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Nicotine is reported to increase arousal and attention and to
elevate mood, effects that are most often associated with
changes in the function of monoaminergic neuromodulatory
systems (Feldman et al., 1997). Recent studies have shown a
nicotinic receptor-mediated presynaptic enhancement of fast
glutamatergic (McGehee et al., 1995; Gray et al., 1996) and
GABAergic (Léna and Changeux, 1997) transmission. However,
the mechanism of nicotinic effects on metabotropic-mediated
transmission in general, and on monoaminergic transmission in
particular, is less well understood. We have examined nicotinic
effects on dorsal raphe neurons of rats using whole-cell current
and voltage-clamp recording techniques in vitro. In the majority

of these neurons, activation of presynaptic nicotinic receptors
induced a depolarization mediated by norepinephrine acting on
a1 receptors. Blockade of this response revealed a hyperpo-
larization mediated by serotonin acting on 5-HT1A receptors.
Because the norepinephrine effect was sensitive to methyllyca-
conitine (100 nM), it is concluded that nicotinic receptors with an
a7 subunit can facilitate release of norepinephrine to activate
metabotropic receptors. In contrast, methyllycaconitine-
insensitive nicotinic receptors can induce 5-HT release in the
dorsal raphe nucleus.
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An interaction between brainstem cholinergic and serotonergic
neurons mediated by cholinergic projections to the dorsal raphe
(DR) nucleus has been implicated in the control of the desyn-
chronized sleep–slow wave sleep cycle (McCarley and Hobson,
1975; Steriade and McCarley, 1990; McCarley et al., 1995). Else-
where in the brain, there is also considerable overlap in the
afferent targets of cholinergic (ACh), noradrenergic (NE), and
serotonergic (5-HT) neurons that provides an anatomical basis
for additional interactions between these neuromodulatory sys-
tems (Foote et al., 1983; Semba and Fibiger, 1989; Jacobs and
Azmitia, 1992). Furthermore, biochemical studies have demon-
strated a cholinergic enhancement of monoaminergic transmitter
release in cortical tissue (Summers and Giacobini, 1995; Clarke
and Reuben, 1996; Role and Berg, 1996; Wonnacott, 1997).
However, the consequences of this enhanced monoamine release
in target nuclei have not been examined at the cellular level.

The DR nucleus, which contains most of the rostrally project-
ing serotonergic neurons in the CNS (Tork, 1990), receives af-
ferent input from both brainstem ACh and NE neurons (Jones
and Moore, 1977). The NE input, via activation of postsynaptic
a1 receptors (Yoshimura et al., 1985; Pan et al., 1994), acts as an
excitatory drive onto DR neurons. This excitatory drive is likely
to contribute to DR activity during waking (Baraban and Agha-
janian, 1980) when NE neurons of the locus coeruleus have high
tonic activity (Hobson et al., 1975; Aston-Jones and Bloom,
1981). In addition, serotonergic neurons of the DR can inhibit

their own activity via the activation of 5-HT1A autoreceptors
(Aghajanian et al., 1972; Yoshimura and Higashi, 1985) that cause
an increase in an inwardly rectifying potassium conductance
(Williams et al., 1988; Penington et al., 1993). In contrast, the
electrophysiological effects of cholinergic input onto DR neurons
are less well characterized. These cholinergic effects are likely to
be important because the majority of brainstem cholinergic neu-
rons have their highest activity during waking and it is in this
behavioral state that the highest activities of both NE and 5-HT
neurons are observed (McCarley and Hobson, 1975; Steriade and
McCarley, 1990; McCarley et al., 1995).

MATERIALS AND METHODS
Transverse brainstem slices were prepared from anesthetized 18- to
28-d-old hooded Long–Evans rats with procedures similar to those used
in the preparation of slices containing the laterodorsal tegmental and
pedunculopontine tegmental nuclei (LDT/PPT) nuclei (Luebke et al.,
1993), except they were obtained from a more rostral region of the
pontine–mesencephalic brainstem that contained the dorsal raphe nu-
cleus. The whole-cell recording “blind-patch” technique of Blanton et al.
(1989) was used in conjunction with the use of a submerged-slice record-
ing chamber with 500 ml of dead space and a rapid change drug appli-
cation system (see below). Borosilicate glass patch electrodes, with a
range of resistance from 4 to 6 MV, were filled with (in mM): K
methylsulfate 130, CaCl2 1, MgCl2 3, HEPES 10, EGTA 3, MgATP 2,
and NaGTP 0.2, 290–300 mOsm, pH 7.34. Current-clamp recordings
were made with an Axoclamp 2A amplifier and pClamp 6.1 software
(Axon Instruments, Burlingame, CA). Voltage-clamp recordings were
obtained either with an Axoclamp 2A in discontinuous voltage-clamp
mode or with an Axopatch 2D using series resistance compensation. The
slices were continuously perfused with artificial CSF consisting of (in
mM): NaCl 125, MgCl2 1.3, CaCl2 2.5, KH2PO4 3, glucose 10, and
NaHCO3 26, pH 7.35, at 30°C. Drugs were applied by addition to the
perfusion medium (flow rate of 1.5 ml/min) using multiple perfusion
lines that were funneled into a single outlet near the recording area. The
particular barrel to be used as a source of the medium could then be
remotely selected for rapid media exchange (,1 sec in most cases)
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because of the small volume of dead space. Averaged data are reported
as the mean 6 SEM.

RESULTS
Nicotinic receptors mediate cholinergic
hyperpolarization and depolarization in the
dorsal raphe
Application of ACh to DR neurons of adult rats in vitro induced
a depolarization in seven neurons (6.0 6 1.5 mV), a hyperpolar-
ization in four neurons (4.0 6 1.1 mV), and no effect on mem-
brane potential in two neurons (,0.5 mV) (Fig. 1A). Because the

ACh effects might be mediated by either nicotinic or muscarinic
receptors, the application of the muscarinic agonist methacholine
was examined. At a concentration of 1 mM, no effects on membrane
properties were observed in 9 of 11 neurons tested. In the remain-
ing two neurons, methacholine evoked a small depolarization that
was sensitive to the muscarinic antagonist atropine (5.0 mM).

In subsequent experiments, atropine (5.0 mM) was applied to
limit cholinergic effects to the activation of the nicotinic receptor
subtypes only. Under these conditions, ACh evoked both depolar-
izing and hyperpolarizing responses in DR neurons, with the
majority (60%) being depolarizing responses (n 5 8; Fig. 1B).
Both polarities of response were associated with a decrease in the
membrane input resistance (Rm). Two additional neurons showed
no alteration in the membrane potential but showed a decrease of
30 and 40% in their Rm values. Similar responses were also ob-
tained with nicotine (20 mM; n 5 7; Fig. 1B) or with the synthetic
nicotinic receptor agonist 1,1-dimethyl-4-phenylpiperazinium
(DMPP; 15 mM; n 5 38; Fig. 1C), suggesting that these responses
were mediated by nicotinic receptor activation. However, nicotine
and another nicotinic agonist, lobeline, can inhibit [ 3H]MK-801
(dizocilpine maleate) binding in neural tissue, suggesting a poten-
tial action for these agonists at NMDA receptors (Aizenman et al.,
1991). This did not seem to be the case because application of
2-amino-5-phosphonovalerate (APV), an NMDA antagonist (50
mM), did not affect the DMPP responses (n 5 4).

Moreover, the nicotinic nature of these responses was sup-
ported further by the observation that they were blocked by a
nicotinic receptor antagonist, mecamylamine (50 mM; n 5 4; Fig.
1C), that was applied at a concentration unlikely to distinguish
between different nicotinic receptor subtypes. Of two additional
nicotinic receptor antagonists examined, one, dihydro-b-
erythroidine (500 mM), was ineffective, and the other, hexametho-
nium, was only partially effective at high concentrations (1 mM).
Interestingly, repeat application of DMPP resulted in a gradual
reduction of the depolarizing response until only a hyperpolariz-
ing response was elicited (data not shown).

The DR nucleus receives cholinergic afferent fibers that could
activate the nicotinic receptors described above (Jones and
Moore, 1977). In the experimental conditions of the in vitro slice,
this activation might be subthreshold but could potentially be
enhanced by blocking the major catabolic enzyme for cholinergic
transmission, acetylcholinesterase. The addition of the cholines-
terase inhibitor neostigmine (1 mM; n 5 11) to the perfusion
medium induced a decrease in input resistance in all cells (n 5
11) and a depolarization in six cells (3.1 6 0.5 mV), a hyperpo-
larization in three cells (2.5 6 0.4 mV), and no change in
membrane potential but a decrease in input resistance in the
remaining two neurons tested (Fig. 1A).

Selective sensitivity to TTX and low calcium
The possibility of either a pre- or postsynaptic locus of the
DMPP-mediated responses was examined next. In current clamp,
application of tetrodotoxin (TTX; 0.6 mM; Fig. 2A,B) antago-
nized the DMPP-induced depolarization (n 5 7) and revealed a
hyperpolarizing response in four of seven neurons tested, no
hyperpolarization but a decrease in Rm in two of seven neurons,
and a markedly reduced depolarization in the remaining neuron.
These data were consistent with a depolarization that was indi-
rect and mediated by a presynaptic activation of nicotinic recep-
tors that required sodium-dependent (TTX-sensitive) inward cur-
rent to evoke the depolarizing synaptic transmission. In addition,
in perfusate containing low Ca21 (10 mM) and high Mg21 (10

Figure 1. Acetylcholine activates nicotinic responses in dorsal raphe
neurons. A, Three voltage traces show typical depolarizing and hyperpo-
larizing membrane potential responses to acetylcholine and a depolariz-
ing response to neostigmine from three different neurons. All responses
are associated with a decrease in input resistance, measured with intra-
cellular current injection (600 msec in duration; 50 pA in amplitude;
downward deflections in all traces). B, In the presence of the muscarinic
antagonist atropine, acetylcholine and nicotine both induce a membrane
depolarization, suggesting activation of nicotinic receptors. C, The role of
nicotinic receptors in the cholinergic responses is supported further by
blockade of both depolarizing and hyperpolarizing responses to the
nicotinic agonist DMPP by the nicotinic antagonist mecamylamine in two
different neurons in the presence of atropine. The depolarizing response
recovers by .50% after a 10 min wash in control medium, and the
hyperpolarizing response recovers by .90% after a 6 min wash.
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mM), the DMPP-induced depolarization was also blocked, and a
hyperpolarization was unmasked in all neurons tested (n 5 4; Fig.
2C). This latter effect also suggested a calcium dependence of the
depolarization, and although the site of the antagonism of the
calcium flux was not determined in this study, it might be either
the voltage-sensitive calcium channels or the nicotinic-gated cat-
ion channels or both.

In contrast to the depolarizing DMPP response, the hyperpo-
larization was insensitive to TTX and insensitive to low Ca 21

(Fig. 2A–D). This initially suggested a postsynaptic site of action
similar to that for a nicotinic response described previously in
septal neurons (Wong and Gallagher, 1989).

Nicotinic depolarization mediated by a1
noradrenergic receptors
Two of the putative neurotransmitters identified as excitatory to
DR neurons include glutamate and norepinephrine. Both a fast
glutamate-mediated EPSP (Pan and Williams, 1989a) and an a1
adrenoceptor-mediated slow EPSP (Yoshimura et al., 1985) have
been described in DR neurons in vitro. Recently, nicotine has
been demonstrated to increase glutamate release from presynap-
tic terminals in the cortex (McGehee et al., 1995; Gray et al.,

1996). However, bath application of the NMDA receptor antag-
onist APV (100 mM) and the AMPA receptor antagonist 6,7-
dinitroquinoxaline-2,3-dione (DNQX; 10 mM) did not reduce the
DMPP-mediated depolarization (n 5 4). In contrast, the a1
adrenoceptor antagonist prazosin (1 mM; n 5 4) blocked the
depolarizing response and unmasked a membrane hyperpolariza-
tion (Fig. 3A). Moreover, in voltage clamp, DMPP induced a
nonreversing, barium-insensitive, inward current that had a volt-
age sensitivity similar to that of the current induced by the a1
receptor agonist phenylephrine (n 5 4; Fig. 3B,C), reported
previously as barium-insensitive (Pan et al., 1994).

The DMPP and phenylephrine inward currents were both
associated with a decrease in slope conductance that was more
pronounced at the resting membrane potential than at more
hyperpolarized potentials. However, under control conditions,
the depolarizing response observed in most neurons was associ-
ated with a decrease in input resistance. This was likely to result
from the induction by DMPP of both a voltage-sensitive inward
current that decreased the whole-cell slope conductance (Fig. 3C)
and an increased inwardly rectifying conductance (Figs. 3F,
4A,B) that was small near the resting membrane potential and

Figure 2. The two nicotinic responses are selectively affected by either TTX or low calcium and high magnesium in the perfusion medium. A, Two
voltage traces from the same neuron before and during exposure to TTX show a TTX-dependent blockade of the depolarizing response that reveals a
TTX-insensitive hyperpolarizing response to the nicotinic agonist DMPP. B, A histogram of the average of the voltage amplitude of the nicotinic
response from the same neurons before (control ) and during exposure to TTX demonstrates the reversal of polarity of this response. C, Voltage traces
show that the addition of low calcium and high magnesium to the perfusion medium also reverses the polarity of the nicotinic response. D, In the presence
of prazosin (1 mM), the nicotinic response is hyperpolarizing, and the hyperpolarization is unaffected by low calcium and high magnesium.
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more pronounced at hyperpolarized potentials. This latter con-
ductance was likely responsible for the hyperpolarization induced
by nicotinic agonists when the depolarizing response was blocked.
Under control conditions, nicotinic receptor activation induced

both conductances; the result was a depolarization observed in
conjunction with an apparent decrease in resistance. The appar-
ent decrease in resistance likely reflected the measurement of the
resistance by hyperpolarizing current pulses, because hyperpo-

Figure 3. Both pharmacological and electrophysiological evidence suggests that noradrenergic a1 receptors and serotonergic 5-HT1A receptors mediate
the nicotinic depolarizing and hyperpolarizing responses, respectively. A, Two voltage traces illustrate a blockade of the DMPP-induced depolarizing
response that reveals a hyperpolarizing response by exposure to the a1 antagonist prazosin added to the bath medium. B, A graph of current versus
membrane potential shows the change in the neuronal I–V relationship when the a1 agonist phenylephrine is applied to the perfusion medium. C, A graph
similar to that described in B is shown except that DMPP was used in place of phenylephrine to show the similarity of the change induced in the I–V
curves by these two agonists. (Barium was present in B and C to block the hyperpolarizing response.) D, Two voltage traces taken during perfusion with
prazosin (1 mM) show the DMPP-induced hyperpolarization that is blocked by the 5-HT1A antagonist pindobind-5-HT1A. E, F, A graph of I–V curves
shows the effect of 5-HT (E) and can be compared with the I–V curves showing the effect of the hyperpolarizing response to DMPP (F ). In both cases,
the agonists induce an inwardly rectifying current that reverses near the potassium equilibrium potential.
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larization would activate the inwardly rectifying current and
thereby shunt the hyperpolarizing current pulse.

Nicotinic hyperpolarization mediated by
5-HT1A receptors
The finding that prazosin blocked the DMPP-induced depolar-
ization and left the DMPP-induced hyperpolarization intact en-
abled an examination of the hyperpolarizing response in isola-
tion. In contrast to our initial supposition of a direct nicotinic
action, the prazosin-insensitive hyperpolarization was blocked by
the 5-HT1A antagonist pindobind-5-HT1A (1 mM; n 5 6; Fig. 3D).
In addition, the pindobind-sensitive current had a number of
similarities to the 5-HT-induced inwardly rectifying potassium
current, including voltage sensitivity, a similar reversal potential
near the potassium equilibrium potential (Fig. 3E,F), and a
sensitivity to Ba21 ions (Williams et al., 1988; Penington et al.,
1993) (Fig. 4A–D).

Nicotinic-induced release of monoamines and
reuptake antagonism
The DR nucleus has well characterized reuptake systems for both
NE (Donnan et al., 1991; Tejani-Butt, 1992; Ordway et al., 1997)
and 5-HT (Cortes et al., 1988; Hrdina et al., 1990; Stockmeier et
al., 1996). Moreover, each uptake system has been shown to
regulate the decay rate of synaptic responses mediated by the
release of these two monoamines (Pan and Williams, 1989b).

Consequently, any alteration of monoamine reuptake should af-
fect the DMPP-mediated response of DR neurons if, indeed, the
alteration results from presynaptic nicotinic receptor-mediated
regulation of monoamine release. In the presence of barium (100
mM) and the NE reuptake inhibitor nisoxetine (50 nM), the time
constant of decay for the DMPP-mediated depolarizing response
(n 5 5) was increased by 150 6 10% ( p # 0.03, Walsh test; Fig.
5A). Similarly, in the presence of prazosin and the 5-HT reuptake
inhibitor fluoxetine (20 mM), the decay rate of the hyperpolarizing
response to DMPP (n 5 6) was increased by 220 6 20% ( p #
0.02, Walsh test; Fig. 5B). These observations were consistent
with the hypothesis of a DMPP-mediated action on presynaptic
monoaminergic release sites. Thus, nicotinic receptor activation
seemed to evoke the release of both NE and 5-HT and thereby
activate both a1 and 5-HT1A receptors on DR neurons, and
furthermore, under control conditions, the depolarizing effect of
a1 receptor activation predominated.

Methyllycaconitine selectively antagonizes the NE
depolarizing response
The two nicotinic responses differed in regard to their sensitivity
to one of the most selective of the nicotinic antagonists currently
available. Methyllycaconitine (MLA), an antagonist of nicotinic
receptors that possess an a7 subunit (Alkondon et al., 1992;
Alkondon and Albuquerque, 1993), at a concentration of either

Figure 4. The inwardly rectifying current induced by DMPP is completely blocked by barium (100 mM). A, A graph of the whole-cell current [prazosin
(1 mM) was present at all times] versus the membrane potential at which it was measured is shown with two curves. The control curve was obtained before
exposure to DMPP (15 mM), and the curve labeled DMPP was obtained during the exposure. B, The curve shown was calculated by subtraction of the
control curve from the DMPP curve to give the current generated by DMPP. An inward rectification of the current similar to that evoked by 5-HT1A
agonists is apparent. C, D, The two graphs are similar to those in A and B except that barium (100 mM) was present. The current induced by DMPP was
completely blocked.
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100 nM (n 5 4; Fig. 6) or 1.0 mM (n 5 5) selectively blocked the
DMPP-induced depolarization but did not affect the hyperpolar-
izing response. When the depolarization response was isolated by
selective blockade of the hyperpolarizing response with barium
(100 mM; n 5 3; Fig. 6B) or with pindobind-5-HT1A (1 mM; n 5
2), the MLA blockade of the depolarizing response was complete
at 100 nM concentration. At the same concentration, MLA had no
effect on the isolated (prazosin at 1 mM; n 5 4; Fig. 6C) hyper-
polarizing response. Mecamylamine (30 mM; n 5 5) blocked both
the DMPP-induced inward and outward currents, but the antag-
onism of the hyperpolarizing response was not complete, whereas
the antagonism of the depolarizing response was. When the
hyperpolarizing response was isolated (prazosin at 1 mM), 30 mM

mecamylamine reduced it by 61 6 11% (n 5 5), whereas at 50 mM

(n 5 4), the isolated outward DMPP-induced current was com-
pletely blocked (Fig. 1C).

DISCUSSION
In the majority of DR neurons, nicotinic agonists elicited a
depolarization that was mimicked by the a1 agonist phenyleph-
rine, blocked by the a1 antagonist prazosin, and prolonged by the
NE uptake inhibitor nisoxetine. Furthermore, in control condi-
tions the depolarizing response predominated and was selectively
blocked by low concentrations of MLA. As seen with nicotinic
stimulation of glutamate release (McGehee et al., 1995; Gray et
al., 1996) and GABA release (Léna and Changeux, 1997), the

depolarization was blocked by TTX, suggesting that the depolar-
izing effects of DMPP were caused by a presynaptic nicotinic
receptor-mediated release of NE that acted on postsynaptic a1
receptors (Fig. 7). Spontaneous miniature postsynaptic monoam-
inergic currents could not be resolved in DR neurons, and this
precluded an analysis of nicotinic effects on the frequency or
amplitude of spontaneous miniature events. The dependence of

Figure 5. Antagonism of the noradrenaline and serotonin transporters
prolongs the depolarizing and hyperpolarizing nicotinic responses, re-
spectively. A, Two voltage traces of the depolarizing DMPP response, in
the presence of barium to block the hyperpolarizing response, show a
decreased decay rate when the noradrenaline transport inhibitor nisox-
etine is added to the perfusion medium. B, In the presence of prazosin to
block the DMPP depolarizing response, the decay rate of the hyperpo-
larizing response is slowed by exposure to the serotonin transport inhib-
itor fluoxetine.

Figure 6. Methyllycaconitine selectively blocks the NE depolarizing
response. A, A voltage trace showing the blockade of the depolarizing
response to DMPP by MLA reveals a hyperpolarizing response to
DMPP. B, In the presence of barium (100 mM), the hyperpolarizing
response to DMPP is blocked, and the depolarizing response can be seen
in isolation. Under these conditions, the complete blockade of the re-
sponse by MLA is confirmed. C, In the presence of prazosin (1 mM), the
hyperpolarizing response to DMPP can be seen in isolation. Under these
conditions, the response is unaffected by MLA.
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the nicotinic-induced release of NE on voltage-sensitive sodium
channels suggested a susceptibility of this effect to presynaptic
inhibition, especially if the mechanism of inhibition was attribut-
able to a shunting of depolarizing currents in the terminals. This
stands in contrast to the TTX-insensitive, nicotinic-stimulated
release of 5-HT discussed below.

When the a1 response was blocked, DMPP elicited a hyper-
polarization, which was mimicked by 5-HT, antagonized by the
5-HT1A antagonist pindobind, and prolonged by the 5-HT uptake
inhibitor fluoxetine. This suggested that the hyperpolarizing ef-
fect of DMPP was caused by the release of 5-HT acting on
postsynaptic 5-HT1A autoreceptors (Fig. 7). Nicotinic-stimulated
release of 5-HT, but not NE, was observed when either sodium-
dependent action potentials or Ca21 flux across the membrane
were antagonized.

There are several possibilities that might account for the
nicotinic-evoked release of 5-HT in the low Ca21 and high Mg21

solution. For example, transmitter release can be evoked in the
absence of calcium flux across the membrane, as reported recently
for insulin stimulation of neuropeptide secretion (Jonas et al.,
1997), although in this case the receptor effector mechanism was
metabotropic, unlike the ionotropic nicotinic receptors currently
characterized in the CNS. In peripheral tissue, observations
suggesting nicotinic-evoked neuropeptide secretion in the pres-
ence of calcium current antagonists are not unprecedented. Frog
pituitary melanotrophs display a nicotinic-evoked release of
a-MSH under these conditions that seemed to be mediated by a
phosphoinositol-dependent increase of intracellular calcium
(Garnier et al., 1994). However, this effect was not sensitive to
other classical nicotinic agonists or antagonists, including acetyl-
choline. In mouse C2C12 myotubes, Grassi et al. (1993) reported
a nicotinic receptor-induced increase in inositol phospholipid
turnover that was sensitive to acetylcholine. Thus, metabotropic
responses associated with transmitter release can be evoked by
nicotinic agonists, although the molecular relationship of the
receptors responsible for these effects to other nicotinic receptors
remains to be determined.

An alternative, but not mutually exclusive, possibility is that
5-HT release from DR neurons requires less calcium than does
the better-characterized fast amino acid transmitter systems. An
inward current that would accompany an inward calcium flux was
not induced by nicotinic agonists in this preparation. This sug-
gests either an electrotonically distal location for this putative
influx (for example, in axon terminals) and/or an amplitude of ,5
pA of influx current. It should be noted that the low Ca 21 and
high Mg 21 solution used in this study reduced but did not
completely abolish Ca21 flux or miniature synaptic currents.
Accordingly, even in the presence of a partial blockade of calcium
flux, as seen with the low Ca21 and high Mg21 medium used in
this study, nicotinic activation may still provide sufficient calcium
influx for 5-HT release of the same magnitude as that observed in
control medium (Fig. 2D). In this regard, a little-characterized
aspect of 5-HT release in the dorsal raphe nucleus is that the
presynaptic source of the 5-HT may be either recurrent axon
terminals and/or dendodendritic sites. The possibility of the latter
site is raised by observations of 5-HT-containing vesicles in den-
drites of 5-HT neurons in the DR (Chazel and Ralston, 1987).
However, it is not known whether 5-HT can be released from
these vesicles nor what the relationship to intracellular calcium
concentration might be.

Finally, it is conceivable that nonvesicular release of 5-HT
occurs that may be altered by nicotinic activation. However, it
seems unlikely that the 5-HT transporter is involved. The 5-HT
transporter inhibitor fluoxetine did not abolish the nicotinic-
induced hyperpolarization. Rather, this antagonist increased the
time course of the decay of the hyperpolarization.

Numerous subunits of the nicotinic receptor have been de-
scribed that can combine to form multiple functional receptors,
suggesting a wide diversity of nicotinic acetylcholine receptors in
vivo. One of the few pharmacological tools currently available
with specificity for receptors containing the a7 subunit, MLA,
was used in this study to block selectively the nicotinic depolar-
izing response that was caused by release of NE. Although the a8
and a9 subunits have some similarity with the a7 subunit and thus
might bind MLA, there is no evidence for the existence of either
of these two subunits in the brainstem tegmentum. This would
suggest that the noradrenergic cells of the locus coeruleus can
encode for a7 subunits and that nicotinic receptors capable of
inducing the release of transmitter from their terminals also
contain these a7 subunits.

In apparent contrast to the findings of the present study, evi-
dence for a relative insensitivity of nicotinic-induced [ 3H]NE
release in the hippocampus (as compared with nicotinic-induced
dopamine release) to methyllycaconitine (Clarke and Reuben,
1996) and a-bungarotoxin (Sershen et al., 1997) has been re-
ported. In the former study, the nicotinic-induced release of
[3H]NE was not significantly affected by TTX, whereas in the
latter, it was reduced but not eliminated, unlike the situation in
the dorsal raphe. At the same concentration of nicotine used to
assess electrophysiological effects in the dorsal raphe (20 mM, near
maximal effect), the increase over the basal level of [3H]NE
release was ,25% of maximum in the hippocampus. Thus, both
the mechanism for the nicotinic-evoked increase in [ 3H]NE re-
lease and the receptor mediating the effect in the hippocampus
are probably different than that for the nicotinic-evoked NE
synaptic potential observed in the dorsal raphe. The possibility of
an electrophysiologically relevant nicotinic-induced NE response
in the hippocampus that involves a7 subunits cannot yet be
excluded.

Figure 7. Schematic of postulated mechanism of nicotinic receptor acti-
vation in the dorsal raphe nucleus. Cholinergic fibers from the cholinergic
neurons of the laterodorsal and pedunculopontine nuclei may activate
presynaptic nicotinic receptors located on both noradrenergic neurons
from the locus coeruleus and serotonergic dorsal raphe neurons to facil-
itate release of noradrenaline and serotonin onto dorsal raphe neurons.
The release of serotonin (*) may be from either dendritic or axonal
sources or both.
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At present, there is little evidence to suggest the nature of the
nicotinic receptor(s) mediating the 5-HT response, except a lack
of sensitivity for methyllycaconitine. Some selectivity of antago-
nism was also noted for mecamylamine, but this was only partial.
In the hippocampus, mecamylamine showed little selectivity in
blocking either methyllycaconitine-sensitive or -insensitive re-
sponses (Clarke and Reuben, 1996).

Implications for behavioral state control
During the behavioral state of waking, cholinergic, noradrener-
gic, and serotonergic activity is high. Under these conditions,
nicotinic receptor activation may have a predominately excitatory
effect on DR neurons, consistent with our results in control
conditions in vitro (Fig. 1). This excitation would most likely have
the greatest amplitude when both cholinergic and noradrenergic
neurons are active. It could thus impart greater specificity of
effect to divergent NE neuronal projections not only in DR target
sites but in other CNS areas as well, because the NE terminals
receiving coincidently active, cholinergic input could have the
greatest influence.

Activation of 5-HT1A autoreceptors in the DR is sufficient to
generate and maintain increases in REM sleep (Portas et al.,
1996). In the transition from slow wave sleep to REM sleep,
cholinergic activity increases, and monoaminergic activity ceases.
Inhibition in the DR increases as indicated by the increased
release of GABA in this region during REM (Nitz and Siegel,
1997). If the GABAergic inhibition during REM includes the
noradrenergic terminals, then the possibility of a transition in
polarity of cholinergic influence on DR neurons from an excita-
tory to an inhibitory effect exists. This is because nicotinic recep-
tor stimulation of 5-HT release that is inhibitory may be resistant
to GABAergic presynaptic inhibition. Nicotinic activation of the
DR during REM sleep may thus increase a 5-HT1A-dependent
inhibition.
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