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Abstract

Release of acetylcholine within the pontine reticular formation (PRF) from the axon terminals of mesopontine cholinergic neurons
has long been hypothesized to play an important role in rapid eye movement (REM) sleep generation. As some of these

cholinergic neurons are known to contain substance P (SP), we used anatomical, electrophysiological and pharmacological

techniques to characterize this projection in the rat. Double immuno¯uorescence demonstrated that 16% of all cholinergic

neurons within the mesopontine tegmentum contained SP; this percentage increased to 27% in its caudal regions. When double
immuno¯uorescence was combined with retrograde tracing techniques, it was observed that up to 11% of all SP-containing

cholinergic neurons project to the PRF. Whole-cell patch-clamp recordings from in vitro brainstem slices revealed that SP

administration depolarized or evoked an inward current in a dose-dependent manner in all PRF neurons examined, and that
these effects were antagonized by a SP antagonist. The amplitude of the SP-induced inward current varied with changes in the

Na+ concentration, did not reverse at the calculated K+ or Cl± equilibrium potentials, and was not attenuated in the presence of

tetrodotoxin, low Ca2+ concentration or caesium ions. These data suggest that activation of a tetrodotoxin-insensitive cation
channel(s) permeable to Na+ is responsible for a SP-induced inward current at resting membrane potentials. The depolarizing

actions of SP appeared to be primarily due to activation of the adenylate cyclase pathway, and were additive with cholinergic

receptor activation even at maximal concentrations. These data indicate that SP is colocalized in a subpopulation of mesopontine

tegmental cholinergic neurons projecting to REM sleep-induction regions of the PRF, and that actions of these two neuroactive
substances on PRF neurons are additive. If SP is coreleased with acetylcholine, the additive actions of the two neurotransmitters

might heighten the excitability of postsynaptic PRF neurons and ensure the initiation and maintenance of REM sleep.

Introduction

Cholinergic neurons in the mesopontine tegmentum, speci®cally in the

laterodorsal (LDT) and pedunculopontine tegmental (PPT) nuclei, are

believed to play a major role in the generation of rapid eye movement

(REM) sleep. They provide the main cholinergic input to so-called

REM sleep-induction regions, i.e. regions within the pontine reticular

formation (PRF) in which microinjections of cholinergic agents are

effective in inducing a REM sleep-like state in both cat (Baghdoyan

et al., 1984; Vanni-Mercier et al., 1989; Yamamoto et al., 1990;

Reinoso-SuaÂrez et al., 1994; Garzon et al., 1998) and rat (Gnadt &

Pegram, 1986; Bourgin et al., 1995; Deurveilher et al., 1997).

However, there is evidence that endogenous peptidergic input to the

PRF may also be involved in REM sleep generation (Morales et al.,

1998) and peptides have been shown to have actions within this region

of the PRF (Drucker-ColõÂn et al., 1984; Bourgin et al., 1997; Ahnaou

et al., 1999; Kohlmeier & Reiner, 1999; Ahnaou et al. 2000). Indeed,

peptidergic neurons are present in the mesopontine tegmentum, and

several neuropeptides have been demonstrated to be present within the

cholinergic neurons (Vincent et al., 1983). The best known of these is

substance P (SP), an undecapeptide with a wide role in neurotransmis-

sion and neuromodulation, and both SP and its mRNA are present in a

subpopulation of mesopontine cholinergic neurons (Vincent et al.,

1983; Sutin & Jacobowitz, 1990). While rostral projections of

cholinergic, SP-containing mesopontine neurons have been reported

(Sakanaka et al., 1981; Sakanaka et al., 1983; Vincent et al., 1983;

Oakman et al., 1999), the presence of SP in the descending cholinergic

pathways, including that to the PRF, has not been investigated in any

detail. Substance P-immunoreactive ®bres (Kungel et al., 1994) and

SP receptor immunoreactivity (Nakaya et al., 1994) are present in the

PRF. Substance P has been shown to have a strong excitatory action on

a set of caudal pontine reticular neurons implicated in the acoustic

startle response, and this effect can be potentiated by coapplication of a

cholinergic agonist (Kungel et al., 1994). However, potential effects of

this peptide on the more rostrally located, REM-induction zone

neurons have not been examined previously.
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Because SP is colocalized in neurons known to be important for

behavioural state control, we ®rst sought to examine anatomically

whether SP is present in the mesopontine cholinergic neurons that

project to the PRF. We distinguished between the ventral and dorsal

regions of the PRF because recent studies reported regional

differences in the effectiveness of carbachol injections in inducing

REM sleep in both rat (Deurveilher et al., 1997) and cat (Reinoso-

SuaÂrez et al., 1994; Garzon et al., 1998). We then examined whether

SP has electrophysiological actions on PRF neurons within the REM

sleep-induction zone, and characterized cellular mechanisms that

mediate the electrophysiological response.

Methods

All animals were handled in accordance with the guidelines of the

Canadian Council on Animal Care, and the protocols involving

animal use were approved by respective local committees at

Dalhousie University and the University of British Columbia.

Anatomical studies

Animals

Twenty-one Wistar rats, 250±350 g in body weight, from Charles

River Canada (St. Constant, Quebec, Canada) were used. They were

kept under a 12-h light : 12-h dark cycle with lights on at 07.00 h.

Food and water were available ad libitum.

Tracer injections

Animals were anaesthetized (i.p.) with a mixture of ketamine (10 mg/

mL), xylazine (1 mg/mL) and acepromazine maleate (1 mg/mL) at

0.1 mL/100 g body weight. Using a glass micropipette attached to a

Hamilton syringe, the retrograde tracer Fluorogold (FG;

Fluorochrome, Englewood, CO, USA; 0.5% in saline, 5 nL) was

injected into the ventral or the dorsal region of the PRF where

microinjections of carbachol have been reported to be effective in

inducing REM sleep in rat (Gnadt & Pegram, 1986; Bourgin et al.,

1995; Deurveilher et al., 1997). The dorsal (Baghdoyan et al., 1984;

Vanni-Mercier et al., 1989; Yamamoto et al., 1990) and ventral

(Reinoso-SuaÂrez et al., 1994; Garzon et al., 1998) PRF regions also

corresponded to those reported previously in cat. The following co-

ordinates were used, according to the brain atlas by Paxinos &

Watson (1998): 8.5 mm posterior to bregma, 1.0 mm from midline,

8.0 mm from dura for the ventral PRF; 8.5 mm posterior to bregma,

1.0 mm from midline, 6.9 mm from dura for the dorsal PRF. After

48 h, to allow transport of the tracer, animals were re-anaesthetized

as above, and colchicine (Sigma, Oakville, Ontario, Canada; 40 mg in

10 mL saline) was injected into the lateral ventricle. Twenty-four

hours after colchicine injection, under anaesthesia as above, the

animals were perfused with 50 mL of 0.1 M phosphate-buffered

saline at room temperature, followed by 400 mL of 4% paraformal-

dehyde solution in 0.1 M phosphate buffer at 4 °C. Brains were

cryoprotected in 30% sucrose in phosphate buffer.

Brains were cut on a freezing microtome at a thickness of 40 mm,

and sections were collected in ®ve sets in 0.05 M Tris-buffered saline.

One set was immediately mounted on chrome alum, gel-coated glass

slides and examined for placement of tracer injection and presence of

retrogradely labelled neurons. The other sets were used for

immunohistochemistry as follows, or stored as `back-ups'.

Immunohistochemistry

One series (from a total of ®ve series) of free-¯oating serial sections

through the mesopontine tegmentum were processed for double

immuno¯uorescence for ChAT (monoclonal; Boehringer-Mannheim,

Laval, Quebec, Canada; 1 : 50) and SP (rabbit polyclonal; Incstar,

FIG. 1. Five subregions of the mesopontine tegmentum containing
cholinergic neurons that were used in the quantitative analysis of single,
double and triple labelled neurons. The numbers indicate estimated
distances in mm from the rostral end of the column of cholinergic neurons
in the mesopontine tegmentum. Modi®ed from Inglis & Semba (1996).
Abbreviations: Aq, aqueduct; cst, corticospinal tract; IC, inferior colluculus;
LDTd, laterodosal tegmental nucleus (dorsal); LDTv, laterodorsal tegmental
nucleus (ventral); MiTg, microcellular tegmental nucleus; PB, parabrachial
nucleus; PnO, oral pontine nucleus; PPTc, pedunculopontine tegmental
nucleus, pars compacta; PPTd, pedunculopontine tegmental nucleus, pars
dissipata; SC, superior colliculus; scp, superior cerebellar peduncule; SPT;
subpeduncular nucleus; SubCD, subcoeruleal nucleus (dorsal); xscp,
decussation of the superior cerebellar peduncle.
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Stillwater, MN, U.S.A.; 1 : 800). The immunohistochemical protocol

used in the present study has been described previously (Semba, 1993).

The location of each of the primary antibodies was detected by a

secondary antibody conjugated with Texas Red (red ¯uorescence) or

¯uorescein isothiocyanate (FITC)/Cy2 (green ¯uorescence). The

combination most commonly used in the present study was Texas

Red for ChAT and FITC/Cy2 for SP, and the two were processed

sequentially in this order. In addition, two sets of sections, including a

second series from the same animal, were processed with the

¯uorochromes switched between ChAT and SP. In four animals, one

series of sections was also processed only for SP or for ChAT, using

secondary antibodies tagged with one of the three ¯uorochromes.

Control sections were reacted with omission of the primary antibodies.

Anatomical data analysis and digital imaging

Fluorescent labels were examined on an Olympus microscope with

®lter cubes for ultraviolet, blue and green ¯uorescence. Exposure to

¯uorescence was minimized with frequent use of the shutter on the

microscope and storage of slides in darkness at 4 °C.

Examinations of immunostained sections indicated that cholinergic

neurons in the mesopontine tegmentum were distributed over

approximately 15 consecutive sections in each of the ®ve series.

For cell counting, in each brain, equally spaced (usually every third

section) six sections that encompassed the entire mesopontine

tegmentum were examined on both sides of the brain. Single, double

and triple labelled neurons were plotted using an X±Y plotting

program (Scope Plotter, Version 1.51; Scott Pronych, Dalhousie

University, Halifax, Nova Scotia, Canada) with scaling bars attached

to the microscope stage. The outline of each section was also drawn.

The combined drawings were imported into DeltaGraph (Version

2.02b; SPSS, Chicago, IL, U.S.A.) for total cell counts in each

section, and then into Canvas (version 3.5; Deneba Systems, Miami,

FL, U.S.A.) for counts of single, double and triple labelled cells.

For quantitative analysis, the area containing the cholinergic cell

group in the mesopontine tegmentum was divided into ®ve

subregions as in our previous study (Inglis & Semba, 1996) with

minor modi®cations (Fig. 1). The ®ve subregions were: the pars

dissipata (PPTd) and pars compacta (PPTc) of the pedunculopontine

tegmental nucleus, the subpeduncular nucleus (SPT), and the ventral

part (LDTv) and the dorsal part (LDTd) of the laterodorsal tegmental

nucleus. These subregions were demarcated in each section analysed,

and labelled neurons were counted within each subregion. The

numbers were added for each subregion across the six sections in

each animal. The counts were expressed as mean 6 SEM, and were

statistically analysed by using three-way ANOVA with two repeated

measures and post hoc Bonferroni±Dunn tests (Statview, Version 5.0;

SAS Institute, Cary, NC, USA).

The cell counts used in this study were not intended for absolute

numbers of cells, but rather, used as measures for the proportions of

different transmitter and connectional phenotypes of mesopontine

cholinergic neurons. Therefore, stereological methods were not used.

Selected images of triple labelled neurons were captured on a

¯uorescence microscope and processed using Adobe Photoshop

(version 4.0; Adobe Systems, San Jose, CA, U.S.A.) for presentation.

In vitro electrophysiological study

Wistar rats (7±21 days old) obtained from University of British

Columbia Animal Care (Vancouver, British Columbia, Canada) were

anaesthetized with halothane and decapitated. The brain was rapidly

removed and trimmed to form a block that contained the REM sleep-

induction zone within the PRF which was then cut into coronal slices,

400 mm-thick, on an Oxford vibratome (TPI, Tustin, CA, USA). The

slice containing the PRF was placed in a recording chamber and

constantly superfused with a solution of standard arti®cial cere-

brospinal ¯uid (ACSF) containing (in mM): NaCl, 126; NaHCO3, 25;

NaH2PO4, 1.2; KCl, 2.5; CaCl2, 2.5;, MgCl2, 1.2 and glucose, 11;

pH 7.3 when saturated with 95% O2/5% CO2, and an osmolarity of

315 mOsM. Slices were allowed to equilibrate to room temperature

for ~1 h, and all electrophysiological experiments were carried out at

21 °C.

The whole-cell con®guration of the patch-clamp technique as

applied to brain slices was used to record from neurons in the PRF

using bridge mode and voltage clamp methodologies (for details, see

Kamondi et al., 1992). Bridge mode and single-electrode voltage-

clamp (SEVC) measurements were obtained with an Axoclamp 2A

ampli®er (Axon Instruments, Inc., Foster City, CA, USA). Patch

pipettes were constructed from thin-wall borosillicate glass capillary

tubes (1.5 mm o.d.; 1.17 mm i.d.; Warner Instrument Co., Hamden,

CT, USA). The electrode solution contained (in mM): K-gluconate,

120; HEPES acid, 10; NaCl, 24; KCl, 15; EGTA, 11; CaCl2, 1;

MgATP, 2 with the pH ranged from 7.1 to 7.3. Osmolarity of the

patch solution was 290 mOsM.

For voltage command generation, and voltage and current data

acquisition, the P-Clamp 6 suite of programs (Axon Instruments Inc.)

was utilized. In bridge mode, baseline and postdrug recording of

synaptic activity, input resistance and resting membrane potentials of

PRF neurons were collected and compared; input resistance was

determined by maximum voltage de¯ection of the membrane

potential upon the injection of 0.03 nA hyperpolarizing current

following injection of DC current to bring the cell to resting

membrane potential. In `additivity' experiments, peak-induced

inward current was utilized as the index of response. Data are

reported as mean 6 SEM Statistical signi®cance was assessed using

Student's paired t-test or a between group repeated measure ANOVA.

Substance P was obtained from Sigma (Oakville, Ontario, Canada)

and stock solutions were made by dissolving the peptide in distilled

water and then freezing this solution in 10 mL aliquots. Unless noted

otherwise, on the day of the experiment, the aliquot was unfrozen and

diluted to a ®nal concentration of 250 nM in ACSF. Applications of

SP were via the bath (total application time 30 s). (D-Arg1, D-Pro2,

D-Trp7,9, Leu11) Substance P, an antagonist of SP at neurokinin

receptors (Peptide Institute, Inc., Louisville, KY, USA) that does not

differentiate between neurokinin receptor subtypes, was dissolved in

water and applied in the ACSF at a ®nal concentration of 1 mM.

In most experiments, tetrodotoxin (TTX; Sigma) was added to

block voltage dependent Na+ currents. To block Ih channels and the

inwardly rectifying K+ channel, caesium was added to the ACSF at

1 mM concentration. The low Na+ (27.2 mM) solution was made by

equimolar substitution of choline chloride for NaCl. In these

experiments, atropine (5 mM; Sigma), an antagonist of muscarinic

cholinergic receptors, was added to ACSF-choline to prevent

depolarization produced by choline itself. Low Ca2+ (0.5 mM)

solutions were made by substitution of Ca2+ with high Mg2+

(10 mM). Low Ca2+ ACSF was applied for 10±20 min prior to test

drug application in order to ensure its effect. Effectiveness of the low

Ca2+ solution was determined in bridge mode by monitoring the

afterhyperpolarization (AHP) amplitude following elicitation of an

action potential; maximal effect of the low Ca2+ solution was

considered to have occurred when the amplitude of the AHP was

signi®cantly decreased (Gerber et al., 1991; Kohlmeier & Reiner,

1999). 8-bromo-cAMP and 8-bromo-cGMP (Sigma) were dissolved

in ACSF and applied for 15±20 min for maximum effect. Stock

solutions of 2¢5 didoxyadenosine (Calbiochem, Windsor, Ontario,

178 K. A. Kohlmeier et al.
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Canada; 10 mM) and RP-8-pCPT-cGMPs (Biolog, LaJolla, CA, USA;

1 mM) were prepared by dissolving them in DMSO and water,

respectively. Aliquots of stock solutions were dissolved in ACSF and

applied 15±20 min prior to SP.

Results

Anatomical analysis

Injection sites and immunohistochemical controls

Of 21 animals injected with FG, nine cases were subjected to

quantitative analysis on the basis of the location and the size of

injection. Three additional cases with dorsal PRF injection were

examined qualitatively. These injection sites varied somewhat in

location and size, but all were con®ned to the PRF. Depending on

the dorsoventral position within the PRF, these injections were

grouped into the ventral (Fig. 2) or the dorsal PRF cases (Fig. 3).

The ventral PRF injections were located ventromedial to the

motor trigeminal nucleus, at the rostral level of the caudal pontine

reticular nucleus, extending, in same cases, to the caudal level of

the oral pontine reticular nucleus. The dorsal PRF injections were

located medial or mediodorsal to the motor trigeminal nucleus. As

a group, these injections were slightly more rostral to the ventral

PRF injections and centred about the junction of the oral and

caudal pontine reticular nuclei, although the two sets of injections

overlapped considerably.

Figure 4 illustrates examples of neurons that are triple-labelled for

FG, ChAT and SP (FG+ ChAT+ SP+) or double-labelled for SP and

ChAT (SP+ ChAT+). Control sections that were processed with

omission of primary antibodies resulted in no speci®c labelling.

Switching the ¯uorochromes of secondary antibodies between Texas

Red and FITC/Cy2 made no noticeable difference in the pattern or the

number of triple labelled neurons when examined in two cases. In two

animals, in addition to double immuno¯uorescence, two series of

sections were processed for either ChAT or SP. The quantitative

analyses of these data indicated no obvious difference between these

single immunolabelling data and those from sections processed for

double immuno¯uorescence; indicating that triple labelling proced-

ures did not compromise the sensitivity of detection of each marker

and that the microscopic equipment used in the present study was

adequate for detecting three ¯uorescent markers independently

without interaction.

Distribution of cholinergic or SP-containing neurons: single labelling for

ChAT or SP

The distribution of ChAT-immunoreactive (ChAT+) neurons was in

accordance with previous reports in rat (Semba & Fibiger, 1989). The

numbers of ChAT+ neurons contralateral to injection site were

compared across the ®ve subregions of the mesopontine tegmentum

(Fig. 1). Regional differences were statistically signi®cant (ANOVA,

F4,32 = 20.19, P < 0.001; Fig. 5A), with the LDTd containing a

larger number of ChAT+ neurons than any other subregion

(Bonferroni±Dunn test, P < 0.001). Thus, the LDTd contained 37%

of total ChAT+ neurons in the mesopontine tegmentum. In addition,

the SPT contained signi®cantly fewer ChAT+ neurons than the PPTd

(P < 0.001; Fig. 5A)

The distribution of SP-immunoreactive (SP+) neurons in the

midbrain and pons was also consistent with previous reports in rat

(Vincent et al., 1983; Sutin & Jacobowitz, 1990). Large SP+ neurons

were mixed with large ChAT+ neurons in the mesopontine

tegmentum. Substance P+ neurons were also seen in the central

grey and in the superior and inferior colliculi, but these neurons were

generally smaller than those in the LDT and PPT. In the present

study, only SP+ neurons within the cholinergic cell nuclei of the

mesopontine tegmentum were included in quantitative analysis. The

numbers of SP+ neurons were signi®cantly different among the ®ve

subregions of the mesopontine tegmentum (F4,32 = 30.93, P < 0.001;

Fig. 5C); SP+ neurons were seldom seen in the PPTd, whereas the

LDTd contained a signi®cantly greater number of SP+ cells than any

other subregion (P < 0.001) and this amounted to 65% of all SP+

neurons in the cholinergic mesopontine tegmentum (Fig. 5C).

Colocalization of SP in cholinergic neurons: double labelling for SP and

ChAT

The ratio of SP+ cells to ChAT+ cells showed regional differences; it

was approximately 1 : 2 in the LDTd, but signi®cantly smaller in other

regions (Fig. 5A and C). The mean proportion of ChAT+ neurons that

were SP+ increased from 2% to 27% in a rostral to caudal direction,

with an overall average of 16% (Fig. 5B). The majority (55±66%) of

SP+ neurons were ChAT+ in all subregions, except in the PPTd, where

the percentage was lower, at 23% (Fig. 5D).

The number of neurons that were both ChAT+ and SP+

(ChAT+ SP+) showed a signi®cant regional difference

(F4,32 = 24.83, P < 0.001; Fig. 5E). The majority (64%) of such

double-labelled neurons were located within the LDTd, and the

number of ChAT+ SP+ neurons in this region was signi®cantly

greater than in any other region (P < 0.001).

Cholinergic neurons projecting to the ventral and dorsal PRF: double

labelling for ChAT and FG

The comparison of ChAT+ neurons that were labelled retrogradely

from the ventral and the dorsal PRF indicated that twice as many

ChAT+ neurons were labelled retrogradely from the ventral, than

the dorsal, PRF with FG (F1,7 = 13.73, P < 0.01; Figs 6 and 7A

and B). The interaction between the target regions (ventral/dorsal

PRF) and mesopontine subregions was also signi®cant

(F4,28 = 3.86, P < 0.01), but post hoc tests failed to detect

signi®cant differences between the dorsal and ventral injections

in any of the ®ve subregions. There was no signi®cant overall

regional difference among the ®ve subregions.

When ventral and dorsal injections were combined, there was no

signi®cant difference in the total number of retrogradely labelled

ChAT+ neurons between the ipsi- and contralateral sides. However,

the numbers of FG+ ChAT+ neurons tended to show ipsilateral

dominance with the dorsal PRF injections, whereas the numbers were

bilaterally similar with the ventral PRF injections (Figs 6 and 7A).

Thus, 16% of all ChAT+ neurons either ipsi- and contralaterally were

labelled from the ventral PRF, whereas following the dorsal PRF

injections, the percentage was 8% ipsilaterally, and 5% contra-

laterally (Fig. 7B).

SP-containing neurons projecting to the PRF: double labelling for SP

and FG

A subpopulation of SP+ neurons intermixed with ChAT+ neurons

were labelled retrogradely from the PRF with FG. The mean

percentage of FG+ neurons among all SP+ neurons ranged from 4±

8% in different subregions of the mesopontine tegmentum. As the

number of such neurons was relatively small, combined data for the

®ve subregions are shown in Fig. 7C. Similar to the results with

ChAT+ neurons, FG+ SP+ neurons were bilaterally distributed

following ventral PRF injections, but showed an ipsilateral domin-

ance with dorsal PRF injections (Fig. 7C and D). Consistent with this
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FIG. 2. Fluorogold (FG) injections into the ventral PRF in four rats. The centre of the injection is indicated with solid shading, and the halo is indicated by
lighter shading. The far left column shows standardized sections at eight rostrocaudal levels of the midbrain and pons, and major structures present at each
level. The number lower right to each drawing indicates the distance in mm from the interaural line according to Paxinos & Watson (1998). Abbreviations: 5,
motor trigeminal nucleus; 7n, facial nerve; DMT, dorsomedial tegmental area; DR, dorsal raphe nucleus; DT, dorsal tegmental nucleus; LC, locus coeruleus;
LDT, laterodorsal tegmental nucleus; ml, medial lemniscus; PnC, pontine reticular nucleus, caudalis; PnO, pontine reticular nucleus, oralis; Pr5, principal
sensory trigeminal nucleus; Py, pyramidal tract; RMg, raphe magnus nucleus; SCe, subcoeruleus nucleus; scp, superior cerebellar peduncle; SO, superior
olivary nucleus; VT, ventral tegmental nucleus.
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trend, ANOVA revealed a signi®cant interaction between sides and FG

injection sites (F1,7 = 6.12, P < 0.05). Although the number of

double-labelled neurons tended to be small, there was a tendency that

with dorsal PRF injections, more FG+ SP+ neurons were labelled in

the LDTd than in other subregions, whereas with ventral PRF

injections, the LDTv had the largest number of such neurons. None of

FIG. 3. Fluorogold gold injections into the dorsal PRF in ®ve rats. The centre of the injection is indicated by solid shading, and the halo by lighter shading.
See Fig. 2 for identi®cation of structures, rostrocaudal levels, and abbreviations.
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the SP+ neurons in the midbrain and pons that were outside of the

cholinergic nuclei was labelled retrogradely with FG.

SP-containing cholinergic neurons projecting to the PRF: triple labelling

for ChAT, SP and FG

Depending on the injection site within the PRF and the laterality, a

mean percentage of 4±11% of ChAT+ SP+ neurons were labelled

retrogradely from the PRF. Triple-labelled neurons were more

numerous contralaterally after ventral PRF injections, whereas,

there was ipsilateral dominance after dorsal PRF injections (Fig. 7E

and F). Consistent with this, ANOVA indicated a signi®cant interaction

between side and injection site (F1,7 = 9.48, P < 0.05). Although the

LDTd had the majority of ChAT+ SP+ neurons, the number of triple

labelled neurons tended to be greater in the LDTv than in other

FIG. 4. Fluorescence micrographs showing two examples of triple (FG, ChAT and SP) labelled neurons (long arrows) in the LDTv (left column) and LDTd
(right column), respectively. Arrowheads in the left column indicate a neuron immunoreactive for SP and ChAT, but not labelled retrogradely with FG,
whereas short arrows in the right column indicate a ChAT-immunoreactive neuron labelled retrogradely with FG

182 K. A. Kohlmeier et al.
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FIG. 5. The number of ChAT and/or SP-immunoreactive (+) neurons in the ®ve subregions of the mesopontine tegmentum. See Methods for the methods of
counting. (A and B) The number of ChAT+ neurons (A), and the percentage of ChAT+ neurons that are also SP+ (B). (C and D) The number of SP+ neurons
(C), and the percentage of SP+ neurons that are also ChAT+ (D). (E) The number of ChAT+ and SP+ neurons. The data presented here are based on nine
cases. *P < 0.001 between LDTd and each of the other regions.
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subregions with ventral PRF injections, whereas, the number was

similar across the subregions with dorsal PRF injections (Fig. 7E and

F).

ElectrophysiologIcal analysis

Effects of SP

The resting potential of PRF neurons was ±63.9 6 1.2 mV (n = 32).

Application of 250 nM SP to cells while recording in current clamp

mode depolarized all PRF cells examined (n = 23; Fig. 8A, 1).

Substance P-induced inward current persisted in the presence of TTX

(Fig. 8A, 1). As there were no detectable differences in responses of

dorsal and ventral PRF neurons to SP nor were there differences

attributable to age within the age range examined, data from these

populations were pooled. The SP-induced depolarization was

accompanied by a small but signi®cant decrease in input resistance

that is apparent in the high gain recording in Fig. 8B, 1: membrane

potential and input resistance before and after SP administration were

±64.3 6 1.7 mV, 480.7 6 39.4 MW, and ±60.9 6 1.8 mV,

451.7 6 38.2 MW (n = 23), respectively, re¯ecting a 5.0 6 1.0%

change in the membrane potential and a 6.2 6 1.5% change in input

resistance. These changes were signi®cant (P < 0.05). Consistent

with these results, in voltage clamp mode, 250 nM SP induced an

inward current of 100.7 6 17.0 pA (n = 32) which was accompanied

by an increase in whole cell conductance of 10.8 6 1.3% (Fig. 9A);

these changes were signi®cant (P < 0.05). The change in conductance

induced by SP is also evident in Fig. 11A (top), where the amounts of

negative current necessary to step the cell to each of the stepped

voltages in the presence of SP were greater than those necessary to

step the cell to equivalent voltages in control conditions. The duration

of these SP effects was 9.9 6 1.4 min. Concentration±response

curves revealed that electrophysiological effects of SP were concen-

tration-dependent with EC50 of ±Ä 250 nM (Fig. 10). Maximal inward

current was induced by a concentration of 500 nM, and at higher

concentrations the maximal inward current was reduced and was of a

shorter duration (Fig. 10); the mechanisms underlying this attenu-

ation were not explored in the present study.

Measurement of the steady-state holding current in response to

hyperpolarizing voltage steps from the holding potential of ±60 mV

to ±130 mV, in 10 mV increments, revealed no reversal of SP-

induced inward current at these potentials (n = 6; Fig. 9C). Substance

P-induced inward current also did not reverse when the voltage was

stepped from ±60 mV to ±30 mV (n = 4) (Fig. 9C). Although the

control and SP curves appeared to approach convergence with

progressively more positive voltages, the actual crossing did not

occur within the analysed range (±130 mV to ±30 mV; n = 10).

Inadequate voltage clamp at potentials more positive than ±30 mV

precluded direct measurement of the reversal potential. In most cells

(n = 16 out of 21), SP induced EPSP/EPSC activity with or without

action potential generation (Fig. 9A and B, 2). The SP-induced

inward currents were not signi®cantly different in the presence of

TTX. In 10 cells, SP was applied multiple times to determine the

repeatability of these effects. Following 20 min of wash-out, the

amplitude of the inward current evoked by SP was not signi®cantly

different than the previous application (P > 0.05) (Fig. 9B, 1±4).

In the presence of 1 mM of the SP antagonist (D-Arg1, D-Pro2, D-

Trp7,9, Leu11)-Substance P and TTX, the magnitude of the SP-

induced inward current was reduced to 20.2 6 5.5% of the control

value (P < 0.05). Following washout of the antagonist, the response

to SP recovered to 91.9 6 1.5% of the control value (Fig. 10). These

data combined with those showing that effects of SP persisted during

blockade of muscarinic cholinergic receptors by atropine (see

Results, Ionic species) suggest that SP was acting at a tachykinin/

neurokinin receptor to mediate the aforementioned electrophysiolo-

gical actions. No attempt was made to determine tachykinin/

neurokinin receptor subtype(s) that mediated the effect.

Interactions between SP and cholinergic agonist effects

In a subset of PRF cells, the effects of sequential application of

carbachol (1 mM) and SP (250 nM) were examined, with an appro-

priate washout period between treatments. It has been previously

reported that carbachol depolarizes the majority of PRF neurons via

closing of a K+ channel (Greene et al., 1989). In agreement with these

data, we found that carbachol induced either a depolarization

(Fig. 8A, 2) or an inward current in 12 out of 16 PRF cells studied

with an accompanying increase in resistance (Fig. 8B, 2). In 3 out of

FIG. 6. The number of FG-labelled (+), ChAT-immunoreactive (+) neurons
in ®ve subregions of the mesopontine tegmentum ipsi- (A) and contralateral
(B) to FG injections into the ventral (solid) and dorsal (hatched) PRF.
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3 cells studied in bridge mode, 1 mM carbachol elicited a

depolarization of 3.4 6 0.9 mV, and 250 nM SP depolarized these

cells by 4.2 6 0.7 mV. In 9 out of 13 cells studied in voltage clamp

mode, carbachol elicited an inward current of 74.4 6 25.0 pA and SP

elicited an inward current of 89.7 6 15.3 pA (Fig. 11A). In the

minority of PRF neurons (4 out of 13) in which carbachol elicited an

outward current of 250.3 6 0.80 pA, SP induced an inward current

of 120.3 6 0.6 pA. Thus, SP elicited an inward current in PRF

neurons irrespective of their response types to carbachol.

While persistence of SP effects in the presence of atropine and the

SP antagonist is consistent with the interpretation that these two

neuroactive substances act on different receptors, the depolarizing

effects of activation of cholinergic and SP receptors upon PRF

neurons could be mediated by a common set of ion channels or by

distinct sets of channels. To examine this question, we studied the

effects of concurrent application of SP and carbachol at the maximal

effective concentration of 500 nM and 1 mM, respectively. The

protocol involved administration of either SP or carbachol until

maximal effects were observed, and then concurrent administration of

the alternative agent such that their effects were superimposed, with

the application order randomised. In those cells in which SP elicited

depolarization, carbachol coapplication induced further inward

current, and vice versa, indicating that effects were additive (SP

alone, 54.0 6 8.5 pA, carbachol alone, 82.0 6 13.2 pA, SP and

carbachol, 156.0 6 21.4 pA, P < 0.05; n = 4; Fig. 11C, 1±3). In

those cells in which carbachol elicited hyperpolarization, the effects

of SP were attenuated in the presence of carbachol (SP alone,

68.8 6 10.1 pA inward current; carbachol alone, 138.0 6 34.6 pA
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outward current; SP and carbachol, 50.0 6 49.2 pA outward current,

P < 0.05; n = 5; Fig. 11C, 4 and 5). These data were consistent

irrespective of the order of application. While not conclusive, these

data suggest that carbachol and SP activate different channels and

that their actions are additive.

Ion species mediating SP effects

Examination of the I±V curves revealed that the inward current

induced by SP was due to an increase in conductance with a reversal

potential more positive than ±30 mV. A subset of PRF neurons

exhibited prominent `sag', attributed to activation of the hyperpolar-

ization-activated inward conductance Ih as identi®ed by the applica-

tion of previously published protocols designed to elucidate the

presence of this current (Kamondi et al., 1992). This Ih is mediated in

part by K+ ions. Substance P induced inward current in all PRF

neurons tested regardless of the presence of Ih, indicating that Ih alone

cannot explain the SP effect in all PRF neurons. However, to test the

hypothesis that SP might depolarize a subset of PRF neurons by

FIG. 8. Substance P (SP; 250 nM) depolarizes neurons in the REM sleep-induction zone of the PRF in the current clamp mode. (A) Top traces are current and
bottom traces are voltage ± downward going de¯ections result from the application of a brief 0.03 nA hyperpolarizing pulse in order to monitor input
resistance. Recordings in A are from the same cell. Substance P evoked depolarization with a decrease in input resistance. (A1) Depolarization persisted in
the presence of 300 nM TTX indicating that effects of SP hinged upon action potential generation within the slice and that the current is being carried by
TTX-insensitive postsynaptic conductances. (A2) Carbachol 1 mM in the presence of TTX also depolarized this cell and reduced the conductance, as it did in
the majority of cells in which SP induced depolarization and inward current. (B) Averaged responses (10 voltage responses) at high gain to hyperpolarizing
current pulses (0.03 nA) in a cell at the same holding potential (±63.4 mV) showing a decrease in input resistance elicited by SP (B1) and an increase in
input resistance elicited by the cholinergic agonist carbachol (B2).
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FIG. 9. Substance P evokes an inward current in voltage-clamp mode. (A) At the holding potential of ±60 mV, SP elicited an inward current and an increase
in conductance. An increase in EPSC activity is apparent in this trace and the traces of current steps in B2,4. Downward de¯ections from the holding current
in A re¯ect the stepping of the voltage from ±60 mV to ±90 mV in order to monitor conductance changes. B Current±voltage (I±V) relations measured by
single electrode voltage clamp under control condition (B1) and at the peak response to SP (B2) in one cell. The cell was held at ±60 mV and stepped from
this potential to more negative voltages in ±10 mV increments to a ®nal voltage of ±130 mV; increases in negative holding current necessary to hold the cell
at ±60 mV re¯ect the inward current induced by SP. The presence of an inwardly rectifying current in this cell is apparent in B.When previously published
protocols (Kamondi et al., 1991) designed to reveal this current were applied (data not shown), this particular cell exhibited an Ih current which was not
present in all PRF cells examined. The depolarizing effects of SP persisted in three cells in the presence of caesium in the bath, which blocks Ih (not shown),
indicating that SP effects were not mediated by its effect on this conductance. Following wash-out from SP (B3), reapplication of SP was as effective as the
®rst application (B4). (C) I±V curves are plotted from the steady-state values in one cell near the end of step protocols as in B. Substance P induced an
inward current at all holding potentials tested (±60 to ±130 mV) as indicated by the increase in negative holding current compared with control. (D) I±V
curves generated from four cells in which the voltage was stepped from ±130 to ±30 mV. Substance P-induced inward current did not reverse in the voltage
ranges tested. The slope conductance changed by 3.5% following SP application (n = 4) which corresponds well with the change in resistance measured
utilizing the direct method (see Results). Horizontal axis in C and D is in mV and vertical axis is in nA.
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acting upon Ih, we applied SP to three cells in the presence of 1 mM

CsCl, which has been shown to block both Ih and an inwardly

rectifying K+ conductance in PRF neurons (Greene et al., 1989). The

presence of Ih was examined and con®rmed in one of these cells.

CsCl did not signi®cantly reduce the inward current induced by SP in

either this or the other two cells (P > 0.05, data not shown).

The following observations suggest that an inward current induced

solely by a decreased K+ conductance is an unlikely explanation for

the SP effect: (i) the inward current did not reverse around the

calculated K+ equilibrium potential of ±103.6 mV; (ii) the inward

current induced by SP was accompanied by an increase in

conductance, rather than a decrease in conductance expected for a

closing of K+ channels; (iii) at the peak of the current induced by SP,

the I±V relationship always displayed an inward shift compared to the

control I±V at the voltage ranges tested indicating an associated

conductance increase. This latter ®nding indicates that the inward

current induced by SP cannot primarily be attributed to a decrease of

a K+ current normally maintained in these cells.

In order to test the hypothesis that SP depolarized cells by

activation of a Ca2+ conductance, we examined the effects of SP upon

PRF neurons in low Ca2+ ACSF. The amplitude of the SP-evoked

inward current was not signi®cantly changed in low Ca2+ ACSF

(Fig. 12C); the average SP-induced depolarization and inward current

in the presence of low Ca2+ solution were 8.3 6 1.2 mV, and

76.6 6 34.8 pA, compared with the control values in the same group

of cells, 6.6 6 1.1 mV, and 83.0 6 39.6 pA (n = 4, 3). Low Ca2+

solution induced an inward current; therefore, effects of SP were

examined in two cells following injection of negative current to bring

the membrane potential to baseline and found to be not signi®cantly

different than in control conditions. These data not only indicate that

the SP induced inward current is not substantially mediated by a Ca2+

conductance, but also demonstrate that the effect is not secondary to

Ca2+-dependent release of other transmitters.

We tested the hypothesis that a sodium current might be involved

in mediation of the SP-induced current by choline substitution

(n = 6). The depolarization and inward current evoked by SP in

FIG. 10. Effects of SP are concentration-dependent. (A) The magnitude of inward current increases with increasing concentrations of SP from 10 pM to
500 nM. The highest concentration of SP tested (1 mM), however, tended to reduce the maximum current induced by this peptide and the duration of this
effect. Bars indicate application of SP at the concentrations noted. (B) Dose response curve for SP-induced inward current evoked at a membrane potential of
±60 mV (n = 4). Each point represents the mean normalized current induced by the peptide and error bars indicate the SEM. The EC50 was calculated at
250 nM and this was the concentration utilized in the majority of experiments, unless otherwise noted. The calculated concentration at which maximal effects
on induction of inward current were achieved was 500 nM. (C) The effects of SP were antagonized by application of (D-Arg1, D-Pro2, D-Trp7,9, Leu11)
Substance P, an antagonist of SP at neurokinin receptors.
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ACSF containing low Na+ was signi®cantly reduced in amplitude

(P < 0.05) (Fig. 12A), from 6.8 6 0.6 to 1.1 6 0.1 mV (n = 3), and

114.0 6 22.2 to 19.3 6 11.9 pA (n = 3), respectively. Because

choline substitution alone depolarized PRF neurons due to activation

of muscarinic receptors, the experiments were repeated in the

presence of 5 mM of atropine in three cells. Under these conditions,

the SP-induced effects were not statistically different from those

elicited in normal ACSF (Fig. 12B). It should be noted that the

choline-mediated activation of muscarinic receptors (Wang &

Aghajanian, 1987) on PRF cells in the presence of a low-Na+

ACSF solution served as a control for nonspeci®c effects of Na+

substitution and persistence of SP effects in atropine served as a

control of effects of SP at muscarinic receptors.

Second messengers mediating SP effects

To test the hypothesis that production of cAMP may be involved in

part in mediation of the response of PRF neurons to SP, the response

to SP was evaluated in the presence of the membrane permeable

cAMP-agonist, 8-bromo-cAMP. We reasoned that if the action of SP

was mediated by an increase in intracellular levels of cAMP, the

effects of SP should not be additive with those of 8-bromo-cAMP. In

four cells, we ®rst administered SP, which induced an inward current

of 167.3 6 112.9 pA. Following recovery from the initial SP

application, 8-bromo-cAMP (1 mM) was administered for 15 min

resulting in the production of an inward current of 55.6 6 19.7 pA.

Whilst the 8-bromo cAMP effect was maximal, SP was once again

applied. In contrast to the effects seen with concomitant application

FIG. 11. Interactions of carbachol and SP on PRF cells. (A) In voltage clamp mode, SP was applied, and then following washout, carbachol. Downward
de¯ections are in response to voltage steps from ±60 to ±130 mV in ±10 mV increments from the holding potential of ±60 mV. Top traces are voltage and
bottom traces are current. Voltage was stepped from ±60 mV to ±130 mV; however, due to the high gain required to visualize the current, voltage de¯ections
were clipped in the chart recording. As can be seen, the inward currents induced by these two agonists were similar in amplitude; however, as is apparent
from the differing responses of this cell to negative voltage steps from the holding voltage of ±60 mV in both conditions, the SP-induced inward current
occurred with an increase in conductance (*), whereas, the carbachol induced current presented with a decrease in conductance (*). The latter is consistent
with Greene et al. (1989) who demonstrated that carbachol depolarizes PRF cells by inhibition of a nonrectifying K+ conductance. (B) High gain traces of the
holding current for voltage steps of ±10 mV from the holding potential of ±60 mV taken from the cell in A before SP (B1) and before carbachol (B3), and
after the administration. SP (B2) and carbachol (B4) induced a similar inward current as evident from the increase in negative holding current; however, the
changes in conductance were opposite in direction. (C) Effects of carbachol and SP on induction of inward current were additive, in that the inward current
induced by the combination of these agonists was greater than that seen by either one alone (C1±3). These data support the conclusion that SP and carbachol
are acting via different conductances to induce inward current in PRF cells. In those cells in which carbachol induced outward current, SP-induced inward
current was superimposed on this effect (C4 and C5). In these studies, 500 nM of SP was utilized to achieve maximum effect of the peptide.
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FIG. 12. The inward current activated by SP is carried at least in part by Na+. (A) In voltage clamp, after obtaining the control response of a PRF cell to
application of SP (A1) and recovery, the ACSF was switched to that containing low Na+ (A2). The effect of SP was greatly attenuated. Top traces in A and C
are voltage and bottom traces are current; downward de¯ections are the response to the stepping of the voltage from ±60 mV to ±90 mV in order to monitor
conductance changes. (B) In the above experiment, atropine had been added to the low Na+ ACSF to prevent depolarization of the membrane by choline ions.
Therefore, effects of SP were examined in atropine-containing ACSF. Effects of SP examined in bridge mode in the presence of this muscarinic receptor
antagonist (B2) did not signi®cantly differ from those in control ACSF (B1). Top traces are current and bottom traces are voltage; downward de¯ections are
the response to the application of 0.03 nA of hyperpolarizing current in order to monitor changes in input resistance. (C) In the presence of low Ca2+, effects
of SP (C2) were not signi®cantly different from those in normal ACSF (C1). Low Ca2+ ACSF was applied throughout the duration of the recording shown in
C2. Low Ca2+ ACSF provides a synaptic blockade in the slice and, therefore, effectiveness of SP in inducing inward current in low Ca2+ ACSF also provides
evidence that effects of SP are due to postsynaptic mechanisms. In the traces in A and (C) voltage steps from the holding potential of ±60 mV to ±90 mV are
performed to monitor changes in conductance and in B the cell was injected with 0.03 nA of DC current during the depolarizing response to SP to return the
cell to resting membrane potential so as to determine input resistance without contribution of voltage-sensitive conductances.

FIG. 13. Nonadditivity of the inward currents induced by 8-bromo-cAMP and SP. The inward current at ±60 mV was measured in the voltage clamp mode.
(A) Substance P was tested ®rst, and after maximal induction of inward current and as the cell returned to the baseline potential, 8-bromo-cAMP was added
to the perfusate. 8-bromo-cAMP induced an inward current which developed over 20 min; however, when SP was added again, the total inward current did
not exceed that seen with SP alone. (B) In the presence of 2¢5 dideoxyadenosine, an inhibitor of adenylate cyclase, SP induction of inward current was
signi®cantly attenuated. Following wash-out of the inhibitor, partial recovery (here 59%) of SP-induced current was obtained. (C) The cGMP agonist,
8-bromo-cGMP, attenuated the SP induced inward current. (D) The cGMP antagonist RP-8-pCPT-cGMPs did not diminish the response to SP. These data
indicate that the cGMP second messenger system is not implicated in the induction of inward current by SP and are consistent with the interpretation that
concurrent activation of the cGMP second messenger pathway with those activated by SP, diminishes the SP responses. Application of SP is indicated by bars
underneath traces. Widely spaced dotted lines represent baseline holding current; more narrowly spaced dotted lines represent the shift in baseline with
8-bromo-cAMP, 8-bromo-cGMP and RP-8-pCPT-cGMPs in A, C and D, respectively. Horizontal bar represents 1 min and vertical bar represents 150 pA of
current.
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of carbachol and SP (above), coapplication of 8-bromo-cAMP and SP

produced an inward current of 71.4 6 75.2 pA, which was not

signi®cantly different from that seen with SP alone (Fig. 13). These

data support that cAMP is involved in the SP-induced current.

To further test the hypothesis that adenylate cyclase (AC) is

involved in generation of the SP-induced inward current, following

wash-out of the ®rst application of SP, to establish baseline effects, SP

was applied in the presence of the AC inhibitor, 2,5 dideoxyadenosine.
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In the presence of 2,5 dideoxyadenosine (10 mM), SP-induced inward

current was either abolished (n = 3 out of 5) or greatly attenuated to

19.8 6 0.6% of the maximal current (n = 2 out of 5) (Fig. 13B). In

two cells in which recordings were maintained following several

minutes of wash-out of 2,5 dideoxyadenosine, the SP effect recovered

to a mean of 79% of its initial level. These ®ndings support the

hypothesis that intracellular accumulation of cAMP is involved in the

electrophysiological actions of SP on PRF neurons.

It has been previously suggested that increases in cGMP may be

involved in SP-mediated effects in some neuronal types (Mistry &

Vijayan, 1987). To test the hypothesis that increased cGMP levels

might be involved in the SP-mediated inward current in PRF cells, we

examined the effects of SP either in the presence of the cGMP

agonist, 8-bromo-cGMP or RP-8-pCPT-cGMPs, an inhibitor of

cGMP-dependent kinases. We found that 8-bromo-cGMP induced

an outward current in all cells examined and the SP induced inward

current was attenuated in the presence of this outward current (n = 4

out of 4; Fig. 13). Moreover, in the presence of 10 mM RP-8-pCPT-

cGMPs, the amplitude of the SP induced inward current was not

signi®cantly different than under control conditions in the same cells

(n = 3, P > 0.05; Fig. 13). These data suggest that cGMP does not

mediate the effects of SP upon PRF cells.

Discussion

The main ®ndings of the present study are that SP is present in a

subpopulation of mesopontine cholinergic neurons that send des-

cending projections to REM sleep-induction regions of the PRF, and

that SP consistently depolarizes PRF neurons through a mechanism

which is distinct from those that mediate effects of cholinergic

receptor agonists. The SP-induced depolarization involves activation

of a non-TTX-sensitive cation current(s) secondary to an increase in

intracellular cAMP. The anatomical and physiological studies were

conducted using animals of different ages for technical reasons and

age-related differences were not determined. In light of the impli-

cation of the cholinergic projections from the mesopontine tegmen-

tum±PRF in the generation of REM sleep (for reviews, see Steriade &

McCarley, 1990; Semba, 1999), and state-dependent release of

acetylcholine in the REM sleep-induction regions of the PRF

(Kodama et al., 1990; Leonard & Lydic, 1997), the present ®ndings

are consistent with the possibility that natural release of SP, along

with acetylcholine, in the PRF may play a role in both triggering the

onset of REM sleep and maintaining the state during the bout of REM

sleep.

Cholinergic projections to the PRF

The anatomical results presented here extend previous ®ndings

(Vincent et al., 1983; Sutin & Jacobowitz, 1990) by providing

quantitative analysis showing that 16% of all cholinergic neurons in

the mesopontine tegmentum contain SP, and that the majority (64%)

of these neurons are located caudally within the mesopontine

tegmentum, i.e. in the LDTd. Furthermore, up to 11% of SP-

containing cholinergic neurons in the mesopontine tegmentum are

found to project to REM sleep-induction regions of the PRF.

Although the quantitative analysis indicates that these neurons

represent a relatively small proportion (less than 5%) of the entire

cholinergic cell population in the mesopontine tegmentum, these

percentages are likely to be underestimated for technical reasons,

including the use of rigorous criteria to exclude false positives as well

as limited antibody penetration, and the actual percentages are

probably higher. In addition, neuropeptides tend to act at lower

concentrations than do classical neurotransmitters (e.g. Kohlmeier &

Reiner, 1999; Agnati et al. 2000), and it is possible that relatively

small amounts of SP released by a subset of cholinergic neurons

might still have signi®cant effects through direct synaptic mechan-

isms, and/or via volume transmission (Agnati et al. 2000) by

diffusing from the original site of release to activate speci®c receptors

present on adjacent PRF neurons. The signi®cance of a high

percentage of SP-containing cholinergic neurons speci®cally in the

LDTd is not clear. However, this would imply that structures

innervated by LDT cholinergic neurons would have higher probabil-

ity of SP corelease than those innervated by PPT cholinergic neurons.

The fact that a subpopulation of SP-containing cholinergic neurons

appear to project to the PRF suggests that many SP-containing

cholinergic neurons might project elsewhere in the brain. Whether

some of these remaining, or the PRF-projecting, SP-containing

cholinergic neurons project to the thalamus (Oakman et al., 1999)

was not determined in the present study.

Our data demonstrate for the ®rst time that the ventral region of the

PRF is innervated by a greater number of mesopontine cholinergic

neurons than the dorsal PRF region. The ventral PRF tracer injection

sites roughly corresponded to the sites of carbachol injections that

have been reported to be most effective in inducing REM sleep in rats

(Gnadt & Pegram, 1986; Bourgin et al., 1995; Deurveilher et al.,

1997), although some of the effective sites in these studies were

located more dorsally and rostrally as well. The dorsal PRF injection

sites, on the other hand, corresponded more closely to the effective

sites reported in a number of studies using cats (Baghdoyan et al.,

1984; Vanni-Mercier et al., 1989; Yamamoto et al., 1990), and were

also similar to the tracer injection sites in our previous anatomical

studies in rat (Semba et al., 1990; Semba, 1993). More recent studies

using cats, however, have reported that the most effective sites were

located more ventrally in the rostral PRF (Reinoso-SuaÂrez et al.,

1994; Garzon et al., 1998), and these sites correspond roughly to the

ventral PRF sites in the present study. Whether the dorsal and the

ventral PRF regions in cat also show differences in the density of

cholinergic projections remains to be investigated. However, it

appears that in both rat and cat, the most effective sites include the

regions medial and ventromedial to the motor trigeminal nucleus

approximately at the junction of the rostral and caudal pontine

reticular nuclei, and the present study showed that in the rat, this area

receives heavier cholinergic projections than do more dorsolateral

and rostral PRF regions.

In addition to the heavier cholinergic innervation of the ventral

than the dorsal PRF, we have found that the projections to the dorsal

PRF show ipsilateral dominance whereas those to the ventral PRF

were bilateral. The SP-containing projections also showed organ-

izational differences; SP-containing cholinergic neurons projecting to

the ventral PRF were located most numerously in the LDTv, whereas,

those innervating the dorsal PRF tended to be more evenly distributed

across the mesopontine tegmentum. The ventral and dorsal injection

sites were located within a region from the caudal part of the oral

pontine reticular nucleus to the rostral part of the caudal pontine

reticular nucleus; however, within this region the ventral injection

sites as a group tended to be slightly more caudal than the dorsal

injection sites. The oral and caudal pontine reticular nuclei are known

to have generally similar, but some differential, efferent (Jones &

Yang, 1985; Vertes & Martin, 1988; Reinoso-SuaÂrez et al., 1994) and

afferent connections (Shammah-Lagnado et al., 1987). The present

®ndings of differential cholinergic innervation of the ventral and

dorsal PRF add to the list of various organizations of ipsilateral and

contralateral descending projections from PPT and LDT cholinergic

neurons to pontine and medullary structures (Shammah-Lagnado
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et al., 1987; Rye et al., 1988; Woolf & Butcher, 1989). Taken

together, these anatomical differences further suggest distinct

anatomical organization of the ventral and dorsal PRF in the rat

and their functional implications for REM sleep control remain to be

investigated.

Substance P-induced depolarization and its mechanisms

In the present study we demonstrate that SP has a dramatic, direct,

depolarizing effect on all dorsal and ventral PRF neurons studied.

These effects were dose-dependent, antagonized by a SP antagonist,

and mediated by an increase in intracellular cAMP. SP has been

shown to activate voltage-dependent Ca2+ channels, voltage-depend-

ent K+ currents, Cl± conductances, hyperpolarization-activated cation

conductances, voltage-dependent Na+ channels and nonselective

cation channels (Adams et al., 1983; Stan®eld et al., 1985; Bley &

Tsien, 1990; Shen & North, 1992; Bertrand & Galligan, 1994). We

have examined these and other possibilities in order to explain the

ionic mechanisms of the SP-induced depolarisaton in the present

study.

The I±V relationship obtained with SP did not intersect with that

obtained under control conditions over the range of membrane

potentials of ±130 mV to ±30 mV suggesting that the inward current

is due to an increase in conductance(s) whose reversal potential is

positive to ±30 mV. A role for TTX-sensitive voltage-dependent

sodium channels can be ruled out in the present study because the SP-

induced inward current persisted in the presence of TTX. The

signi®cant involvement of a K+ conductance was ruled out because

the reversal potential for K+ is much more negative than the projected

reversal potential (> ±30 mV) of the SP-induced current. In addition,

carbachol has been shown to induce depolarization or hyperpolariza-

tion of PRF neurons via closing or opening of a K+ channel,

respectively (Greene et al., 1989), and the additive effects of

carbachol and SP are also consistent with the interpretation that

depolarization induced by SP is not primarily due to its effects on K+

channels. Substance P had no effect on Ih, a K+/Na+ conductance

present in a subset of PRF neurons. This current was not mediated by

an increase in a Cl± conductance because while the calculated

reversal potential of Cl± (±32 mV) is more positive than the resting

potential of PRF neurons (±63.9 mV), the SP-induced current did not

reverse around ± 30 mV.

Ion substitution studies taken together with the lack of crossing of

control and SP-induced current I±V curves at the potentials tested led

us to conclude that under physiological conditions, while it may not

be the only current involved, a conductance carried by Na+ and

attributable to opening of TTX-insensitive cation channels which

may be nonspeci®c accounts for at least a part of the inward current

observed during SP application in the case of PRF neurons at resting

membrane potentials. However, because low Na+ solutions did not

entirely abolish SP-induced currents, it is likely that Na+ are not the

only ion species mediating SP effects. This conclusion is consistent

with the ®ndings that SP activates nonselective cation channels on rat

locus coeruleus and sensory neurons (Shen & North, 1992; Koyano

et al., 1993; Inoue et al., 1995). Detailed elucidation of other ionic

species or channels that may contribute to SP-induced current was

beyond the scope of the present report.

We found that an antagonist of SP reduced the response to SP by

80%, suggesting that tachykinin/neurokinin receptor predominantly

mediated the response, and this study began to explore the second

messenger system(s) involved in mediating effects of SP. The

mammalian tachykinin system consists of three distinct peptides, SP,

substance K and neurokinin and possesses three corresponding types

of receptors; each peptide is able to bind to all the three receptors

albeit with differing af®nities. Each receptor subtype has been shown

to activate a variety of signal transduction mechanisms in neurons,

including the AC/cAMP and phospholipase C (PLC)±inositol phos-

phate pathways (Womack et al., 1985; Merritt & Rink, 1987;

Yoshimasa et al., 1987; Horstman et al., 1988; Peralta et al., 1988;

Nakajima et al., 1992; Catalan et al., 1995). Substance P has been

shown to bind to a tachykinin receptor coupled directly to both AC

and phospholipase C resulting in cAMP formation and stimulation of

phosphatidyl inositol hydrolysis, respectively (Nakajima et al., 1992).

The ability of SP to stimulate increases in the intracellular

concentrations of cAMP has been well-documented in neurons of

rat brain (Duffy & Powell, 1975; Mistry & Vijayan, 1987; Moser,

1990; Palkovits et al., 1990; Mitsuhashi et al., 1992). These data

coupled with the ®nding of a cAMP-induced inward current in PRF

neurons in the REM-induction zone (Kohlmeier & Reiner, 1999)

suggested that the SP-induced inward current may be at least in part

dependent on production of cAMP.

In support of the hypothesis that cAMP is involved in SP effects,

we found that effects of SP and 8-bromo-cAMP were not additive.

However, interestingly, the total current induced was of a lower

magnitude than that induced on average by SP alone. When applied

to a slice, 8-bromo-cAMP at the concentrations utilized probably has

a multiplicity of effects unrelated to mechanisms activated by SP,

which might result in a countering of SP effects. This might explain

the reduction of the amplitude of the SP-induced current in the

presence of 8-bromo-cAMP. The main conclusion that can be drawn

from the present data is that the cumulative effects of 8-bromo-cAMP

and SP were not greater than effects of SP alone. Had cumulative

effects been found to be greater than summation of individual effects,

it would have indicated that SP effects are not mediated by cAMP.

Further supporting a role of cAMP in SP-induced effects, we found

that an AC inhibitor either abolished the inward current induced by

SP or attenuated it to 20% of the control level. Taken together, our

data suggest that activation of the AC/cAMP pathway via stimulation

of a tachykinin receptor is principally involved in mediation of SP-

induced inward current. Our preliminary results indicate that the PKC

agonist, phorbol 12-myristate 13-acetate (PMA), induced an inward

current in PRF cells with an increase in conductance, and that in the

presence of this PKC agonist, the SP-induced inward current was

potentiated (K. A. Kohlmeier & P. B. Reiner, unpublished observa-

tions). From the present data, it is clear that AC dependent

mechanisms are primarily responsible for the SP-induced inward

current in PRF cells, with the role of the PLC second messenger

system requiring further investigation.

Although it has been reported previously that SP has activity at

acetylcholine receptors (Anderson et al., 1993; Guevara Guzman

et al., 1993; Valenta et al., 1993; Holzer & Maggi, 1994; Sastry,

1995; Costello et al., 1998) and that other peptides that enhance REM

sleep following injection into the mPRF, such as vasoactive intestinal

polypeptide (VIP; Bourgin et al., 1999) and pituitary adenylate

cyclase activating polypeptide (PACAP; Ahnaou et al., 1999, 2000),

were found to mediate their effects via interactions with muscarinic

receptors, it is unlikely that the effects of SP are mediated by such

receptors for the following reasons. The SP-induced effects persisted

in the presence of the muscarinic receptor antagonist atropine, were

attenuated in the presence of a SP antagonist, and were additive to

effects seen with stimulation of cholinergic receptors by carbachol.

Greene et al. (1989) demonstrated that carbachol induces inward

current in PRF cells via non-M1 muscarinic receptor inhibition of a

K+ conductance, whereas carbachol-activated outward current has

been reported to be mediated via activation of an inwardly rectifying

K+ conductance via activation of a non-M1 conductance (Gerber et al.,
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1991). The additivity of SP and carbachol effects suggests that

carbachol and SP act via different channels to elicit their effects on

membrane potential, and that SP does not affect the nonrectifying K+

or inwardly rectifying K+ conductance activated by carbachol in PRF

cells. Rather different results were obtained in the rat locus coeruleus

where Shen & North (1992) reported that occlusion of inward current

occurred with concurrent application of SP and muscarine. Both SP

binding sites (Buck et al., 1984) and SP receptor immunoreactivity

have been observed in the PRF (Nakaya et al., 1994). Our

electrophysiological ®ndings suggest for the ®rst time that the SP

receptors demonstrated by these latter studies to be present in the PRF

are functionally capable of inducing electrophysiological effect upon

release of SP.

Functional signi®cance

Substance P was found to be present in cholinergic mesopontine

neurons that project to the REM-induction zone in the PRF. Several

lines of evidence suggest that SP and acetylcholine could be

concurrently released by axon terminals of these mesopontine

neurons, especially just preceding, and during the period of REM

sleep to initiate and maintain REM sleep. First, just prior to REM

sleep onset and continuing during the state, most neurons in the LDT

and PPT increase ®ring rate, and an unidenti®ed population of LDT

neurons switch from a tonic ®ring to a burst ®ring pattern (Nelson

et al., 1983; El Mansari et al., 1989; Steriade et al., 1990a,b; Kayama

et al., 1992). Peptide release from neurons has been shown to be

facilitated particularly by a high frequency ®ring pro®le (Lundberg &

HoÈkfeldt, 1983). Therefore, while neither the transmitter phenotype

nor projections of these neurons are known, the change in activity of

LDT and PPT neurons at the onset of REM sleep is certainly

consistent with the possibility that SP is coreleased in the PRF prior

to and during REM sleep. Furthermore, we found that the effects of

carbachol and SP on PRF neurons were additive. During naturally

occurring REM sleep, the majority of PRF neurons within the REM-

induction zone depolarize by 7±10 mV (Ito & McCarley, 1984) and

cholinergic agonists depolarize the majority of PRF cells within this

region (Greene et al., 1989). These and the current ®ndings suggest

that the concurrent release of SP and acetylcholine during REM sleep

would lead to greater excitation of PRF neurons than can be achieved

by acetylcholine alone. Taken together, the data in the present report

provide strong experimental and mechanistic support for the hypoth-

esis that SP release in the PRF plays a role in regulation of REM

sleep. This hypothesis would be strengthened further by demonstra-

tion of release of SP (and acetylcholine) during REM sleep as well as

behavioural effects of SP microinjections into the PRF.
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