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Abstract 

The effects of A9-tetrahydrocannabinol on single-unit activity in the subpostremal division of the nucleus tractus solitarii were 
investigated by extracellular recording in rat brain slices. The spontaneous firing rate of 54.8% of the recorded neurons was significantly 
changed after bath applications of A9-tetrahydrocannabinol. Putative nutrition-related neurons responding to a moderate increase in 
glucose concentration were selectively sensitive to A9-tetrahydrocannabinol. The A9-tetrahydrocannabinol-sensitive neurons were 
depressed by clonidine and are therefore likely to be adrenergic or noradrenergic. These observations suggest that some catecholaminer- 
gic, glucose-responsive neurons in the subpostremal nucleus tractus solitarii might mediate the influence of cannabinoids on feeding 
behavionr. Furthermore, most A9-tetrahydrocannabinol-sensitive neurons in the nucleus tractus solitarii showed opposite responses to 
A9-telxahydrocannabinol and the 5-HT 3 receptor agonist 1-phenylbiguanide, and might therefore be involved in the nausea-reducing 
effects of cannabinoids. 
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1. Introduction 

Marijuana smoking and administration of its main psy- 
choactive component, Ag-tetrahydrocannabinol, were re- 
ported to stimulate appetite and reduce nausea in human 
subjects. These incidental observations were confirmed in 
laboratory studies (Beal et al., 1995; Foltin et al., 1986; 
Mattes et al., 1994; Sallan et al., 1975) and give rise to 
therapeutic applications in patients with acquired immun- 
odeficiency syndrome or under cancer chemotherapy, al- 
though the underlying neural mechanisms of these effects 
have not been elucidated as yet. 

The effects of cannabinoids on nausea and feeding have 
been poorly investigated in non-human animals. Anti- 
emetic activity of nabilone, a synthetic cannabinoid deriva- 
tive, was observed (McCarthy and Borison, 1977). Unex- 
pectedly, chronic Ag-tetrahydrocannabinol treatment was 
shown to decrease food intake in a few studies (Miller and 
Drew, 1974) but acute administration of low doses of 
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A9-tetrahydrocannabinol was found to stimulate eating. In 
the rat for example, Wayner et al. (1973) obtained an 
enhancement of lever-pressing for food, and proposed that 
lateral hypothalamic neurons might be involved in the 
effect. In agreement with this hypothesis is the recently 
reported facilitation by A9-tetrahydrocannabinol of the 
feeding response to electrical stimulation of the lateral 
hypothalamus (Trojniar and Wise, 1991). In two studies on 
the anatomical location of the cannabinoid binding sites in 
the central nervous system (Herkenham et al., 1991; 
Mailleux and Vanderhaeghen, 1992), low densities were 
observed in the hypothalamus. However, both groups sug- 
gested that the receptors detected in the caudal part of the 
nucleus tractus solitarii, an area directly connected to the 
main feeding-relevant hypothalamic nuclei (Ter Horst et 
al., 1989), might mediate the anti-emetic action of A 9- 
tetrahydrocannabinol. In preliminary experiments, we es- 
tablished the existence of A9-tetrahydrocannabinol - 
sensitive neurons in the caudal nucleus tractus solitarii at 
the level of the area postrema (T. Himmi et al., personal 
communication). The involvement of this nucleus in nutri- 
tional events similar to those induced by cannabinoids is 
supported by the following two sets of data. 
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On the one hand, the caudal nucleus tractus solitarii 
holds a key position in the brain circuitry that controls 
behavioural, vegetative and metabolic aspects of nutri- 
tional regulation. Some of its ascending projections to- 
wards feeding-related hypothalamic nuclei are adrenergic 
or noradrenergic (Cunningham and Sawchenko, 1988; 
Cunningham et al., 1990; Pierret et al., 1994) and might 
contribute to the catecholaminergic influence exerted on 
food intake through the latter nuclei (Leibowitz and Shor- 
Posner, 1986). The caudal nucleus tractus solitarii itself 
receives feeding-relevant information through vagal diges- 
tive afferents (Contreras et al., 1982) and local glucose- 
sensitive cells (Adachi et al., 1984: Mizuno and Oomura, 
1984). We recently observed that a majority of the neurons 
recorded in this area respond to moderate changes in blood 
glucose concentration and might therefore be involved in 
the control of the body energy balance (Yettefti et al.. 
1995b, 1996), These glycemia-sensitive neurons, located 
within the catecholaminergic A.  and C~ cell group area, 
are directly sensitive to glucose molecules, and their in- 
hibitory response to clonidine suggests that, according to a 
classical criterion (Moore and Guyenet, 1983; Rasmussen 
et al., 1986), they are noradrenergic or adrenergic. There- 
fore, glycemia-sensitive catecholaminergic neurons in the 
caudal nucleus tractus solitarii might represent a selective 
target able to mediate the nutritional effects of Ag-tetra - 
hydrocannabinol. 

On the other hand, the caudal nucleus tractus solitarii is 
involved in the nausea reactions induced by either vagal 
gastrointestinal activation or several humoral cytotoxic 
agents. Both emetogenic stimulation of digestive afferents 
(Boissonade et al., 1994) and administration of emetic 
drugs (Miller and Leslie, 1994) evoke an intense expres- 
sion of c-fos protein in this area, which is considered as 
the starting point of a final common pathway tor the 
induction of emesis in vomiting species (Miller and Leslie, 
1994). Interestingly, the c-fos response to cisplatin, a drug 
used in cancer chemotherapy, is significantly decreased 
after either ipsilateral vagotomy or treatment with a 5-HT 3 
receptor antagonist (Reynolds et al., 1991). The latter 
treatment inhibits cisplatin-induced emesis (Costall et al., 
1986; Miner and Sanger, 1986; Smith et al., 1988), whereas 
5-HT~ receptor agonists are emetogenic agents (Miller and 
Nonaka, 1992). Moreover, the highest density of 5-HT 3 
receptors in the central nervous system is found in a 
subregion of the nucleus tractus solitarii ventrolateral to 
the area postrema, which has been termed the area sub- 
postrema or the nucleus gelatinosus (Pratt et al., 1990), 
where the receptors are located pre-synaptically on vagal 
afferent terminals (Leslie et al., 1990; Pratt and Bowery, 
1989; Tecott et al., 1993). These 5-HT 3 receptors might be 
involved in the nausea-reducing effect of cannabinoids. 

The present investigation with rat brain slices was 
undertaken to confirm the neuronal sensitivity to Ag-tetra - 
hydrocannabinol of the caudal nucleus tractus solitarii, at 
the level of the area postrema, i.e. the subpostremal nu- 

cleus tractus solitarii (Barraco et al., 1992). We also 
addressed 3 questions concerning the functional and neuro- 
chemical identity of A'ttetrahydrocannabinol-sensitive 
neurons: are they nutrition-related? Are they adrenergic or 
noradrenergic neurons? Are they affected by the activation 
of 5-HT 3 receptors'? In order to answer these questions, we 
tested the possible response of d<tetrahydrocannabinol- 
sensitive neurons to moderate changes in extracellular 
glucose, to clonidine, and to the 5-HT 3 receptor agonist, 
1 -phenylbiguanide. 

2. Materials and methods 

Male Wistar rats weighing 220-300 g were anes- 
thetized by halothane inhalation (Fluothan, Coopers) and 
decapitated. The brain was quickly removed and placed in 
chilled artificial cerebrospinal fluid saturated with O= 95%, 
CO~ 5%, and containing (in raM) NaC1 127.5, KCI 5, K 
H_~PO 4 1.25, MgSO 4 2, CaCI~ 3, NaHCO 3 25.5, and 
glucose 5. The medulla oblongata was microdissected 
using previously described techniques (Dekin et al.. 1987). 
Then, 300-~m-thick coronal slices were cut at the level of 
the area postrema with an oscillating tissue slicer (Camp- 
den Instruments) and transferred into a pre-incubation 
chamber filled with oxygenated artificial cerebrospinal fluid 
at room temperature. 

More than 2 h after pre-incubation, the recording ses- 
sion started in a submerged type recording chamber (0.5 
ml) perfused at a rate of 1.5 ml /min  with oxygenated 
artificial cerebrospinal fluid containing 4 mM glucose. The 
temperature of the chamber was kept at 34°C. The bottom 
of the chamber was coated with Sylgard (Dow Corning), 
so that slices could be fixed with platinum staples. The 
peffusion medium entered the chamber close to the slice. 
A rapid switch to artificial cerebrospinal fluid containing 6 
mM glucose was carried out using an inlet flow valve. The 
new solution reached the chamber in about 30 s (dead 
space time). 

Bath application of drugs was performed by injection 
into the perfusion inlet tubing. Three drugs were used in 
the study: 1-phenylbiguanide (Research Biomedicals Inter- 
national) and clonidine hydrochloride (Sigma) were dis- 
solved in artificial cerebrospinal fluid (final concentrations 
in the chamber: 110 and 2 p,M, respectively), and A 9- 
tetrahydrocannabinol (Sigma) was dispersed in artificial 
cerebrospinal fluid using polyvinylpyrrolidone as a carrier, 
according to a standard procedure (Fenimore and Loy, 
1971) (final concentration in the chamber: 6.36 p,M). 
Control injections of polyvinylpyrrolidone were routinely 
carried out. 

Single-unit activity was recorded extracellularly with 
glass microelectrodes (tip diameter 2-3  /zm) filled with 3 
M NaCl. Electrodes were placed under microscopic obser- 
vation in the subpostremal nucleus tractus solitarii, accord- 
ing to atlas plates (Barraco et al., 1992). Amplified spikes 
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Fig. 1. Firing frequency of a neuron in the nucleus tractus solitarii: depression by Ag-tetrahydrocannabinol (THC) application and activation by an increase 
in extracellular glucose concentration. Control injection of the vehicle (polyvinylpyrrolidone) had no effect. 

were observed on a storage oscilloscope and selected by a 
window discriminator. The number of  spikes per 5 or 10 s 
was counted with the timer of an interface adapter board 
(National Instruments) inserted into a computer (Macin- 
tosh, Apple) and the time course of  firing frequency was 
plotted on the screen. Once the spontaneous activity had 
become stable, drugs were injected or the glucose concen- 
tration of  the bathing medium was changed. When the unit 
activity changed less than 5 rain after the stimulus (drug 
application or perfusion switch), the mean discharge fre- 
quency measured during the period of  altered activity was 
compared to that measured for a control period of 5 min 
immediately preceding the stimulus in order to ensure that 
the response was statistically significant (Student's t-test). 

3.  R e s u l t s  

3.1. Responses to A g-tetrahydrocannabinol 

Possible effects of  bath application of Ag-tetrahydro - 
cannabinol (6.36 /zM) were reliably examined for 42 
neurons. While 19 cells failed to be affected by the drug, 
23 displayed changed activity after a latency of 89.1 -t- 13.2 
s (S.E.): 11 had a decreased firing rate (Fig. 1) and 12 
were activated (Fig. 2). The activity of  the responding 
neurons was not significantly altered after vehicle applica- 
tion. 

The location of the 42 neurons tested within the sub- 
postremal nucleus tractus solitarii is represented in Fig. 3. 
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Fig. 2. Firing frequency of a neuron in the nucleus tractus solitarii: activation by Ag-tetrahydrocannabinol (THC) and depression by the 5-HT~ receptor 
agonist, I-phenylbiguanide (PBG). 
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Fig. 3. Location of the 42 recorded neurons on a coronal plane passing 
through the area postrema. Open circles, neurons showing no response to 
.39-tetrahydrocannabinol: filled circles, neurons that responded to ..l~)-te - 
trahydrocannabinol: AP, area postrema: Cbl, cerebellum: CC, central 
canal; Cu, nucleus cuneatus; Gr, nucleus gracilis; NTS, nucleus tractus 
solitarii; ts, tractus solitarius: 10. dorsal motor nucleus of the vagus nerve: 

12, hypoglossal nucleus. 

Most of the Ag-tetrahydrocannabinol-responsive neurons 
were located in an area that corresponds to the noradrener- 
gic A 2 and the adrenergic C,~ t cell groups described by 
HiSkfelt et al. (1984), but the mapping failed to reveal any 
selective anatomical distribution of these cells, compared 
to that of the non-responsive ones, within the A,  and C2d 
areas. 

3.2. SensitiviO, to A ~-tetrahydrocannabinol o f  glucose-re- 
sponsive and glucose-unreaponsit,e neurons 

Among the 37 neurons tested with a 2-mM increase in 
extracellular glucose concentration and Ag-tetrahydro - 
cannabinol application, 29 either responded to both stimuli 
(Figs. 1 and 4) or did not respond to either (Table 1). The 
proportion of Ag-tetrahydrocannabinol-sensitive cells was 

Table I 
Comparison of the responses of" nucleus tractus solitarii neurons to 
J%tetrahydrocannabinol application and increase in extracellular glucose 

Responses to Responses to ,.19-tetrahydrocannabinol 

glucose Depressed Activated No response Total 

Depressed 6 6 2 14 
Activated 3 2 4 9 
No response 0 2 12 14 
Total 9 10 18 37 

significantly higher among the glucose-responsive popula- 
tion (17/23)  than among the glucose-unresponsive one 
( 2 / 1 4 ) ( X  2= 10.11, d r =  1, P<0.001) .  

' ~  E..fl~,ct o f  clonidine on Ag-tetrahvdrocam~abinol - 
sensitice neurons 

15 neurons were tested with A'Ltetrahydrocannabinol 
and clonidine applications. Of the 9 cells which responded 
to A9-tetrahydrocannabinol, all displayed a decrease in 
firing rate in response to clonidine (Fig. 4). Among the 6 
ag-tetrahydrocannabinol-insensitive neurons, 4 were also 
depressed by clonidine and 2 were unaffected by this drug. 

3.4. Comparison bem, een the effects o f  A~'-tetrahydro - 
camtabinol and 1-phenylbiguanide 

The responses of the same neuron to applications of 
?-tetrahydrocannabinol and l-phenylbiguanide were com- 
pared in 24 cases (Table 2). Zlg-Tetrahydrocannabinol 
modified the activity of 12 cells and had no effect on the 
12 others. The proportions of l-phenylbiguanide-respon- 
sive neurons among the dg-tetrahydrocannabinol-sensitive 
and the Ag-tetrahydrocannabinol-insensitive populations 
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Fig. 4. Firing frequency of a neuron in the nucleus tractus solitarii: depression by increase in extracellular glucose concentration and by bath application of 
either .3%tetrahydrocannabinol (THC) or clonidine, and activation by I-phenylbiguanide (PBG) application. 
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Table 2 
Comparison of the responses of nucleus tractus solitarii neurons to 
Ag-tetrahydrocannabinol and l-phenylbiguanide (PBG) application 

Responses to 
PBG 

Responses to a9-tetrahydrocannabinol 

Depressed Activated No response Total 

Depressed 2 5 1 8 
Activated 4 0 2 6 
No response 0 1 9 10 
Total 6 6 12 24 

were significantly different ( X 2 = 8.4, df = 1, P < 0.001): 
most A9-tetrahydrocannabinol-insensitive neurons failed to 
be affected by l-phenylbiguanide. Conversely, almost all 
Ag-tetrahydrocannabinol-sensitive neurons responded to 
l-phenylbiguanide, and for most of these, the responses to 
the compounds were in opposite directions (Figs. 2 and 4). 

4. Discussion 

4.1. Effects o f  Ag-tetrahydrocannabinol on subpostremal 
nucleus tractus solitarii neurons 

The subpostremal nucleus tractus solitarii appears to be 
a A9-tetrahydrocannabinol-sensitive structure: about half 
of the neurons recorded in the present study responded to 
bath application of the drug at a dose similar to or lower 
than those already used in vitro (Caulfield and Brown, 
1992; Turkanis et al., 1991). This concentration is higher 
than that measured in plasma after marijuana smoking 
(Huestis et al., 1992). However, A9-tetrahydrocannabinol 
adheres easily to glass and plastic surfaces (Howlett et al., 
1990), and this should be kept in mind before extrapolating 
the results of in vitro experiments to possible responses in 
the intact animal. 

At the plasma membrane, the effect of Ag-tetrahydro - 
cannabinol results from interaction with either cannabi- 
noid-stereoselective receptors, or non-specific binding sites 
or both (Makriyannis, 1995). In future investigations, the 
first hypothesis will be supported if similar responses are 
evoked by high-affinity agonists and suppressed by a 
recently developped selective antagonist of the brain 
cannabinoid-I receptors (Rinaldi-Carmona et al., 1994). A 
direct effect of the antagonist itself would indicate the 
tonic influence of endogenous cannabinoid molecules, such 
as anandamide (Iversen, 1994). 

4.2. Response o f  feeding-relevant neurons to Ag-tetra - 
hydrocannabinol 

The location of most A9-tetrahydrocannabinol-sensitive 
neurons within catecholaminergic areas and their de- 
pressed activity after clonidine application suggest that 
these neurons are noradrenergic or adrenergic, but this 

identity needs to be fully confirmed with immunohisto- 
chemical techniques. Considering the role played by the 
catecholaminergic neurons of the nucleus tractus solitarii 
in the control of blood circulation (Jean, 1991), the cate- 
cholaminergic identity of A9-tetrahydrocannabinol - 
sensitive neurons would indicate their possible involve- 
ment in the complex cardiovascular effects of cannabi- 
noids. Adrenergic and noradrenergic cells in the nucleus 
tractus solitarii might be involved in feeding regulation as 
well: their projections to the medial and lateral hypothala- 
mus (Cunningham and Sawchenko, 1988; Cunningham et 
al., 1990; Pierret et al., 1994) probably contribute to 
supply these structures with signals stimulating and inhibit- 
ing eating, respectively (Leibowitz and Rossakis, 1978; 
Leibowitz and Shor-Posner, 1986). Among these putative 
catecholaminergic neurons, a glucose-responsive subpopu- 
lation is especially sensitive to A9-tetrahydrocannabinol. 
These cells can be considered as glycemia-sensitive: they 
respond to moderate changes in extracellular glucose simi- 
lar to those induced in the cerebrospinal fluid of whole 
animals by physiological fluctuations of blood glucose 
(Silver and Erecinska, 1994; Steffens et al., 1988). The 
fact that these neurons represent a selective target for 
A9-tetrahydrocannabinol is consistent with the hypothe- 
sized role of the subpostremal nucleus tractus solitarii in 
the partial mediation of the nutritional effects of cannabi- 
noids. In a preliminary in vivo study (Yettefti et al., 
1995a), intravenous administration of nicotine, a drug that 
also affects nutritional functions, was found to change 
selectively the activity of glycemia-sensitive neurons in the 
caudal nucleus tractus solitarii. 

4.3. Effect o f  5-HT~ activation on A9-tetrahydrocanna - 
binol-sensitive neurons 

Unlike the other cells recorded in the nucleus tractus 
solitarii, almost all A9-tetrahydrocannabinol-sensitive neu- 
rons responded to the 5-HT 3 receptor agonist, 1-phenylbi- 
guanide. This correlation might reflect their role in a 
putative dependence to cannabinoids, since 5-HT 3 recep- 
tors can influence addictive processes (Grant, 1995). It 
might also reflect an involvement of the neurons in func- 
tions influenced by both A9-tetrahydrocannabinol and 5- 
HT 3 receptor agonists, like nociception, cardiovascular 
regulations or nausea reactions. 

The latter possibility, postulated in our initial hypothe- 
sis, is supported by the fact that the opposite responses of 
nucleus tractus solitarii neurons to these compounds paral- 
lel the opposite effects they exert on nausea: vomiting is 
elicited by 5-HT 3 receptor agonists, while A9-tetrabydro - 
cannabinol has anti-emetic properties. Although it is gener- 
ally accepted that the nausea-relevant 5-HT 3 receptors are 
mainly localized in the gut wall, at the peripheral end of 
vagal sensory fibers (Gr~lot and Miller, 1994; Miller and 
Nonaka, 1992; Reynolds et al., 1991), the anti-emetic 
effects of centrally applied 5-HT 3 receptor antagonists 
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(Smith et al., 1988) indicate the additional involvement of 
central receptors. These central receptors might be those 
located in the area subpostrema of the nucleus tractus 
solitarii (Pratt et al., 1990), at the central end of vagal 
afferents (Leslie et al., 1990; Pratt and Bowery, 1989; 
Tecott et al., 1993), as suggested by the changes in c-ibs 
expression mentioned in Section I (Reynolds et al., 1991). 

Changes in nucleus tractus solitarii neuronal activity 
after activation of the pre-synaptic 5-HT 3 receptors result 
mainly from a depolarisation-induced modulation of gluta- 
mate and y-aminobutyric acid release by vagal terminals 
(Glaum et al., 1992). The opposite modulation might be 
exerted at the same site by cannabinoids: many cannabi- 
noid receptors in the central nervous system are located on 
nerve terminals (Herkenham, 1995) and inhibition of cal- 
cium channels by cannabinoid receptor agonists suggests 
that they could decrease neurotransmitter release (Caul- 
field and Brown, 1992: Mackie and Hille, 1992), Indeed, 
an influence of cannabinoids on synaptic processes has 
been described in various brain structures, such as substan- 
tia nigra (Miller and Walker, 1995). In a recent patch-clamp 
study, whole-cell recording of nodose ganglion cells 
showed the inhibition by cannabinoid receptor agonists of 
the inward current induced by 5-HT 3 receptors in cell 
bodies of vagal sensory neurons (Fan, 1995). In the caudal 
nucleus tractus solitarii, a similar interaction could occur at 
the central endings of the same neurons. 

The transmission to the brain of nausea-inducing stimuli 
originating in the gut might thus be controlled by both 
serotonin and cannabinoids, and these modulatory influ- 
ences might be mediated by 5-HT 3 receptors localized at 
various levels of the vagal afferent neurons, including their 
endings in the nucleus tractus solitarii. Serotonergic affer- 
ents to the nucleus tractus solitarii arise both from the 
periphery, through vagal afferent fibers (Gaudin-Chazal et 
al., 1982) and from the central nervous system, mainly 
from the raphe magnus and raphe obscurus nuclei (Schaf- 
far et al., 1988). Serotonin might also be released in the 
nucleus tractus solitarii by interneurons of the area postrema 
(Reynolds et al., 1991), a structure which constitutes a 
major chemo-sensitive trigger zone tbr the emetic reflexes 
in vomiting species (Miller and Leslie, 1994). Unlike the 
case of serotonergic afferents, the existence, nature and 
possible origin of endogenous cannabinoid inputs to the 
caudal nucleus tractus solitarii is currently unknown, and 
should be the matter of future investigations. 
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