderate tachycardia and an
increase in lower body vascular resistance. Pretreatment with 3 mg/kg SR141716
prevented the hypotension and decrease in cardiac contractility, slightly attenuated the
increase in peripheral resistance and had no effect on the tachycardia caused by LPS,
whereas pretreatment with 3 mg/kg AM251 did not affect any of these responses.
SR141716 also elicited an acute reversal of the hypotension and decreased contractility
when administered after the response to LPS had fully developed. The LPS-induced
hypotension and its inhibition by SR141716 were similar in pentobarbital-anesthetized
wild-type, CB1-/- and CB1-/-/CB2-/- mice. We conclude that SR141716 inhibits the acute
hemodynamic effects of LPS by interacting with a cardiac receptor distinct from CB1 or
CB2, which mediates negative inotropy and may be activated by anandamide or a related
endocannabinoid released during endotoxemia.
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ACTIVATION OF CANNABINOID RECEPTORS by plant-derived and endogenous
cannabinoids elicits well documented cardiovascular effects (17, 25). In humans, acute
ingestion of ∆9-tetrahydrocannabinol (THC), the main psychoactive ingredient of
marijuana, usually elicits tachycardia (24). However, prolonged use in humans and acute
as well as chronic administration in most animal models causes long lasting hypotension
and bradycardia (4, 26), and similar depressor effects have been also reported in response
to

the

acute

administration

of

the

endocannabinoids

anandamide

and

2-

arachidonoylglycerol (2-AG) (22, 45). The introduction in 1994 of the first selective
cannabinoid-1 receptor (CB1) antagonist, SR141716 (40), has allowed these responses to
be characterized as CB1-mediated (45), a conclusion later borne out by the absence of
cannabinoid-induced hypotension and bradycardia in mice with genetic ablation of CB1
(23, 27). Although the overwhelming majority of CB1 in mammals are located in the
brain (16), the cardiovascular depressor effects of cannabinoids appear to involve CB1
expressed in peripheral tissues, including blood vessels (13, 17, 29), the heart (5), and
sympathetic nerve terminals (20, 30). The possible involvement in cardiovascular
depressor responses of CB2 (15), another cannabinoid receptor primarily expressed by
immune cells (33), is less well documented.
Activation of CB1 by certain synthetic cannabinoids can cause profound and
prolonged hypotension (26), which has raised the possible involvement of the
CB1/endocannabinoid system in pathological states associated with hypotension, such as
various forms of shock. Indeed, the CB1 antagonist SR141716 has been reported to
inhibit or reverse the hypotension associated with hemorrhagic (48), endotoxemic (46),
and cardiogenic shock (47) and the hypotension that accompanies advanced liver
cirrhosis (2, 41). There is also evidence that in these conditions, macrophage- and
platelet-derived endocannabinoids, including anandamide and 2-arachidonoylglycerol (2AG) are responsible for the activation of SR141716-sensitive receptors (2, 41, 46-48, 50).
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Recent studies indicate that anandamide can elicit vasodilation through a number
of mechanisms in addition to the possible activation of vascular CB1 (17, 25), including
the activation of vanilloid TRPV1 receptors on sensory nerve terminals (51). Of
particular interest is a novel endothelial site of action which, similar to CB1, is Gi/Go
coupled and inhibited by SR141716, but does not interact with other CB1 or CB2 agonists
or antagonists (18, 23, 32, 34). A similar situation may exist in the heart, where the
negative inotropic effects of cannabinoids including anandamide can be mediated both by
CB1 receptors (5) and by an SR141716-sensitive mechanism that does not involve CB1
receptors (8). Shock-related hypotension, such as the hypotension induced by bacterial
endotoxin (lipopolysaccharide [LPS]), may involve both vasodilation and decreased
cardiac contractility, and the relative role of endocannabinoids and their receptors in
these two mechanisms has not been determined. Furthermore, cannabinoid receptors have
been implicated in endotoxin-induced hypotension based on the ability of SR141716 to
prevent this effect, and the relative role of CB1 versus SR141716-sensitive receptors
distinct from CB1 or CB2 needs to be explored. Here we report that LPS elicits similar,
SR141716-sensitive hypotension in anesthetized wild-type mice and in mice deficient in
CB1 or in both CB1 and CB2. In anesthetized rats, the acute (< 2h) hypotensive phase
following LPS injection is primarily due to a decrease in cardiac contractility, and both
the hypotension and the decreased contractility are prevented by SR141716 but are
unaffected by another CB1 antagonist, AM251 (12).
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MATERIALS AND METHODS

Reagents.

SR141716

[N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-

dichlorophenyl)-4-methyl-1 H-pyrazole-3-carboxamide] was provided by the National
Institute on Drug Abuse drug supply service, Research Triangle Park, NC; AM251 [N(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1

H-pyrazole-3-

carboxamide was from Tocris Cookson, Baldwin, MO. SR141716 and AM251 were
dissolved in a vehicle of corn oil:water (1:4) emulsified by the addition of Pluronic F-68
(40 mg/ml). The concentration of the antagonists in this vehicle was 10 mg/ml, and
vehicle or drug were injected in a volume of 0.3 ml/kg body weight. LPS (E. coli,
0127:B8) and Pluronic F-68 were from Sigma Chemicals, St.Louis, MO.
Animals. Male Sprague-Dawley rats weighing 300-350 g were obtained from
Harlan (Indianapolis, IN). CB1-/- mice, their homozygous controls (CB1+/+) and CB1-//CB2-/- double knockouts were developed and backcrossed to a C57Bl6/J background by
Andreas Zimmer and Nancy E. Buckley, as described earlier (23). CB1-/- mice were bred
from heterozygote breeding pairs and genotyped using a PCR-based assay and DNA
extracted from tail snips obtained at the time of weaning. CB1-/-/CB2-/- double knockout
mice were bred from breeding pairs that were homozygote knockouts for both receptor
genes.
Hemodynamic measurements. Rats were anesthetized with pentobarbital sodium
(60 mg/kg i.p.) and tracheotomized to facilitate breathing. The animals were placed on
heating pads, and core temperature measured via a rectal probe was maintained at 37°C.
To measure left ventricular systolic pressure (LVSP) and the maximal slope of systolic
pressure increment (+dP/dt), a microtip catheter (SPR-524; Millar Instruments, Houston,
TX) was inserted into the right carotid artery and advanced into the left ventricle (LV)
under pressure control as described (36-38). A P50 tube was also inserted into the right
femoral artery and vein for measurement of arterial blood pressure and i.v. injections,
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respectively. In some experiments, a saline-filled cannula connected to a pressure
transducer was inserted into the right jugular vein for monitoring central venous pressure.
Aortic blood flow was measured using the transit time technology, by placing a flow
probe (2.5SB733, Transonic Systems, Ithaca, NY) on the abdominal aorta below the renal
arteries following midline laparotomy. Blood flow in the abdominal aorta was used to
calculate hindquarter vascular resistance, representing predominantly skeletal muscle,
skin and bone. After stabilization for 20 minutes, the signals were continuously recorded
with a Powerlab/4SP A/D converter at 1 kHz (AD Instruments, Mountain View,
California), stored, and displayed on a personal computer (36-38). The heart rate,
maximal LVSP, mean arterial pressure (MAP), and +dP/dt were calculated as previously
described (36-38). Peripheral resistance index (PRI) was calculated as MAP/mean aortic
blood flow/100 g body weight and changes expressed as % of control.
Mice were anesthetized with pentobarbital sodium (50 mg/kg i.p.). Polyethylene
cannulae (P10) were inserted into the carotid artery and jugular vein for the measurement
of mean arterial pressure and for drug injections, respectively.
All animal procedures were in accordance with the guidelines of the National
Institutes of Health and approved by the Institutional Animal Care and Use Committee.
Data analyses. Values are expressed as mean ± SEM. Time-dependent variables
were analyzed by ANOVA followed by Bonferroni’s post-hoc test. Differences were
deemed statistically significant when p<0.05.
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RESULTS

Hemodynamic effects of LPS in anesthetized rats are inhibited by SR141716. In
pentobarbital-anesthetized rats, i.v. injection of 10 mg/kg LPS caused an acute
hypotensive response that lasted up to 1 hour. As shown in Fig. 1, the hypotension was
associated with moderate tachycardia and a major decrease in left ventricular
contractility, as indicated by dramatic decreases in +dP/dt and LVSP. Aortic blood flow,
an indicator of cardiac output, also decreased, and the peripheral resistance index (PRI)
increased. Pretreatment of the rats with either vehicle or 3 mg/kg SR141716 10 min prior
to the injection of LPS had no significant hemodynamic effect by itself, as also illustrated
by the 0 min values in Fig. 1 which were similar in the vehicle- and in the SR141716treated groups. However, SR141716 pretreatment nearly completely prevented the
hypotension without influencing the tachycardic response to LPS, and also completely
prevented the LPS-induced decrease in cardiac contractility, but only slightly delayed the
decrease in aortic blood flow and the increase in PRI.
SR141716 was also able to reverse the effects of LPS when administered after the
acute hemodynamic effects of LPS had developed. As illustrated in Fig. 2, in 5 rats the
i.v. injection of 3 mg/kg SR141716 15 min following LPS treatment induced an
immediate and rapid increase in arterial pressure that significantly exceeded the gradual
increase in pressure in 5 other LPS-treated animals injected with vehicle only. SR141716
also caused a rapid increase in LVSP and +dP/dt that not only reached but then exceeded
pre-LPS baseline levels.
Differential effects of SR141716 and AM251 on the hemodynamic response to
LPS. To explore the role of CB1 in the acute hypotensive response to LPS, rats were
pretreated with a 3 mg/kg i.v. dose of the CB1 antagonists SR141716 or AM251 ten
minutes prior to the similar administration of 10 mg/kg LPS. This dose of SR141716 was
shown to completely block the hypotensive response of anesthetized rats to a near-
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maximal dose (10 µg/kg i.v.) of the potent synthetic CB1 agonist HU-210 (26), and in
separate experiments 3 mg/kg AM251 caused a similar, complete blockade of the
hypotensive effect of 10 µg/kg HU-210 (not shown). As illustrated in Fig. 3, there was a
dramatic difference between the ability of the two antagonists to antagonize the effect of
LPS. Unlike SR141716, which nearly completely prevented the hypotensive response to
LPS (see also Figs. 1 and 2), AM251 had no effect at all: LPS caused as great a
hypotensive response in the absence as in the presence of AM251.
LPS-Induced hypotension in wild-type and CB receptor-deficient mice. The
inability of AM251 to inhibit the hypotensive response to LPS suggested that the
SR141716-sensitive receptors involved are not CB1. To further test this, the acute
hypotensive response to LPS was tested in pentobarbital-anesthetized mice deficient in
CB1 (CB1-/-) or both CB1 and CB2 (CB1-/-/CB2-/-), and in their wild-type littermates. As
illustrated in Fig. 4, i.v. injection of 100 µg/kg LPS caused similar hypotension in the
three groups and, in all three, the hypotensive response to LPS could be prevented by
pretreatment with 3 mg/kg SR141716.

9

DISCUSSION

We have previously reported that the CB1 antagonist SR141716 inhibits the acute
hypotension and decreases mortality in response to LPS treatment in rats (46). The
present findings confirm the ability of SR141716 to inhibit LPS-induced hypotension, yet
indicate that this effect and the underlying hemodynamic changes are not mediated by
CB1. AM251 is a selective CB1 antagonist at least equipotent with SR141716 (12), and at
the in vivo dose used here it was reported to block the hemodynamic effects of potent
CB1 agonists in rats (11). Thus, its complete inability to influence the LPS response (Fig.
3) is not compatible with CB1 involvement. Furthermore, LPS-induced hypotension in
mice and its sensitivity to inhibition by SR141716 were not influenced by the genetic
ablation of CB1 or both CB1 and CB2 (Fig. 4).
Several recent studies point to the existence of additional cannabinoid receptors
distinct from CB1 or CB2. At least two of these, a putative Gi/Go-coupled endothelial
receptor mediating vasodilation in certain vascular beds (18, 23, 32, 34), and a receptor
postulated to be present on glutamatergic terminals in the hippocampus (14), have been
shown to be uniquely sensitive to inhibition by SR141716 but not by other CB1
antagonists such as AM251, although their differential sensitivity to the agonist
WIN55,212-2 (14, 32, 34) suggests that they are distinct molecular entities. LPS is a
potent stimulant of anandamide synthesis in macrophages (28, 46), and LPS-treated
macrophages were found to elicit SR141716-sensitive hypotension when injected into
normal control rats (28, 46). Since anandamide can interact with SR141716-sensitive
non-CB1/non-CB2 receptors described above (23, 32, 34), one might postulate that such a
receptor rather than CB1 may mediate the acute hemodynamic effects of LPS.
Macrophages isolated from mice deficient in fatty acid amidohydrolase, the
enzyme responsible for anandamide metabolism, and stimulated in vitro with LPS have
higher anandamide levels and elicit a greater decrease in blood pressure in recipient rats
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than similarly treated cells isolated from wild-type littermates (28). Although these
findings suggest that macrophage-derived anandamide or a related fatty acid amide may
mediate the acute hemodynamic effect of LPS, other mechanisms, such as a reported
LPS-induced increase in target organ sensitivity to endocannabinoids (35) may also play
a role.
The present findings also indicate, however, that the hypotensive effect of LPS is
due to decreased cardiac contractility, which leads to a decrease in stroke volume and
cardiac output, rather than vasodilation, and the decrease in contractility is so profound
that arterial pressure decreases despite a parallel increase in peripheral resistance. This
hemodynamic pattern of a primary decrease in cardiac contractility is similar to that
reported in several recent studies in both anesthetized (19, 31, 36, 39) and conscious rats
(42), although an LPS-induced vasodilation in certain vascular beds, such as the renal
vasculature (11), the heart and the brain (44) would not be detected in the present
experiments due to the positioning of the aortic flow probe. The primary cardiodepressor
effect of LPS suggests that SR141716 must have a myocardial site of action as well.
Indeed, SR141716 not only prevents the marked decrease in dP/dt and LVSP of
subsequently administered LPS, but elicits an immediate reversal of the decline in these
parameters to levels above control values when it is administered once the hemodynamic
response to LPS has fully developed. Similarly, cardiac contractility increased above
control values when LPS was administered after pretreatment with SR141716 (Fig. 1).
This is an interesting phenomenon in which increased sympathetic nervous system drive
may play a role: LPS has been reported to increase sympathetic tone in rats, as indicated
by a rise in plasma catecholamines (21). Thus, the net effect of LPS on cardiac
contractility may be determined by the balance between endocannabinoid-mediated
negative and sympathetically mediated positive inotropy, although the involvement of
additional mechanisms cannot be excluded.
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In contrast, SR141716 only slightly delays but does not significantly inhibit the
LPS-induced decrease in aortic blood flow and increase in peripheral resistance.
Although these findings do not exclude the possibility that SR141716 may antagonize
LPS-induced vasodilation in vascular beds where they do occur, it appears that the
primary site of action of SR141716 in this experimental model is cardiac, not vascular.
An SR141716-sensitive, AM251-insensitive negative inotropic response to anandamide
has been described in the rat Langendorff heart preparation (8), and a similar receptor site
may be involved in the in vivo effects described here. The molecular identity of this site
and its possible relation to the Gi/Go-coupled endothelial receptor for anandamide remain
to be determined.
Interestingly, our recent observations indicate that in various forms of
hypertension a compensatory hypotensive endocannabinergic tone is activated, which can
be reversed equally effectively by SR141716 and AM251, and is associated with
upregulation of vascular and cardiac CB1 (3). Thus, endocannabinoids are hypotensive
regulators whose tonic effects may be mediated by different types of receptors in
different pathological conditions.
Previous studies have implicated tumor necrosis factor-α (TNFα)(10, 43) and
platelet-activating factor (PAF)(1) in the cardiodepressor effects of endotoxin. SR141716
does not inhibit PAF or TNFα receptors (unpublished observations). However, TNFα
and/or PAF may act via the release of an endocannabinoid such as anandamide, which
would then interact with an SR141716-sensitive receptor. Indeed, we have recently
shown that a component of the hypotensive response of rats to PAF can be inhibited by
SR141716 (28). Further studies are needed to identify the SR141716-sensitive
myocardial site apparently involved in the acute hemodynamic effects of LPS.
CB1 receptors in the central nervous system have been implicated in the control of
appetite (7) and the rewarding effects of nicotine (6) and alcohol (49). Based on such
findings, the antagonist SR141716, recently named rimonabant, is being developed for
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the treatment of obesity, nicotine dependence and alcoholism. The present findings
indicate that SR141716 has additional peripheral sites of action which are not shared by
other CB1 antagonists, but which may also be of therapeutic importance.

13

ACKNOWLEDGEMENTS

Z. Járai is currently at the 1st Department of Medicine, Semmelweis University,
Budapest, Hungary; and J.A. Wagner is at the Department of Medicine, University of
Würzburg, Würzburg, Germany. We thank Andreas Zimmer and Nancy Buckley for
providing breeding pairs for CB1-/- and CB1-/-/CB2-/- mice.

14

REFERENCES

1. Araujo CV, Barbosa-Filho JM, Cordeiro RS, and Tibirica E. Protective
effects of yangambin on cardiovascular hyporeactivity to catecholamines in rats
with endotoxin-induced shock. Naunyn Schmiedeberg’s Arch Pharmacol 363:
267-275, 2001.
2. Bátkai S, Járai Z, Wagner JA, Goparaju SK, Varga K, Liu J, Wang L,
Mirshahi F, Khanolkar AD, Makriyannis A, Urbaschek R, Garcia Jr N,
Sanyal AJ, and Kunos G. Endocannabinoids acting at vascular CB1 receptors
mediated the vasodilated state in advanced liver cirrhosis. Nature Med 7: 827832, 2001.
3. Bátkai S, Pacher P, Osei-Hyiaman D, Radaeva S, Offertáler L, Bukoski RD,
and Kunos G. Endocannabinoids are involved in regulating cardiovascular
function in spontaneously hypertensive rats. Hypertension 42: A263, 2003.
4. Benowitz NL, and Jones RT. Cardiovascular effects of prolonged delta-9tetrahydro-cannabinol ingestion. Clin Pharmacol Ther 18: 287-297, 1975.
5. Bonz A, Laser M, Küllmer S, Kniesch S, Babin-Ebell J, Popp V, Ertl G, and
Wagner JA. Cannabinoids acting on CB1 receptors decrease contractile
performance in human atrial muscle. J Cardiovasc Pharmacol 41: 657-664, 2003.
6. Cohen C, Perrault G, Voltz C, Steinberg R, and Soubrie P. SR141716, a
central cannabinoid (CB(1)) receptor antagonist, blocks the motivational and
dopamine-releasing effects of nicotine in rats. Behav Pharmacol 13: 451-463,
2002.
7. Di Marzo V, Goparaju SK, Wang L, Liu J, Batkai S, Jarai Z, Fezza F, Miura
GI, Palmiter RD, Sugiura T, and Kunos G. Leptin-regulated endocannabinoids
are involved in maintaining food intake. Nature 410: 822-825, 2001.

15

8. Ford WR, Honan SA, White R, and Hiley CR. Evidence of a novel site
mediating anandamide-induced negative inotropic and coronary vasodilator
responses in rat isolated hearts. Br J Pharmacol 135: 1191-1198, 2002.
9. Gardiner SM, Kemp PA, March JE, and Bennett T. Influence of FR 167653,
an inhibitor of TNF-alpha and IL-1, on the cardiovascular responses to chronic
infusions of lipopolysaccharide in conscious rats. J Cardiovasc Pharmacol 34:
64-69, 1999.
10. Gardiner SM, Kemp PA, March JE, and Bennett T. Regional haemodynamic
responses to infusion of lipopolysaccharide in conscious rats: effects of pre- or
post-treatment with glibenclamide. Br J Pharmacol 128: 1772-1778, 1999.
11. Gardiner SM, March JE, Kemp PA, and Bennett T. Influence of the CB1
receptor antagonist, AM 251, on the regional haemodynamic effects of WIN55212-2 or HU 210 in conscious rats. Br J Pharmacol 136: 581-587, 2002.
12. Gatley SJ, Lan R, Pyatt B, Gifford AN, Volkow ND, and Makriyannis A.
Binding of the non-classical cannabinoid CP 55,940, and the diarylpyrazole
AM251 to rodent brain cannabinoid receptors. Life Sci 61: PL191-197, 1997.
13. Gebremedhin D, Lange AR, Campbell WB, Hillard CJ, and Harder DR.
Cannabinoid CB1 receptor of cat cerebral arterial muscle functions to inhibit Ltype Ca2+ channel current. Am J Physiol 266: H2085-H2093, 1999.
14. Hajos N, and Freund TF. Pharmacological separation of cannabinoid sensitive
receptors on hippocampal excitatory and inhibitory fibers. Neuropharmacology
43: 503-510, 2002.
15. Hanus L, Breuer A, Tchilibon S, Shiloah S, Goldenberg D, Horowitz M,
Pertwee RG, Ross RA, Mechoulam R, and Fride E. HU-308: a specific agonist
for CB2, a peripheral cannabinoid receptor. Proc Natl Acad Sci USA 96: 1422814233, 1999.

16

16. Herkenham M, Lynn AB, Little MD, Johnson MR, Melvin LS, de Costa BR,
and Rice KC. Cannabinoid receptor localization in brain. Proc Natl Acad Sci
USA 87: 1932-1936, 1990.
17. Hillard CJ. Endocannabinoids and vascular function. J Pharmacol Exp Ther
294: 27-32, 2000.
18. Ho WS, and Hiley CR. Vasodilator actions of abnormal-cannabidiol in rat
isolated small mesenteric artery. Br J Pharmacol 138: 1320-1332, 2003.
19. Hock CE, Yin K, and Wong PY. Effects of inhibition of nitric oxide synthase by
aminoguanidine in acute endotoxemia. Am J Physiol 272: H843-H850, 1997.
20. Ishac EJN, Jiang L, Lake KD, Varga K, Abood ME, and Kunos G. Inhibition
of exocytotic noradrenaline release by presynaptic cannabinoid CB1 receptors on
peripheral sympathetic nerves. Br J Pharmacol 118: 2023-2028, 1996.
21. Iwase M, Yokota M, Kitaichi K, Wang L, Takagi K, Nagasaka T, Izawa H,
and Hasegawa T. Cardiac functional and structural alterations induced by
endotoxin in rats: imporetance of platelet-activating factor. Crit Care Med 29:
609-617, 2001.
22. Járai Z, Wagner JA, Goparaju SK, Wang L, Razdan RK, Sugiura T,
Zimmer AM, Bonner TI, Zimmer A, and Kunos G. Cardiovascular effects of
2-arachidonoyl glycerol in anaesthetized mice. Hypertension 35: 679-684, 2000.
23. Járai Z, Wagner JA, Varga K, Lake KD, Compton DR, Martin BR, Zimmer
AM, Bonner TI, Buckley NE, Mezey E, Razdan RK, Zimmer A, and Kunos
G. Cannabinoid-induced mesenteric vasodilation through an endothelial site of
action distinct from CB1 and CB2 receptors. Proc Natl Acad Sci USA 96: 1413614141, 1999.
24. Kanakis C, Pouget JM, and Rosen KM. The effects of ∆9-THC (cannabis) on
cardiac performance with or without beta blockade. Circulation 53: 703-709,
1976.

17

25. Kunos G. Endocannabinoids as cardiovascular modulators. Chem Phys Lipids
108: 159-168, 2002.
26. Lake KD, Compton DR, Varga K, Martin BR, and Kunos G. Cannabinoidinduced hypotension and bradycardia in rats is mediated by CB1-like cannabinoid
receptors. J Pharmacol Exp Ther 281: 1030-1037, 1997.
27. Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F, Bohme GA,
Imperato A, Pedrazzini T, Roques BP, Vassart G, Fratta W, and Parmentier
M. Unresponsiveness to cannabinoids and reduced addictive effects of opiates in
CB1 receptor knockout mice. Science 283: 401-404, 1999.
28. Liu J, Bátkai S, Pacher P, Harvey-White J, Wagner JA, Cravatt BF, Gao B,
and Kunos G. LPS induces anandamide synthesis in macrophages via
CD14/MAPK/PI3K/NF-κB independently of platelet activating factor. J Biol
Chem 278: 45034-45039, 2003.
29. Liu J, Gao B, Mirshahi F, Sanyal AJ, Khanolkar AD, Makriyannis A, and
Kunos G. Functional CB1 cannabinoid receptors in vascular endothelial cells.
Biochem J 346: 835-840, 2000.
30. Malinowska B, Godlewski G, Bucher B, and Schlicker E. Cannabinoid CB1
receptor-mediated inhibition of the neurogenic vasopressor response in the pithed
rat. Naunyn Schmiedebergs Arch Pharmacol 356: 197-202, 1997.
31. Miura K, Yamanak S, Ebara T, Okamura M, Imanishi M, Kim S, Nakatani
T, and Iwao H. Effects of nitric oxide scavenger, carboxy-PTIO on endotoxininduced alterations in systemic hemodynamics in rats. Jpn J Pharmacol 82: 261264, 2000.
32. Mukhopadhyay S, Chapnick BM, and Howlett AC. Anandamide-induced
vasorelaxation in rabbit aortic rings has two components: G protein dependent
and independent. Am J Physiol 282: H2046-H2054, 2002.

18

33. Munro S, Thomas KL, and Abu-Shaar M. Molecular characterization of a
peripheral receptor for cannabinoids. Nature 365: 61-65, 1993.
34. Offertáler L, Mo FM, Bátkai S, Liu J, Begg M, Razdan RK, Martin BR,
Bukoski RD, and Kunos G. Selective ligands and cellular effectors of a G
protein-coupled endothelial cannabinoid receptor. Mol Pharmacol 63: 699-705,
2003.
35. Orliac ML, Peroni R, Celuch SM, and Adler-Graschinsky E. Potentiation of
anandamide effects in mesenteric beds isolated from endotoxemic rats. J
Pharmacol Exp Ther 304: 179-184, 2003.
36. Pacher P, Cziraki A, Mabley JG, Liaudet L, Papp L, and Szabo C. Role of
poly(ADP-ribose) polymerase activation in endotoxin-induced cardiac collapse in
rodents. Biochem Pharmacol 64: 1785-1791, 2002.
37. Pacher P, Liaudet L, Bai P, Mabley JG, Kaminski PM, Virag L, Deb A,
Szabo E, Ungvari Z, Wolin MS, Groves JT, and Szabo C. Potent
metalloporphyrin peroxynitrite decomposition catalyst protects against the
development of doxorubicin-induced cardiac dysfunction. Circulation 107: 896904, 2003.
38. Pacher P, Liaudet L, Mabley J, Komjati K, and Szabo C. Pharmacologic
inhibition of poly(adenosine diphosphate-ribose) polymerase may represent a
novel therapeutic approach in chronic heart failure. J Am Coll Cardiol 40: 10061016, 2002.
39. Palacios B, and Pang CC. Protective effects of ethynylestradiol on the
hemodynamic changes induced by lipopolysaccharide in anesthetized rats. J
Cardiovasc Pharmacol 31: 479-483, 1998.
40. Rinaldi-Carmona M, Barth F, Héaulme M, Shire D, Calandra B, Congy C,
Martinez S, Maruani J, Néliat G, Caput D, Ferrar P, Soubrié P, Brelière JC,

19

and Le Fur G. SR141716A, a potent and selective antagonist of the brain
cannabinoid receptor. FEBS Lett 350: 240-244, 1994.
41. Ros J, Claria J, To-Figueras J, Planaguma A, Cejudo-Martin P, FernandezVaro G, Martin-Ruiz R, Arroyo V, Rivera F, Rodes J, and Jimenez W.
Endogenous cannabinoids: a new system involved in the homeostasis of arterial
pressure in experimental cirrhosis in the rat. Gastroenterology 122: 85-93, 2002.
42. Sharma AC, Sam AD 2nd, Alden KJ, Moore SL, Law WR, and Ferguson JL.
Central versus peripheral mediation of naloxone’s perfusion effects in endotoxic
rats. Shock 14: 441-446, 2000.
43. Stamm C, Cowan DB, Friehs I, Noria S, del Nido PJ, and McGowan FX Jr.
Rapid endotoxin-induced alterations in myocardial calcium handling: obligatory
role of cardiac TNF-alpha. Anesthesiology 95: 1396-1405, 2001.
44. Van Lambalgen AA, van Kraats AA, Mulder MF, van den Bos GC, Teerlink
T, Thijs LG. Organ blood flow and distribution of cardiac output in dopexamineand dobutamine-treated endotoxemic rats. J Crit Care 8: 117-127, 1993.
45. Varga K, Lake K, Martin BR, and Kunos G. Novel antagonist implicates the
CB1 cannabinoid receptor in the hypotensive action of anandamide. Eur J
Pharmacol 278: 279-283, 1995.
46. Varga K, Wagner JA, Bridgen DT, and Kunos G. Platelet- and macrophagederived endogenous cannabinoids are involved in endotoxin-induced hypotension.
FASEB J 12: 1035-1044, 1998.
47. Wagner JA, Hu K, Bauersachs J, Karcher J, Wiesler M, Goparaju SK, and
Kunos G. Ertl G. Endogenous cannabinoids mediate hypotension after
experimental myocardial infarction. J Am Coll Cardiol 38: 2048-2054, 2001.
48. Wagner JA, Varga K, Ellis EF, Rzigalinski BA, Martin BR, and Kunos G.
Activation of peripheral CB1 cannabinoid receptors in haemorrhagic shock.
Nature 390: 518-521, 1997.

20

49. Wang L, Liu J, Harvey-White J, Zimmer A, and Kunos G. Endocannabinoid
signaling via cannabinoid receptor 1 is involved in ethanol preference and its agedependent decline in mice. Proc Natl Acad Sci USA 100: 1393-1398, 2003.
50. Wang Y, Liu Y, Ito Y, Hashiguchi T, Kitajima I, Yamakuchi M, Shimizu H,
Matsuo S, Imaizumi H, and Maruyama I. Simultaneous measurement of
anandamide and 2-arachidonoylglycerol by polymyxin B-selective adsorption and
subsequent high-performance liquid chromatography analysis: increase in
endogenous cannabinoids in the sera of patients with endotoxic shock. Anal
Biochem 294: 73-82, 2001.
51. Zygmunt PM, Petersson J, Andersson DA, Chuang H, Sørgard M, Di Marzo
V, Julius D, and Högestätt ED. Vanilloid receptors on sensory nerves mediate
the vasodilator action of anandamide. Nature 400: 452-457, 1999.

21

Legend for figures
Figure 1. Hemodynamic effects of LPS in anesthetized rats in the absence and
presence of the CB1 antagonist SR141716. LPS (10 mg/kg i.v.) was injected at 0 min,
10 min following the injection of vehicle (n) or SR141716 (3 mg/kg i.v., O). Mean
arterial pressure (MAP), heart rate (HR), left ventricular systolic pressure (LVSP),
maximal slope of systolic pressure increment (+dP/dt), mean aortic blood flow
(MAF) and peripheral resistance index (PRI) were monitored or computed as
described in Methods. Points and bars represent means ± SEM from experiments in 45 separate animals. Significance (p<0.05) is indicated for difference from
corresponding baseline value in the vehicle + LPS group (*) or between
corresponding values in the two treatment groups (#).

Figure 2. SR141716 reverses the hemodynamic effects of LPS. SR141716 (3 mg/kg)
or vehicle were injected i.v. 15 min following the i.v. injection of 10 mg/kg LPS, as
indicated by arrows. Mean ± SEM from 5 rats treated with SR141716 (O) or 5 other
animals treated with vehicle (n). Mean arterial pressure (MAP), left ventricular
systolic pressure (LVSP), and maximal slope of systolic pressure increment (+dP/dt)
were continuously monitored and calculated at the indicated time points.

Figure 3. LPS-induced hypotension is inhibited by SR141716 but not by AM251.
Representative tracings of the effects of LPS on MAP in a rat pretreated with vehicle
(left), SR141716 (3 mg/kg i.v., center), and AM251 (3 mg/kg i.v., right) are shown on
top, mean ± SEM from similar experiments from 4-5 animals are indicated by the
columns and bars in the bottom. * indicates significant difference from values in
vehicle + LPS-treated rats, p<0.05.
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Figure 4. The effect of LPS on mean arterial pressure (MAP) in wild-type (A), CB1-/(B) and CB1-/-/CB2-/- mice (C) pretreated with vehicle (n) or SR141716 (3 mg/kg i.v.
O). The number of animals in the three groups were 5 (A), 5 (B), and 4 (C). *
indicates significant difference from corresponding value in the vehicle + LPS group.
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