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The role of intracellular CAMP and protein kinase A in do- 
pamine-induced inhibition of dopamine neurons and the at- 
tenuation of this inhibition by neurotensin were studied in 
rat midbrain slices. Spontaneous activity of dopamine cells 
was recorded extracellularly from both the ventral tegmental 
area and the substantia nigra. Perfusion of the slices with 
8-bromo-CAMP and forskolin significantly attenuated do- 
pamine-induced inhibition, but neither blocked the inhibition 
completely. Neither SQ22538, an inhibitor of adenylate cy- 
clase, nor H8, an inhibitor of protein kinase A, mimicked the 
inhibitory effect of dopamine on dopamine neurons, although 
they potentiated dopamine’s effect. These results indicate 
that dopamine-induced inhibition of dopamine neurons can 
be affected by intracellular CAMP levels, but is unlikely to 
be mediated solely by inhibition of adenylate cyclase. 

The similarities between the effects of neurotensin and 
those of 8-bromo-CAMP and forskolin suggest that intracel- 
lular CAMP may be involved in the actions of neurotensin. 
This suggestion is supported by our findings that isobutyl- 
methylxanthine (an inhibitor of phosphodiesterases) poten- 
tiated the effect of neurotensin and XI22538 and H8 antag- 
onized it. Phorbol-12,13-dibutyrate (an activator of protein 
kinase C) did not mimic the effect of neurotensin, and H7 
(an inhibitor of protein kinase C) did not reduce the effect, 
suggesting that protein kinase C is unlikely to be involved 
in the modulatory effect of neurotensin. 

Activation of dopamine (DA) D 1 receptors leads to an increase 
in the production of intracellular CAMP, whereas stimulation 
of D2 receptors decreases the activity of adenylate cyclase. DA 
receptors on DA cells in both the ventral tegmental area (VTA) 
and the substantia nigra (SN) have the characteristics of a D2 
receptor (White and Wang, 1984; Lacey et al., 1987). Activation 
of these receptors not only produces an inhibition of the elec- 
trical activity, but also induces a decrease in CAMP production 
(Memo et al., 1987). Pertussis toxin, which inactivates G, pro- 
tein and blocks the inhibitory effect on CAMP production in- 
duced by activation of the receptors negatively linked with ad- 
enylate cyclase, also blocks the inhibition of firing rate of DA 
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neurons induced by DA (Innis and Aghajanian, 1987). These 
observations suggest that intracellular CAMP may play an im- 
portant role in DA-induced inhibition of DA neurons. In this 
study, we begin to examine whether the inhibition of DA neuron 
activity induced by DA is mediated or regulated by a decrease 
in intracellular CAMP level. In the same study, we also examined 
the possibility that intracellular CAMP may be involved in the 
interaction between neurotensin (NT) and DA on DA cells. 

Central NT systems are anatomically closely related to mid- 
brain DA systems. Central administration ofNT produces many 
pharmacological effects resembling those produced by neuro- 
leptics. We have previously shown that application of NT se- 
lectively attenuates DA-induced inhibition of midbrain DA 
neurons (Shi and Bunney, 199 1 a,b). Although formation of an 
NT-DA complex has been suggested as a mechanism for some 
of the neuroleptic-like effects of NT (Adachi et al., 1990) our 
previous studies have suggested that the effects of NT on the 
activity of DA neurons are most likely mediated by activation 
of NT receptors (Shi and Bunney, 199 1 b). Results from receptor 
binding studies (Nemeroff et al., 1983; Sarrieau et al., 1985; 
Kanba et al., 1986; Moyse et al., 1987) indicate that NT, rather 
than competing with DA for the same receptor, acts on separate 
binding sites that are specific for NT. It is possible that the 
binding sites for both NT and DA are separate but within one 
receptor protein complex, as has been proposed for the receptors 
for glycine and glutamate, and benzodiazepines and GABA. 
Activation of the NT binding site may lead to a configuration 
change of the receptor protein complex and result in a decrease 
in the affinity of the DA binding site. Such a process may not 
require an intermediate, that is, a second messenger system. On 
the other hand, it is becoming clearer that many neurotrans- 
mitters or neuromodulators produce their physiological effects 
through their actions on the intracellular second messenger sys- 
tems that are directly or indirectly coupled with the receptors 
on the cell surface. Changes in second messenger systems pro- 
vide another means by which different neurotransmitters acting 
on the same cell interact with each other. The experimental 
results described here indicate that NT may act through an 
intracellular CAMP system to modulate DA-induced inhibition 
of DA cells. 

Some of these results have been reported previously (Shi and 
Bunney, 1988, 1989). 

Materials and Methods 
The techniques used for these experiments are similar to those described 
previously (Shi and Bunnev. 1990. 199 1 b). Male Snraaue-Dawlev al- 
bino rats; weighing between 80 and 150’gm, were u&d. They were 
anesthetized using either the inhalation anesthetic halothane or by in- 
traperitoneal chloral hydrate (400 mg/kg), and the brain was removed 
from the skull. A block of tissue containing the mesencephalon was 
prepared and cut into 400 pm sagittal or coronal slices using a Stoelting 
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Typical histograms showing the effects of S-bromo-CAMP 
and forskolin on DA-induced inhibition of midbrain DA neurons. A, 
Application of DA (2 PM) caused a total inhibition of firing in this cell. 
During the perfusion of S-bromo-CAMP (50 PM), however, the same 
application of DA produced only 44% inhibition. This modulatory effect 
of S-bromo-CAMP was long lasting and was accompanied by a small 
and delaved excitation (15%). The inhibition of DA slowlv recovered 
after &bromo-CAMP was removed from the superfusion medium. How- 
ever, it still had not reached its control value after a 40 min washout 
period, though by this time the basal firing rate of the cell had returned 
to the level observed before the application of I-bromo-CAMP. B, In a 
different cell, DA at 2.5 PM produced over a 90% inhibition of basal 
firing rate. Perfusion of the slice with forskolin (0.5 PM) reduced this 
inhibition to 43%. As seen with 8-bromo-CAMP, forskolin also caused 
a slight increase in basal firing rate (13%). In this and following figures, 
bars represent the duration of drug perfusion. 

tissue chopper. A single slice containing either the VTA or the SN was 
transferred to the recording chamber, in which it rested on a piece of 
tissue paper. The slice was initially maintained in a medium/gas inter- 
face for about 15-30 min, and then immersed in a continuously flowing 
incubating medium throughout the rest of the experiment. Data were 
collected after 1.5-2 hr incubation. The perfusion medium contained 
(in mM) NaCl, 124; KCl, 4; CaCl,, 2.4; MgSO,, 1.3; NaH,PO,, 1.2; 
NaHCO,, 25; and glucose, 10; and was saturated with 95% O,, 5% CO,. 
A constant medium perfusion rate of about 0.5 ml/min was provided 
by a homemade pulse-free medium supply system using a peristaltic 
pump (Shi and Bunney, 1990). The temperature of the perfusion me- 
dium within the recording chamber was kept constant at about 34°C. 

Action potentials of spontaneously active DA cells were recorded 
extracellularly by conventional techniques (Bunney et al., 1973; Shi and 
Bunney, 199 1 b). Electrodes were filled with perfusion medium. DAcells 
were identified by (1) their anatomical location within the SN or the 
VTA, (2) an inhibitory response to DA application, and (3) well-estab- 
lished electrophysiological criteria (Bunney et al., 1973; Grace and Bun- 
ney, 1983). Cells exhibited long-duration (2-3 msec) biphasic action 
potentials. Single spikes frequently exhibited a distinct initial segment/ 
somatodendritic break in the early phase of the action potential. The 
majority of cells recorded were located in the anterior part of the VTA 
and anteriomedial part of the SN. There was, however, no significant 
difference in results obtained from cells with different locations. Unit 
activity was converted to an integrated histogram by a rate-averaging 
computer and displayed as spikes/ 10 set on a chart recorder. Numerical 
data-are presented as means -t SEM. 

SO22536 was obtained from Sauibb. H7 and H8 were nurchased 
fromseikagaku America Inc. (St. Petersburg, FL). All other drugs were 
purchased from Sigma. Drugs were delivered to the slices via bath 
perfusate and washed out by returning the slices to the original perfusion 
medium. 

Results 
Modulation of DA-induced inhibition by intracellular CAMP 
and protein kinase A 
As reported previously (Shi and Bunney, 199 1 b), bath appli- 
cation of DA (l-l 00 KM) dose-dependently inhibited the spon- 

taneous activity of DA neurons. Co-administration of the D2 
selective antagonist sulpiride (2 KM) totally blocked this mhib- 
itory effect of DA (not shown). To determine whether DA sup- 
presses DA cell firing by inhibition of adenylate cyclase, thereby 
lowering intracellular CAMP levels, we treated DA cells with 
8-bromo-CAMP. 8-Bromo-CAMP is a membrane permeable an- 
alog of CAMP and has been shown to mimic the action of direct 
intracellular injection ofcAMP (e.g., Madison and Nicoll, 1986). 
If DA-induced firing inhibition is mediated by an inhibition of 
adenylate cyclase, 8-bromo-CAMP acting beyond the step of 
adenylate cyclase should block the effect of DA. We found that 
DA-induced inhibition, though greatly attenuated, persisted 
during 8-bromo-CAMP even at concentrations (up to 1 mM) that 
significantly increased firing rate above baseline (not shown). 
The partial antagonism of DA-induced inhibition by 8-bromo- 
CAMP indicated that DA may act partially via inhibition of 
adenylate cyclase. To ensure that the attenuation of DA-induced 
inhibition by 8-bromo-CAMP was not secondary to the excit- 
atory effect of 8-bromo-CAMP, we treated DA cells with low 
concentrations of 8-bromo-CAMP (So-200 PM; n = 17). At these 
concentrations, 8-bromo-CAMP produced either no effect or a 
small increase in firing rate. DA-induced inhibition was, how- 
ever, still significantly reduced (from 93.0 f 2.4% to 45.0 f 
4.8% of baseline; Fig. 1A). 

To confirm that 8-bromo-CAMP produced its effects by mim- 
icking intracellular CAMP to activate protein kinase A, we used 
forskolin, a direct activator of adenylate cyclase, and H8 (N-[2- 
(methylamino)ethyl]-5-isoquinolinesulfonamide), a potent in- 
hibitor of protein kinase A (Hidaka et al., 1984). Application 
of forskolin was found to mimic the effects produced by 8-bromo- 
CAMP. In 11 cells, forskolin (0.1-0.5 PM) significantly reduced 
the inhibition of DA cells induced by DA (from 87.6 f 3.9% 
to 55.1 + 4.4% of baseline; Fig. 1B). At higher concentrations 
(0.5-5 FM) it also increased the firing rate of the cell. The protein 
kinase A inhibitor H8 (20-30 min, 80-100 FM) effectively re- 
versed 8-bromo-CAMP-induced attenuation of DA-inhibition 
(from 56.3 f 6.1% to 3.8 -t 8.2% attenuation; n = 5; see Fig. 
3B). The increase in basal firing rate by 8-bromo-CAMP was, 
however, not significantly affected by the same treatment of H8, 
suggesting that 8-bromo-CAMP may produce this effect via a 
mechanism independent of protein kinase A. 

If, as suggested by the above results, activation of D2 auto- 
receptor suppresses DA cell firing partially via an inhibition of 
adenylate cyclase and protein kinase A, then the direct inhibitors 
of these enzymes should mimic the effect of DA and inhibit the 
activity of DA neurons. To study this hypothesis, we treated 
DA cells with SQ22536, an analog of adenosine that has been 
shown to inhibit the activity of adenylate cyclase (Harris et al., 
1979; Madison and Nicoll, 1986). In contrast to the prediction, 
perfusion of SQ22536 (lo-50 PM) for 30 min or longer had no 
effect on basal activity of the cell (see Fig. 2B), though the same 
concentrations of SQ22536 slightly potentiated DA-induced in- 
hibition of cell activity and markedly attenuated the modulatory 
effect of NT (see following section). Similarly, slice perfusion 
with H8 (50 PM to 2 mM; n = 17) for up to 30 min did not 
produce any inhibition of the spontaneous activity of DA cells, 
though the same treatment slightly potentiated DA-induced fir- 
ing inhibition and effectively reversed the effect of 8-bromo- 
CAMP (see Fig. 3). These results suggest that DA-induced in- 
hibition of DA neurons is unlikely to be mediated solely by 
inhibition of adenylate cyclase. However, these and the above 
results with 8-bromo-CAMP and forskolin support the notion 
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Figure 2. Representative histograms 
showing the effects of IBMX and 
SQ22536 on NT-induced modulation 
of DA cell activity. A, NT at 0.6 nM 
slightly attenuated the inhibition in- 
duced by DA (30 PM) in this cell. Ap- 
plication of IBMX (2 PM) alone also did 
not significantly modify the inhibitory 
effect of DA. When NT and IBMX were 
co-administered, however, the inhibi- 
tion induced by DA was markedly at- 
tenuated (50%). B, In a separate cell, 
application of DA (25 PM) totally in- 
hibited the firing of the cell. In the pres- 
ence of NT (1 nM), the same application 
of DA caused only 50% inhibition. This 
modulatory effect of NT was greatly di- 
minished by the treatment of the slice 
with SQ22536 (50 PM). Note that, un- 
like DA, SQ22536 had no effect on the 
basal firing rate. 
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that the ability of DA to inhibit DA cells can be modulated by 
intracellular CAMP and protein kinase A. 

Involvement of intracellular CAMP and protein kinase A in the 
modulatory efect of NT 

As reported previously (Shi and Bunney, 199 1 b), concomitant 
administration of NT markedly attenuated DA-induced inhi- 
bition of DA cells (Figs. 2-4). NT at concentrations higher than 
10 nM also increased firing rate of the cell (Shi and Bunney, 
199 1 b). These effects of NT were very similar to those produced 
by 8-bromo-CAMP and forskolin, suggesting a possible involve- 
ment of intracellular CAMP and protein kinase A in the action 
of NT. To examine this possibility, we applied IBMX (isobu- 
tylmethylxanthine), an inhibitor of phosphodiesterases, to DA 
cells. If the effects of NT are mediated through an increase in 
intracellular CAMP, IBMX by preventing CAMP from being 
degraded should potentiate the effects of NT. At concentrations 

of 2-5 PM, IBMX by itself either had no effect or slightly in- 
creased the firing rate of DA cells. DA-induced inhibition was 
slightly attenuated. When co-administered with NT, however, 
IBMX significantly potentiated the modulatory effect of NT 
(from 2 1 .O f 3.0% to 48.5 + 1.7% attenuation; n = 5; Fig. 2A). 

We further tested our hypothesis using the adenylate cyclase 
inhibitor SQ22536 and the protein kinase A inhibitor H8. Bath 
application of SQ22536 (lo-50 MM) for 30 min or longer mark- 
edly attenuated the modulatory effect of NT (from 45.6 f 3.3% 
to 14.6 ? 7.4% attenuation; n = 5; Fig. 2B). At the same time, 
SQ22536 also caused a small potentiation of DA-induced in- 
hibition. NT-induced excitation was found to be largely unaf- 
fected, implying that the excitatory effect of NT may not be 
mediated by adenylate cyclase. Similarly, treatment with H8 
(80 PM, 30 min) effectively reversed NT-induced attenuation of 
DA-inhibition in all cells studied (from 49.0 + 3.4% to 3.2 +- 
5.3% attenuation; n = 8; Fig. 3A). Shorter-term (10 min) treat- 
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Figure 3. Typical histograms showing the reversal of the modulatory effects of 8-bromo-CAMP and NT by H8. A, Perfusion of DA (20 PM) in 
the control condition caused a total cessation of the spontaneous firing of the cell. This inhibition was significantly attenuated by co-administration 
of NT (5 nM). After a 30 min treatment with H8 (80 PM), however, the modulatory effect of NT on DA-induced inhibition vanished. Doubling 
the concentration of NT to 10 nM still did not produce any attenuation of DA inhibition. Note that H8 itself had no effect on basal firing rate of 
the cell. B, In a separate cell, application of DA at 7 PM produced a more than 90% inhibition of the firing. This inhibition was reduced to about 
50% by concomitant administration of 8-bromo-CAMP (0.2 mM). This treatment of 8-bromo-CAMP also caused a small increase in basal firing 
rate (16%). The cell was then treated with H8 (80 PM) for 30 min. Following the treatment, the same dose of 8-bromo-CAMP that before had 
significantly attenuated DA inhibition had little effect. Doubling the dose of 8-bromo-CAMP, though causing more excitation, still was not as 
effective in attenuating the inhibitory effect of DA as the lower dose administered before H8. 
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Figure 4. Typical histograms showing the effect of PDBu and H7 on midbrain DA neurons. A, Application of PDBu (1 PM) in this cell totally 
inhibited the firing of the cell. Unlike the depolarization inactivation induced by glutamate or chronic treatment with neuroleptics, the inhibition 
induced by PDBu developed slowly without any sign of excitation. As the firing rate decreased, the shape and the size of the action potentials did 
not change (not shown). B, In a different cell, the effect of H7 on NT-induced modulatory effects was compared with that of H8. Treatment of the 
cell with H7 (80 PM, 30 min) in a manner identical to that used for H8 did not significantly attenuate the modulatory effect of NT (4 nM). However, 
H8 reversed the attenuation of DA (9 FM) inhibition induced by NT. 

ment with H8 (80-200 PM) was found to be less effective. In 
some cases, H8 potentiated the inhibition induced by DA (e.g., 
Fig. 3). 

To determine whether protein kinase C is also involved in 
the action of NT, we treated the cell with PDBu (phorbol- 12,13- 
dibutyrate). In contrast to NT and 8-bromo-CAMP, PDBu (20 
nM to 1 PM) in all five cells tested consistently caused an inhi- 
bition of DA cell firing rate (Fig. 4A). The inhibition induced 
by PDBu often had a slow onset and gradually reached its max- 
imum effect (100% inhibition of firing) without any sign of ex- 
citation. No significant change in either the amplitude or the 
duration of the action potentials was observed during this pro- 
cess. After spontaneous activity stopped, a full-size action po- 
tential could still be evoked by touching the cell with the re- 
cording electrode. Based upon these observations, it was 
concluded that the inhibition induced by PDBu was unlikely to 
be due to depolarization inactivation. The inhibition of the 
spontaneous activity induced by PDBu was dose dependent and 
very long lasting (> 30 min). 

To confirm further that protein kinase C is not involved in 
the modulatory effect of NT and that H8 produced its reversing 
effect not by inhibiting protein kinase C, we exposed the cell to 
H7 [ 1-(5isoquinolinylsulfonyl)-2-methylpiperazine]. H7 is an 
analog of H8 and is more potent than H8 in inhibiting protein 
kinase C (Hidaka et al., 1984). We found that H7 was much 
less effective than H8 in diminishing the modulatory effect of 
NT on DA-induced inhibition of DA cells, though the identical 
treatment regimen was used (80 PM, 30 min; n = 5). In the same 
cells where treatment with H7 was shown ineffective, H8 pro- 
duced its usual antagonism of the effect induced by NT (Fig. 
4B). 

Discussion 

Many hormones and neurotransmitters have been shown to 
inhibit adenylate cyclase activity via GTP-binding protein (G,). 
In addition to the attenuation of CAMP production, occupancy 
of the receptors linked to inhibition of adenylate cyclase also 
produces many other biochemical and electrophysiological 
changes of the cell, including suppression of hormone or neu- 
rotransmitter release, activation of K+ conductances, and in- 

hibition of voltage-sensitive Ca*+ channels. Though in some 
cases these additional changes may be the result ofthe decreased 
production of intracellular CAMP, in many other cases it seems 
that receptors linked to inhibition of adenylate cyclase do not 
operate solely by decreasing CAMP production (see review by 
Limbird, 1988). Our results in the present study suggest that 
this may be the case for D2 autoreceptor-mediated inhibition 
of DA cell activity. Thus, if DA inhibition is solely mediated 
by a decrease in the activity of adenylate cyclase, thereby low- 
ering the level of intracellular CAMP, 8-bromo-CAMP, acting 
beyond the step of adenylate cyclase, should antagonize the 
inhibition of DA. In this study, however, 8-bromo-CAMP was 
found only to attenuate it; full blockade of DA inhibition was 
not observed. In addition, SQ22536, which inhibits adenylate 
cyclase, was unable to mimic the inhibitory effect of DA, though 
at the same concentrations it potentiated DA inhibition and 
reduced the modulatory effect of NT. Similar results were ob- 
tained with H8, which, though effectively reversing the atten- 
uation of DA inhibition by both 8-bromo-CAMP and NT, had 
no effect on the basal firing rate of DA cells. 

Although the above discussion suggests that inhibition of ad- 
enylate cyclase alone is unlikely to be the mechanism by which 
DA produces its inhibitory effect on DA cells, our results support 
the hypothesis that the inhibitory effect of DA on DA neurons 
can be regulated by intracellular CAMP levels. Activation of 
adenylate cyclase or protein kinase A by forskolin and 8-bromo- 
CAMP, respectively, attenuated the inhibition induced by DA, 
whereas inhibition of the same enzymes by SQ22536 and H8 
potentiated the effect of DA. Recent studies by Elazar and Fuchs 
(199 1) indicate that an increase in the level of intracellular CAMP 
and the activity of protein kinase A leads to a direct phos- 
phorylation of the D2 receptor. Such phosphorylated D2 recep- 
tors exhibit much lower affinities to D2 agonists compared to 
nonphosphorylated ones. It is unknown whether protein kinase 
A also phosphorylates other proteins such as G-proteins and 
ion channels that are coupled with D2 receptors. 

Knowing that intracellular CAMP can modulate the effect of 
DA and that agents increasing the activity of intracellular CAMP 
produce effects similar to those of NT, we further examined the 
possibility that NT may produce its effect via an increase in 
intracellular CAMP levels. First, the effect of NT was measured 
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in the presence and absence of IBMX. If NT acts through CAMP 
systems, IBMX, which prevents intracellularly produced CAMP 
from being metabolized, should potentiate the effect of NT. 
Indeed, co-application of IBMX potentiated the ability of NT 
to diminish the inhibition induced by DA. Second, the effect of 
NT was determined while adenylate cyclase was inhibited by 
SQ22536. Consistent with the hypothesis, SQ22536 markedly 
reduced the effect of NT. Finally, the protein kinase A inhibitor 
HS fully reversed the modulatory effect of NT. In supporting 
our findings, Kalivas and colleagues [Kalivas (1992)] have re- 
cently found that H8 blocks intra-VTA NT-induced behavioral 
effects in the rat. The results with H8 indicate that an increase 
in protein phosphorylation mediated by protein kinase A is 
involved in the action of NT. As has been mentioned above 
(Elazar and Fuchs, I99 I), direct phosphorylation of D2 receptor 
protein by protein kinase A does mimic the effect of NT, that 
is, reducing the affinity of the D2 receptor for its agonist but 
not the antagonist (Agnati et al., 1983; Von Euler and Fuxe, 
1987). It remains to be determined, however, whether NT re- 
ceptors are directly coupled to adenylate cyclase or indirectly 
by acting on other messenger systems that converge on adenylate 
cyclase and protein kinase A. Since inhibition of adenylate cy- 
clase and protein kinase A by SQ22536 and H8 can reverse the 
modulatory effect of NT, it is unlikely that NT acts downstream 
from protein kinase A. 

Inhibition of CAMP- and protein kinase A-mediated cellular 
processes by H8 has been reported in many studies (e.g., Anwer 
et al., 1990; Boulis and Davis, 1990; Funase, 1990; Tokimasa 
and Akasu, 1990; Watanabe and Funase, 199 1). Studies in a 
broken cell preparation by Hidaka et al. (1984), however, in- 
dicated that H8 also inhibits several other protein kinases in- 
cluding protein kinase C. A possible involvement of protein 
kinase C in the actions of NT was also suggested by Geodert et 
al. (1984) in studies of rat brain slices. Incubation of NT (1 PM) 

was found to increase the hydrolysis of inositol phospholipids 
in slices taken from several areas of brain, including the mid- 
brain. It is known that hydrolysis of inositol phospholipids gen- 
erates two products, diacylglycerol and inositol 1,4,5triphos- 
phate. Each of them has independent roles as second messengers. 
Inositol 1,4,5triphosphate stimulates the release of Ca2+ from 
intracellular membrane stores, whereas diacylglycerol activates 
protein kinase C. To determine if protein kinase C is involved 
in NT’s action, we treated DA cells with H7, a more potent 
protein kinase C inhibitor. If the effect of NT is mediated by 
protein kinase C and H8 blocks the effect of NT by inhibiting 
this enzyme, H7 should be more effective than H8 in reversing 
the effect of NT. Contrary to this prediction, H7 was found to 
be much less effective than H8 in antagonizing the modulatory 
effect of NT. These results suggest that the reversal of the NT- 
induced effect by H8 is not due to its effect on protein kinase 
C and that the ineffectiveness of H7 in antagonizing the effect 
of NT is probably due to its inability to inhibit protein kinase 
A at the concentrations used in the present study. This sugges- 
tion is supported by other studies in whole-cell preparations in 
which H8 was found to inhibit protein kinase A-mediated pro- 
cesses selectively without a significant effect on those processes 
mediated by protein kinase C (e.g., Mitsuhashi and Payan, 1988; 
Morita et al., 1988; Linden and Routtenberg, 1989; Bankey et 
al., 1990; Moraru et al., 1990; Teitelbaum, 1990; Yomato et 
al., 1990). Conversely, H7 inhibited the protein kinase C-me- 
diated cellular activities without much influence on those me- 
diated by protein kinase A (e.g., Conn et al., 1989; Poueymirou 

and Schultz, 1989; Anwer et al., 1990; Boulis and Davis, 1990; 
Teitelbaum, 1990; Manejwala et al., 199 1). The inability of 
PDBu to mimic the effect of NT in our preparation further 
supports the conclusion that protein kinase C is unlikely to be 
involved in the modulatory effect of NT on DA cells. Our data, 
however, did not rule out the possibility that protein kinase C 
may be involved in other actions of NT. We have previously 
shown that NT produced several effects at different concentra- 
tions (Shi and Bunney, 199 lb). At low concentrations (0.2-10 
nM), NT attenuated DA-induced inhibition without a significant 
effect on basal firing rate. At higher concentrations (> 10 nM), 
it increased cell firing. At even higher concentrations (> 100 
nM), NT abolished cell activity. The concentration of NT (1 FM) 

used in the measurement of phospholipid turnover was very 
high (Geodert et al., 1984). It is therefore possible that the 
increase in the hydrolysis of inositol phospholipids induced by 
NT and subsequent activation of protein kinase C may be re- 
sponsible for the action ofNT at high concentrations. Consistent 
with this suggestion, PDBu, in the present study, also inhibited 
DA cell firing. However, further studies are needed to determine 
if the cessation of cell firing induced by NT is truly mediated 
by an activation of protein kinase C. 

In summary, our results suggest that DA-induced inhibition 
of DA cell activity is unlikely due to the inhibition of adenylate 
cyclase, since compounds (SQ22536 and H8) that inhibit either 
adenylate cyclase or protein kinase A did not mimic the inhib- 
itory effect of DA on the activity of DA cells, and 8-bromo- 
CAMP acting beyond the step of adenylate cyclase only atten- 
uated this effect of DA. On the other hand, our results support 
the notion that intracellular CAMP and protein kinase A have 
an important regulatory role in the effect of DA. Activation of 
adenylate cyclase or protein kinase A by forskolin and 8-bromo- 
CAMP, respectively, significantly attenuated DA-induced in- 
hibition of DA cells. Using specific inhibitors for the enzymes 
involved in the intracellular CAMP system, we also examined 
the possible involvement of CAMP in the modulatory effect of 
NT on DA cells. Our results suggest that NT may attenuate 
DA-induced inhibition by increasing the activity of adenylate 
cyclase and protein kinase A. Inhibitions of these enzymes by 
SQ22536 and H8 effectively antagonized the effect of NT. 

The activity of midbrain DA neurons appears to be controlled 
through a remarkable variety of different mechanisms including 
autoreceptors, cotransmitters, and feedback and nonfeedback 
pathways. Our results suggest that NT plays a part in these 
control mechanisms. Although adding yet one more complexity 
to DA system, NT’s actions provide a control mechanism that 
could malfunction and thus be a part of the pathogenesis of 
diseases thought to be in part due to abnormal DA system 
functioning (e.g., movement disorders and schizophrenia). Con- 
versely, if agonists and antagonists of NT receptors could be 
developed that cross the blood-brain barrier, we might have 
new drugs that would be useful in treating these same disorders. 
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