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Activation of Locus Coeruleus from Nucleus
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Recent anatomic and physiologic
experiments
revealed that
a major afferent to the nucleus locus coeruleus
(LC) is the
nucleus paragigantocellularis
(PGi) in the rostra1 ventrolateral medulla (Aston-Jones
et al., 1988). In the present studies, responses
of LC neurons to electrical
activation
of PGi
were characterized
in anesthetized
rats. Low-intensity
stimulation of PGi synaptically
hctivated
73% of LC neurons at
short latencies
(mean onset, 11.3 msec), while a smaller
population
(16%) of LC neurons exhibited
purely inhibitory
responses.
The excitatory transmission
from PGi to LC was
pharmacologically
analyzed,
revealing
it to be resistant to
cholinergic
receptor antagonism,
but completely
abolished
by the excitatory
amino acid (EAA) antagonists
kynurenic
acid and y-o-glutamylglycine.
The specific N-IIIethyl-D-SSpartate antagonist
2-amino-7-phosphonoheptanoic
acid
(AP7) and the preferential
quisqualate
receptor
antagonist
glutamate
diethyl ester (GDEE) did not block LC responses
to PGi stimulation,
leading us to the tentative conclusion
that
EAAs may operate primarily at a kainate-type
receptor on
LC neurons to effect excitation
from PGi. In addition to their
blockade
of PGi-evoked
activity, kynurenic
acid and DGG
exerted a similar, simultaneous
blockade
of the characteristic excitation
of LC neurons evoked by electrical
stimulation of the hindpaw.
These and other results indicate that
the proposed
EAA pathway from PGi may serve as a final
link in a variety of sensory inputs to LC.

Our recent anatomic and physiologic investigations of afferents
to locus coeruleus (LC) revealed that this globally projecting
noradrenergic nucleus receives afferents from remarkably few
brain loci (Aston-Joneset al., 1986). One of the major afferents
to LC, as revealed by retrograde transport of wheat germ agglutinin-conjugated horseradishperoxidase(WGA-HRP), is the
nucleus paragigantocellularis(PGi; Andrezik et al., 1981a) in
the ventrolateral medulla. This projection has been confirmed
with retrograde transport of rhodamine-labeled latex microspheres(Guyenet and Young, 1987; V. A. Pieribone and G.
Aston-Jones, unpublished observations) and of Fluoro-Gold
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(Pieribone et al., 1988), as well as with anterograde transport
of WGA-HRP (Aston-Joneset al., 1986)and Phaseolusvulgaris
leucoagglutinin (Guyenet and Young, 1987).
Recent physiologic studiesin this laboratory have also confirmed projections to LC from PGi: focal electrical stimulation
of LC antidromically activates numerous neurons in the PGi
but not cells in neighboring structures(Ennis and Aston-Jones,
1987).Thoseexperimentsalsorevealedmarked physiologic heterogeneity for PGi cells projecting to LC, and 2 groups of neurons were distinguished on the basis of extracellular impulse
waveforms, spontaneousrate, conduction velocity, and anatomical location within PGi. Consistentwith theseresultsfor physiologically distinct groups of PGi neurons afferent to LC, our
preliminary investigation of synaptic transmissionin this pathway revealed 2 effects of PGi activation on LC discharge:predominant excitation and, in a minority of cells,inhibition (Ennis
and Aston-Jones, 1986a).
Although the neurochemicalidentity of PGi neuronsafferent
to LC has not been fully characterized, immunohistochemical
and receptor binding studies indicate that many neurotransmitters may impinge on LC neurons(seeFoote et al., 1983, for
review), and pharmacologic studiesreveal that dischargeof LC
neuronsis sensitive to a variety of neurotransmitters (Foote et
al., 1983). It is noteworthy that the diverse neurochemicalinnervation of LC is paralleled by a multiplicity of neurotransmitter markersamong PGi neurons(Hiikfelt et al., 1974, 1977;
Chan-Palay, 1977; Ljungdahl et al., 1978; Armstrong et al.,
1982; Swansonet al., 1983; Butcher and Woolf, 1984; Kimura
et al., 1984). In light of thesefindings, it seemsreasonableto
speculatethat PGi may provide multiple neurotransmitter innervation of LC and that physiologically and perhapsneurochemically distinct groups of LC-projecting cells in PGi may
provide different regulatory influenceson LC.
One method of identifying neurotransmitters utilized in projections from PGi neurons is the combination of retrograde
transport and immunocytochemical techniques.However, such
an approach doesnot disclosethe functional impact of afferent
neurotransmitters on LC discharge.In the present studies,we
have used electrical stimulation, extracellular recordings, and
pharmacologictechniquesto characterize the regulatory control
exerted by this ventrolateral medullary afferent on LC activity.
Our resultsidentify the PGi as a major, potent excitatory influenceon LC neuronal dischargeand reveal that excitation of LC
from PGi is mediatedby an amino acid neurotransmitter. These
overall findings identify a previously unknown excitatory amino
acid pathway in the CNS and characterize a major component
in neural circuits providing control of the globally projecting,
LC noradrenergicsystem.Someof thesedatahave beenreported
elsewhere(Ennis and Aston-Jones, 1986a).
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Materials

and Methods

Male Sprague-Dawley rats (270-370 gm) were anesthetized with chloral
hydrate or halothane. For chloral hydrate anesthesia (n = 30), an initial
dose of 400 mg/kg was given intraperitoneally (ip), and additional doses
were administered as needed. Halothane-anesthetized
animals (n = 24)
received O&1.0% in air via spontaneous respiration. Animals were
intubated with a tracheal cannula and placed in a stereotaxic frame with
the incisor bar lowered to place the skull approximately 24” from the
horizontal plane. Body temperature was maintained at 36-37°C with a
thermistor-controlled
heating pad.
Stimulation electrode implantation. The tissue and muscles of the
neck at the caudal dorsal skull margin were reflected, and the occipital
bone over the caudal cerebellum was removed. The underlying dura
was reflected to reveal the obex. To place electrodes in PGi reliably, we
found it helpful to guide dorsoventral placement with respect to the
ventral brain surface as follows. A micropipette was aligned over midline
and the rostra1 edge of the obex under microscopic control. From this
position, the pipette was moved 2.0-2.3 mm rostra1 and 1.9-2.1 mm
lateral and was lowered through the cerebellum into the medulla. The
depth of ventral brain surface (revealed by a sharp increase in noise in
unfiltered pipette records) was noted. Typically, a group of neurons
exhibiting prominent discharge with respiration was encountered within
l-l.5 mm of the ventral brain surface. The pipette was removed and
a stimulation electrode was implanted at the same coordinates, except
for being 500-700 urn above the ventral brain surface (tvoicallv 6.57.5 mm;entral to cerebellar surface). Stimulation elect&l& consisted
of a pair of twisted 250-pm- (47 animals) or 150-pm-diameter (5 animals) wires, insulated except for bluntly cut tips. In addition, two 26
gauge needles were placed subcutaneously in the medial contralateral
rear footpad for electrical stimulation of the sciatic nerve. Electrical
stimuli were bipolar pulses (0.5 msec duration) from a square-wave
stimulator (Grass S48) and a constant-current stimulus isolation unit
(Grass PSIU6). Logic pulses synchronized with brain or footpad stimuli
(FS) were led to a computer for on-line peristimulus time histogram
(PSTH) generation.
LC recordings. A 3-mm-diameter hole was drilled in the skull above
LC (4.7 mm caudal to lambda, and 1.2 mm lateral to midline), and the
dura was reflected. Extracellular recordings from individual neurons
were obtained with glass micropipettes (24 Nrn tip diameter, lo-20
Ma impedance) filled with 2% pontamine Sky blue dye in 0.5 M sodium
acetate.
Micropipette recordings were amplified (Grass model P16),
displayed continuously on a storage oscilloscope as unfiltered and filtered (500 Hz-10 KHz bandpass) signals, and also monitored with a
loudspeaker. Action potentials were isolated from background activity
with a waveform discriminator, which generated output pulses for signals that crossed a lower voltage gate, peaked below an upper voltage
gate, and passed through a time window at a preset voltage and delay.
The discriminator output was led to the computer and a chart recorder
for on-line data collec&on.
Micropipettes were stereotaxically advanced into LC (approximately
5.8-6.5 mm ventral to skull surface) ipsilateral to the PGi stimulation
site, and LC neurons were tentatively identified by their characteristic
notched waveform, slow and regular discharge (0.5-4 spikes/set), and
a biphasic excitation-inhibition
response sequence evoked by FS (Fig.
20) or by pressure applied to the scalp incision. After stable recordings
from an individual LC neuron were obtained, an interspike interval
histogram (ISH) was generated for 1.5-3 min of spontaneous activity.
Neuronal responses to single-pulse PGi stimulation were examined and
threshold for synaptic activation (driving on approximately half the
stimuli) was determined. A PSTH of LC response to PGi stimulation
was generated for 50 consecutive stimuli presented at 0.5 Hz and 1.52 times threshold (up to 1.2 mA). A similar PSTH was taken for FS
(20-70 Vj. These same measures were reneated 1.5-3.0 min after drun
administiation.
Pharmacology. Aqueous solutions of the following drugs were administered systemically: idazoxan (0. l-l .O mg/ml), mecamylamine hydrochloride (0.5 mg/ml), scopolamine hydrochloride (0.5 mg/ml), naloxone hydrochloride (0.5 mg/ml), methiothepin (0.25 mg/ml), and
dihvdroereotamine tartrate (0.1 mcl/ml). Excitatorv amino acid CEAA)
antagonists do not readily cross the blood-brain barrier and were in:
jecte;d intracerebroventri&larly
(icv). These agents were dissolved in
0.1 M phosphate buffer, yielding the following concentrations: 0.02 M
(?) 2-amino-7-phosphonoheptanoate
(AP7; Institut National de Recherche Chimique Appliqut‘e, France), 2.95 M glutamate diethyl ester
hydrochloride (GDEE), 0.2 M y-D-glutamylglycine (DGG), and 0.1 M
,
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kynurenic acid. Solutions of these agents were prepared daily and their
pH was adjusted to between 6.5 and 8.0. For icv drug administration,
a 23 gauge guide cannula was implanted in a lateral ventricle (1 .O mm
caudal to bregma, 1.5 mm lateral to midline, 4.0 mm ventral to skull
surface) and secured to skull screws with dental cement. Drugs were
injected through a 30 gauge cannula, extending out of the previously
implanted guide cannula by approximately 1 mm. Intravenous (iv) injections were made in a lateral tail vein. Unless otherwise noted, all
drugs were obtained from Sigma Chemical Co.
Histology. Micropipette penetrations were marked by iontophoretic
ejection of dye with negative current pulses (7 PA, 50% duty cycle for
10 min). At the end of recording sessions, 30 PA of positive current
was passed through the stimulation electrode for 1 min to deposit iron
at the electrode tips. A 5 ~1 bolus of neutral red was injected through
the inner cannula to confirm ventricular placement. Animals were then
deeply anesthetized and perfused with 10% formaldehyde in 0.1 M phosphate buffer containing 5% potassium ferrocyanide. The ferrocyanide
in this perfusate yields a visible prussian blue reaction product at the
site of the iron deposit (see Fig. 1A). Brains were removed and stored
in a similar solution containing 10% sucrose. Select brain regions were
cut in 50-pm-thick sections with a freezing microtome, mounted on
gelatinized glass slides, and stained with neutral red. All stimulation,
recording, and ventricular infusion sites were histologically localized
from such tissue sections (Fig. 1).
Data analysis. ISHs and PSTHs were used to examine spontaneous
discharge and evoked responses, respectively. To quantitate evoked
responses, individual PSTHs were analyzed by computer to determine
excitatory and inhibitory epochs. A baseline period was defined as the
500 msec epoch preceding stimulation, and the mean and SD of counts
per baseline bin were determined. The onset of significant excitation
was defined as the first of 5 consecutive bins (8 msec bin width) whose
mean value exceeded mean baseline activity by 2 SD, and response
offset was determined as the time at which activity had returned to be
consistently within 2 SD of baseline. The following equation was used
to normalize response magnitudes for differing baseline activity and to
calculate the magnitude of excitatory responses (Rmag):
R m‘%= (counts in excitatory epoch)
~ (mean counts per baseline bin
x no. bins in excitatory epoch).
Excitation onset and offset times were used to define the “excitatory
epoch” in PSTHs; this same excitatory epoch was used to calculate R,,,,
for uostdrug PSTHs in which excitation was totallv blocked. Inhibition
was defined by computer as an epoch of at least i 5 bins in which the
mean count per bin was less than 35% of that during baseline. Except
where otherwise noted, data were statistically analyzed by paired t test.

Results
Data are reported for 218 histologically
verified LC neurons
(Fig. 1B). As all or nearly all rat LC neurons contain norepinephrine (Swanson, 1976; Grzanna and Molliver,
1980), the
data reported here are for known noradrenergic
neurons.

ExcitatorvI rewonses
from PGi
I
As shown in Figure 2 and summarized
in Table 1, single-pulse,
low-intensity
PGi stimulation
yielded phasic, excitatory
responses in the majority of LC neurons at onset latencies ranging
from 9 to 40 msec. In 13 chloral hydrate-anesthetized
rats, such
stimulation
excited 28/38 cells at a mean onset latency (*SEM)
of 11.7 + 1.3 msec and duration of 32.8 rfr 3.1 msec; the mean
threshold for excitation was 345 MA. These results are similar
to those we previously reported for PGi-induced
excitation of
LC neurons in chloral hydrate-anesthetized
rats. For example,
the mean excitatory onset latency found here is identical to that
previously
determined
(11.7 msec; Ennis and Aston-Jones,
1986aj. I/ and the overall Dercentages of cells exhibitine excitatorv ,
and inhibitory responses (below) are comparable in the 2 studies.
Thus, we have pooled these data as shown in the first row in
Table 1. Responses of 29 LC neurons to PGi stimulation
in 7
halothane-anesthetized
rats were similar to those in chloral hy-
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Figure I. Histological analyses. A, Photomicrograph of a 50-pm-thick coronal section (Neutral red stain) taken through the rostral medulla.
Prussian blue mark (dark area in ventral medulla, arrow) reveals stimulation site in PGi. Dorsal is at top, midline is to the left. B, Photomicrograph
of a SO-pm-thick coronal section taken through LC. Iontophoretic injection of pontamine sky blue (dark spot, arrow) marks the location of recording
micropipette in LC. Length of arrow in A, 253 pm; in B, 268 pm.
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Table 1. Summary
of onset latencies
and durations
hydrateand halothane-anesthetized
rats

of excitatory

and purely

inhibitory

responses

Excitation
Anesthetic
(no. of rats)

Cells
examined
(4

52 (72.2)

29

22 (75.8)

11.3
10.5

74 (73.3)

k2.2
11.3

k7.7

101

35.8

+40
354

+1.1

k2.3

k28

Chloral hydrate

12

(23)

Halothane
(7)

Total
All

values

are means

(predrug)
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in chloral

Inhibition only
Onset
latency
(msec)
11.7

Cells excited
n (%)

of Neuroscience

Duration
(msec)

Threshold
b-4

34.0
i4.1
40.0

360
249
387

Cells inhibited
n (%)
13

(18)

Onset
latency
(msec)

3 (10.3)

48.9
k9.4
31.3

16 (15.8)

k9.6
46.7
k7.8

Duration
(msec)
234.5
k18.2
261.3
k49.4
239.5
k16.8

+ SEM.

drate-anesthetized rats (see Table 1). Overall, 74 of 101 (73%)
LC neurons were significantly excited by PGi stimulation. Neurons throughout the LC nucleus were activated from PGi, and
there did not appear to be topographic specificity within LC for
excitation elicited by PGi stimulation.
PGi-evoked excitation was typically followed by inhibition
lasting 200-600 msec, characteristic of that observed for LC
neurons following activation by synaptic, antidromic, or intracellular stimuli (Cedarbaum and Aghajanian, 1978; Aghajanian
and VanderMaelen, 1982; Ennis and Aston-Jones, 1986b). Postactivation inhibition appears to be a phenomenon intrinsic to
the LC, and studies in our laboratory and others indicate that
postactivation inhibition is mediated by intracoerulear collaterals and intrinsic membrane currents secondary to action potential generation (Andrade and Aghajanian, 1983; Ennis and
Aston-Jones, 1986b). Thus, such postactivation may be largely
mediated by local feedback mechanisms secondary to synaptic
excitation from PGi. In addition, the duration of postactivation
inhibition observed after PGi- or FS-evoked excitation of LC
neurons was typically several hundred milliseconds longer than
pure inhibitory responses evoked from PGi stimulation (see
below).
In additional experiments, the effects of increasing stimulation intensity (up to twice the 1.5-2.0 times threshold used to
generate PSTHs) on excitation of 29 LC neurons (19 rats) was
examined. Raising stimulation current had no overall effect upon
excitation magnitude (p > 0.5). Instead, it was noted that response magnitude increased for some cells examined, while in
others excitation was reduced. When neurons were grouped according to the direction of change elicited in response magnitude, analyses revealed that higher PGi stimulation intensity
significantly increased excitation magnitude in 8 cells (p < 0.0 l),
decreased the magnitude in 11 cells (p < 0.0 l), and completely
attenuated excitation in 6 additional cells.
Control stimulation electrode placements
The ability to activate LC neurons was critically dependent upon
stimulation electrode placement. Stimulation through electrodes located in areas outside PGi yielded little or no LC activation. For example, electrode placement on the ventral brain
surface below rostra1 PGi (1 rat) activated only 1 of 9 LC cells,
and only at a relatively high intensity (600 WA). Only 1 of 7 cells
(1 rat) was activated from stimulation (425 MA) of the medullary
reticular formation 700 wrn dorsal to PGi. Electrode placements
in the lateral reticular nucleus 1.5-2.5 mm caudal to PGi ( 1 rat)

failed to activate any of 12 LC neurons, even at stimulation
currents up to 2.0 mA. Overall, a greater percentage of LC
neurons were activated from stimulation electrodes confined to
PGi than from placements on the edge of PGi: while only 111
24 LC neurons (46%) were activated from the LRN-PGi border,
25/33 cells (76%) were activated from electrodes centered in
PGi.
Pharmacologic tests
The overall results of the pharmacologic analysis of excitation
from PGi are summarized in Figure 8 and Table 2 below.
Excitatory amino acid antagonists
Previous studies reveal that LC neurons are potently excited by
glutamate (Guyenet and Aghajanian, 1979; Engberg et al., 198 1;
Chouvet et al., 1988) and NMDA (Lacey and Henderson, 1986).
We therefore examined the ability of EAA antagonists to attenuate PGi-induced excitation of LC neurons.
Kynurenic acid. As we previously reported (Ennis and AstonJones, 1986a), and as shown in Figures 2, A and B, and 8, the
broad spectrum EAA antagonist kynurenic acid (Perkins and
Stone, 1982) completely blocked PGi-induced excitation in all
5 LC neurons tested (0.53 pmol, icv, p < 0.0 1). Excitation from
PGi stimulation was totally blocked within 1.5-3.0 min after
kynurenic acid injection.
Kynurenic acid simultaneously had a similar effect on FS
responses in LC (Figs. 2, D, E; 8), totally attenuating such excitation in all 4 LC neurons examined (p < 0.001).
In 2 cells tested, excitatory responses to PGi or FS stimulation
could not be elicited after kynurenic acid administration even
at stimulation intensities above those yielding significant predrug excitation, indicating that the kynurenate effect was not
the result of a simple change in the threshold for excitation.
A single dose of kynurenic acid appeared to be effective for
about 60 min, as PGi- and FS-elicited responses recovered in
2 cells examined 40-70 min after administration of this agent
(Fig. 2, C, F). Also, PGi stimulation was found to excite other
LC neurons examined 60-90 min after kynurenic acid administration.
Finally, while kynurenic acid had profound effects on PGiand FS-induced activity in LC neurons (as described above), it
did not significantly alter spontaneous discharge rate of LC neurons (although a tendency to decrease discharge rate was noted).
DGG. The EAA antagonist DGG, which preferentially blocks
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Figure 2. Blockade of PGi-induced (A-C) or FS-induced (D-F’) excitation of LC neurons by kynurenic acid (KYN). A, Typical example of a PSTH
generated during 0.5 Hz, single-pulse electrical stimulation of PGi. Stimulation indicated by arrow in this and all subsequent PSTHs. Such stimulation
yielded potent, short-latency excitation of this LC neuron (bins containing driven spikes are seen shortly after arrow). Excitation is followed by a
longer-lasting inhibition
ofimpulse activity, similar to the characteristic postactivation inhibition of LC neurons (Aghajanian et al., 1977; Cedarbaum
and Aghajanian, 1978; Ennis and Aston-Jones, 1986b). Inset, Photograph of 10 superimposed oscilloscope sweeps (filtered records) showing PGiinduced activation of another LC neuron. Single-pulse stimulation (at arrow, 750 PA, 1.5 x threshold) of PGi activated this cell at latencies ranging
from 8 to 19 msec. Calibrations: 5.0 msec, 0.5 mV. B, Similar PSTH for PGi stimulation (same cell and stimulation intensity as in A), but 1.5
min after 0.53 pmol KYN (icv). Note that KYN completely attenuates PGI-induced excitation of this LC neuron. C, PSTH for the same cell as
in A and B showing recovery of PGi-evoked excitation 70 min after KYN administration. Stimulation intensity in A-C, 300 PA. D, PSTH showing
FS-induced excitation of the same LC neuron as in A-C. E, FS-elicited excitation is completely abolished 3 min after the dose of KYN (0.53 pmol,
icv) that also blocked PGi-evoked excitation of this cell. F, PSTH showing partial recovery of FS responses by 54 min after KYN administration.
Stimulation intensity in D-F, 20 V. All PSTHs were generated for 50 consecutive stimuli, presented at 0.5 Hz.

and kainate receptors(Francis et al., 1980; Davies and
Watkins, 198l), also potently antagonized PGi-induced excitation of LC neurons (Figs. 3, A, B; 8). As shown in Figure 4,
DGG (0. l-l .Ormol, icv) produced a dose-dependentreduction
of PGi-evoked excitation, significantly attenuating evoked responsesin LC neuronsat 0.1 pmol (n = 5,~ < 0.005). Excitation

NMDA

was completely blocked in all cells tested with 0.32 pmol (n =
4, p < 0.02).
DGG also simultaneouslydecreasedFS excitation in a dosedependent manner (Figs. 3, C, D; 8); the minimum dose for
such attenuation was 0.18 pmol (n = 5, p < 0.02). Regression
analysis revealed a strong inverse correlation between FS ex-
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3. Blockade of PGi- and FS-induced excitation of LC neurons by DGG. A, PSTH showing PGi-evoked excitation of an LC neuron. B,
PSTH for the same cell, revealing that excitation shown in A is completely blocked 1.5 min after 0.32 pmol DGG (icv). Note purely inhibitory
response of this neuron to PGi stimulation is revealed after blockade of excitation by DGG. Stimulation intensity in A and B, 600 WA. Similarly,
after this same dose of DGG, FS-evoked excitation of this same cell (C, predrug) was simultaneously and completely abolished, (D, 3 min postdrug).
Stimulation amplitude in C and D, 40 V. Stimuli (50 in each PSTH) at UYTOWS.

Figure

citation magnitude in LC neurons and dose of DGG administered (R = -0.67, p < 0.001). Overall, however, FS responses
of LC neurons appeared more resistant to DGG than responses
to PGi stimulation For example, while PGi-induced excitation
was totally blocked in all cells following 0.32-1.0 pmol DGG,
excitation from FS was blocked in only 4/7 of these neurons.
In contrast, kynurenic acid completely blocked all excitation
from both PGi and FS in all cells examined (described above).
In addition to attenuating FS-evoked excitation of LC neurons,
both kynurenic acid and DGG also inhibited activation of LC
neurons by other stimuli, such as tail or foot pinch.
In addition to attenuating PGi- and FS-evoked activation,
DGG reduced spontaneous activity somewhat (Fig. 8) with the
discharge rate of 6 LC neurons examined decreasing from 2.4
f 0.3 before to 1.7 f 0.2 spikes/set after DGG in the range of
0.32-1.0 pmol (p < 0.05). However, DGG-induced alterations
in spontaneous activity are unable to account for the attenuation
of evoked activity by this agent, both because the decrease in
spontaneous activity was modest and because our calculated
response magnitudes are normalized for alterations in spontaneous discharge (see Materials and Methods).
GDEE. In contrast to the pronounced attenuation of both
PGi- and FS-elicited excitation of LC neurons by kynurenic acid
and DGG, a high dose of GDEE (15 wmol), the preferential
quisqualate receptor antagonist (Watkins, 198 1; Davies et al.,
1984) did not significantly attenuate PGi-induced excitation (n

= 5, p > 0.25; Figs. 5, A, B; 8). Although excitation was blocked
in 1 cell, this was accompanied by a large increase in spontaneous rate, which may reduce LC responsiveness (Valentino
and Aulisi, 1987; Valentino and Foote, 1987; discussed below).
As with PGi-evoked responses, GDEE did not alter overall
excitation elicited by FS (n = 5, p = 0.45; Fig. 8) and did not
block FS excitation in any individual cell (Fig. 5, C, D).
Finally, although GDEE injection elicited a transient increase
in discharge in some cells (lasting l-4 min), this agent had no
significant overall effect on spontaneous rate (n = 4, p > 0.10).
AP7. Intracerebroventricular
injection of 0.1 pmol of the selective NMDA receptor antagonist AP7 (Evans et al., 1982) had
no significant effect on overall excitation of LC neurons by PGi
stimulation (n = 7, p > 0.10; Figs. 6, A, B; 8). Although this
agent blocked excitation in 2 of 7 neurons tested, this was accompanied by an increase in spontaneous discharge, which may
itself blunt responsiveness (Valentino and Aulisi, 1987; Valentino and Foote, 1987; discussed below).
AP7 was found to reduce FS-elicited excitation of LC neurons
(n = 10, p < 0.004); however, as illustrated for a typical cell in
Figure 6, C and D, AP7 did not completely block FS excitation
in any of the 10 cells tested, and the overall decrease in FS
excitation by this agent was much weaker than that elicited by
kynurenic acid or DGG (Fig. 8). Furthermore, as illustrated in
Figure 6E, the decrease in FS-elicited excitation in 5 of 6 cells
was accompanied by an increase in spontaneous rate, an effect
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excitation in 1 of 5 cells tested. Scopolamine (0.5 mg/kg, iv)
was alsoineffective on FS responsesof LC neurons (Fig. 8; n =
7 cells in 3 rats, p > 0.50), and this agent did not block FSevoked excitation in any of the 7 cells tested. Scopolamineat
this dose did not alter the spontaneousdischargerate of LC
neurons(n = 7, p > 0.45).
Mecamylamine.
We further examinedthe possiblecholinergic
mediation of excitatory responseswith the nicotinic receptor
antagonistmecamylamine. As shown in Figures 7, C, D, and 8,
1.Omg/kg mecamylamine(iv) did not antagonize excitation in
any of 7 LC neurons(5 rats, p > 0.10). Similarly, mecamylamine
had no overall effect on FS responses(Fig. 8; n = 5, p > 0.05),
although suchexcitation was significantly decreasedin one LC
neuron. Mecamylamine had no effect on the spontaneousdischargerate of LC neurons (n = 5, p > 0.10).

41

,

I
0.10

0.10
Cumulative

I
0.32
Dose

I
0.56

I
II.06

Qmols)

Figure 4. Log dose-response plot of the effect of DGG on PGi-evoked
excitation of LC neurons. Each point represents mean excitation response magnitude f SEM calculated for data collected from at least 4
cells. As illustrated, DGG in doses from 0.1 to 1.05 pmol, icv, attenuated
PGi-evoked excitation in a dose-dependent manner (R = -0.7 1, p <
0.00 1, regression analysis). Regression line is plotted from these data.
Mean pre-DGG baseline response magnitude is shown at upper solid
horizontal line; stippling indicates SEM.

which itself may reduce the excitability of LC cells (Valentino
and Aulisi, 1987; Valentino and Foote, 1987; seebelow). Overall, however, AP7 did not significantly increase spontaneous
rate 0, > 0.05).
vehicle. Administration of vehicle alone (5 ~1of 0.1 M phosphate buffer, icv) had no effect on PGi- (n = 5, p > 0.35) or
FS-elicited excitation (n = 4, p > 0.65) of LC neurons.However,
when injected rapidly (in lo-20 set), such vehicle administration elicited a transient (0.5-3 min) increase in spontaneous
discharge.
Cholinergic

agents

Previous work hasprovided evidence for an excitatory, cholinergic innervation of the LC (Guyenet and Aghajanian, 1979;
Rotter et al., 1979; Albanese and Butcher, 1980; Engbergand
Svensson,1980). In addition, neuronsin the PGi area stain for
cholinergic markers (Butcher and Woolf, 1984; Kimura et al.,
1984). We therefore tested the ability of the muscarinic antagonist scopolamineand the nicotinic antagonist mecamylamine
to reduce PGi-evoked activation of LC neurons.
Scopolamine. We have previously reported (Ennisand AstonJones, 1986a) that intravenous or intraperitoneal administration of scopolamine,at dosesthat antagonize muscarinic cholinergic excitation of LC neurons (Guyenet and Aghajanian,
1979; Engberg and Svensson, 1980), had only minor, nonsignificant effectsoverall on excitatory responsesof LC neuronsto
PGi stimulation. As shown in Figure 7, A, B, for a typical cell,
scopolaminedid not significantly attenuate PGi-induced excitation of LC (n = 5, p > 0.50), although scopolaminedid block

LC excitatory responses and spontaneous activity
In the course of these experiments, we noted an inverse relationship betweenthe magnitudeof excitatory, evoked responses
and spontaneousdischargerate. Injection (iv or icv) of agents
that elicited an increasein spontaneousdischargewas typically
associatedwith a decreasein the excitatory responseof LC
neurons from both PGi stimulation and FS. This trend was
observed for some cells following the administration of AP7
(Fig. 7, C-E), GDEE, scopolamine,mecamylamine,and vehicle
(0.1 M phosphatebuffer, icv), especiallywhen theseagentswere
administered rapidly or in large volumes. Usually the decrease
in excitatory responsemagnitudeswasrelatively small(Fig. 7E);
however, in some cases(typically accompaniedby a large increase in spontaneousdischarge), excitation was completely
blocked or severely attenuated. It is noteworthy that the actions
of kynurenic acid and DGG were in contrast to this general
pattern; theseagentstended to decreasespontaneousrate, while
they dramatically attenuated or completely blocked PGi- and
FS-evoked excitation of LC neurons.
Pure inhibition from PGi
Purely inhibitory responsesto PGi stimulation (Fig. 9) were
observed in 16/101 or approximately 16% of LC cells. This
inhibition occurred at a longer onset latency (46.7 f 7.8 msec)
than that for excitatory responses
and wasalsolonger in duration
(239.5 f 16.8 msec).It should be noted that in 6 of thesecells
purely inhibitory responseswere observed at relatively long
latencies (48-l 12 msec), and a small but nonsignificant excitation appearedto precedesuchinhibition, while 10 other cells
exhibited shorter onset latencies(from 12 to 32 msec)for pure
inhibition with no apparent prior excitation.
Interestingly, pharmacologic blockade of PGi-evoked excitation in LC revealed an underlying purely inhibitory response
in most post-kynurenate and post-DGG PSTHs. Thus, icv
administration of kynurenic acid or DGG (Fig. 3B) discloseda
purely inhibitory responseto PGi stimulation in (respectively)
5/5 and 5/8 cellsthat were originally excited by the samestimulation prior to drug administration.
Excitatory and purely inhibitory responsescould be evoked
in different LC neurons from the samestimulation site in PGi.
In addition, both excitatory and purely inhibitory responses
were elicited from stimulation of various rostrocaudal and mediolateral regions of PGi. Stimulation sites centrally located
within PGi were associatedwith the highestpercentageof synaptically activated neurons and the lowest percentageof inhibited cells.
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Lack of effect of GDEE on PGi- and FS-evoked excitation. A and B, PSTHs of LC responses to PGi stimulation before (A) and after
(B) GDEE. Activation of this LC neuron from PGi (shown in A predrug; 700 PA stimulation) is not attenuated 4 min after administration of 15
Fmol GDEE (icv), as shown n B postdrug. C and D, Similar PSTHs of LC activity taken during FS before (C) and after (D) GDEE administration.
FS-evoked excitation (40 V stimulation) of the same cell, shown in C predrug, is not decreased but is slightly enhanced by this dose of GDEE,
shown for FS 2 min after GDEE in D. Fifty stimuli (at arrows) in each PSTH.

Eleven of the 101 LC cells (11%) examined were not significantly affected by PGi stimulation.
Discussion
This work representsthe first comprehensive physiologic investigation of an anatomically identified input to LC. Our results
provide additional evidence for strong innervation of LC by
PGi and reveal that this projection is predominantly excitatory
on LC discharge. The present pharmacologic results indicate
that this excitation may be mediated by an EAA.
Evoked responses from PGi
Severalfindings indicate that excitatory responsesin LC evoked
by PGi stimulation weremonosynaptically evoked and werenot
due to activation of fibers of passageor activation of indirect
circuits to LC. (1) Low-intensity, single-pulsePGi stimulation
potently activated LC within a narrow range of latencies. (2)
Latenciesfor synaptic activation of LC neuronsfrom PGi (mean
onset, 11.3 msec)are similar to thosefor antidromic activation
of PGi neurons from LC (mean, 8.6 msec; Ennis and AstonJones,1987).(3) Stimulation through electrodeslocated in LRN,
caudal to PGi, was ineffective on LC discharge.Similarly, electrode placementsdorsal,rostroventral to PGi, or on the borders
of PGi were minimally effective in synaptically activating LC
neurons.

The observation that a small percentageof LC cells exhibit
purely inhibitory responsesto PGi stimulation suggests
that LC
may receive both excitatory and inhibitory setsof PGi afferents.
Indeed, we observed a purely inhibitory responseto.PGi stimulation in nearly all LC neurons after blocking excitation with
the EAA antagonistsDGG (Fig. 3B) or kynurenic acid. Thus,
the predominant responseto PGi stimulation after kynurenic
acid or DGG is pure inhibition. We have not pharmacologically
characterized such inhibition; however, it may be related to
direct adrenergic projections from PGi to LC. Recent experiments in our laboratory have shown that a minority (approximately 2 1%)of PGi neurons retrogradely labeledfrom LC also
stain for phenylethanolamine-Nmethyltransferase, the final
synthetic enzyme for adrenaline (Pieribone et al., 1988). As
adrenaline applied directly to LC neuronsis strongly inhibitory
(Cedarbaumand Aghajanian, 1976, 1977),it is possiblethat the
minor inhibitory influence on LC neuronsfrom PGi found here
may correspondto this adrenergic pathway to LC.
It is alsopossiblethat at leastsomeof the observedinhibition
resultsfrom activation of collaterals of other LC neurons that
are excited by PGi. Anatomic and physiologic findings (Swanson, 1976;Aghajanian et al., 1977; Cedarbaumand Aghajanian,
1978; Shimizu et al., 1979; Groves and Wilson, 1980) suggest
that suchinhibitory collateral interactions regulateLC neuronal
activity, with recent resultsindicating that this mechanismmay
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Figure 6. Effects of AP7 (0.1 pmol, icv) on PGi and FS responses and on spontaneous discharge. A and B, PSTHs depicting LC responses to PGi
stimulation before (A) and after (B) AP7 administration. PGi-evoked excitation of an LC cell shown in A predrug, is not affected by AP7
administration, shown 1.5 min after AP7 in B. Stimulation intensity in A and B, 400 PA. C and D, PSTHs of responses of an LC neuron to FS
before (c) and after (0) AP7. FS-evoked activation of this LC neuron, shown in C predrug, is slightly decreased after a similar dose of AP7, as
illustrated in D 6 min post-AP7. Note that response magnitudes were calculated as the difference between evoked and baseline activity (see Materials
and Methods). Therefore, the decrease in FS-elicited excitation in D partially results from the increase in spontaneous discharge rate (I?). Stimulation
intensity in C and D, 40 V. Stimuli are presented at UYYOWS.
Each PSTH contains activity accumulated over 50 consecutive trials. E, Chart recording
of impulse activity (integrated over 10 set epochs) for the cell illustrated in C and D, showing an increase in discharge rate after administration (at
upper bar) of 0.1 pmol AP7, icv. Lower bars indicate where pre-AP7 (left bar) and post-AP7 (right bar) FS histograms were collected (C and D,
respectively). Calibration: horizontal bar, 80 set; vertical bar, 10 spikes.

be effective even on LC neurons that are not themselvesactivated (Ennis and Aston-Jones, 1986b; however, also seeAndrade and Aghajanian, 1984).
In predrug experiments, pure inhibitory responsesfrom PGi
stimulation were occasionally precededby a small, nonsignificant excitation for somecells. Such precedingimpulse activity
may have partially mediated the observed inhibition via intracoerulear inhibitory mechanisms.The shorter pure inhibitory
onset latencies observed in cells without apparent prior excitation may bea more accuraterepresentationofthe onsetlatency
for direct, pure inhibition from PGi.
Increasingstimulation current above that yielding significant
excitation was found to reduce or abolish excitation from PGi

in some LC cells. This finding can be interpreted in terms of
collateral-mediated postactivation inhibition, such that increased stimulation intensity synaptically activates a greater
number of cells,yielding collateral inhibition that may predominate over excitatory inputs to some LC cells. Alternatively,
higher stimulation intensity may activate additional, direct inhibitory projections to LC from PGi.
Previous studiesin behaving rats have revealed that LC neurons are excited by a wide rangeof sensorystimuli (Aston-Jones
and Bloom, 1981). The similarity of theseresponsesacrossmodalities led to the proposal that they may be mediated polysynaptically, through a final common setof afferentsto LC (AstonJoneset al., 1984; Aston-Jones, 1985). The present resultsfor
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Figure 7. Cholinergic receptor antagonists scopolamine (SCOP; A and B) and mecamylamine (MEC, C and D) fail to block PGi-evoked excitation
of LC neurons. A and B, PGi-evoked excitation of an LC neuron, shown in A predrug, is not attenuated but is facilitated 4 min after 0.5 mg’kg
SCOP (iv), as illustrated in B. C and D, PGi-evoked excitation of another LC neuron, shown in C predrug, is not afIected 1.5 min after MEC (1 .O
mg/kg, iv), as shown in D. All PSTHs contain 50 sweeps. Stimuli are presented at urrows. Stimulation amplitude in all PSTHs, 650 pA.

predominant
excitation of LC from PGi, and our preliminary
findings that the single other major input to LC, nucleus prepositus hypoglossi (PrH; identified by retrograde transport of
WGA-HRP;
Aston-Jones et al., 1986) yields concerted inhibition of LC discharge (Ennis et al., 1987), suggest that such sen-

Table 2. Effects of pharmacologic
for PGi stimulation and FS

Drug (dose)
Kynurenic acid
(0.53 pmol, icv)
DGG
(1 .O pmol, icv)
GDEE
(15 rmol, icv)
AP7
(0.1 pmol, icv)
Scopolamine
(0.5 mg/kg, iv)
Mecamylamine
(1.0 m&kg, iv)

sory responses in LC may be mediated through
Jones et al., 1986; Aston-Jones,
1988). This
consistent with previous anatomic
studies that
multimodal
sensory innervation
of PGi (Andrezik
and with the recent finding that local anesthesia

agents on mean spontaneous rate (?SEM)

PGi response magnitude
Cells
Pre drug
Post drug
(4
5
26.8
-1.8
k3.9
+ 1.9**
5
27.2
0.1
k2.6
* 1.4***
5
26.0
21.2
k4.3
k4.0
8
24.2
18.3
k2.7
k3.9
5
40.4
43.7
+6.1
+ 10.0
7
23.6
20.2
k3.9
k3.6

and mean excitatory response magnitudes (?SEM)

FS response magnitude
Cells
Pre drug
Post drug
(4
5
42.9
2.0
?0.6***
3Z1.5
5
43.4
11.0
k8.2
&2.3**
5
36.8
39.2
k7.0
k9.0
10
40.4
31.5
k3.0
rt3.1***
7
33.9
35.4
*2.2
+3.2
5
42.6
32.4
t6.9
k3.9

Spontaneous rate
Cells
Pre drug
(4
4
2.2
kO.2
6a
2.4
kO.3
4
3.0
kO.7
7
1.8
kO.3
7
2.2
kO.4
5
2.5
kO.3

Response magnitudes were calculated from the formula: R,,, = (counts in excitatory epoch) - (mean counts per baseline bin x no. bins in excitatory
* p < 0.05; ** p i 0.01; *** p i 0.005.
y Post-DGG
spontaneous rate measurements were obtained from 6 cells after doses of DGG ranging from 0.32 to 1.0 pmol.

PGi (Astonhypothesis
is
demonstrate
et al., 198 1b)
of PGi blocks

of LC neurons

Post drug
1.9
kO.4
1.7
+0.2*
3.8
kO.6
2.2
kO.3
2.1
kO.6
2.7
kO.2
epoch).

3654

Ennis

and

Aston-Jones

* Excitatory

Amino

Acid

Pathway

Activates

FS Rmag

T

Spont. Rate

T

_- ______
Figure 8. Bar graph illustrating the effects of pharmacologic agents on PGiand FS-evoked response magnitude
(R,..) and spontaneous rate of LC neurons. Scores plotted are percentages of
baseline values (+SEM). Significance
levels are derived from statistical tests
of the raw pre- and postdrug data in
Table 1. Dotted horizontal line denotes
100%. For drug dose and cell numbers
tested in each condition, refer to Table
2. *p < 0.05; **p < 0.01; ***p < 0.005.

FS-evoked responses in LC (Aston-Jones et al., 1987). Furthermore, LC neurons and PGi neurons that project to LC respond to similar sensory stimuli in anesthetized animals (Ennis
and Aston-Jones, 1987).
Pharmacology of excitatory responses
Excitatory amino acids
Several investigaticns report potent excitation of LC neurons
by direct application of glutamate of NMDA (Guyenet and
Aghajanian, 1979; Engberg et al., 198 1; Lacey and Henderson,
1986). In addition, EAA-like immunoreactivity
has recently
been demonstrated in neurons of the PGi area (Forloni et al.,
1987; Toomin et al.. 1987). Recent development of agonists
and antagonists that delineate specific EAA receptor subtypes
facilitates pharmacologic and electrophysiologic examination of
EAA transmission. At present, at least 3 EAA receptor subtypes
can be identified on the basis of preferential agonists for each
subtype: an NMDA-preferring
receptor, a kainate-preferring receptor, and a quisqualate-preferring
receptor (Watkins, 198 1;
Davies et al., 1984; Cotman and Monaghan, 1987). NMDA
receptor-mediated responses can be specified with selective antagonists available for this receptor, such as AP7 and similar
compounds (Evans et al., 1982), while kainate- and quisqualatemediated responses can only be probed with antagonists (such

Figure 9. PSTH showing a purely inhibitory response of an LC neuron
to PGi stimulation. Stimulation intensity, 650 PA. Stimuli are presented
at arrow.

**
Es
*** n
a.0

as kynurenic acid, DGG, and GDEE) that are less selective
among EAA receptor subtypes.
Kynurenic acid wasinitially reported to have little specificity
in its antagonismof EAAs or other excitatory transmitters (Perkins and Stone, 1982), yet more recent reports indicate that this
agent substantially attenuatesNMDA- and kainate-evoked responsesbut has much lessof an effect on quisqualate-evoked
responses,especiallyat low concentrations(Ganonget al., 1983;
Perkins and Stone, 1985). DGG exhibits a similar selectivity
for NMDA- and kainate-mediated responses,although the antagonistic potency for this agent at these receptors compared
with that at the quisqualatereceptor varies amongstudies(Francis et al., 1980; Davies and Watkins, 1981; Collinridge et al.,
1983; Surtes and Collins, 1985). In addition, both kynurenic
acid and DGG areeffective antagonistsof possibleEAA synaptic
transmissionin a number of systems(Francis et al., 1980; Ganong et al., 1983; Robinson et al., 1984; Jahr and Yoshioka,
1986). Although there is evidence that GDEE is a preferential
quisqualate receptor antagonist, its actions are controversial.
For example, while iontophoretically applied GDEE has been
reported to be an effective antagonist of quisqualate-evoked
responsesin the spinal cord (Davies and Watkins, 1979;
McLennan and Lodge, 1979) GDEE was without effect on responsesto quisqualate,NMDA, or kainate in the hippocampus
(Collinridge et al., 1983).
The effectivenessand specificity of EAA antagonists,like other pharmacologic agents,is a function of their concentration at
the receptor. Since LC is a juxtaventricular nucleus, it seems
reasonableto assumethat the concentration of substancesin
the CSF would be similar to that in LC. Our findings that ventricularly administered kynurenic acid or DGG attenuate PGiand FS-evoked excitation of LC neuronswithin 1.5 min indicate
that there may be rapid mixing of ventricularly applied agents
in the CSF pool. Thus, to approximate concentrations of EAA
antagonistsin LC in our experiments and allow comparisons
with other studiesusing theseagents,we estimate that the effective CSF pool containing an antagonist (during the 10 min
after injection when tests were performed) was 350 ~1: 250 ~1
of ventricular and subarachnoidspace(Bassand Lundborg, 1973)
and 100 ~1of diffusion into brain extracellular space(Davson,
1970). Given their lipid insolubility, intracellular volume was
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not included in this analysis. Using this estimate, the dose of
kynurenic acid used (0.53 pmol) yields a concentration of 1.5
mM in CSF. In work by others, 0.5 mM kynurenic acid antagonized excitation by direct application of EAAs (Ganong et al.,
1983), and concentrations of 0.13-1.0 mM of this agent attenuated putative EAA-mediated synaptic transmission in some
systems (Ganong et al., 1983; Perkins and Stone, 1985; Jahr
and Yoshioka, 1986). It should be noted that while kynurenic
has been reported to decrease cholinergic-mediated excitation
in some studies (Perkins and Stone, 1982), other findings reveal
that kynurenic acid has no effect on responses to acetylcholine
or cholinergic agonists at doses that attenuate EAA-induced
depolarizations or putative EAA-mediated synaptic transmission (Jahr and Yoshioka, 1986; Tsumoto et al., 1986). Also, our
finding that cholinergic antagonists do not attenuate PGi-LC
excitation makes a possible cholinergic antagonism by kynurenic acid in our experiments unlikely to account for the effects
observed.
The determination of possible EAA receptor subtypes mediating synaptic responses often relies on a subtractive approach-comparing
the effects of selective NMDA antagonists
to effects of EAA antagonists with a broader spectrum of action.
Our initial finding that the broad-spectrum EAA antagonist kynurenic acid abolished PGi-evoked excitation of LC indicates
that an EAA may mediate this response. The potent ability of
the mixed NMDA-kainate
antagonist DGG to diminish PGievoked activation of LC in a dose-dependent manner offers
further evidence for EAA involvement in this response and,
furthermore, suggests mediation by NMDA or kainate receptors. Our estimated concentration of DGG (0.29-2.9 mM in
CSF) is within the range previously demonstrated to antagonize
putative EAA-mediated
excitatory postsynaptic potentials
(Francis et al., 1980; Crunelli et al., 1987) and also to antagonize
primarily excitations induced by kainate or NMDA but not
quisqualate (Francis et al., 1980; Suites and Collins, 1985). For
example, in rat olfactory cortex slices, 1 mM DGG attenuated
kainate-evoked responses by 4 l%, NMDA-evoked
responses by
99%, and quisqualate-evoked responses by 17% (Surtes and
Collins, 1985). The lack of involvement of quisqualate receptors
in excitation of LC from PGi is also indicated by the ineffectiveness of high doses of the preferential quisqualate antagonist
GDEE (43 mM in CSF). In addition, we found that the specific
NMDA antagonist AP7, at an estimated dose (0.3 mM in CSF)
which is 3 times that shown to antagonize 90% of NMDAmediated excitation (Evans et al., 1982, Harris et al., 1984), is
ineffective overall in blocking LC activation from PGi. Previous
work indicates that AP7, or 2-amino-5-phosphonoheptanoate,
a selective NMDA antagonist with actions similar to AP7 (Evans et al., 1982; Harris et al., 1984; Jones et al., 1984) are over
5 times more effective in attenuating NMDA-evoked
excitation
that DGG (Jones et al., 1984; Surtes and Collins, 1985). In the
present studies, while AP7 (0.1 pmol, icv) had no significant
effect on PGi-evoked excitation, an identical dose of DGG significantly attenuated such excitation. These findings indicate
that NMDA receptors are probably not involved in PGi-evoked
excitation of LC and, together with the results above, leads us
to propose that an EAA from PGi afferents interacts primarily
with a non-NMDA,
perhaps kainate-type, receptor on LC neurons.
In preliminary experiments, we have locally infused kynurenic acid in the LC area to test whether icv-administered kynurenic
acid in the above studies exerts its actions at the pontine LC
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level. Initial experiments reveal that PGi- or FS-evoked-activation of LC neurons is abolished after infusion of 5-15 nmol
or iontophoresis of kynurenic acid approximately 600 Km lateral
to LC (M. Ennis and G. Aston-Jones, unpublished observations). These preliminary results indicate that EAA receptor
activation on LC neurons may be necessary for PGi- or FSevoked activation of LC neurons.
It is important to note that the ability of EAA antagonists to
attenuate PGi-evoked excitation in LC was paralleled by their
ability to decrease simultaneously the characteristic activation
of LC neurons by sensory stimulation. Thus, kynurenic acid and
DGG, but not AP7 or GDEE, dramatically reduced or completely abolished excitation of LC neurons evoked by FS (Fig.
8). Kynurenic acid and DGG also inhibited activation of LC
neurons by tail or foot pinch. Although AP7 reduced FS-elicited
excitation somewhat, this antagonism was only minor compared
with that produced by kynurenic acid or DGG, and AP7 did
not completely block FS-elicited excitation in any LC cell tested.
This modest antagonism of FS-evoked responses by AP7 may
reflect a minor NMDA involvement in circuits afferent to LC
or the limited selectivity of AP7 at the relatively high dose used.
We noted, in addition, that the attenuation of FS responses
by AP7 was often accompanied by increased spontaneous discharge. This may be a significant observation, as recent studies
demonstrate that excitatory responses of LC neurons to synaptic
stimuli depend on spontaneous discharge rate, with excitatory
responses becoming attenuated at higher firing rates (Valentino
and Aulisi, 1987; Valentino and Foote, 1987). Thus, the decrease in FS-elicited excitation of LC neurons by AP7 may have
been due in part to an increase in spontaneous discharge. Our
findings for some cells with AP7, GDEE, scopolamine, and
mecamylamine extend these previous observations and indicate
that a potential interaction of spontaneous rate and LC neuronal
excitability must be considered in pharmacologic investigations
of LC activity. It is noteworthy that neither kynurenic acid nor
DGG produces this pattern of effects, as both of these agents
blunted or blocked FS- and PGi-elicited excitation in LC neurons and tended to decrease spontaneous discharge (though not
substantially).
While our results with EAA antagonists implicate an EAA in
the mediation of PGi and FS activation of LC, it is possible
that these agents have other actions that contribute to antagonism of PGi-evoked responses. For example, it is not yet established what effects these agents have on peptide neurotransmission, and it is therefore possible that DGG or kynurenic acid
may have blocked PGI- or FS-evoked excitation of LC in part
by interference with excitatory peptides (e.g., substance P or
corticotropin-releasing
factor). However, neither DGG nor kynurenic acid impaired action potential generation in LC neurons,
indicating that the antagonism of excitatory responses by these
agents was not the result of a local anestheticlike action. This
is consistent with reports by others demonstrating that kynurenic acid and DGG attenuate putative EAA-mediated synaptic
transmission by acting at a postsynaptic site and have little or
no direct effect on neuronal membrane properties, e.g., resting
potential, input resistance, and antidromic excitability (Crunelli
et al., 1983, 1987; Ganong et al., 1983; Jacobson and Hamberger, 1986; Jahr and Yoshioka, 1986; Tsumoto et al., 1986).
Additional studies are underway to rule out other possible nonspecific actions of DGG and kynurenic acid on excitatory transmission from PGi to LC.
The simultaneous antagonism of both PGi- and FS-induced
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activation of LC is consistent with our hypothesis that sensory
responses of LC neurons may be mediated by circuits involving
projections from PGi to LC as a final link (Aston-Jones et al.,
1986; Aston-Jones, 1988). Our findings that antidromically
identified LC-projecting PGi neurons are excited by FS (Ennis
and Aston-Jones, 1987) and with our preliminary finding that
microinjection of the local anesthetic lidocaine into PGi attenuates or abolishes responses of LC neurons to FS (Aston-Jones
et al., 1987) are consistent with this hypothesis. While it is also
possible that EAA blockade of FS responses in LC neurons with
icv kynurenic acid or DGG was effected at a site outside of LC
(for example, there are reports that EAA antagonists reduce
excitatory synaptic transmission in the spinal cord: Davies and
Watkins, 198 1; Jahr and Yoshioka, 1986), our preliminary finding that PGi- or FS-evoked activation of LC neurons is abolished
after infusion or iontophoresis of kynurenic acid into LC supports our hypothesis that such sensory responses of LC neurons
may be mediated through PGi.
Acetylcholine

The LC stainsdenselyfor the degradative enzyme acetylcholinesterase(AchE, Albanese and Butcher, 1980), indicating that
thesecells may be cholinoceptive. In addition, somePGi neurons stain for markers for cholinergic cells (AchE, Butcher and
Woolf, 1984; or choline acetyltransferase:Kimura et al., 1984;
M. Shipley, personalcommunication). Furthermore, pharmacologic studiesreveal that LC neuronsareexcited by acetylcholine,
acting predominantly at a muscarinic receptor (Guyenet and
Aghajanian, 1979; Engbergand Svensson,1980). However, the
presentresultsindicate that muscarinicreceptorsdo not mediate
excitation of LC from PGi inasmuch as scopolamine,at doses
previously shown to block excitation of LC neurons involving
a muscarinic synapse(Guyenet and Aghajanian, 1979; Engberg
and Svensson,1980),wasineffective on PGi-induced excitation
of LC neurons. Similarly, the failure of the nicotinic antagonist
mecamylamineto attenuate PGi or FS responsesindicates that
there may be no nicotinic component in theseafferent pathways
to LC.
Other pharmacologic agents
In preliminary experiments, we have examined the effects of
other receptor antagonistsfor neurotransmitters previously reportedto influenceLC. Intravenous administrationof the alpha-2
receptor antagonist idazoxan (2 cells), the serotonin receptor
antagonistsmethiothepin (1 cell) or dihydroergotamine (1 cell),
or the opiate receptor antagonist naloxone (1 cell) had no substantial effect on PGi-evoked excitation.
In conclusion, the present results demonstratea strong, predominantly excitatory influence of PGi on LC discharge.This
excitation appearsto be mediated by an EAA, perhaps acting
at a kainate-preferring receptor in LC. Further experiments are
neededto establishthis receptor identification and its location
in the LC more firmly.
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