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Abstract—The effects of locally infused cholinergic agonists on extracellular levels of norepinephrine in the olfactory bulb of
anesthetized rats were determined usmgivo microdialysis coupled with high-performance liquid chromatography and electro-
chemical detection. Using chronically implanted microdialysis probes, the basal norepinephrine level in the olfactory bulb was
0.55 pg/10ul dialysate. Local infusion of K (30 mM) or the norepinephrine re-uptake inhibitor desipramingNt) through the
dialysis probe significantly increased basal norepinephrine levels. Focal activation of noradrenergic locus coeruleus neurons, the
sole source of norepinephrine innervation of the olfactory bulb, increased norepinephrine levels by 247% of control. Local infusion
of the acetylcholinesterase inhibitor soman (0.4 mM) into the olfactory bulb increased basal norepinephrine levels by 134% of
control, suggesting that endogenously released acetylcholine modulates norepinephrine release. Intrabulbar infusion of acetylcho-
line (40 mM) or nicotine (40 mM) increased norepinephrine levels (317% and 178% of control, respectively), while infusion of the
muscarinic receptor agonist pilocarpine (40 mM) reduced norepinephrine levels (54% of control).

These results demonstrate that basal norepinephrine release in the olfactory bulb is potently modulated by stimulation of local
cholinergic receptors. Nicotinic receptors stimulate, and muscarinic receptors inhibit, norepinephrine release from locus coeruleus
terminals.© 1999 IBRO. Published by Elsevier Science Ltd.
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Convulsions elicited by systemic administration of cholino- system, nicotinic receptors stimulate, and muscarinic recep-
mimetic agents such as the irreversible acetylcholinesterasetors inhibit, NE releasé®
(AChE) inhibitor soman or muscarinic receptor agonists lead  The goal of the present study, therefore, was to determine if
to massive depletion of the neurotransmitter norepinephrine activation of cholinergic receptors in LC terminal regions
(NE).}2131850man-induced convulsions, for example, cause a modulates basal NE release as measured bivo microdia-
rapid, 50% reduction of tissue NE content in the rat olfactory lysis coupled with high-performance liquid chromatography.
bulb and forebrain as early as 1 h following soman adminis- The effects of cholinergic receptor stimulation on NE levels
tration!® Based on the global reduction of NE levels, it is were investigated in the granule cell layer of the rat main
likely that cholinomimetic agents modify NE levels, at least olfactory bulb. The olfactory bulb was selected because: (i)
in part, via actions on the noradrenergic system originating in the granule cell layer of the olfactory bulb receives a dense
the nucleus locus coeruleus (LC), which innervates most of noradrenergic innervation that arises solely from LC
the forebrain and is the sole source of NE input to the cerebral neurons??4142(ii) the granule cell layer is also targeted by
cortex, hippocampus and olfactory bufik?. cholinergic inputs (from the horizontal limb of the diagonal
There are at least two potential mechanisms by which band), and this layer contains both muscarinic and nicotinic
cholinergic agents could modify NE release from the LC receptors??24252949(jiiy previous studies demonstrate that
system: (i) direct excitation of LC somata, leading to activation of cholinergic projections to the olfactory bulb pre-
increased, impulse-driven terminal NE release; and (ii) synaptically modulates other centrifugal inputs to granule
local, presynaptic effects on LC terminals that could modulate cells#® and (iv) cholinomimetic seizures rapidly deplete NE
NE release independently of impulse activity in LC somata. levels in the olfactory bul!3
Previous studies in our laboratory and by others have shown
that direct application of muscarinic or nicotinic receptor EXPERIMENTAL PROCEDURES
agonists, as well as AChE inhibitors, into the LC potently
activate LC neurong?10121419¢t js not known, however, if

cholinergic agents locally modulate NE release from axon 0 go;nan (Iplntél_tcct)ly:c mectﬁy'phoslg“}“Oﬂuo(rA'%at‘? WaSPSUpplleg by tze
; ; ] i ; .S. Army Institute for Chemical Defense (Aberdeen Proving Ground,

terminals in the CNSn vivo. In the peripheral nervous Maryland). Acetylcholine (ACh) hydrochloride, pilocarpine hydro-

chloride, desipramine hydrochlorider§-nicotine, monochloroacetic

acid, octyl sodium sulfate, NE bitartrate and ascorbate oxidase (EC

$To whom correspondence should be addressed. Fd-410-706-3814; 1.10.3.3) were obtained from Sigma Chemical Co. (St Louis, MO).
fax: +1-410-706-2512.
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Abbreviations ACh, acetylcholine; AChE, acetylcholinesterase; ACSF,
artificial cerebrospinal fluid; EDTA, ethylenediaminetetra-acetate; LC, Experimental procedures were conducted so as to minimize animal
locus coeruleus; NE, norepinephrine. suffering and the number of animals used. The following procedures

Materials

Microdialysis probe implantation
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were approved by the animal welfare committee at the University of
Cincinnati. Adult male Sprague—Dawley rats (280-350 g; Harlan
Laboratories, Indianapolis, IN) were anesthetized with chloral hydrate
(400 mg/kg, i.p.) and concentric microdialysis CMA/12 probes

(Carnegie Medicine, 2 mm active tip, 0.5 mm o.d.) were stereo-
taxically implanted in the granule cell layer of the left olfactory bulb

(7.5 mm rostral to bregma, 0.5 mm lateral to the midline, 3.5 mm
ventral to the brain surface). The olfactory bulb was studied in these

experiments because: (i) the granule cell layer receives a rich nor-

adrenergic innervation originating solely from the E&'l42and the

granule cell layer contains several classes of noradrenergic recep-

tors??2542and (i) the granule cell layer of the bulb is targeted by
cholinergic inputs (from the horizontal limb of the diagonal band)
and this layer contains both muscarinic and nicotinic recep-
tors222425282949%The probe was surrounded with a plastic cap and
secured to skull screws with dental acrylic. All microdialysis sampling
experiments, including LC activation, were conducted one to two
days later in methoxyflurane-anesthetized rats, as described belo
(see “Neurophysiological techniques”). The location of implanted
probes was verified histologically (see below) at the end of the
experiment.

Microdialysis and chromatographic methods

The microdialysis perfusate was an osmotically balanced artificial
cerebrospinal fluid (ACSF; composition: 147 mM NaCl, 2.71 mM
KCI, 1.22 mM CaC}, pH 7.4). The filtered and degassed ACSF, or
ACSF containing dissolved pharmacological agents or elevatgd K
was placed in 2.5-ml microsyringes and continuously perfused through
the probe at a flow rate of 2l/min using a microinfusion pump (CMA/
100) equipped with an electronic syringe selector (CMA/111). The
syringe selector allows delivery of perfusate from one of several
syringes to the probe, while the others are voided to waste without
the introduction of air bubbles; switching between syringes containing
control ACSF did not alter baseline NE levels. Corrections were made
to account for dead volume in tubing and in the dialysis probe. Dialy-
sate samples (20l) were collected at 10-min intervals using a micro-
fraction collector (CMA/140). Relative recovery of probes was

calibrated before and after implantation by comparing the peak heights

of NE in brain dialysate samples to those in a standard (20 pg/20
ACSF, pH 7.4), as described previouslyThe mean relative recovery
of the dialysis probes in this study was 11.8.5% (=27).

In each experiment, NE efflux was monitored for a minimum of
90 min during continuous perfusion of normal (control) ACSF through

the probe to establish stable, baseline NE levels; the last six 10-min

samples were collected prior to experimental manipulations. Using the
syringe selector (CMA/111), filtered ACSF containing high Kr a
pharmacological agent (desipramine, soman, ACh, pilocarpine, nico-
tine) was then infused for 10 min in the olfactory bulb via the
implanted probe. After local K or drug infusion, control ACSF was
allowed to perfuse for 1 h. In LC activation experiments (see below),
only control ACSF was perfused through the probe before, during and
after LC activation.

NE levels were determined using a Bioanalytical Systems (West
Lafayette, IN) Model 200 Liquid Chromatograph, equipped with an
LC-4B electrochemical detector (Bioanalytical Systems). The glassy
carbon working electrode was held at 0.65V against an Ag/AgCl
reference electrode and the sensitivity of detection was kept at
0.2 nA (full scale). Chromatographic separations were effected with
a 100 mnx3.2 mm Biophase ODS gim (C18) column (Bioanalytical
Systems) in a 14-min run. The mobile phase consisted of 63 mM
monochloroacetic acid, 1.3 mM octyl sodium sulfate and 0.2 mM
N&EDTA in the agueous phase (pH 2.9), and 3% acetonitrile at a
flow rate of 1.0 ml/min. The column and mobile phase were held at
40 and 38C, respectively. Under these chromatographic conditions,
injected brain dialysate samples (L) have a large solvent front
which interferes with the early eluting peaks. The main cause for
this large solvent front is ascorbic acid. As reported previogsly,
this problem was mitigated by addition of Qub of ascorbic acid
oxidase (activity: 250 units/0.5 ml of water) to each collected dialysate
sample (2Qul). Each sample was vortexed and 10of each treated
sample was immediately injected into the high-performance liquid
chromatograph. The NE peak in microdialysis samples was positively
confirmed with spiking methods. NE levels are expressed as pd/10
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Neurophysiological techniques

One to two days after microdialysis probe implantation, rats were
intubated with a tracheal cannula under methoxyflurane (metofane)
anesthesia (0.3—1.0% in moist air). A second ascending cannula was
inserted into the distal (nasal) part of the trachea and connected to a
respirator to produce moist airflow through the nasal cavity. Animals
were mounted in a stereotaxic instrument with the incisor bar lowered
to angle the skull 12from the flat skull position. Core body tempera-
ture was maintained at 36—37 with a feedback-controlled heating
pad. A transcortical electroencephalographic electrode was implanted
in the frontal cortex to maintain a constant plane of anesthesia at which
a hindlimb pinch elicited a brief desynchronization of the electroence-
phalogram, as described previoudly.

A hole was drilled in the skull above the left LC (4.0 mm posterior to
lambda, 1.2 mm lateral to the midline), ipsilateral to the probe
implanted in the left olfactory bulb. A composite recording/microin-

wiection electrode was used to record extracellularly from single LC

neurons during microinjection of ACh into the LC. The electrode
consisted of a conventional, dye-filled glass recording micropipette
(4—6pm tip diameter, 5-10 M impedance) glued to a calibrated
injection micropipette (60-8@m tip diameter), as described
previously?® The tip of the recording pipette extended 100—200
beyond the tip of the injection pipette. Recordings from physiologi-
cally identified LC neurons were amplified and displayed continuously
using conventional electrophysiological methods, as described
previously?® The electrode was positioned so that the injection pipette
tip was in the center of the LC. This was accomplished by carefully
monitoring LC activity at several locations and selecting a site where
LC activity could be recorded for at least 50én in the dorsal—ventral
axis. Four 90-nl intracoerulear infusions of ACh (0.2 M in ACSF, pH
7.4) were made at 2.5-min intervals to activate LC neurons over a
period of 10 min, corresponding to the interval for a single microdia-
lysis sample. The conventional microelectrode continuously recorded
an LC cell to determine the degree and the time-course of ACh-
induced changes in LC discharge activity. At the end of the experi-
ment, recording sites were marked by iontophoretic ejection of dye,
and rats were deeply anesthetized and perfused with 10% formalin.
Brains were removed, sectioned and stained with Cresyl Violet. All
microdialysis and recording sites were verified histologically. The
probe in every experiment was implanted in the olfactory bulb granule
cell layer. Histological examination also confirmed that the LC injec-
tion/recording pipette tips were consistently placed in the center of the
LC.

Statistical analysis

Statistical differences between mean baseline NE levels before and
after experimental manipulations were assessed using one-way
repeated measures ANOVA coupled with Duncan’s multiple test.
Similar tests were used to assess changes in LC neuronal discharge
rate. The level of significance was established&.05.

RESULTS

Basal and locus coeruleus-evoked norepinephrine levels in
the olfactory bulb

The basal level of NE in the olfactory bulb of anesthetized
rats recovered byn vivo microdialysis was 0.550.11 pg/
10 pl dialysate 6=21). In the first set of experiments, we
determined if extracellular NE levels were modified by
stimuli known to increase transmitter release. First, NE levels
were measured before, during and after local depolarization
by infusing a high K ACSF solution through the microdia-
lysis probe. As shown in Fig. 1A, infusion of ACSF (pH 7.4)
containing 30 mM K for 10 min increased NE levels to
166 24% of baseliner(=6; P<0.001). NE levels decreased
to 139+ 20% of baseline®<<0.05) by 20 min, and returned to
baseline levels by 30 min after'Kinfusion. NE levels were
also increased by local infusion of the selective NE uptake

sample corrected for probe recovery. Evoked NE levels are expressedinhibitor, desipramine. Infusion of ACSF containing desipra-

as a percentage of the average baseline NE concentration.

mine (1M) significantly increased NE levels within 20 min
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Fig. 1. Local depolarization and re-uptake inhibition increase NE levels in from an average rate of 1 spike/s to as high as 20 spikes/s; spontaneous
the olfactory bulb. (A) Brief infusion (10 min, shown at horizontal bar) of  activity of this cell could not be recorded during the injections, producing
ACSF containing 30 mM K through the microdialysis probe increased NE  the gaps under each of the four arrows. (B) Activation of LC neurons
release to a maximum of 166% of baselime=@). (B) Addition of the rapidly increased NE levels in the olfactory bulb to 247% of baseline
selective re-uptake inhibitor desipramine /1) to the ACSF for 1 h (n=6) in the first 10-min sample. Results are expressed as m8da M.
(shown at horizontal bar) gradually increased NE levels to a maximum of *P<0.05 as compared to the mean of the six samples preceding infusion.
238% of baselinen=5). Results are expressed as me&kE.M. *P<0.05

as compared to the mean of the six samples preceding infusion. In this and

subsequent figures, the timing of the infusion is indicated by the horizontal remained elevated for the next 10-min sample, and then

bar. decreased to baseline levels thereafter.

h Effect of locally applied cholinergic agents on basal norepi-

(Fig. 1B); continuous infusion of desipramine for 1 .
nephrine release

increased NE levels to 23816% of baseline n=5;
P<0.001). There is evidence in the autonomic nervous system and in
Previous anatomical studies demonstrate that the solebrain slice preparations that presynaptic cholinergic receptors
source of noradrenergic inputs to the olfactory bulb is the located on NE terminals modulate NE reled%é order to
LC.324142This suggests that steady-state levels of NE recov- investigate possible local cholinergic control of terminal NE
ered by microdialysis in the olfactory bulb represent NE toni- release in the olfactory bulb, basal NE levels were measured
cally released LC terminals. Therefore, we next measured if before, during and after a 10-min local infusion of cholinergic
focal activation of LC neurons increases NE levels. As shown agents via the microdialysis probe. As shown in Fig. 3A,
in Fig. 2A, small microinjections of ACh (90 nl) into the LC  infusion of 40 mM ACh chloride in ACSF increased NE
produced arobustincrease in LC discharge rate, beginning 5—levels to 193-42% of baseliner(=4; P<0.05) in the first
7 s after injection. The baseline spontaneous discharge rateg0-min sample and to a maximum level of 3130% of
of LC neurons ranged from 1.3 to 3.5spikes/s (mean: baseline P<0.001) in the second 10-min sample. NE was
1.9+£0.3 spikes/s,n=7). The discharge rates after ACh still elevated to 29Z60% of baseline in the third 10-min
microinjections ranged from 7 to 22 spikes/s, with a mean sample P<<0.001), and by 1 h it returned to 13718% of
of 14.0=1.3 spikes/sr{=6; P<<0.001). This corresponds to  baseline level<0.001).
a 7.4-fold mean increase in LC neuronal discharge during the  As shown in Fig. 3C, local infusion (10 min) of nicotine
10-min period of activation. LC activation increased olfactory (40 mM in ACSF) significantly increased olfactory bulb NE
bulb NE levels to 24Z9% of baseline {=6; P<0.001) levels to a maximum of 1789% of baseline f=4;
during the 10-min activation period (Fig. 2B). NE levels P<0.001) by 20 min. This increase was maintained at



614 M. M. EI-Etri et al.

A C
4001 2001
* -{. {
£ 3001 } . £ 1501 i \
[ A ] §
@ H \ 7]
© : 4 3]
m q y o ‘/{
°}°, 2001 * - . 2 1001 H,..n---n--«n-. ?
3 '{ . 3 I
3 {{ [}
4 4 R
& 1001 H--{r"ini — W 507 Nicotine (40 mM)
ACh (40 mM)

0 T T T T T 1 0 T T T T T 1

60 -40 20 0 20 40 60 60 -40 -20 0 20 40 60
B D

2007 2007
T 150 2 150-
© kol }t
& 1007 3\5"°"§"§"-~ # L 100  EFTEE {‘H
ol & .§ D H .}'-{
> * >
@ %' [
] i 5 3 —
% S0 - * % 50 1 Soman (0.4 mM)
Pilocarpine (40 mM)
0 T T T T T 1 0 T T —— T "
-60 -40 -20 0 20 40 60 60 -40 -20 0 20 40 60
Time (min) Time (min)

Fig. 3. Effects of local infusion of cholinergic agonists on NE levels in the olfactory bulb. (A) Infusion of ACh (40 mM) through the dialysis preasddcr

NE levels to a maximum of 317% of baselime<{4). (B) Infusion of the muscarinic receptor agonist pilocarpine (40 mM) decreased NE levels to 50% of

baseline (=6). (C) Infusion of nicotine (40 mM) increased NE levels to 178% of baselire4]. (D) Infusion of the AChE inhibitor soman (0.4 mM)

increased NE levels to 136% of baselime=(7). Results are expressed as me&E.M. *P<0.05 as compared to the mean of the six samples preceding
infusion.

30 min (168t23; P<0.001) and then rapidly returned to Technical considerations
basal levels. By contrast, local infusion of a selective muscari-

nic receptor agonist, pilocarpine chloride in ACSF (40 mM),
significantly reduced NE levels, falling to a maximum of
54+5% of baseline {=6; P<0.001) in the second 10-min

Previous studies in cortical slices suggest that ACh alters
NE release in a dose-dependent manner. At higher concentra-
tions, ACh increases NE release via activation of nicotinic

sample (Fig. 3B). NE levels were also significantly depressed receptors, whereas, at lower concentration, it inhibits NE
in the third sample (64 8% of baseline levelP<0.001), but release via activation of muscarinic receptév&4” Dose—
then returned to near control levels afterwards. response curves for the cholinergic agents tested, as well as
In the final experiment, the AChE inhibitor soman was cholinergic receptor antagonist studies, are needed to confirm
locally infused to determine if accumulation of endogenously the specificity of the present results. It is noteworthy,
released ACh modulated NE levels. Inhibition of AChE however, that nicotine, at concentrations comparable to
results in a rapid accumulation of ACh in the brain, and those used here, increased NE release in brain slices; this
thereby activates both muscarinic and nicotinic receptors. effect was blocked by specific nicotine receptor antagofiists.
As shown in Fig. 3D, a 10-min infusion of soman in ACSF Since ACh and pilocarpine were used in the form of chloride
(74 pg/ml, 0.4 mM) increased the NE level to 1:3@3% of salts in the present study, it is also possible that the additional
baseline (=7; P<<0.001) in the first 10-min sample. chloride anion introduced into the perfusate may have altered
NE levels. This seems unlikely, however, as the ACh- and
pilocarpine-induced NE changes were in different directions
and of different magnitudes, despite the fact that they were
The major finding of this study is that ACh regulates extra- used at the same concentration (40 mM).
cellular NE levels in the olfactory bulb via actions on nico- While the present findings provide evidence that presynap-
tinic and muscarinic receptors. Nicotinic and muscarinic tic cholinergic receptors modulate basal NE release in the
receptors in the olfactory bulb appear to exert opposing olfactory bulb, we cannot exclude the possibility that NE
actions, as local perfusion of the nicotinic receptor agonist release was influenced by postsynaptic actions of the choli-
nicotine increased, and the muscarinic receptor agonist pilo- nergic agents (e.g., altered transmitter release from neurons or
carpine decreased, NE levels. Local infusion of ACh or the glia in the granule cell layer, or increased extracellular K
AChE inhibitor soman increased NE levels, suggesting that levels and local depolarization resulting from increased
the action of increased ACh on nicotinic receptors predomi- neuronal activity). The GABAergic granule cell is the major
nates over the inhibitory influence of muscarinic receptor neuronal element in the granule cell layer. Application of
activation. GABA has been reported to increase potassium-evoked

DISCUSSION
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release of NE in rat olfactory bulb slicé$This raises the  activated to the same degree. Taken together with the findings
possibility that cholinergic agonists may have altered NE of Curtis et al,” these results suggest that NE release
levels in the present experiments by increasing or decreasingincreases in a relatively linear manner with tonic increases
GABA release from granule cells. It is difficult, however, to in LC discharge rate, at least within the range of firing rates
predict how cholinergic receptor stimulation would influence tested in anesthetized animals.
granule cells and GABA release. Previous studies on the
influence of cholinergic inputs to these cells are discrepant.
Cholinergic inputs have been suggested to either infiitsior
excite granule cell&?” Furthermore, the pathway mediating
these responses (mono- vs polysynaptic) and the involvement Previous neurochemical studies demonstrate that NE
of muscarinic and nicotinic receptors is not known. Finally, it release is regulated by several classes of presynaptic receptors
is unclear whether any changes in GABA release from gran- on noradrenergic nerve terminals. Activation of presynaptic
ule cell dendrites in the external plexiform layer would influ- o, receptors inhibits basal or evoked release of24f,17.30.48
ence NE release from LC terminals in the granule cell layer. NE release is increased by activation of presynaptic glutamate
As discussed below, cholinergic inputs have been found to receptorgt®17.203445|n the autonomic nervous system, pre-
presynaptically inhibit excitatory, presumably glutamatergic, synaptic muscarinic receptors inhibit, and presynaptic nicoti-
centrifugal inputs to granule cel.It is conceivable, there-  nic receptors stimulate, NE relea®eRPresynaptic cholinergic
fore, that infusion of cholinergic agents may have presynap- regulation of NE release at central synapses is less clear.
tically modified transmitter release from other inputs to Stimulation of presynaptic nicotinic receptors in the CNS
granule cells which, in turn, altered NE release from LC generally increases’[NE release in brain slice prepara-
terminals. tions 384047 Activation of presynaptic muscarinic receptors
has been reported to increase, decrease or have no effect on
release of JHIJNE from brain slices (also see
below) 82033394046 However, the influence of cholinergic
receptors on synaptic release of NE from LC terminals
The mean basal extracellular NE level in the rat olfactory vivo has not been investigated previously.
bulb in anesthetized rats, corrected for relative probe recov- The presenin vivo microdialysis studies showed that local
ery, was 0.55 pg/1Q.l dialysate. This value is similar to esti- inhibition of AChE in the olfactory bulb with soman, a manip-
mates of extracellular NE levels in the hippocampus ulation that should lead to increased ACh levels, significantly
(~1.1 pg/20ul dialysate) using comparable microdialysis increased the extracellular levels of NE. This finding suggests
probes in unanesthetized ratés tissue damage caused by that endogenously released ACh in the olfactory bulb toni-
probe implantation is known to disrupt synaptic release of cally modulates NE release. It is interesting to note that ACh
neurotransmittef? an important question is if the extracellu- has been reported to presynaptically regulate other centrifugal
lar NE levels in the present study could be elevated by stimuli inputs to the olfactory bulb. Activation of the horizontal limb
known to evoke synaptic release. Each of the three manipula-of the diagonal band, the source of cholinergic innervation of
tions used in the present study (local depolarization By K  the olfactory bull#?>*°presynaptically inhibits inputs to gran-
local inhibition of NE uptake by desipramine and direct acti- ule cells from the anterior olfactory nucleéfs.
vation of the LC) robustly increased NE levels, suggestinga The effects of AChE inhibition on NE release were
synaptic site of origin of NE. The increase in NE levels mimicked by local infusion of ACh. Thus, a build up of
produced by ACSF containing 30 mM*{166% of baseline) endogenously released ACh, or focal exogenous application
is comparable to that in the hippocampus (196%) using an of the transmitter, increased extracellular levels of NE. Infu-
identical concentration of Kin the dialysaté. Similarly, the sions of nicotinic and muscarinic receptor agonists into the
increase in NE levels following local infusion of desipramine olfactory bulb suggest that the two cholinergic receptor
(238% of baseline) is very similar to that in the medial subtypes exert opposing actions on NE release: nicotine
prefrontal cortex (201% of baseline) after local infusion of increased, and the muscarinic receptor agonist pilocarpine
an identical concentration (M) of the uptake inhibitor? decreased, extracellular levels of NE. Since ACh and soman
Taken together, these findings indicate that the methods usedncreased NE levels, the present findings suggest that the
in the present study accurately measured physiologically stimulatory action of nicotinic receptors predominates over
released NE. the inhibitory effect of muscarinic receptor activation, at least
The present results demonstrated that focal activation of in the olfactory bulb.
LC neurons robustly increased NE levels in the olfactory  Systemic administration of convulsive doses of soman, an
bulb. Several previous studies reported increases in brainAChE inhibitor, and pilocarpine rapidly deplete NE levels in
NE levels following stimulation of LC neurons or ascending the forebrain and olfactory bult3:318we hypothesizett that
LC axons>83%43put the relationship between the degree of sustained cholinergic receptor activation of LC neurons
LC neuronal activity and NE release was not examined. It was caused by these agef?d%1241%roduces sustained release
reported recently, however, that a two-fold increase in LC of NE, leading rapidly to depletion of NE in LC terminals.
firing rate elicited by intra-LC infusion of corticotropin-  The present finding that soman, locally infused into the olfac-
releasing factor produced a 1.5-fold increase in extracellular tory bulb, increased NE levels suggests that NE depletion
NE levels in the prefrontal corteXThe present results show produced by systemic administration of soman is also due
that an approximately seven-fold increase in LC firing rate to presynaptic, cholinergic receptor stimulation of NE release
produces a 2.5-fold (i.e. 247% of baseline) increase in extra- from LC terminals. Local infusion of pilocarpine, however,
cellular NE levels in the olfactory bulb. It should be noted that decreased basal release of NE in the present study. Since
LC neurons distant from the injection site were probably not systemic administration of pilocarpine also depletes forebrain

Effect of cholinergic agents on basal extracellular norepi-
nephrine releasén vivo

Basal and norepinephrine-evoked extracellular norepi-
nephrine levels
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NE,*? this suggests that increased LC discharge caused bylar to the presently observed effects of local cholinergic recep-
pilocarpine is able to override its presynaptic, muscarinic tor stimulation on basal release of NE.

receptor-mediated inhibition of NE release from LC term-
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