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Abstract

Delta-9-tetrahydrocannabina{-THC), the principal psychoactive ingredient in marijuana elicits a variety of physiological effects
in animals and humans, and with repeated exposure tolerance develops to most of its effects. However, studies in humans found
that tolerance did not occur to the pleasurable marijuana “high”. Since ventral tegmental dopamine neurons play a pivotal role in
drug reinforcement and reward, and possibly in the euphorigenic quality of marijuana, the present study sought to determine whether
tolerance develops to the neurophysiological response elicited in these neutdh$HE. Using single-unit extracellular recordings
the activity of midbrain ventral tegmental (VTA) and substantia nigra pars compacta (SNpc) dopamine neurons was measured in
animals that had received twice-daily injections of 5 mgiRgTHC for 14 days. Cannabinoid-induced changes in body temperature,
locomotion, and catalepsy were also assessed in the same animals. After 2 weeks tolerance had devifepe-ioduced
hypothermia, catalepsy and reduction in locomotor activity. In naive animals and in animals that had received twice-daily vehicle
injections for 14 daysAS-THC increased VTA neuronal firing by 52% and 46%, respectively, while SNpc neurons showed increases
of 23% and 30%, respectively. Following chronic cannabinoid treatment, however, SNpc neurons were significantly less responsive
to A>-THC with a maximum increase in rate of only 3%, while VTA neurons continued to show a robust increase in firing rate
(+45%) when challenged with THC. These results suggest that VTA and SNpc dopamine neurons develop a differential response
to AS-THC following long-term cannabinoid exposure. This finding may be relevant to the observation that in humans tolerance
occurs to many of marijuana’s physiological effects but not to its euphorigenic acfib600 Elsevier Science Ltd. All rights
reserved.

Keywords:Marijuana; Delta-9-tetrahydrocannabinol; Ventral tegmental area; Substantia nigra; Electrophysiology

1. Introduction alters several neurotransmitter systems, and the fact that
it increases dopaminergic activity suggests that dopam-
Marijuana is the most widely used illicit drug and the ine neurons could be involved in cannabinoid-evoked
incidence of its abuse continues to increase (Cargo,behaviors (French et al., 1997; Sakurai-Yamashita et al.,
1998). While marijuana is generally consumed for its 1989). For example, substantia nigra pars compacta
psychotropic effects, it is also known that its principal (SNpc) neurons provide dopamine innervation to basal
psychoactive ingredient, delta-9-tetrahydrocannabinol ganglia structures which are involved in the control of
(A®-THC) also affects a number of other physiological motor activity. Thus, SNpc neurons may be a target for
systems, including those involved in motor control, tem- the cataleptogenic actions of cannabinoids (Gough and
perature regulation, cardiovascular and immune func- Olley, 1978; Pertwee and Wickens, 1991). On the other
tion, and nociception. Nevertheless, the sites andhand, ventral tegmental (VTA) dopamine neurons
mechanism(s) by whicA®>-THC produces these effects innervate limbic and cortical areas which are important
have not been fully delineated. In the CNS-THC for motivation and cognition. In fact, VTA—mesolimbic
pathways have been recognized as principal sites of
action for the positive reinforcing and abuse liability
"< Corresponding author. Tel+1-520-626-4350: fax#+1-520-626- properties associated with drugs of abuse (Koob et al.,
2204, 1998).
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effects produced by°-THC and other synthetic canna- Animal Dosing and Testing Schedules

binoids lessens with repeated exposure, there are data to

suggest that tolerance does not develop to marijuana’s . . . .

euphorigenic activity, or the “high” (Dewey, 1986; Treatment: A>THC Smg/kg orlvehwle’ twice daily

Perez-Reyes et al., 1991). Thus, the respong€<bHC f ]

of those neurons which play a role in the marijuana 1 2 1314 15

“high” might not be expected to diminish with chronic Day:

treatment. However, a reduced response might be IAEEEEEEEEEEERRE

expected from neurons in those structures associated .

with behaviors for which tolerance does develop. For lesting: Body temperature on day 1 and 13

example, tolerance occurs A3-THC-induced catalepsy, Catalepsy on day 1 and 13

an alteration of motor function which is mediated Locomotor activity on day 2 and 14

through nigrostriatal dopamine pathways (Gough and Electrophysiology on day 15

Olley, 1978). Fig. 1. Dosing and testing schedules for measurements of catalepsy,
Recently we reported that the acute administration of locomotor activity, body temperature and electrophysiology following

A®-THC activated both SNpc and VTA dopamine neu- acute and chronia®THC.

rons. This effect was mimicked by the selective canna-

binoid-like drug WIN 55,212-2, but neither by its inac- 2.1. Electrophysiology

tive enantiomer nor the non-psychoactive cannabidiol,

and it was blocked by the selective cannabinoid,CB  The VTA assessments were divided into the following

receptor antagonist SR141716A (French, 1997; Frenchthree treatment groups: acutBl=10), chronic vehicle

et al., 1997). To date, however, there is no evidence to(N=5) and chronicA®>-THC (N=7). For SNpc the groups

suggest that tolerance occurs to the electrophysiologicalwere composed of: acut&£10), chronic vehicle N=5)

effects of cannabinoids on dopamine neuronal activity in and chronicAS-THC (N=12).

either the substantia nigra or VTA. Assuming that SNpc  Approximately 20-22 h after the laat>-THC injec-

neurons mediate the cataleptogenic effects to which tol-tion the animals were prepared for the electrophysiolog-

erance develops, and that VTA neurons mediate theical portion of the study. Chloral hydrate (350 mg/kg,

rewarding effects for which tolerance does not develop, IP) was used for the induction and maintenance of anes-

we sought to test the hypothesis that these two popu-thesia throughout the recording period. The preparation

lations of midbrain dopamine neurons would show a dif- of the animals and the methods for extracellular rec-

ferential response ta\®-THC in animals chronically  ording from single dopamine neurons in the VTA and

exposed to cannabinoids. SNpc have been detailed elsewhere (French et al., 1993).

Presumptive dopamine neurons were identified accord-
ing to the following criteria:

1. biphasic (or triphasic) positive—negative waveform
2. Methods action potentials;

2. action potential duratiot»2 ms;

3. firing rates<<10 spikes/s;

Adult male Sprague-Dawley rats (Harlan Sprague 4. regular to bursting patterns of firing (Bunney et al.,
Dawley Inc.) weighing 250-350 g were used in all 1973).
experiments. All animals were housed on a light—dark
schedule (07:00-19:00 h) with constant room tempera- Once a neuron meeting these characteristics was found,
ture and free access to food and water. Rats in thethe activity was monitored for approximately 5 min
chronic cannabinoid group received intraperitoneal (IP) before injections were begun. An intravenous (IV) bolus
injections of 5 mg/kgA°-THC two times per day for 14  of saline (1 ml/kg) was then administered to control for
days. A control group of animals received IP vehicle (1 possible effects from the injection procedure itself. This
ml/kg) injections on the same schedule. The daily injec- was followed byA®-THC which was given IV and separ-
tions were made in the home cages at approximatelyated by inter-injection intervals of 2—4 min using the fol-
08:00 h and 16:00 h. All experiments were conducted lowing schedule of doses: 0.125, 0.25, 0.5, 1, and 2
in accordance with National Institute of Health guide- mg/kg for a total dose of 3.875 mg/kg. After completing
lines for the care and use of laboratory animals and the AS-THC injections, apomorphine was administered
approved by the IACUC of the University of Arizona. in doubling dose amounts beginning with 1§/kg until
The sequence for the administration of each of the the firing rate was reduced by 50%. The exquisite sensi-

behavioral and electrophysiological assessmentstivity of dopamine neurons to apomorphine was used as
described below is shown in Fig. 1. an additional indicator of the identity of the cells being
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recorded. Only one cell per animal was tested. Light activity could be adequately measured by not acclimat-
microscopic verification of electrode placement was also ing the animals to the test cages prior to injection.
made at the conclusion of the experiment (French et
al., 1993). 2.5. Statistics

Interspike-interval histograms were constructed off-
line to determine firing rates and patterns of action Differences in the electrophysiological responses to
potential generation. The analysis program quantified AS-THC were analyzed by two-way ANOVA with dose
firing rate (spikes/s), number of bursts, events in burstsas the repeated measure. Catalepsy scores between
(with a range of 2-18 spikes/burst), and percent burstvehicle days 1 and 13 and chronic THC days 1 and 13
firing (ratio of action potentials in bursts to total number were compared by pairgetest. Locomotor activity com-
of action potentialks100). The criteria used for computer parisons between vehicle and chronic THC treatments
recognition of bursts included (1) an interspike interval were made by unpairetitest. Body temperature com-
of 80 ms or less for the first pair of spikes in a train and parisons between vehicle and chronic THC treatments
(2) termination when the interval between two spikes were made using a two-way ANOVA with time as the

exceeded 160 ms (Grace and Bunney, 1984). repeated measure with Bonferroni's Multiple Compari-
son Test used to determine where differences occurred
2.2. Body temperature between the two treatment groups. In all cases a value

of P<0.05 was considered significant.
Measurements of body temperature followiny-
THC or vehicle were made on day 1 and day 13. Core 2.6. Drugs
body temperature was obtained from a lubricated ther-
mometer probe inserted rectally. Measurements com- AS-THC was prepared in a vehicle of 10% Tween 80,
menced 30 min following vehicle ak®-THC with four 20% DMSO and 70% distilled water (vol/vol). An ali-
subsequent recordings made at 60, 120, 180 and 24Quot of stockA®-THC (100 mg/ml ethanol) was placed

min. in a vial and evaporated to dryness under a stream of
argon gas. DMSO was then added and vortexed, fol-
2.3. Catalepsy lowed by Tween-80 and vortexed, and lastly water and

vortexed. Solutions were prepared fresh for each experi-

Catalepsy measurements on days 1 and 13 were madenent. Previous studies found the vehicle to be devoid of
after the last temperature reading or 240 min following electrophysiological effects (French et al.,, 1997,
AS-THC or vehicle. The presence of catalepsy was French, 1997).
determined using a modification of the bar test (Costall
and Olley, 1971). The apparatus consisted of a 6 mm
diameter bar inserted into two wooden blocks separated3. Results
by 20 cm. The distance from the top of the bar to the
counter top measured 10 cm. Three determinations were3.1. Electrophysiology
made of the length of time the animal remained with its
forelimbs on the bar. The timing clock was stopped A°-THC produced dose-dependent changes in the fir-
when the animal removed one or both forelimbs from ing rate of VTA dopamine neurons with average
the bar or a maximum time of 300 s had elapsed. The maximum increases of 52% and 46% in the naive and
median value of the three determinations was recordedvehicle treated rats, respectively (Fig. 2). After 14 days
and the seconds of immobility divided by 300 and multi- of twice-daily injections of 5 mg/kgAS-THC the
plied by 100 to yield a value of percent maximum cata- response of VTA dopamine neurons ta%THC

lepsy. remained elevated+d4%).
In SNpc dopamine neurons acute injections ASf
2.4. Locomotor activity THC also produced a dose-dependent increase in firing

rate with a maximum change 6f33% in the vehicle

Activity measurements were made on day 2 and day control group, and+23% in the naive animals (Fig. 2,
14 of AS-THC or vehicle treatment. Forty minutes fol- bottom panel). This difference between naive and con-
lowing an IP injection of vehicle or 5 mg/kg®-THC in trols, however, was not found to be significant. Also, the
the homecage, the locomotor activity of each animal was magnitude of the stimulation produced By-THC was
measured in a photocell-equipped cage (French and Vansmaller in the SNpc than VTA. Furthermore, the
tini, 1984). Photocell beam interruptions were recorded response of SNpc dopamine neurons to THC became
every 20 min for a total of 100 min. Since cannabinoids significantly diminished €3%, P<<0.01) following 14
have been shown to reduce locomotor activity in rats, days of A>-THC exposure.
we maximized the conditions in which a reduction in ~ An analysis of bursting activity found that baseline
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VTA SNpc. After chronicAS-THC treatment, basal levels of
percent bursts in VTA were slightly larger at 17%, but
not significantly different from control basal levels. Fur-
thermore, after 14 days @°>-THC exposure, VTA neu-
rons still responded with an increase in percent bursts
similar to that seen following first challenge (40% vs.
38%). In SNpc neurons, however, the number of action
potentials contained in bursts was reduced from 19% to
5% (P<<0.05) with chronicA®-THC exposure. AlsoA®-
THC did not significantly increase the amount of burst-
ing in the SNpc neurons in the chronically exposed ani-
mals.

% CHANGE IN FIRING RATE

0 1 2 3 3.2. Body temperature

o

CUMULATIVE DOSE AS-THC (mg/kg, I.V.) The administration of 5 mg/kd\°>-THC to naive rats
elicited a hypothermic response with a mean maximum
change in body temperature of1.1°C at the 30 min
timepoint (Fig. 3). Body temperature remained
depressed for another 90 min, but by 3 h it had returned
to pre-cannabinoid levels with a small overshoot of
+0.5°C at 4 h. After 13 days of twice-daily cannabinoid
injections, A>-THC no longer produced a hypothermic
response. In fact, over the 4 h observation period, core
body temperature actually increased°C1The response

to vehicle on day 1 did not differ from the response to
104 vehicle following 13 twice-daily vehicle injections.
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10 x : mg A-g:l'-rchc The activity of rats following 5 mg/kg\°>-THC was

-2co : 3 3 A significantly lower than those receiving vehicle only
(P<0.001) (Fig. 4). Total photocell beam interruptions

over the course of the 100 min observation period aver-

aged 29227 counts in the controls versus H1bB

Fig. 2. Dose-response effects®FTHC on firing rates of VTA and counts followingA®-THC on day 2. However, after 14

SNpc dopamine neurons in naive and (_:hronic _canna_bin.oi.d tr_eated ani-days of treatment the locomotor responsA?oTHC was

mals. The chronic treated groups received twice-daily injections of 5 no longer reduced in the chronic cannabinoid treated ani-

mg/kg A°-THC or vehicle for 14 days with the last injection occurring .
20-22 h before commencing the electrophysiological measurements.maIS (25326 counts vs. 28734 counts in the controls).

The acute group consisted of naive animals. Firing rates are presented

as percent change over the baseline rates. The data are based upod.4. Catalepsy

complete dose-response determinations obtained in 5-12 cells per

treatment group in VTA (top panel) and SNpc (bottom panel). Atwo-  The amount of catalepsy that occurred upon first
way ANOVA with dose as the repeated measure was used to analyzeexposure taAA°-THC averaged 57% of the maximum of

for differences between treatments. In the VTA there were no signifi- . . .
cant differences between the naive (non-treatment) and vehicle dose—the 300 s cut-off, or 170 s of immobility on the horizon-

responsesH(1,13)=0.04) or between the chronit®>-THC and vehicle tal bar (Table 2). After 13 daily injections af>-THC
responsesF(1,10%0.22). A similar analysis of the SNpc data also the duration of immobility was 110 s, or 37% of
found no significant difference between the non-treated naive and maximum, a significant reductio®€0.05). The amount
vehicle dose-response curves(1,13)2.2). However, a significant of immobility in the control animals increased slightly

reduction in SNpc responses was found between the chAfRidHC L . .
and the chronic vehicle treated animals(X,155-9.1), as well as but not significantly over the course of chronic vehicle

between chronid®-THC and acutely injected animalB(({L,20=12.3). treatments (31 s on day 1 vs. 49 s on day 13).

% CHANGE IN FIRING RATE

CUMULATIVE DOSE A®-THC (mg/kg, |.V.)

(pre-A%-THC) values for percent bursts was 14% in VTA 4. Discussion

and 19% in SNpc of the control animals (Table 1). Acute

A®-THC elicited significant increases in VTA bursting A number of studies have clearly established that tol-
activity from 14% to 38%, and from 19% to 22% in erance develops to many of the physiological effects pro-
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Table 1
Effects of acute and chronia®-THC on dopamine neuron electrophysiolégy

Percent bursts Firing rate
Basal AS-THC Basal (spikes/s) AS-THC (%A)
VTA Controls (15) 14.34.8 38.47.0 (P<0.01) 3.60.4 54.1%7.5%
Chronic A>-THC (7) 17.47.9 40.49.5 (P<0.01) 3.905 48.%11.4%
(ns) (ns) (ns) (ns)
SNpc Controls (15) 1946.0 22.86.4 (P<0.05) 3.40.4 25.33.5%
Chronic AS-THC (12) 52 93 (ns) 3.20.3 -3.#5.5%
(P<0.05) (ns) (ns) P<0.01)

a For the purposes of this table the control values are the means from the combined data of the vehicle control animals and naive animals, as
these were found to be not significantly different from each other. Also, when calculating the percent bursts and firing rates (spikes/s), the point
of maximum change in firing rate was used for analysis, since it is @ more accurate indicator of the sensitivity of each animal to the drug, rather
than the dose at which the mean change in firing rate had occurred for the group (French et al., 1993). In all groups tested some animals showed
peak responses (increases or decreases) on either side of the group maximum mean. Thus, these values may be slightly above or below the value
given for dose-dependent average changes in firing rates presented in Fig. 2.In analyzing percent bursts, the differences between basal values an

those afterA®-THC across columns were compared usingtthest for paired data as each animal served as its own control. However, differences
between basal and THC values within columns were compared usingtéise for paired data, which was also used for comparing changes in
firing rates (given as percent change from baseline activity).
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E » I vehicle
g - 2
5 § 3004
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5 -@-- vehicle day1 O
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—DAY2 — — DAY 14 —
TIME (min)

Fig. 4. Locomotor activity following the second and fourteenth injec-
Fig. 3. Effects ofA®>-THC on body temperature after acute or chronic tions of A>-THC. The activity of the saline injected animals was meas-
treatment withAS-THC. Two-way ANOVA with time as the repeated  ured before the first injection &°-THC on day 1. The asterisk denotes
measure found a significant treatment effect between temperaturea significant differenceR<0.001) betweem\®-THC and vehicle on
responses to the first challenge wiRTHC and to the last challenge day 2 (N=22).
following 12 days of twice-daily injections of the cannabinoid
(F(1,42)F18.4,P<0.01). No differences were found in the temperature
response to vehicle in acute or chronic vehicle treated animals
(F(1,20)0.1). The hypothermic effects &°-THC on first challenge
were also significantly different from the vehicle control response
(F(1,31F5.2, P<0.05), as was the hyperthermic effect on day 13

Table 2
Catalepsy induced by acute and chronic exposur&®dHC?

(F(1,31)=27, P<0.01). The average basal body temperature in the Catalepsy

naive animals averaged 32@1°C and 37.%0.1°C on day 1 and day

13, respectively, and 38:0.1°C and 38.30.1°C on day 1 and day 13 Seconds Percent of

in the chronic vehicle group, respectively. maximum
AS-THC Day 1 1724 57

duced by cannabinoids in laboratory animals (Dewey, Day 13 1ig22 87

1986). Although studies in human subjects have reported vehicle Day 1 3%7 10

that tolerance occurrs to the peripheral effects of once Day 13 429 16

per day smoking of marijuana, the marijuana-induced _ _
“high” in these same subiects was found not to have Differences between day 1 and day 13 means were compared by
g | t-test for paired dataN=10 for chronic vehicle groupN=25 for A°-

dimin?Shed (Perez_-Reye_s.: et al, 1991) _ In order to THC group). The percentage of the maximum was calculated by divid-
explain how chronic marijuana administration produces ing seconds of catalepsy by the maximum 300 s cufif). *P<<0.05.
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tolerance to some of its effects but not to others, it change in firing rate and amount of bursting evoked in
seemed a reasonable postulate that cannabinoids brin@Npc neurons byA°>-THC was significantly smaller fol-
about a differential response in the neuronal lowing 14 days of cannabinoid exposure. This attenu-
population(s) subserving the euphorigenic properties of ation of the response in the nigrostriatal circuit correlated
the drug from those subserving its other effects. How- with the decline in catalepsy we and others have
ever, given the absence of data from animal models thatobserved following a course of chronic cannabinoid
are traditionally used for studying the reinforcing proper- treatment. Thus, our data suggest that following chronic
ties of drugs, there is no evidence whether or not toler- THC exposure there develops a clear divergence in the
ance develops tA°-THC's rewarding properties. There- electrophysiological responses of these two distinct
fore, the aim here was to assess the response of VTApopulations of midbrain dopamine neurons. Neverthe-
dopamine neurons ta®-THC in behaviorally tolerant less, the underlying mechanism mediating the dissimilar
animals in order to ascertain the impact of repeated can-response of VTA and SNpc neuronsA8THC in toler-
nabinoid exposure on the activity of those dopamine ant animals is unknown.
neurons comprising central reward pathways. Previous electrophysiological studies using selective
In this study we measured the electrophysiological CB, agonists and an antagonist strongly point to the
responses of SNpc and VTA dopamine neurons follow- involvement of CB receptors in mediating the excitatory
ing incremental IV doses oA®-THC in rats rendered response in both SNpc and VTA neurons (French, 1997;
behaviorally tolerant to the cannabinoid. These two mid- Gessa et al., 1998). Thus, it is possible that chronic can-
brain neuronal populations were chosen for study nabinoid treatment produces changes in receptor pharm-
because neurons comprising the striatonigral pathwayacodynamics which differ between the VTA and SNpc.
are believed to be involved in the cataleptogenic effects For example, a long-term regimen4f-THC produces a
of cannabinoids (Gough and Olley, 1978; Navarro et al., down-regulation of cannabinoid receptors in the striatum
1993), a behavioral response for which tolerance haswhich is larger than that in the mesencephalon, but with
been shown to develop (De Fonseca et al., 1994). Inno receptor changes in the limbic forebrain (Romero et
contrast, VTA dopamine neurons have been implicated al., 1995). The limbic area is innervated by VTA dopam-
in the positive reinforcing and likely the euphorigenic ine neurons while the striatum receives dopamine inner-
effects or the “high” experienced with marijuana use, a vation from SNpc neurons. Since similar radioligand
response for which tolerance does not appear to develophinding studies have not been conducted on circum-
(Perez-Reyes et al., 1991; Gardner and Lowinson, 1991;scribed VTA or SNpc tissues, it still remains unknown
French et al., 1997). whether cannabinoid receptors in these areas undergo
Our data show that acutd®THC increased the changes similar to those in the terminal sites. Nonethe-
activity of dopamine neurons both in the VTA and SNpc less, one study reported that chronic treatments with the
in a dose-dependent manner, although the VTA responseCB, ligand, CP55,940, produced a down-regulation of
was of greater magnitude overall. However, in animals cannabinoid receptor mRNA levels in the caudate-
that were made behaviorally tolerantA8-THC through putamen, but not in the cerebellum (Rubino et al., 1994).
a course of chronic cannabinoid exposuf&; THC's Thus, not all brain areas appear to change in a uniform
effects on VTA neuronal firing rate and the amount of way under conditions producing behavioral tolerance.
bursting activity were not diminished. The latter electro- Furthermore, there may be regional brain differences in
physiological parameter may be particularly relevant CB, activated G-protein coupled signal transduction pro-
since it has been shown that action potentials generateccesses which could be affected by chronic cannabinoid
in a bursting pattern result in greater synaptic levels of treatment (Sim et al., 1996; Rubino et al., 1997). Again,
transmitter than that which would occur from the same however, this finding has not been confirmed in midbrain
number of action potentials generated singly (Gonon anddopamine neurons in either the SNpc or VTA. Lastly,
Buda, 1985). Since dopamine release in limbic and VTA and SNpc neurons likely differ in the composition
cortical structures is considered to play an important role of excitatory and inhibitory afferents that control the
in the rewarding aspects of several drugs of abuse,activity of these two neuronal populations.
including marijuana (Gardner and Lowinson, 1991), the  CB, receptors are considered to be presynaptically
sustained level of stimulation of the mesolimbic dopam- located, thereby modulating transmitter release
ine neurons seen here upon repeated exposurk®to  (Herkenham et al., 1991; Miller and Walker, 1995; Shen
THC suggests a possible mechanism by which toleranceet al., 1996). Thus, they are in a position to play an inte-
does not develop to the marijuana-induced “high”. This, gral role in the control of the two major afferent trans-
of course, is predicated on the assumption that VTA— mitters, glutamate and GABA, that modulate the activity
mesolimbic pathways in human brain play a similar role of midbrain dopamine neurons (Shen et al., 1996; Szabo
to that in animals in their response to drugs of abuse. et al.,, 1998). Therefore, any change in the receptor
In contrast to the effects of chronic cannabinoid treat- response toA°-THC following chronic cannabinoid
ment on midbrain reward pathways, the magnitude of treatment could effectively alter the ratio of the excit-
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atory and inhibitory drives governing the rate and pat- Cargo, S., 1998. Increases in teen drug use appear to level off. NIDA

terns of dopamine cell firing. Such differences in afferent _ Notes 13, 10-11. o -

. . Costall, B., Olley, J.E., 1971. Cholinergic- and neuroleptic-induced
tone (,:OUId also h_elp_ explaln Why_the magthdeAaf catalepsy: modification by lesions in the caudate-putamen. Neuro-
THC-induced excitation is greater in the VTAthaninthe  pharmacology 10, 297-306.

SNpc of naive animals, and possibly how SNpc neurons be Fonseca, R.F., Gorriti, M.A., Fernandez-Ruiz, J.J., Palomo, T.,
become less responsive IF-THC after chronic treat- Ramos, J., 1994. Downregulation of rat brain cannabinoid binding
ment with THC. Nonetheless, the mechanism for the sites afte_r chron_icA-9-tetrahydrqcannabinoI treatment. Pharma-
lack of tolerance in VTA neurons remains elusive. Devf/gg’%vEf_'chg?éﬂré;”ndagiza‘"%rhizr%ii;;%y Pharmacological
Laboratory studies have provided compelling experi- ~ zqyiews 38, 151-178. '
mental data establishing a role for the VTA-mesolimbic French, E.D., 1997A9-tetrahydrocannabinol excites rat VTA dopam-
dopamine system in animal models of addiction (Koob ine neurons through activation of cannabinoid CB1 but not opioid
et al., 1998). While demonstrating that cannabinoids are  receptors. Neuroscience Letters 226, 159-162.
reinforcing in animals has been problematic (Mansbach Frénch. E.D., Vantini, G., 1984. Phencyclidine-induced locomotor
et al., 1994), recent evidence shows that animals will activity in the rat is plocked _by 6-hydroxydopamine Ie3|on_of the
. 8 . nucleus accumbens: comparisons to other psychomotor stimulants.
self-administer CB receptor agonists (Harris et al., Psychopharmacology 82, 83-88.
1974; Martellotta et al., 1998). Earlier work and the French, E.D., Mura, A., Wang, T., 1993. MK-801, phencyclidine
present results that psychoactive cannabinoids increase (PCP), and PCP-like drugs increase burst firing in Rat A10 dopam-
dopamine neurotransmission in the VTA=limbic—cortical ine neurons: comparison to competitive NMDA antagonists. Syn-
circuits may provide additional insight into possible FreiEEeEl?I; 18?7;11?(' Wau, X., 1997. Cannabinoids excite dopamine
m_eChamsms by Wh',‘:h _Cannab_mO'dS are pO_SItIVG neu’rons i’n the \;ent,ral tégrr;entum and substantia nigra. NeuroRe-
reinforcers. However, it still remains to be established  port 8, 649-652.
whether these same dopamine pathways also mediate theardner, E.L., Lowinson, J.H., 1991. Marijuana’s interaction with
rewarding effects of marijuana in humans. Notwithstand-  brain reward systems: update 1991. Pharmacology, Biochemistry
ing the lack of this evidence, imaging studies of the Ge::: %ehell\xgirs‘l?\}l 57!\1651180% A., Diana, M., 1998. Cannabinoids
human bram. h.ave. concluded that-THC does alte.r activate mesolimbic dopamine neurons by an action on cannabinoid
neurotransmission in the prefrontal, frontal and orbitof-  ~gq receptors. European Journal of Pharmacology 341, 39-44.
rontal cortices and the basal ganglia, all dopamine Gonon, F.G., Buda, M.J., 1985. Regulation of dopamine release by
innervated structures. Also, metabolism in the prefrontal  impulse flow and by autoreceptors as studied by in vivo voltamme-
cortex is significantly greater in marijuana abusers than  try in the rat striatum. Neuroscience 14, 765-774. '
in normal subjects (Volkow et al., 1996), while metab- ©ough, AL., Olley, J.E., 1978. Catalepsy induced by intrastriatal
olism in the cerebellum is decreased. Since the prefrontal 'r’,;’aef;'l‘(’,gsy‘f7del't§iﬂf and LL-OR-9-THC in the rat. Neurophar-
cortex receives dopamine innervation from the VTA, grace, AA.. Bun’ney, B.S., 1984. The control of firing pattern in nigral
these results suggest that VTA dopamine neuronal dopamine neurons: burst firing. Journal of Neuroscience 4,
activity, and the consequent increase in dopamine 2877-2890.
release, caused b)(g-THC is actually accentuated with Harris, R.T,, Waters, W., McLenQon, D., 1974. Evaluation of reinforc-
chronic cannabinoid use. The electrophysiological data ':Ig Cagib'gg_ggde'ta 9-THC in rhesus monkeys. Psychopharmac-
presented here would support this contention. Thus,Herker?%’am; M., Lyl'm A.B., Johnson, M.R., Melvin, L.S., DeCosta,
based upon our findings, it is possibile that in humans g R, Rice, K.C., 1991. Characterization and localization of canna-
the electrophysiological response of VTA dopamine  binoid receptors in rat brain: a quantitative in vitro autoradiographic
neurons does not diminish during repeated exposure to study. Journal of Neuroscience 11, 563-583.
cannabinoids, and that this may underlie the lack of tol- Koob. G.F., Sanna, P.P., Bloom, F.E., 1998. Neuroscience of addic-

i i : tion. Neuron 21, 467-476.
erance to the eurphonc effects of marijuana even with Mansbach, R.S., Nicholson, K.L., Martin, B.R., Balster, R.L., 1994.

chronic use. Failure of A9-tetrahydrocannabinol and CP 55,940 to maintain
intravenous self-administration under a fixed-interval schedule in
rhesus monkeys. Behavioral Pharmacology 5, 210-225.
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