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Leonard, C. S., E. K. Michaelis, and K. M. Mitchell. Activity-  riade et al. 1991). Mounting evidence indicates these cells dlay

dependent nitric oxide concentration dynamics in the laterodorsgh instrumental role in the induction of rapid-eye-movemg

behavioral-state related firing of mesopontine cholinergic neuronsg

the laterodorsal tegmental nucleus appears pivotal for generating b\9 thalamus and medial pontine reticular formation (for
arousal and rapid-eye-movement sleep. Since these neurons exp cay see Steriade and McCarley 1990). While the function

high levels of nitric oxide synthase, we investigated whether thdfieS€ neurons has been considered mainly in terms of ace
firing increases local extracellular nitric oxide levels. We measurédioline release, they probably also release other chem
nitric oxide in the laterodorsal tegmental nucleus with a selectiveessengers including peptides (Standaert et al. 1986; Sutin
electrochemical microprobe (3@m diam) in brain slices. Local Jacobowitz 1988; Vincent et al. 1983b, 1986) and nitric oxi
electrical stimulation at 10 or 100 Hz produced electrochemical reNQ) (Leonard and Lydic 1997; Williams et al. 1997). Indee
sponses that were attributable to nitric oxide. Stimulus trains (100 'rtually all mesopontine cholinergic neurons are intense

1 s) produced biphasic increases in nitric oxide that reached a m L - . . . ]
peak concentration of 33 2 (SE) nM at 4.8+ 0.4 s after train onset ?gﬁeled by reducg-nicotinamide adenine dinucleotide phos

and decayed to a plateau concentration of & nM that lasted an Phate (NADPH)-diaphorase histochemistry (Vincent et
average of 157 23.4 s (n= 14). These responses were inhibited byt983a), which vividly reveals their somatic, dendritic, an
NC-nitro-L-arginine-methyl-ester (1 mM; 92% reduction of peak: axonal morphology (Leonard et al. 1995a; Vincent et

3) and depended on extracellular®CaChemically reduced hemo- 1983a). This staining results from the cytoplasmic distributi
globin attenuated both the electrically evoked responses and thggenigh |evels of the enzyme neuronal NO synthase (nNQ
produced by authentic nitric oxide. Application of the precursoeg)awson et al. 1991a; Hope et al. 1991), which catalyzes

L-arginine (5 mM) augmented the duration of the electrically evok . - . .
response, while tetrodotoxin (M) abolished it. Analysis of the ormation of NO fromc-arginine (-Arg) in a Ca/calmodulin-

stimulus-evoked field potentials indicated that electrically evokédependent manner (Bredt and Snyder 1990; Mayer et al. 19
nitric oxide production resulted from a direct, rather than synaptic, NO is an ubiquitous, membrane-permeant, intercellular s
activation of laterodorsal tegmental neurons because neither nitigling molecule that functions in several diverse physiologi
oxide production nor the field potentials were blocked by ionotropigrocesses (for review, see Moncada et al. 1991), including
glutamate receptor inhibitors. Nevertheless, applicatioN-ofiethyl-  ontro| of vascular tone, where it was first identified. Eviden
p-aspartate also increased local nitric oxide concentration by 34 suggests that NO is a|:50 an important molecule in the C

nM (n = 8). Collectively, these data demonstrate that laterodors . - .
tegmental neuron activity elevates extracellular nitric oxide conceffz@rthwaite et al. 1988; Knowles et al. 1989), where it m

tration probably via somatodendritic nitric oxide production. Thes@odulate synaptic transmission and cellular excitability (f
data support the hypothesis that nitric oxide can function as a lo¢aview, see Garthwaite and Boulton 1995) and may have b
paracrine signal during the states of arousal and rapid-eye-movemextitotoxic (Dawson et al. 1991b) and neuroprotective actid
sleep when the firing of mesopontine cholinergic neurons are highe(gipton et al. 1993). The control of neuronal NO productia

has been associated withTaentry following activation of the

o
o

<O

N-methylp-aspartate (NMDA) subtype of glutamate receptars
INTRODUCTION (Garthwaite 1991; Garthwaite et al. 1988; Kiedrowski et al.
1992). Because mesopontine cholinergic neurons both expfess

Mesopontine cholinergic cells of the laterodorsal tegmentabltage-dependent & channels (Kamondi et al. 1992; Leo}

(LDT) and the adjacent pedunculopontine tegmental (PPigrd and Llinas 1990; Takakusaki and Kitai 1997) and display

nuclei provide the major cholinergic input to the thalamuslevated somatodendritic [€5]; following action potentials

(Hallanger et al. 1987; Paré et al. 1988; Satoh and Fibiggreonard et al. 1995b, 2000) and because excitatory synaptig
1986; Semba and Fibiger 1992; Sofroniew et al. 1985; Steriaidgeut is mediated partly by NMDA receptors (Sanchez aphd
et al. 1988; Woolf and Butcher 1986) and can profoundlyeonard 1994, 1996), NO may, in principle, be generated [by
influence thalamocortical processing (Munk et al. 1996; Sttiese cells at both somatodendritic regions as well as axgna
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terminals during periods of activity. Evidence indicates th&lectrochemical NO probe
NO is released from the terminals of these neurons in the _ _ _ _ _ )
thalamus (Williams et al. 1997) and medial pontine reticular The NO-selective microprobe has been described in detail previ-
formation (Leonard and Lydic 1997) in relation to behavioraﬂusw (Mitchell and Michaelis 1998). Briefly, it was constructed fro

state. We have sought to directly determine whether extrac% carbon fiber encased in a tapered glass capillary. The electroagtivd

- I . . urface was 3um in diam and 30Qum long and was coated with
:ij[l)a}lt NO is generated within the LDT in response to activity o everal thin-layer membranes to enhance the sensitivity and seleftiv
neurons.

) .. ity. Optimal sensitivity was achieved by catalysis of the electrpn
Measurement of neuronal NO production has been limited §@nsfer from NO oxidation by a conductive polymeric membrafe

a few brain regions and has relied mainly on indirect methods, metal porphyrin, tetrakis(3-methoxy-4-hydroxyphenyl)-nickel (1)
including bioassay (Garthwaite et al. 1988), cGMP assagsrphyrin, which was electropolymerized onto the carbon surfacq as
(DeVente et al. 1990; East and Garthwaite 1991; Garthwaitehet been described (Malinski and Taha 1992; Malinski et al. 1993b).
al. 1988; Morris et al. 1994)3H] citrulline production (Kied The probe was then coated with Nafion, a perfluorinated negatively
rowski et al. 1992; Toms and Roberts 1994), and the measutgarged polymer, to exclude negatively c_harg_ed electr_oacti_ve spegcies
ment of nitrates from brain microdialyses (Luo et al. 1993/0m the sensor surface (e.g., Biascorbic acid and uric acid). An
Shintani et al. 1994), although direct measurement of NO Ryditional polymer membrane of polypyridinium was incorporatgd
. . . - Oonto the electrode surface to exclude positively charged electroadtive
microdialysis has also been made (Williams et al. 1997). Whi Eecies common to brain (e.g., catecholamines and serotonin)
these methods demonstrate NOS activity, they provide litt ' '
information about the bioavailability or spatiotemporal pat-
terns of NO in tissue. Recent electrochemical techniques hdsectrochemical measurements
been developed (Bedioui et al. 1997; Christodoulou et al. 1996; ) ] ) o o la
Fabre et al. 1997; Friedemann et al. 1996; Iravani et al. 199§F|e°"°°hem'°al measurements in the slice and in vitro calibratigr
Malinski and Taha 1992: Meulemans 1993: Mitchell an the probe sensitivity _and s_electl_vlty were made with a stand_rg\
Michaelis 1998; Park et al. 1998; Shibuki 1990) that direCtl%lree-electrode cell configuration with Ag/AgCl reference and auxils

. . ; ry electrodes. The probes were mounted on a micromanipulator faao
measure NO at precise locations, and a growing numberQferieq into the LDT from either the ventral or dorsal aspect.

studies have applied these methods to neural tissue (Burlet @Rgle of the probe with respect to the slice surface was adjusted s¢
Cespuglio 1997; Desvignes et al. 1997; Iravani et al. 1998itire sensing surface of the probe was buried within the tiss

Kimura 1997; Shibuki and Okada 1991; Zhang et al. 1995)ric mode. The current resulting from NO oxidation at the electropl&

We have utilized a recently developed porphyrinic micrdnterface was integrated for either a 500-ms or 5-s period yieldin é
probe, modified for enhanced NO selectivity (Mitchell angontinuous on-ljne recording of the electrode response in picoc
Michaelis 1998), to investigate the activity-dependent produld™Ps Versus time. These measurements were then converteq gig
tion of NO within the LDT. We provide, for the first time, calibration of each individual probe to apparent NO concentratiop.

. . . . .’ (typically nanomolar) versus time. Some additional amperome
direct evidence that NO is produced in the LDT followin xperiments were also conducted using an Axopatch 200A amplifiey

electrical and chemical stimulation. This finding implies thglyon Instruments) modified for an extended range of operatidrw
the local [NO] is modulated by the behavioral state-dependaftasurements with both systems were performed using an ap{ligH
firing of mesopontine cholinergic neurons and therefore thgdtential at the NO probe of 700 mV versus Ag/AgCl. Following | &
NO may function as a paracrine signal within the mesopontipécement of the NO probes, the potential was applied and the prqk@
tegmentum. were allowed to equilibrate for1 h before further experimentation <

Acquired waveforms were imported into the computer program Ide&

Pro (Wavemetrics), for calibration, filtering and graphing. Amperomtg

N
METHODS etry records were integrated over a period of 480 ms off-line using,

o ) Igor Pro. 2
Brain slice preparation Calibration of the NO probe was performed in an oxygenated gridf

S . stirred standard slice solution before and then again after tispue
_ Brain slices of the mesopontine tegmentum were prepared accqfgsasurements to account for any changes that may have resulted|fron
ing to standard methods (Leonard and Llinas 1994) in accordanggosure of the probe to tissue, e.g., adsorption of protein. Identcal
with the National Institutes of Health policy on humane care and uggylometry was employed to measure the electrode response to §mal
of laboratory animals (NIH Publication 80-23). The minimum numbefojume aliquots of standard solutions of diethylamine NO complex
of animals were used to reach statistically meaningful results. Brief(pEA-NO). The concentration of NO in the DEA-NO solution wals

female guinea pigs (175-300 g) were anesthetized with pentobarbésiablished using a spectrophotometric method based on the cofvert

sodium (75-100 mg/kg ip) and decapitated. The section of the brailon of oxyhemoglobin to met-hemoglobin by NO (Doyle and Hoek-
stem containing the LDT was rapidly removed and placed into icetra 1981). This assay was performed as described previously (Mifch-
cold standard Ringer solution containing (in mM) 124 NaCl, 5 KCkll and Michaelis 1998). In some experiments, a second calibration
1.2 NaH,PO,, 2.7 CaCl}, 3 MgSQ,, 26 NaHCQ, and 10 glucose. The was not performed and the data are expressed in picocoulombs.
tissue block was then affixed to a vibratome stage, and slices were cutwo additional tests were performed on these probes. First, becqusd
at a nominal thickness of 4Q0m. Slices were then incubated at roomhemoglobin was used to scavenge tissue NO in some experiments|(se
temperature in standard Ringer solution and continuously bubblEdlowing text), the sensitivity of the probe in the presence of hemno-
with 95% O,-5% CO,. After an incubation period a1 h, slices were globin was determined. A reduced hemoglobin (Hb) preparation (see
submerged in a recording chamber and continuously superfused vidhowing text) was quantitatively oxidized to methemoglobin (Oi
standard solution at room temperature~dt ml/min. lorio 1981) by preexposure to NO prior to testing the NO probe
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response. This oxidized Hb sample had no discernable effect on #aeious distances from the electrochemical probe. In some exp
NO or background response of the NO probes. Second, becansets, which are indicated in the text, the pipette was positioned
carbon fibers electrodes can exhibit pH sensitivity under some cahe tissue for drug delivery. The drugs in the pipette were dissol
ditions, e.g., with certain surface treatments and for measuremeiftsither deionized water or in normal Ringer solution. All drug
made in particular applied potential ranges (Rice and Nicholson 19§%re obtained from Resear&ochemicals Internationalnless other-
Runnels et al. 1999), the pH sensitivity of the NO probe was alggise indicated. The applied drugs were NMDXC-nitro-L-arginine-
determined. Neuronal activity evoked by electrical stimulation igethyl-ester-NAME), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
associated with extracellular pH changes of a few tenths of a pH u iramino-5-phosphonopentanoic acid (APV) andlrg (tissue culture

(Chesler and Chan 1988; Kraig et al. 1983) and typically consist o . Qi ; ;
transient alkaline shift followed by an acidic shift of longer duratio de; Sigma). Chemically reduced Hb was prepared from a Rin

(~110 s to return to the basal pH). We found that the NO probe w
insensitive to pH changes over the range pH 6.0-7.8 when operates
the potential used for detection in these experiments.

ﬁt}ionite (Sigma). This solution was dialyzed in the dark agains
ofal of 2,500 volumes of oxygenated Ringer at 4°C. The resulti
solution was then diluted to its final concentration in Ringer. In sor
experiments a solution of authentic NO was pressure-ejected intg
Extracellular and intracellular recordings tissue. This NO solution was produced by bubbling double-distill
) ) ) ) . deoxygenated water with NO gas (99%, Matheson, Joliet, IL), wh
Electrophysiological recordings were made in experiments separgtgs purified of higher oxides of nitrogen prior to use as descri

from the NO measurements. Extracellular recordings of electrica eviously (Mitchell and Michaelis 1998). The transients evoked
evoked field potentials were made with borosilicate patch electro % solution were reproducible and were specifically related to the

(6 MQ) filled with Normal Ringer solution. Intracellular recordingsand not the h ) - j . .
. h . ypoosmotic vehicle (see Fig. 6) (Mitchell and Michae
were performed with sharp microelectrodes (80-10Q)Nllled with 8). Under similar recording and ejection conditions, compara

3 M KCI. Electrical measurements were obtained using an Axoclarﬂ%gtr nsient e al btained by or re eiection of DEA-NG
2A amplifier (Axon Instruments) operated in bridge mode. Curre ansients were aiso optaned by pressure ejéction o }

and voltage traces were digitized using pClamp software (Ax rmal_ Ringer (data npt shown_). T_etrodotoxip (TTX) was purch_as
Instruments) running on a personal computer. pClamp data w ram Sigma and was dissolved in Ringer solution to a concentratio
imported into Igor Pro (Wavemetrics) for graphing and measuremehtM-

For both of these sets of experiments, a stimulating electrode was

positioned at the location used in the NO measurements. . .
Histochemistry

Electrical and chemical stimulation To mark the recording sites, the probes were gently agitated
produce a small mechanical lesion after recordings were comple

Electrical stimulation of the slice was accomplished with isolate@he slice was then removed and immersion fixed in 4% paraforn
constant-current pulses (Neurodata Instruments) applied to a Tefldehyde for 12—36 h. After fixation, the slice was equilibrated wi
coated stainless steel bipolar stimulating electrode (Lb# OD) 20% sucrose in 0.1 M phosphate buffer (pH 7.4)$424 h. The slice
bared only at the tips. The electrodes were positioned at the ventras then resectioned on a freezing microtome, and the tissue
edge of the LDT as determined by inspection of the slice surface (§@ecessed for NADPH-diaphorase (NADPH-d) by a method modifi
Fig. 1B). Chemical stimulation was accomplished by either superfitom (Hope and Vincent 1989) as previously described (Leonard ef
sion of the compound dissolved at final concentration in norm&b95a). The location of the NO probes were then determined W
Ringer solution or by pressure pulses (Picospritzer IlI; General Valve@spect to the pattern of NADPH-d staining centered on the LDT 4
applied to a patch pipette positioned near the surface of the sliceP®T.

. [DTv
Fic. 1. Histological verification that the nitric oxide-sensing probes were located among NADPH-diaphorase (NADPH-d) cells
of the laterodorsal tegmental nucleds.tissue section (50.m) from a slice containing the laterodorsal tegmental nucleus (LDT)
after processing for NADPH-d histochemistry., a mechanical lesion made at the termination of the experiment to verify that the
recording was made in the LDB: another tissue section from a different slice in which a nitric oxide (NO) probe was positioned
in the LDT. The probes were sufficiently small that lesions were not present unless they were intentionally produced by mechanical
disruption as inA. 1, the location of electrolytic lesions made with the bipolar stimulating electrodes following an experiment.

These represent the typical locations where stimulating electrodes were placed. LDTv, ventral LDT; DR, dorsal raphe nucleus; DT
dorsal tegmental nucleus.
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RESULTS electrodes). This location is effective in evoking local EPSPS
Probe locations and the distribution of NOS in the LDT ~ NADPH-d-labeled LDT cells (Sanchez and Leonard 1994)

and DR of the guinea pig

n

. . o ) Local electrical stimulation evoked a NOS-dependent
Histological examination of sections prepared from braigiectrochemical signal in the LDT

slices used for electrochemical measurement revealed that all
LDT recording sites contained numerous NADPH-d cetlls=( Electrical stimulation of the LDT resulted in electrochemicgl
11). To visualize the precise probe locations with respect to thignals that can be attributed to increases in extracellular [NO].
NADPH-d-containing cells, it was necessary to make smadingle pulses typically used to evoke synaptic input to LOT
mechanical lesions after recording (Figh)lbecause position- neurons (Sanchez and Leonard 1994, 1996) did not evpke
ing of the probes in the tissue did not result in observabitetectable signals. However, trains of pulses delivered at eiher
damage (see LDT region, FigBL The example in Fig. 1&as 10 or 100 Hz did evoke detectable signals. Pulses deliverefl af
taken from an experiment where an electrochemical probE8 Hz for 10 s evoked clear signals, but pulses delivered at 100
was placed in the LDT (Fig. A, | ). Labeled cells were Hz for 0.1-1 s were preferred and were used in all experiments,
observed within the LDT and ventral LDT (LDTV) as previ-unless otherwise indicated, because the shock artifacts $ub
ously described in guinea pig (Leonard et al. 1995a). Numesided more rapidly. Electrochemical signals resulting frdm
ous NOS-containing somata were within a few soma diametgxslse trains of increasing current strengths (0.1 s at 100 Hz)[are
of the probes located within the LDT. Moreover, these findinggiperimposed in Fig. 2A. With each successive train, the e|en
verified the absence of NADPH-d-containing somata from theochemical signal became larger until it reached a maxi
DR of the guinea pig as was previously reported (Leonard et @hlue for the highest stimulus strengths tested. Lengthening td
1995a) and is different from the rat (Leger et al. 1998). train duration to 1 s at the highest current strength producedal
Electrical stimulation experiments were conducted with thgriking increase in the amplitude and duration of the elect ®
NO probe located in the LDT and the stimulating electrodeshemical response (FigB2 revealing a biphasic time cours
placed on the surface of the slice ventral to the LDT in th@ig. 2C). Responses to this stimulation paradigm often c
underlying tegmentum. An example of the relation between tkisted of a rapid increase that peaked 32 nM; n = 14) at
stimulating electrodes and the NADPH-d cells of the LD®.8 = 0.4 s following stimulus onset and a variable duratig
region is shown in Fig. 181, lesions from stimulating plateau phase (& 1 nM; measured at 90 st = 14), which

10 pulses @ 100Hz 100 pulses@100Hz
A 0.5mA B /s

10 pulses@100Hz

In Tissue

No Tissue

LT02 ‘T AINC uo 22 2€'022'0T Aq /Bio ABojoisAyd-ulffdnyFuol

L S

20 nM

50s

FIc. 2. Local electrical stimulation evoked an increase in the electrochemical signal in the laterodorsal tegmentalAucleus.
minimally detectable electrochemical responses resulting from constant-current pulse trains (10 pulses at 100 Hz) differing in
amplitude. The small response is maximal with current pulses of 0.4- to 0.5-mA ampBude.increase in the number of pulses
in the train (to 100) evoked a larger increase in the electrochemical si@nhle time course of the electrically evoked signal was
biphasic and characterized by an early peak (single arrow) that was followed by a prolonged plateau (double arrow). Signals
resulting from 2 stimuli that were separated byLl0 min are superimposed. The total response lasted between 200 and 300 s.
Integration time was 0.5 s. The stimulation artifact was limited to the initial 3-5 s as determined by identical stimuli delivered in
the absence of tissue (inset).
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FiG. 3. NC-nitro-L-arginine-methyl-ester (NAME) suppressed local electrical stimulation-evoked increases in AtO3
control responses to 1-s trains of constant-current pulses delivered at 180 tésponses to identical stimulation following 40
and 48 min of tissue superfusion with the standard solution containing 1LfANMME. Both the early and late phases of the
response were potently suppressédsuperimposition of representative traces on a shorter time scale before and after 48 min of
superfusion with.-NAME. D: time course of.-NAME inhibition for 3 experiments from 3 different slices. The inhibition
proceeded with a time course that was fit with exponentials (- - -) having time constant80omin in each case. Asymptotic
inhibition was 100% in 2 cases and 77% in the 3rd case.

lasted until 157+ 23.4 s from stimulus onset (& 14). While tion was 92.3% (P< 0.01;n = 3). This indicates that the

such biphasic responses were common, other patterns were elsotrochemical signals evoked by local electrical stimulati

observed. In some cases, responses decayed monophasicallyggtiired activation of NOS and further supported the idea t

Fig. 4B, and in other cases, the late-phase was comparable tath@se signals arose from endogenous NO production.

even larger than, the early peak (cf. FigB.d&nd 8B. Neverthe-

less these electrochemical signals were not artifacts associgifettrochemical signal required extracellular €aand was

with polarization of the stimulating electrode or probe surfacgminished by hemoglobin

because identical shocks delivered in the absence of tissue, and

with less distance separating the probe and stimulating electrodesiNOS is a Ca/calmodulin-dependent enzyme so we inve

produced only a brief artifact (Fig. 2C, inset). gated the possibility that the electrically evoked electroche]
The electrochemical response to local electrical stimulatiozal signals were Ca dependent. Superfusion of the slicg

was also sensitive to NOS inhibitors as indicated in Fig. $ith a Ringer solution containing no added calcium and 3.

$T AInc uo Lyz'2e'022°0T Aq /B1o°ABojoisAyd-ulj/:dny wosy papeojumod

h

LT

Following the superfusion of solution containing 1 mM mM EGTA reversibly blocked these electrochemical sign
NAME, the electrically evoked signal progressively decline¢Fig. 4A). This was observed in two of three slices where
so that by 48 min the signal was virtually abolished (Fig. 3gsponse was reduced by 89.5%. In the third slice, the resp
A-C). The time course afNAME inhibition was measured in was reduced by 55%. These results indicate that most, if
three slices (Fig. 3D). For two of the slices, the electrochemiaall, of the electrically evoked signal arose from Ca-depend
signal was completely abolished with a time constant-@0 processes. Because NO binds to the heme center of red
min, while in the third case, the signal was reduced by 778&moglobin (Hb) with high affinity and rapid kinetics (Doyl
with a similar time constant. The average steady-state inhikind Hoekstra 1981), we investigated whether the electric
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A Control 0Ca%*/EGTA Wash

Fic. 4. Removal of extracellular G4 or superfusion of
reduced hemoglobin reversibly suppressed the electricglly
evoked increases of NO in the laterodorsal tegmental nucleus.
A, left: control changes in [NO] were evoked by electricg
stimulation (100 Hz, 1 s) in a normal extracellular solutior}.
Two responses are superimpos@dmiddle: Ringer containing
no added C&" and 2.7 mM EGTA was superfused for 8 min td
remove extracellular Cd. Electrical stimulation failed to
evoke a detectable electrochemical resporseight: super-
fusion with normal Ringer for 15 min restored the electrochery
ical response to control levels. These data indicate that
evoked NO production is generated in &Calependent man
ner. B, left: in another slice, electrically evoked increases in
[NO] were produced in normal Ringer (100 Hz, 1B)middle:
superfusion with 1uM reduced hemoglobin (Hb) attenuateq
the electrically evoked signal by 5098, right: after superfu-
sion with normal Ringer, most of the electrically evoked rg
sponse recovere@: Hb (10 uM) attenuated the electrochem-
ical responses produced by the pressure ejection (25 ms; 10
of NO (~2 mM) into the slice. The NO-containing pipette wag
positioned with the tip at the mid-depth of the slic®00 um
away from the probe. This attenuation was not complete af
30 min, suggesting that Hb entered the slices slowly. p
[ | N ' | | Q picocoulombs; Hb, chemically reduced hemoglobin.

B Control 1uM Hb

> 7
@

vrro
aZ

10 min

evoked electrochemical signals were also sensitive to Hb. Bditle electrically evoked electrochemical signal and auther
superfusion of Jum Hb produced a reversible inhibition of theNO, which strongly supports the idea that the microprob
electrochemical signal (548 1.8%,n = 3), suggesting again were detecting tissue NO or a NO-related product.

that the electrochemical signal had properties attributable to

NO (Fig. 4B). However, inhibition was not complete an . . . R
occurred slowly following superfusion. Because our probe W%ectrochemlc_al_ signal results from direct activation
positioned to sense NO throughout the thickness of the sli@ ,NOS-contalnlng processes

one possible explanation for the slow and incomplete effectthe NO detected following electrical stimulation of th
was that the high-molecular-weight Hb only entered the sliggyT may have arisen from several sources. These incld

slowly. Wg testeq this idea by pressure ejecting ?ma”vomm%s-containing axons and terminals that may have bg
of authentic NO into the brain slice and measuring the effe&frectly stimulated to liberate NO. and the dendrites a

tiveness of superfused Hb in attenuating that signal. Thi§ .- of NOS-containing neurons, that may have b
Zﬁﬁiﬂéﬂ%gﬁ?} ‘?ghzaézﬁ;t': t?]oengfencftrﬂ:%r:ar\fnviilr E;'ize;%lt?jfsép;ﬂapticalIy or directly stimulated to produce NO. Resu
65% (Fig. 4C). This experiment also demonstrated that supengm two types of experiments pertain to this point. First,
fusion of Hb reduced the basal electrochemical signal with® amined the possibility that activation of LDT neurons
slow time course. We further examined this point by pressug tamat_erglc EPSPs was necessary for the NO respon
ejecting Hb into the slice at a location situated between the NK§ 40 this, we compared the electrically evoked NO sign
source pipette and the microprobe as schematically illustrafé@m before and after inhibition of EPSPs with CNQX an
in theinsetof Fig. 5A. Under these conditions, four brief pulse§PV. Because we previously had noticed that EPSPs
of Hb (100 uM) produced small but rapid reductions in thecorded from LDT neurons undergo strong synaptic depr
baseline electrochemical signal and reduced the effect ofi@n during high-frequency stimulation (Leonard, unpu
60-ms pulse of NO by nearly 50% even when delivere@ lished observations), we chose a stimulation paradigm of
min after the last Hb ejection (Fig.A8). Moreover, ejecting Hz for 10 s to maximize the likelihood of observing exci-
Hb near the peak of the response produced by a 60-ms pulstatdry postsynaptic potential (EPSP)-dependent signals [for
NO rapidly reduced (within 1 s) the response by 50% (Fighese experiments. However, as mentioned in the preceding
5A2). These data illustrate that Hb can rapidly attenuate the N&xt, this stimulation protocol produced a long-duratign
signal if it is delivered into the slice between the source and thetifact which interfered with the early part of the electrg-
probe. We then determined if Hb ejection into the slice woulchemical signal. We therefore measured the effect of iofo-
also rapidly attenuate the electrically evoked electrochemidabpic glutamate receptor antagonists in the late-phase of{the
signal (Fig. 5B1). Two ejections of Hb delivered after the peakvoked electrochemical signal. Bath superfusion of CNQX
of the electrically evoked response rapidly attenuated the (&0 uM) and APV (50 uM) produced no detectable sup}
sponse by~20% each. Moreover, responses to subsequenession (107.6% of controlp = 5; P > 0.1) of these
stimulation were attenuated by 50%. Following the third Hblectrochemical responses (Fig.andB), indicating that
ejection, the responses began to slowly recover. The rapidityfabt EPSPs are not necessary for the stimulus-evoked
the Hb attenuation is illustrated on a faster time scale in Figrease in NO. Bath application @ENAME verified these
5B2. These data indicate that Hb has a similar effect on bd#ie signals were NOS dependent (Fig:)6
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Fic. 5. Rapid delivery of reduced-hemoglobin into the slice rapidly attenuated exogenous NO transients and the electrically
evoked electrochemical signahset: diagram of the recording arrangement usedl.ifihe pressure ejection pipettes were placed
at mid-depth of the slice. The NO pipette wa200 um and the Hb pipette was-100 um from the sensorA;: brief
pressure-ejections (20, 40, and 60 ms; 10 psi) of authentic NO (~2 mM) into the slice produced dose-dependent increases in the
signal at the microprobef , times of NO application. Four pressure ejections (20, 40, 60, and 80 ms sequentially; 10 psi) of reduced
hemoglobin (labeled Hb; 10QM) produced small but rapid reductions in the baseline NO level and attenuated the subsequent
response to NO (60 ms; 10 psi)., time of Hb application. The same volume of Hb (80 ms; 10 psi) delivered while extracellular
[NO] was elevated by a pulse of NO (60 ms; 10 psi), produced a large and rapid reduction in thé&JNdaka fromA, on a faster
time scale shows the rapid effect of Hb on the NO transient. Traces prior to Hb application are labeled 20, 40, and 60 ms. - - -, the
first response evoked after the 4 Hb pulsesjrand was evoked by a 60-ms pulse of NO. Hb was ejected at the point-labeled Hb.
The relative timing of the NO and Hb pulses is shown ontib#om trace. B: electrical stimulation (90 pulses; 100 Hz) evoked
increases in NO that were rapidly reduced by pressure ejecting Hb (200, 400, 1,000 ms sequentially; 10 psi) into the slice. Delivery of
Hb into the slice also reduced the subsequent electrically evoked transient and the basal levels of NO mieatheeime of Hb
ejection.B,: data fromB, on a faster time scale to better show the speed of the Hb action on the electrically evoked NO transient.

In another series of experiments, we examined the fiet¢gnchronized firing of LDT neurons rather than synapfic

potentials produced in the LDT by high-frequency stimulatiorturrents. Although the field potential was reduced-50%
Results from these experiments indicated that substantial diratta pulse interval of 10 ms, the field potential followed
activation of LDT neurons occurred for the stimulus strengttstimulus frequency of 100 Hz (Fig.Cj. The field potential
used to evoke detectable electrochemical signals (Fig. 7).was insensitive to bath superfusion of M CNQX (Fig.
short-latency, graded field potential (1.6 mV, maximum an¥-, D and E), which always attenuated EPSPs (Sanchez &
plitude; 1.15 ms, width at half-maximum amplitude;= 2 Leonard 1994) and indicated that the field was not synap

slices) was evoked with stimulus currents that ranged from Qr8racellular recordings verified that local electrical stimy-

to 0.8 mA (Fig. 7A). The amplitude of this field potentialation could directly fire LDT cells (Fig. 7F and G).

decreased monotonically as the interval between the stimGibllectively, these results indicate that the electrica
was shortened without evidence for paired-pulse facilitatic@voked electrochemical signal resulted from direct actiy
(Fig. 7B as expected if this field potential resulted fromion of LDT neurons.
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A gated N& channel-dependent action potentials, also abolished
Control both the peak and the enhanced plateau responses ¢ig| 8
right), indicating that both phases of the response dependg on
the generation of TTX-sensitive currents.

NMDA evoked NO production in the LDT

Since NMDA receptor activation has been specifically
linked to NO production, we also examined the possibility that
NMDA elicits NO production in the LDT, which is known to
contain synaptic NMDA receptors (Sanchez and Leonard
1994, 1996). A 3-min superfusion of Ringer containing 100
M NMDA produced a reversible increase in the electrochem-
ical signal measured by a probe located within the LDT (Fig.
B CNQX+APV 9A). Such an increase was also observed following local ejec-
tion of NMDA with a patch pipette placed above the slice near
the probe. In this configuration, NMDA produced a dosg-
dependent increase in the signal (FiB) vith an average time
to peak of 42.1+ 14.9 s. Such signals were observed followir]
NMDA application either locallyif = 8) or by bath superfu-
sion (n = 2) in 5/6 slices. These signals were reversib
inhibited (64.6* 4.1%;n = 2) by L-NAME (1 mM; Fig. 9C),
indicating that a majority of the signal could be attributed
activation of NOS. Such partial inhibition of NMDA-evoke
NO signals has been reported previously under similar recg
ing conditions using a different NO-selective probe (Iravani
al. 1998). The average maximal increase in [NO] produced
local NMDA application in the LDT was 3% 14 nM (n= 8).

DISCUSSION

We have used an NO-selective electrochemical microprq
to measure changes in extracellular [NO] evoked by lo
electrical and chemical stimulation in a brain-slice preparati

50s of the guinea pig LDT nuclei. Our central finding is that dire

Fi. 6. lonotropic glutamate receptor antagonists did not suppress electric@bectrical stimulation of the LDT triggers a long-lasting ele
evoked increases in N@x 3 sequential increases in NO produced by electricg{gchemical signal that is attributable to an increase in lo
stimulation with a 10-s stimulus train (10 Hz; contrdd. this stimulus pattern [NO]. Moreover, this signal was increased in duration {

10 nM

7

Bz¢ 0T A8 BugKBojoisAydEl/ R wo papeojufidg

evoked a long-lasting increase in NO production that was not blocked pyvLO . h
6-cyano-7-nitroquinoxalene-2,3-dione (CNQX) and8d 2-amino-5-phospho- €X0genous-Arg and was abolished by blocking voltage-gat
nopentanoic acid (APV). These concentrations of glutamate receptor antagodié&&™ channels with TTX. These findings, along with the-o
abolish fast excitatory synaptic transmission to LDT celisdue to the artifact garyation that NMDA application increased tissue [NO] with

associated with this stimulus paradigm, only the late phase of the electric : i
evoked signal was compared. The dependence of this late phase on NO synt eLDT’ support the hypothesis that the activity-depend

(NOS) was verified by application of 1 mMNAME, which inhibited only this PdeUCtiOﬂ of NO by m_esop_onting cholinergic neurons fl_m
part of the signal (seresuLTsfor further discussion), tions as a local paracrine signal in the control of behavio

state.

P ABCTI0 2628

LT0Z%y

L-Arginine increased the duration of elevated [NQ] in the
LDT following electrical stimulation Technical consideration

The previous data indicate that electrical stimulation resultedAn important consideration relates to the specificity of t
in a prolonged activation of NOS in the LDT. We investigategrobe. Several lines of evidence indicate that the electroch¢m-
the possibility that this long-duration response was limited bgal signals recorded in these experiments arose from ti
substrate availability. We compared the electrochemical sigencentration changes of authentic NO. First, the basis of t
nals evoked by electrical stimulation in normal Ringer solutiomeasurements was the use of a porphyrinic sensor that|has
to those evoked in a solution containing\rg. As illustrated in  been previously shown to be highly sensitive to NO (Malingki
Fig. 8A,L-Arg (1 mM) did not effect the early peak but theand Taha 1992). The probes used in our experiments werg
plateau phase was increased in amplitude (181.1% of contmolpdified to reduce interference from molecules such as mopo-
n = 4; P < 0.01) and the response duration (42359.8 s; amines and their metabolites, which are expected to be fopind
n = 4) was longer than controls (157#123.4 s;n = 14;P < in brain tissue. The degree of interference from these and othel
0.01). The prolonging of the plateau phase was reversed aftessible interferants were previously quantified and thgse
washing out the-Arg (Fig. 8B), suggesting that the plateayprobes were shown to be highly selective for NO (Mitchell and
phase of the response was sensitive to the availabilityAdj. Michaelis 1998). Second, the individual probes used in th¢se
Moreover, application of TTX (JuM), which blocks voltage- experiments were tested for interference from monoamines pnd

J Neurophysiof vOL 86 « NOVEMBER 2001 WWW.jN.Org



http://jn.physiology.org/

ACTIVITY-DEPENDENT [NO] DYNAMICS IN THE LDT 2167

) il "
0.5mV|
10ms
0.5mV
10ms

E  conax (1oum)

{

-64mV-»

FIG. 7. Electrical stimulation that evoked NO production also directly activated laterodorsal tegmental nucleus meurons.
electrical stimulation with constant current pulses (0.1-0.8 mA, 2)Qproduced a short-latency (<1 ms) field potential that was
graded in amplitude and saturated near 0.75-mA current strength. The field had a half-width of 1.05 ms for supramaximal stimuli,
suggesting it was a population spil&.double pulses delivered at progressively shorter intervals resulted in a monotonic decrease
in the field size as expected for the long-duration afterhyperpolarization of the NOS cells inQ:[fie field could nevertheless
follow 100-Hz stimulation, suggesting that it was not synaptically mediddedontrol field potentials (10 trials superimposed)
elicited by pulse-pairs having a 10-ms interval (contrBt)blocking glutamatergic excitatory postsynaptic potentials (EPSPs) with
CNQX (CNQX, 10uM) did not attenuated the evoked fields (10 superimposed), further indicating a nonsynaptic origin to the field.
Intracellular recordings verified that local stimulation could directly activate LDT neufariSPSPs were evoked at a latency of
3.6 ms for stimulus strengths &f0.7 mA. G: incrementing the stimulus strength to 0.8 mA caused a spike to be initiated at times
preceding the EPSP (<1.4-ms latency,) indicating that the stimulus directly activated the cell.

LT0Z ‘vT AInC uo /¥2'Z€'022°0T Ag /Bio ABojoisAyd-uly/:dny woly pspeojumoqg

experimental reagents, including Hb and changes in pH, aindicating that it was not an artifact of electrical stimulatio
calibrated for NO as described imetHops to verify their Collectively, these data strongly support the view that the mpa-
selectivity under the current experimental conditions. Thirgured electrochemical signals arose from endogenous NO.
the electrochemical signals were sensitive-ldAME indicat-

ing that NOS activity was necessary for the production of thsyssiple sources of NO

signals. Fourth, the electrically evoked signals were ‘Ca

dependent and were attenuated by reduced hemoglobin in ®ur data indicate that the measured NO signals most likgly
manner similar to signals produced by exogenous NO. Finalgrose from the NOS-containing cells of the LDT. First, the
an electrochemical signal was also evoked by NMDA applicatioprobes were shown histochemically to have been positioped

—
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FiGc. 8. Superfusion ofL-arginine potentiated the electrical stimulation-evoked increases in NO produétioelectrical
stimulation (1 s, 100 Hz) evoked a biphasic increase in [NO] that returned to baselit0hs (control). Following superfusion
of 1 mM L-Arg, identical stimulation evoked an enhanced plateau phase lasting 300—40%@).(The early phase appeared
unaffected by the presence pfArg. Application of 1 uM TTX in the presence of-Arg abolished both the early and late
electrochemical signals (right), indicating their dependence on activation of voltage-gatespitas.B: theL-Arg potentiation
of the plateau phase was reversible. Following the washout of 1.rAW with normal Ringer, the plateau was reduced while the
peak remained unchanged. Both the early phase and the late phase were sensitiveVif (1 mM) as expected.

among the NADPH-d-containing cells of the LDT, and locaHowever, given the high density of NOS-containing somg
electrical stimulation evoked NO production at these measuard dendrites within the LDT (Leonard et al. 1995a), it is mqr

ment sites. Second, tissue superfusion and local pressurelégely that the electrically evoked changes in [NO] measur
plication of NMDA increased the [NO] at these LDT siteshere were generated at these somatic and dendritic sites.
Third, field potential measurements indicated that the electricakasurement of spike-evoked changes of?[qain NOS-

stimuli that evoked NO production also evoked firing of LDTcontaining LDT cells supports this view because during rep
neurons. Finally, electrical-stimulation-evoked NO signalgive firing, somatodendritic [C&]; can readily achieve the

were blocked by TTX but not by CNQX and APV, whichlevels reported to activate NOS (Leonard et al. 2000). This idea

abolish fast excitatory synaptic input to LDT neurons (Sanchems further supported by our finding that NMDA a;g;licatio
and Leonard 1994, 1996). This indicates that NO productievhich produces large increases in somatodendriti¢ [Can

was evoked by direct rather than by synaptic activation &fOS-containing LDT neurons (Leonard et al. 2000), also g¢n-
action potentials in NOS-containing neurons and processaated NO. Nevertheless, the available evidence does not| ex

within the LDT. clude the possibility that at least some of the measured

Because nNOS is distributed throughout the cytoplasm afose from NOS-containing axon terminals within the LDT
neurons, NO might be produced in axons, terminals, dendritespecially because some of these axons are local collaterals of

and somata. Electrochemical measurements of NO in the ntilee NOS-containing LDT neurons (Surkis et al. 1996). FU

lecular layer of the cerebellum (Shibuki and Kimura 1997), thlaermore, the possibility that some measured NO arose frjom

substance gelatinosa of the spinal cord (Kimura et al. 1998)ood vessel endothelial cells cannot be ruled out, although
and dialysis measurements in the thalamus (Williams et akems unlikely, at least for NMDA receptor mediated N
1997), which is innervated by axons of NOS-containing m@roduction because cerebrovascular microvessel endoth

sopontine cholinergic neurons, suggest that activity-dependeatls appear to lack functional glutamate receptors (Morley] et

NO production in these structures arises from axon terminadd. 1998).

J Neurophysiof vOL 86 « NOVEMBER 2001 WWW.jN.Org

Aq /610°ABojoisAyd-uly/:dny woly papeojumoq

@0 /¥7Z'¢€'0¢C’ 0T

FI-‘["_"

=

1%

D
£10¢

17

NO

=

his
o]
blia



http://jn.physiology.org/

ACTIVITY-DEPENDENT [NO] DYNAMICS IN THE LDT 2169

NMDA from other mechanisms such as the firing of TTX-sensitiye
T action potentials.
In some neurons, nNOS appears to be selectively regulated

by NMDA receptor-evoked Ca entry (Kiedrowski et al.

1992). This may be mediated by the association of nNOS with

NMDA receptors and by their mutual targeting to postsynaptic

densities (Brenman et al. 1996; Christopherson et al. 1999) pnd

300 s spines (Aoki et al. 1998) where €ainflux through NMDA
receptors mediates large increases in locaf [FéYuste et al.
1999). However, the degree of functional compartmentaliza-
tion in neurons remains unclear. The most intensely NQS-

10 nM

10x 3.2S pulse

B immunoreactive neurons in neocortex and those in the LDT pre
5x 3.2S pulse aspiney or sparsely spiney and have nNOS label distributed
throughout their cytoplasm (Leonard et al. 1995a; Vincent gnd
= 1x 3.2 pulse Kimura 1992). Elevation of cytoplasmic &€aby several dif
ol e T e N AN e ____M ferent pathways might activate nNOS. Our?Caimaging
100 s A studies from NOS-containing LDT neurons indicate that even

weak activation of NMDA receptors stimulates large soma
dendritic [C&™] transients mediated by action potential-aci

Y

UMO

C vated voltage-gated €& channels (Leonard et al. 2000) rathers

. than by C&" influx through NMDA receptors. Thus it seem 58

—_ Control (mM) 7 e unlikely that the observed NMDA-evoked changes in [NOE

----- Wash NN could be mediated by a restricted influx of Cathrough |3

- "w\“ NMDA receptors. It is more likely that Ga influx through i

! voltage-gated CGd channels played a common role in both theg

A NMDA- and electrically evoked NO production we have meas

NMDA (10x 3.25 pulses) sured. Perhaps, subthreshold activation of NMDA receptn@

Fic. 9. N-methylp-aspartate increased the electrochemical signal in t emduces the hlghly localized NO S|gnals hecessary for sy

laterodorsal tegmental nucleus. bath superfusion of 108M NMDA (3 min) ~ aPSe-Selective plasticity (Schuman and Madison 1994) w i
produced a reversible increase in the electrochemical signal measured ingb@rathreshold activation recruits NOS activity throughout

LDT. Current from the electrochemical probe was integrated for B lacal  cytoplasm for a more general paracrine signaling function. =
NMDA application evoked a dose-dependent NO signal. NMDA (5 mM) was

pressure ejected (at arrow) from a patch pipette positioned above the tissue ) .
near the LDT probe (~20@m). These applications produced long-lastingKinetics of tissue [NO] changes produced by electrical
increases in the electrochemical signal that were reversible. Integration tiggmulation

was 5 s for this experimenC: superfusion (49 min) with Ringer solution

containing 1 mML-NAME reversibly inhibited the NMDA-evoked electro-  Electrical stimulation resulted in an average peak increasg
chemical signal. Integration time was 5 s. Calibration baB iapplies toC. 33 = 2 nM. which is comparable to peak concentratid
changes reported in the molecular layer of the cerebelll
following white matter stimulation (Shibuki and Okada 1991
The entry of C&" through NMDA receptors has been Sug.ConS|d.er|ng that NQ IS producgd at sites removed from

meedlate surroundings of the microprobe surface and that

gested to be a key control mechanism for neuronal NO S)) - L
. . I - ~€an react with tissue and molecular oxygen (Taha et al. 1992,
thesis (Garthwaite 1991). Both indirect methods used to infg e measured [NO] was undoubtedly lower than the act|ia

the production of NO such as bioassays (Garthwaite et O] at the synaptic sites surrounding NO-producing cells.| &
1988), cGMP assays (DeVente et al. 1990; East and Garthwalitgg onset of the NO signal following electrical stimulatioh
1991; Garthwaite et al. 1988; Morris et al. 1994K] citrul- a5 evident before the complete decay of the stimulus artif
line assays (Kiedrowski et al. 1992; Toms and Roberts 19944 the average time to peak was £8.4 s o = 14), which

and brain dialyses (Luo et al. 1993; Shintani et al. 1994), aghs comparable to the times of under five seconds reported for
direct measures of NO (Desvignes et al. 1997; Iravani et O signals evoked by electrical stimulation in the molecullr
1998) indicate that NMDA receptor activation stimulates N@yer of the cerebellum (Shibuki and Kimura 1997) and cefe-
production in the brain. The recent finding that NMDA recepbral cortex (Wakatsuki et al. 1998). Because our NO proljes
tor blockade inhibits~50% of the electrically evoked increasehave response times of0.5 s (Mitchell and Michaelis 1998)
in extracellular NO in layer 5 of auditory cortex (Wakatsuki eand our integration time was 0.5 s, the time to peak accurafely
al. 1998) further indicates that activation synapticNMDA  reflects the time course of the concentration change of exfra-
receptors can stimulate NO production in the CNS. Our findirggllular NO. This indicates that the dynamics of signals carried
that NMDA application increased extracellular NO in the LDy extracellular NO would be quite slow compared with cop-
provides additional direct support for the general idea thegntional synaptic mechanisms.
NMDA receptor activation can stimulate NO production in the The time course of the electrically evoked [NQ] transients
CNS. Nevertheless, our finding that electrically evoked N©&ften had a form consisting of a peak followed by a platepu
production did not depend on NMDA receptor activation inlasting over a minute. In contrast to our findings, the [NO] |n
dicates that C& -dependent NO production can also resuthe molecular layer of the cerebellum is reported to declined to
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NMDA receptor control of NO production
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baseline within 10 s, following either white matter or molecthis cholinergic feedback inhibition by promoting Ach release
ular layer stimulation (Shibuki and Kimura 1997; Shibuki ands suggested by the finding that NOS inhibition in the cat PPT
Okada 1991). While this may reflect methodological differeduces the local release of Ach (Leonard and Lydic 1997).
ences, another consideration is the source of NO in these tw@\lthough the specific roles need to be further elucidated, NO
studies. In the LDT, measured NO appears generated maigtions at LDT and nearby sites appear to be functiondlly
by the somatodendritic pool of NOS while in the moleculafmportant in REM sleep. NOS inhibitors applied to the cat PRT
layer, NO appears generated by NOS in the parallel fibers (Sestta et al. 1997) and medial pontine reticular formati
Shibuki and Kimura 1997). It is possible the differences if| eonard and Lydic 1997) reduced REM sleep amounts.
decay time course reflect a differential regulation of these tVELoinjection of NOS inhibitors in the closely adjacent dor
pools of NOS. One possibility is that the somatodendritic pop. phe nucleus reduced REM sleep in rat (Burlet et al. 1999)
of nNOS remains activated by the residual elevation of [Ca and a consolidation of REM episodes has been reported fol-

which declines only slowly#{ = 134 s) after repetitive firing . S i :
(Leonard et al. 2000). Of course, other factors might also hﬁw'gg local injection of.-NAME into the mPRF (Okabe et al.
n

contributed to the plateau response and include a secon 5 . . -

activation of NOS by other cellular messengers released dur'rlj conglusmn, our (_jata indicate that neural actlylty_evo_k d
electrical stimulation and/or the direct alteration of NOS ad €lectrical stimulation and NMDA receptor activation ir-
tivity through interactions of its numerous, but poorly undeicréases extracellular [NOJ within the LDT. This implies that
stood, intracellular modulators (for review, see Michel anf© can act as a paracrine signal whose production is linked ¢
Feron 1997). Further work will be necessary to clarify thE'€ Suprathreshold activity of LDT neurons. Given the eyiz

underlying mechanisms of these plateau responses. dence from single-unit studies (El Ma_msari etal. 1989_; Kz_;lya
et al. 1992; Koyama et al. 1998; Steriade et al. 1990) indicat

. L . that putative NOS-containing cells of the LDT fire at the
Functional implications of NO produced by mesopontine  pighes; rates during waking and REM sleepl(—20 spikes/s
cholinergic neurons in rodent) and are either quiescent or fire at low rates dur

A role for NO in the control of behavioral state was initiallySloW-wave sleep, our results and the work discussed in

suggested from the effects of centraNAME administration Preceding text, support the hypothesis that NO functions
(Kapas et al. 1994). Several lines of evidence now indicate tA@ga! Paracrine signal within the mesopontine tegmentum in
NO production by NOS-containing cholinergic neurons of thgPntrol of behavioral state.

LDT and PPT plays a role in this control. Mesopontine cho-

linergic neurons provide extensive NOS-containing input to thewe thank Dr. Sophie Burlet for critical comments on the manuscript,
thalamus (Bickford et al. 1993) and thalamic NO levels variaylor for excellent technical assistance, and Dr. S. Rao for assistance in g

. - : ; i of the experiments.
accordlng to behavioral state with the h|ghest levels duri his study was supported by National Institutes of Health Grants NS-27

waking and REM sleep (Williams et al. 1997). The action f 1y ‘6415010 C. S. Leonard, AG-12993 and AA-04732 to E. K. Michael
this NO appears to enhance visual and somatosensory actiyfy Ns-37777 to K. M. Mitchell, who also received a grant from the Mari
(Cudeiro et al. 1994a,b; Do et al. 1994), perhaps by shifting therrell Dow Scientific Education Partnership.

voltage dependence of the H-current in thalamic relay neurons

(Pape and Mager 1992).

Evidence for local NO actions within the mesopontine te
mentum also supports a role for NO in behavioral state contrébki C, BRept DS, FENSTEMAKER S, AND LUBIN M. The subcellular distribu-
Potential targets of local NO action include the locus coeruleugion of niric oxide ;g’;*;s;eBrg?rf“éeegige pires subnit of NIMIDA receptor

s | - i 1 83-97, .

(LC) where NOS inhibitors enhance EPSPs (Xu et al. 199.& ploul F, TREVIN S, DEVYNCK J, LANTOINE F, BRUNET A, AND DEVYNCK MA.
and where NO donors produce a cGMP-dependent depolarizaianoration and use of nickel planar macrocyclic complex-based sensor.
tion (Pineda et al. 1996). These neurons are closely adjacent te direct electrochemical measurement of nitric oxide in biological medi
LDT in rat and are extensively interdigitated among LDT Biosens Bioelectrod2: 205-212, 1997. _
neurons in the guinea pig and other species including humZlfFOrRD ME, GunLUK AE, GuIDO W, AND SHERMAN SM. Evidence that

discussion in Leonard et al. 1995a), suggesting that thecholmz?rgm afferents frqm th_e p_arabrachall region of the brainstem are
(S'eeht be infl d by th -'[ dend ;i ggd t'g f Noé&cluswe source of nitric oxide in the lateral geniculate nucleus of the dat.
might be influenced by the somatodendritic production o J Comp NeuroB43: 410-430, 1993.
by mesopontine cholinergic neurons. BREDT D AND SNYDER S. Isolation of nitric oxide synthetase, a calmodulir}-

Mesopontine cholinergic neurons, themselves, may also béeqUifin?Eegyrg%Péot& NaélHAc,\jléiGSci/:JViBg: 682—§§5,S\1990_ R

. . ENMAN JE, GHA , GEE s EE , CRAVEN , SANTILLAN ,
,targets of their own .N_O pI’OdUCtIOI”l: NO donor compoun Wu Z, Huang F, XiA H, PETERS MF, FROEHNER SC, AND BREDT DS.
S Gon ey ot DA Recept e o LS . e 0 3 e e S o
al. . First, they reduce receptor-mediated exci-PSD-95 and alphal-syntrophin mediated by omadedl. 84: 757—
tation, which on average comprisesl0% of the excitatory 767, 1996. _ _ o _
synaptic current at-60 mV (Sanchez and Leonard 1996).BURLET S AND .C.ESPUG'LIO' R. Voltammetric detection of nitric ox@e (NO).ln

A . .~~" the rat brain: its variations through the sleep-wake cygkurosci Let226:
Second, exogenous NO inhibits EPSPs in NOS-containingz1_135 1997,
LDT cells. Thus NQ generated by mesopontine cholinergiirier S, Lecer L, anp CespucLio R. Nitric oxide and sleep in the rat: a
neurons could function as an inhibitory feedback pathway bypuzzling relationshipNeurosciencé®2: 627-639, 1999. o
reducing excitatory synaptic input to the LDT. Strong feedba&t‘_ﬁsffo’vi pnp nggb(efl\l( : nf;\'l’gur'gzgg‘:“é‘;;’ %’2&""%94”5;"3{9%*; transients in the
. . . - N vi u u u i : ! , .
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