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Serotonergic (5HT) neurons of the brainstem dorsal raphe 
nucleus (DRN) have been implicated in a diversity of phys- 
iological and behavioral processes in vertebrates. However, 
despite extensive information about the intrinsic properties 
and the efferent projections of this neurochemical system, 
little information is available regarding the afferents that con- 
trol its activity. This study investigated the neurotransmitters 
that regulate the activity of DRN-5-HT neurons under phys- 
iologically relevant conditions, by utilizing microiontopho- 
resis in combination with single-unit recordings in the awake, 
head-restrained cat. This made it possible to examine the 
direct effects of neurotransmitters on DRN-5-HT neuronal 
activity, and, through the use of specific antagonists, to study 
the roles of these neurotransmitter inputs during physiolog- 
ical conditions that influence DRN-5-HT neuronal activity. 

The results indicate that (1) iontophoretic application of 
the GABA antagonist bicuculline reversed the typical sup- 
pression of neuronal activity seen during slow wave sleep, 
but had no effect on maintained activity during wakefulness. 
The suppression of neuronal activity during REM sleep was 
generally unaffected by application of bicuculline. This sug- 
gests a role for a GABAergic input to DRN-B-HT neurons in 
controlling some aspects of their state-dependent activity. 
(2) lontophoretic application of the excitatory amino acid 
(EAA) antagonist kynurenic acid reduced the magnitude of 
the neuronal response evoked by phasic auditory stimuli, 
but had no effect on the spontaneous activity of these neu- 
rons, suggesting a role for an EAA input to the DRN in me- 
diating the response to phasic sensory stimuli. (3) lonto- 
phoretic application of norepinephrine or the cr-adrenergic 
agonist phenylephrine did not alter spontaneous neuronal 
activity during waking, suggesting that the noradrenergic 
input to these neurons already exerts a maximal effect during 
wakefulness. 

These studies demonstrate the utility of microiontopho- 
resis in the awake animal in delineating the functional roles 
of specific neurotransmitter inputs to DRN-5-HT neurons. 
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This information provides an important link in understanding 
the role of the DRN-B-HT system in physiological and be- 
havioral processes. 

Serotonergic (5-HT) neurons of the dorsal raphe nucleus (DRN) 
have been implicated in a range of behavioral and physiological 
processes, including feeding, nociception, motor control, sleep, 
and thermoregulation (Whitaker-Azmitia and Peroutka, 1990). 
However, despite extensive information about the intrinsic 
properties and efferent projections of this system (Jacobs and 
Azmitia, 1992), the afferent control of DRN-5-HT neuronal 
activity is not well understood. It is not known, for example, 
which neurochemical inputs are responsible for producing the 
decrease in 5-HT neuronal activity during sleep (McGinty and 
Harper, 1976; Trulson and Jacobs, 1979), or the phasic increase 
in activity in response to sensory stimuli (Heym et al., 1982; 
Shima et al., 1986). The present experiments represent the first 
attempt to study this issue by utilizing microiontophoresis in 
combination with extracellular single-unit recordings in the 
awake cat. These studies attempted to identify the inputs that 
regulate the activity of these neurons under physiological con- 
ditions. This was done by using antagonists to inactivate specific 
neurochemical inputs during the conditions that influence the 
activity of these neurons. 

The DRN receives input from many anatomical areas that 
utilize a diversity of neurotransmitters, with major inputs orig- 
inating in the lateral habenula, hypothalamus, pontine reticular 
formation, and other raphe nuclei (Aghajanian and Wang, 1977; 
Sakai et al., 1977; Jacobs and Azmitia, 1992). Among the neu- 
rotransmitters present in these projections is a prominent GA- 
BAergic input. A high density of GABAergic terminals and fibers 
is found in the DRN (Belin et al., 1979), as well as high levels 
of GABA and its synthesizing enzyme glutamic acid decarbox- 
ylase (Gottesfeld et al., 1978; Belin et al., 1979; Vincent et al., 
1980). In studies performed in anesthetized rats, iontophoret- 
ically applied GABA inhibits the activity ofDRN-5-HT neurons 
and this inhibition is reversed by specific GABA antagonists 
(Gallager and Aghajanian, 1976b; Lakoski and Aghajanian, 1983; 
VanderMaelen et al., 1986). In addition, local infusion of GABA 
into the DRN decreases 5-HT synthesis and metabolism in the 
corpus striatum (Nishikawa and Scatton, 1982; Scatton et al., 
1984). Some attempts have been made to identify the afferents 
that provide the GABAergic input to the DRN. Electrical stim- 
ulation of both the lateral habenula and the pontine reticular 
formation inhibits DRN-5-HT neuronal activity, and this in- 
hibition is reversed by GABA antagonists (Wang et al., 1976; 
Wang and Aghajanian, 1977; Stern et al., 198 l), although these 
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effects may be mediated by GABAergic interneurons located 
within the DRN (Belin et al., 1979). The functional roles, how- 
ever, of these GABAergic inputs are unclear. 

There is also evidence for excitatory amino acid (EAA) inputs 
to the DRN. Microiontophoretic application of glutamate (GLU) 
activates DRN-5-HT neurons (VanderMaelen et al., 1986) and 
an autoradiographic study provided anatomical evidence for 
EAA projections to the DRN from several areas, with the most 
dense EAA projection originating in the lateral habenula (Kalen 
et al., 1985). In addition, lesions of the lateral habenula result 
in reduced high-affinity GLU uptake in the DRN, providing 
further evidence that the habenulo-raphe projection utilizes, at 
least in part, an EAA neurotransmitter (Kalen et al., 1986). 
Physiological evidence also supports this idea. Electrical stim- 
ulation of the lateral habenula increases 5-HT release in the 
striatum, and this effect is blocked by infusing the EAA antag- 
onist kynurenic acid (KYN) into the DRN (Kalen et al., 1989). 

The DRN also receives a dense noradrenergic input, as dem- 
onstrated by histofluorescence, and by biochemical, immuno- 
cytochemical, and autoradiographic methods (Fuxe, 1965; 
Swanson and Hartman, 1975; Anderson et al., 1977; Baraban 
and Aghajanian, 1981). It has further been shown by electron 
microscopy that noradrenergic terminals in the DRN synapse 
directly onto dendrites of identified 5-HT neurons (Baraban and 
Aghajanian, 198 1). Although there is evidence for a noradren- 
ergic projection from the locus coeruleus (LC), most of the nor- 
adrenergic input appears to arise from nuclei outside the LC 
(Roizen and Jacobowitz, 1976; Anderson et al., 1977). It has 
been suggested that the activity of 5-HT neurons is dependent 
on this noradrenergic innervation (Baraban and Aghajanian, 
1980). 

The present studies investigated the functional roles of the 
GABAergic, EAA, and noradrenergic inputs in regulating the 
tonic activity of DRN-5-HT neurons during different stages of 
the sleep-wake cycle, and the phasic activity evoked by sensory 
stimuli. 

Materials and Methods 
Surgical preparation. Adult male or female cats (3.0-5.0 kg) were anes- 
thetized with sodium pentobarbital (35 mg/kg, i.p.) and placed in a 
stereotaxic instrument. Electrodes were then implanted for recording 
electroencephalogram (EEG), electrooculogram (EOG), and neck elec- 
tromyographic activity (EMG). A small stainless steel cylinder, which 
could later be attached to a head-restraint apparatus, was also cemented 
to the animal’s skull. This allowed the animal’s head to be rigidly fixed 
in space at known stereotaxic coordinates in an atraumatic, painless 
manner. 

Cats were treated once the night before surgery, twice on the day of 
surgery, and once on the morning after surgery with dexamethasone 
and procaine penicillin G (Azimycin, 0.5 ml, i.m.). Cats were then 
treated postoperatively, twice daily, for up to 7 d with Cornbiotic (pro- 
caine penicillin G and dihydrostreptomycin, 0.3 ml, i.m.) and Polyflex 
(ampicillin, 0.3 ml, i.m.). The implant incision was cleaned daily with 
hydrogen peroxide and a topical antibiotic powder was applied in order 
to prevent scalp infections. 

After a 2 week recovery period, and 2-3 d before recording sessions 
began, a craniotomy was made in the skull. This craniotomy could not 
be made at the time of initial surgery since, with time, scar tissue 
formation and dura regrowth would form a barrier to electrode pene- 
tration. For this procedure, cats were anesthetized with the short-acting, 
nonbarbiturate anesthetic ketamine HCl (45 mg/kg, i.m.) and placed 
into the head-restraint apparatus. A small hole (2-3 mm diameter) was 
drilled in the skull to provide access to the DRN (P O-2, L 0, H 0). The 
dura was cut and carefully removed, and the hole was covered with an 
antibiotic cream and sealed with sterile bone wax. Cats were then treated 
with antibiotics and allowed to recover for 2-3 d before initiating re- 
cording sessions. 

Recording/microiontophoresis procedures. A combination recordingi 
microiontophoretic electrode was constructed in our laboratory by ce- 
mentina a sinde-barrel dass Dinette with a l-2 pm tip alongside a five- 
barrel glass pipette with a 71lb km total tip diameter. The recording 
barrel contained 2 M NaCl and extended approximately 20-30 pm be- 
vond the tins of the other barrels. The remaining five barrels were used 
for the midroiontophoretic application of drugs and vehicle solutions 
and for current balancing. A Medical Systems Neurophore microion- 
tophoresis system was used for ejecting drugs. Retaining currents were 
generally 5-l 0 nA. All drugs used for microiontophoresis were dissolved 
in deionized H,O at pH 4.0 unless otherwise specified. These were 5-HT 
creatinine sulfate, 0.04 M; norepinephrine bitartrate (NE), 0.1 M; phen- 
ylephrine HCl (PE), 0.1 M; L-glutamic acid, 0.2 M, pH 7.5; GABA, 0.5 
M, pH 3.0; bicuculline methiodide (BIC), 0.01 M in 165 mM NaCl; and 
kynurenic acid, 0.1 M, pH 8.0. 

Single-unit recordings were amplified [World Precision Instruments 
(WPI) electrometer and Grass P5 11 AC preamp], filtered (bandpass 0.3 
Hz to 3 KHz), monitored continuously on an oscilloscope, and stored 
on an FM tape deck (Vetter model D). Single-unit activity was distin- 
guished with a window discriminator (WPI model 12 l), and gated pulses 
were recorded on tape, polygraphically, and led to a Commodore 64 
computer for off-line analysis. Gross potentials from the EEG, EOG, 
and EMG leads, as well as stimulus markers for the onset and offset of 
iontophoretic drug ejection, were also recorded on tape and polygraph- 
ically. 

At the beginning of each recording session, the cat was placed in the 
stereotaxic head-restraint device, which holds the head in an atraumatic 
manner, without pressure or pain. Head movements were therefore 
restrained, but the trunk and limbs were free to move. Cats readily 
adapted to this procedure and would commonly initiate several sleep- 
wake cycles during a typical 4-6 hr recording session. The animal was 
returned to its home cage at any sign of distress or discomfort. Between 
recording sessions, the craniotomy was covered with antibiotic cream 
and sealed with sterile bone wax. 

Experimentalprotocol. Neurons were identified as serotonergic if they 
met the following criteria: (1) slow and highly regular activity during 
quiet waking (- 1.04.0 Hz), (2) long-duration action potential (>2 
msec), (3) changes in activity directly correlated with changes in be- 
havioral state. and (4) subseauent histological localization in the DRN 
(Fomal and Jacobs: 1988). I 

Y 

After isolating the single-unit activity of a neuron that met the above 
criteria, the ejection currents for the agonist and antagonist were estab- 
lished. The agonist was first applied at regular intervals with increasingly 
higher ejection currents until one of the following conditions was met. 
For inhibitory effects, current was increased to establish an ejection 
current that produced complete suppression of neuronal activity within 
5-10 set of the onset of ejection. For excitatory effects, current was 
increased to establish an ejection current that produced a two- to three- 
fold increase in firma rate. also within 5-10 set of onset. Ejection of the 
antagonist was then-paired with the corresponding agonist at the pre- 
established current. The antagonist was applied at varying currents to 
determine the threshold current necessary to either block or reverse the 
agonist-inducedeffect. Bicuculline was used to block theeffects ofGABA 
(Curtis et al., 1971), and kynurenic acid was used to block the effects 
of glutamate (Ganong et al., 1983; Stone et al., 1986). 

The cat was then left undisturbed, and either the agonist or the an- 
tagonist was applied for 30-60 set epochs during different stages of the 
sleep-wake cycle, as defined by polygraphic criteria. Mean unit activity 
during the drug ejection period was compared to the predrug firing rate 
obtained from a 60 set baseline period. Current, pH, and vehicle control 
ejections were also carried out on some neurons. Sensory responses were 
elicited with a 100 dB click, produced by means of a 0.5-msec duration 
square wave pulse, delivered in blocks of 20-30 trials with a 3 set 
interstimulus interval. Unit activity and stimulus markers were recorded 
on FM tape, and peristimulus time histograms (PSTHs) were obtained 
off line using a Commodore 64 computer. For the sensory response 
studies, a predrug baseline response was first obtained. Ejection of the 
drug was then initiated, and after a 60 set delay, a second sensory 
response was obtained while drug ejection continued. Finally, a postdrug 
response was obtained 5 min after terminating iontophoretic applica- 
tion. 

Data analysis. For the analysis of tonic firing rate, mean firing rates 
were compared using the Student’s t test for paired samples or repeated- 
measures analysis of variance (ANOVA). The periods used for com- 
paring firing rates under different conditions were matched for equiv- 
alent behavioral state using polygraphic criteria. In order to quantify 
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sensory-evoked responses, peristimulus time histograms (PSTHs) were 
computer generated off line, typically with bin widths of lo-50 msec. 
Mean and standard error of the mean (SEM) of counts per bin were 
determined for a 500 msec prestimulus baseline period. The duration 
ofthe response was determined by the number ofconsecutive bins whose 
counts differed from baseline activity by two standard errors and were 
separated by no more than one nonsignificant bin. 

5.HT 20 

llllllll II IIN III 
5 SEC 

The magnitude ofthe response (R-mag), was then calculated according 
to the following formula: 

R-mag = # of evoked spikes in excitatory period/# trials, 

# evoked spikes = # counts in excitatory period 

- (mean # counts per baseline bin 

x # bins in excitatory period). 

The response magnitudes for the baseline, drug, and recovery conditions 
were then statistically compared using a repeated-measures ANOVA. 

Histology. At the completion of the study, cats were deeply anesthe- 
tized with sodium pentobarbital. A stainless steel microelectrode was 
then lowered to the spot where the final unit recording was obtained, 
and a 20 PA direct anodal current was passed through the electrode for 
15 set to deposit iron at the electrode tip. A second spot was made at 
a known distance from the first spot to allow adjustments for tissue 
shrinkage, and one or two key locations relative to other recording sites 
were similarly marked. The cats were then perfused intracardially with 
physiological saline followed by 10% formalin and then 5% potassium 
ferrocyanide in formalin. Brains were removed, blocked, sectioned at 
50 km, mounted on slides, and stained with neutral red. Recording sites 
(blue spots) were located, tissue shrinkage estimated, and electrode tracks 
reconstructed. 

Results 
General 
The single-unit activity of 110 presumed 5-HT neurons was 
examined in these studies. Seventy-four of these neurons (re- 
corded from 16 cats) were successfully studied during the mi- 
croiontophoretic application of drugs, and met the following 
criteria for DRN-5-HT neurons: (1) a slow and regular firing 
rate during quiet waking (mean f  SEM = 2.53 f  0.16 spikes/ 
set), (2) an action potential duration of >2 msec, (3) changes 
in firing rate directly related to changes in behavioral state, and 
(4) histological localization to the DRN (Fornal and Jacobs, 
1988). In addition, 10 of these neurons (recorded from five cats) 
were successfully recorded during an episode of REM sleep. All 
10 neurons were virtually silent during REM sleep, with a mean 
firing rate of 0.03 f  0.01 spikes/set, representing a highly sig- 
nificant decrease of over 98% from quiet waking levels (p < 
0.00 1). Thus, the characteristics of this neuronal population are 
virtually identical to those previously reported for DRN-5-HT 
neurons in freely moving cats (McGinty and Harper, 1976; Trul- 
son and Jacobs, 1979). 

The effect of iontophoretically applied 5-HT on neuronal ac- 
tivity during quiet waking was also investigated on 10 DRN-5- 
HT neurons. Examples of the response of DRN-5-HT neurons 
to iontophoretic application of 5-HT are shown in Figure 1. 
The activity of all 10 neurons tested with 5-HT was completely 
inhibited with ejection currents of lo-50 nA. Recovery to base- 
line levels generally occurred in 10-l 5 sec. These results are 
consistent with previously reported studies in the DRN of anes- 
thetized rats (Aghajanian et al., 1972; Sprouse and Aghajanian, 
1986) and further support the serotonergic identity of the neu- 
rons recorded in the present study. 

5-HT 10 nA 5HT 20 nA 

co 1 

- 
1OSEC 

Figure 1. Examples of the neuronal response to iontophoretically ap- 
plied 5-HT on DRN-5-HT neurons recorded during quiet waking. Top 
panel, Polygraph record of the neuronal response to 5-HT applied with 
20 nA. The solid bar indicates the period of application of 5-HT. Bottom 
panel, Computer-generated ratemeter example of the response of an- 
other DRN-5-HT neuron to the microiontonhoretic annlication of 5-HT. 
Note the increased neuronal response with the higher ejection current. 

These neurons were rapidly and completely inhibited by GABA, 
typically applied with a current of 20 nA. The GABA, receptor 
antagonist BIC (15-l 50 nA) completely reversed or blocked the 
GABA-induced inhibition on 32 out of 35 neurons (recorded 
from 11 animals). The BIC-induced reversal for the remaining 
three neurons was incomplete with the ejection currents tested. 
An example of the neuronal response to GABA and its blockade 
by BIC is shown in the top panel of Figure 2 and in the left 
portion of Figure 3. Iontophoretic application of a pH-matched 
saline solution had no effect on the GABA-mediated inhibition 
(n = 3) and BIC had no effect on the inhibition produced by 
iontophoresis of 5-HT (n = 3; right portion of Fig. 3). In ad- 
dition, there was no change in the waveform characteristics of 
the recorded spike during iontophoresis of either GABA or BIC. 

In order to investigate the functional role of the GABAergic 
input to the DRN, BIC was iontophoretically applied during 
different stages of the sleep-wake cycle. For each neuron tested, 
BIC was applied at a current that was effective in completely 
reversing or blocking the effect of iontophoretically applied 
GABA on that particular neuron. The effect of BIC alone on 
DRN-5-HT neuronal activity during quiet waking was studied 
on 15 neurons (recorded from seven animals). Examples of the 
response to iontophoretically applied BIC during quiet waking 
are shown in the bottom panel of Figure 2 and the top panel of 
Figure 4. As summarized in the left portion of Figure 5, appli- 
cation of BIC alone during quiet waking (15-150 nA; mean 
duration = 60 set) had no effect on maintained activity of DRN- 
5-HT neurons (mean baseline firing rate = 2.72 & 0.22 spikes/ 
set; mean firing rate during BIC = 2.4 1 f  0.17 spikes/set; p > 
0.6). 

In contrast to its lack of effect during quiet waking, ionto- 
phoresis of BIC during slow wave sleep (SWS) produced a sig- 
nificant increase in neuronal activity (the current levels used 

GABAergic input 

The effect of microiontophoretic application of GABA was test- 
ed on 44 DRN-5-HT neurons recorded during quiet waking. 



4040 Levine and Jacobs * Neurochemical Afferents and Serotonergic Neurons 

BICUCULLINE 30 nA 

Figure 2. Ratemeter example of the 
neuronal response to iontophoretic ap- 
plication of GABA and the GABA an- 
tagonist drug BIC during quiet waking. 
Top panel, The activity of this neuron 
was completely inhibited by ionto- 
Dhoretic auulication of GABA with 30 
LA, and this suppression was blocked 
by application of BIC. Bottom panel, 
The maintained activity of this neuron 
during quiet waking was unaffected by 
application of BIC alone with 75 nA. 

GABA 30 nA 

BICUCULLINE 7.5 nA 

during SWS were identical to those used during quiet waking). 
An example of the effect of BIC during SWS for a single DRN- 
5-HT neuron is shown in the bottom panel of Figure 4. As 
summarized in Figure 5, the mean baseline firing rate during 
SWS was 1.49 rt 0.38 spikes/set (n = 8; three animals), while 
the application of BIC (15-l 50 nA, mean duration = 30 set) 
increased mean firing rate to 2.50 * 0.40 spikes/set (p < 0.01). 
All eight neurons tested showed an increase in activity during 
application of BIC during SWS. The mean firing rate evoked 
by iontophoretic application of BIC during SWS (2.50 + 0.40 
spikes/set) was not significantly different than the quiet waking 
baseline firing rate for these neurons (3.04 f 0.42 spikes/set) 
(p > 0.5). Control ejections of a pH-matched saline solution 
had no effect on the maintained firing rate of DRN-5-HT neu- 
rons during either quiet waking or SWS (n = 5; p > 0.3). 

The effect of iontophoretically applied BIC was also examined 
during REM sleep on six DRN-5-HT neurons. The mean firing 
rate of these neurons during REM sleep was 0.04 f 0.1 spikes/ 
sec. As summarized in Figure 5, the activity of these six neurons 
was not significantly affected by iontophoretic application of 
BIC applied with the same currents as used above @ > 0.8), 

20 

I 

BIC 100 nA BIG 200 nA 

GABA 20 nA 5-HT 20 nA 

20 SEC 

Figure 3. Computer-generated ratemeter example of the response of 
a DRN-5-HT neuron to the application of GABA, 5-HT, and BIC during 
quiet waking. On the left, iontophoretic application of BIC reversed the 
effect of application of GABA, but, on the right, it had no effect on the 
neuronal response to 5-HT application. 

20 SEC 

although the activity of two of these neurons was slightly in- 
creased by BIC application during REM sleep. 

EAA input 

The effect of microiontophoretic application of GLU was stud- 
ied on 26 DRN-5-HT neurons. All of these neurons were ac- 
tivated by GLU, with a significant activation often seen with 
currents as low as 5 nA. With high ejection currents (>50 nA), 
firing rates as high as 15-20 spikes/set were elicited. The effect 
of the EAA antagonist KYN was tested on seven neurons (re- 
corded from three animals). The excitation produced by GLU 
was completely blocked by application of KYN (50-150 nA) in 
all seven neurons. The top panel of Figure 6 illustrates the 
response of a single DRN-5-HT neuron to iontophoretically 
applied GLU and the blockade of this response by iontophoresis 
of KYN. Saline ejection had no effect on the excitation produced 
by iontophoresis of GLU (n = 3). These seven neurons were 
then studied with KYN alone during quiet waking (100-300 
nA; 60 set duration). The bottom panel of Figure 6 shows an 
example of the neuronal response to iontophoresis of KYN. 
Mean firing rate was not significantly affected by KYN alone 
during quiet waking (mean baseline firing rate = 1.82 + 0.24 
spikes/set; mean firing rate during KYN = 1.75 + 0.24 spikes/ 
set; p > 0.1). 

The activity of the same seven neurons was also studied in 
response to the presentation of a series of 20-30 clicks. PSTHs 
for the response of a single DRN-5-HT neuron are shown in 
Figure 7. The top panel shows the baseline evoked response for 
this neuron. As shown in the middle panel, the phasic sensory 
response of this neuron was almost completely abolished during 
iontophoresis of KYN (200 nA), and the response showed com- 
pletely recovery 5 min after the iontophoretic application was 
terminated (bottom panel). The mean group data for the au- 
ditory evoked responses of these neurons are summarized in 
the top panel of Figure 8. Under baseline conditions, the mean 
response magnitude was 0.50 f 0.05 evoked spikes/trial. This 
response was significantly reduced during iontophoresis of KYN 
(100-200 nA) to 0.16 f 0.05 evoked spikes/trial (p < 0.00 1). 
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Figure 4. Polygraph records displaying the activity of a single DRN- 
5-HT neuron and gross potentials in response to the iontophoretic ap- 
plication of the GABA antagonist BIC. Top panel, Effect of iontophoretic 
application of BIC during quiet waking. Bottom panel, Response of the 
same neuron to iontophoretic application of BIC and saline during SWS 
(this particular neuron showed no spontaneous activity during this stage 
of SWS). Short-duration applications are shown here for illustrative 
purposes (typical durations were 30-60 set). 

Five minutes after terminating the iontophoresis of KYN, the 
evoked response showed a partial and significant recovery, with 
a mean response magnitude of 0.34 + 0.07 spikes/trial 0, < 
0.0 1). 

It is important to note that while the evokedresponse ofDRN- 
5-HT neurons was significantly decreased during iontophoresis 
of KYN, prestimulus maintained activity was unchanged during 
this time, as summarized in the bottom panel of Figure 8 (mean 
baseline prestimulus activity = 0.68 f 0.1 spikes/trial, mean 
prestimulus activity during KYN = 0.65 f 0.1 spikes/trial; p 
> 0.8). In addition, as shown in Figure 9, iontophoretic appli- 
cation of a pH-matched saline solution had no significant effect 
on either the evoked response to auditory stimuli (n = 5; p > 
0.6) or prestimulus maintained activity (n = 5; p > 0.3). Finally, 
there was no change in either the duration or amplitude of the 
recorded spike during iontophoresis of either GLU or KYN. 

Noradrenergic input 

In the present studies, the activity of eight DRN-S-HT neurons 
was recorded during the iontophoretic application of either NE 

* I Baseline 

ezl Bicuculline 

Quiet Waking Slow Wave REM Sleep 
Sleep 

Figure 5. Effect of iontophoretic application of the GABA antagonist 
BIC on DRN-S-HT neuronal activity across the sleep-wake cycle. BIC 
was applied for 30-60 set with a preestablished current (range, 15-l 50 
nA). Neuronal activity during SWS was significantly increased by ion- 
tophoretic application of BIC (n = 8; *, p < 0.0 1; middle panel), whereas 
iontophoretic application of BIC did not significantly affect activity in 
either quiet waking (n = 15; p > 0.6; left panel) or REM sleep (n = 6; 
p > 0.8; right panel). It is interesting to note that the firing rate evoked 
by iontophoresis of BIC during SWS was not significantly different than 
the quiet waking baseline activity ofthese eight neurons @ > 0.5). Values 
are mean + SEM. 

or the specific a-adrenergic agonist drug PE. The effect of ion- 
tophoretic application of NE during quiet waking was examined 
on three neurons (recorded from two animals). NE (25-50 nA; 
30-60 set) had no effect on maintained activity of these neurons 
during quiet waking (mean baseline firing rate = 2.67 + 1.1 
spikes/set; mean firing rate during NE = 2.62 f 1.2 spikes/set; 
p > 0.7). Since previous studies have reported that the effects 
of NE on DRN-5-HT neuronal activity are mediated by an 
a-adrenergic receptor (Gallager and Aghajanian, 1976a; Bara- 
ban and Aghajanian, 1980) the activity of five other neurons 
(recorded from three animals) was studied during iontophoretic 
application of PE, a selective cr,-receptor agonist. PE (25-50 nA, 

KYN 140 “A 

GL” 40 n* 
- - - - 

20 SEC 

Figure 6. Ratemeter example of the response of a single DRN-5-HT 
neuron to iontophoretic application of GLU and the EAA antagonist 
KYN. Top panel, Iontophoresis of KYN (140 nA) blocked the excitation 
produced by iontophoresis of GLU (40 nA). Bottom panel, The spon- 
taneous activity of the same neuron during quiet waking was unaffected 
by iontophoresis of KYN alone. 
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Figure 8. Effect of the microiontophoretic application of the EAA 
antagonist KYN on the DRN-S-HT neuronal response to auditory stim- 
uli. Top panel, Microiontophoresis of KYN (100-200 nA) significantly 
reduced the evoked response to auditory stimuli (n = 7; *, p < 0.001). 
The response showed significant recovery 5 min after termination of 
the iontophoresis of KYN (n = 6; **, p < 0.01). Bottom panel, Pre- 
stimulus maintained activity was unaffected by the iontophoretic ap- 
plication of KYN (n = 7; p > 0.8). Values are mean f  SEM. 
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Figure 7. Computer-generated PSTHs of the response of a DRN-5- 
HT neuron to the presentation of a series of auditory clicks. Top panel 
shows the neuronal response under baseline conditions. The evoked 
response was attenuated during the microiontophoresis of the EAA 
antagonist KYN (middlepanel), and recovered 5 min after termination 
of iontophoretic current (bottom paner). These histograms represent the 
summation of 60 presentations of the stimulus occurring once every 2 
sec. Bin width = 50 msec. 

30-60 set) also had no significant effect on firing rate during 
quiet waking (mean baseline firing rate = 3.06 f  0.5 spikes/set; 
mean firing rate during PE = 2.93 + 0.5 spikes/set; p > 0.1). 

It should be noted that NE and PE were only applied to 
neurons that were activated by iontophoretic ejection of GLU 
from an adjacent iontophoretic barrel. This was to ensure that 
the observed lack of effect of NE and PE was not due to a 
problem with the electrode (e.g., situated too far from the cell 
body or separation between drug and recording barrels). In ad- 
dition, consistent with previous studies (Gallager and Aghaja- 
nian, 1976a; Baraban and Aghajanian, 1980), inhibition of firing 
was occasionally produced by high ejection currents of NE or 
PE (> 50 nA), indicating that the drugs were being successfully 
ejected from the iontophoretic barrels. 

Discussion 
As reviewed above, DRN-5-HT neurons receive numerous an- 

In order to investigate the functional role of the GABAergic 
input to the DRN, the GABA antagonist BIC was iontophoreti- 
tally applied during different stages of the sleep-wake cycle. The 
effects of BIC on DRN-5-HT neuronal activity were state de- 
pendent, suggesting that the endogenous GABAergic input to 
these neurons is involved in regulating their state-dependent 
activity. While blockade of GABA receptors had no effect on 
the maintained activity of DRN-5-HT neurons during quiet 
waking, the firing rate of these neurons during SWS was signif- 
icantly increased by GABA receptor blockade. This suggests 
that a GABAergic input is specifically involved in mediating 
the suppression of activity of DRN-5-HT neurons during SWS. 
The site of origin of this state-dependent GABAergic input to atomical inputs utilizing a diversity ofneurotransmitters (Jacobs 

and Azmitia, 1992). The present studies were designed to in- 
vestigate the neurochemical afferents that regulate the activity 
of DRN-5-HT neurons under specific physiological conditions. 
This was addressed by using microiontophoretic application of 
neurotransmitters and their antagonists in the awake cat. By 
conducting these studies in the awake animal and using antag- 
onists, it was possible to inactivate specific neurochemical inputs 
selectively and reversibly during the conditions that normally 
influence DRN-5-HT neuronal activity. A similar approach has 
been successfully used to study the neurochemical modulation 
of the response properties of neurons in other brain areas in 
awake animals (Sawaguchi, 1987; Chase et al., 1989). Thus, by 
capitalizing on the known anatomy and electrophysiology of 
DRN-5-HT neurons, the present studies were able to test spe- 
cific hypotheses regarding the afferent control of DRN-5-HT 
neuronal activity under physiological conditions. 
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the DRN is not known. The pontine reticular formation may 
provide a GABAergic input to the DRN (Wang et al., 1976), 
and there are neurons located in this area that increase their 
firing rate during sleep (Siegel and Rogawski, 1988). There may 
also be GABAergic interneurons within the DRN (Belin et al., 
1979), and a GABA-mediated suppression of neuronal activity 
could be produced by an excitatory input to GABAergic inter- 
neurons that in turn project to DRN-5-HT neurons. 

During REM sleep, DRN-5-HT neurons are virtually silent, 
and iontophoretic application of BIC was generally ineffective 
in reversing this suppression of activity. It may be that the 
GABAergic input to the DRN is intensified during REM sleep, 
and iontophoretic application of BIC with the currents used was 
insufficient to reverse this increased inhibitory drive. There may 
also be other inputs, such as a cholinergic input (Gallardo and 
Pasquier, 1980) or a glycine input (Snyder, 1975), that partic- 
ipate in the suppression of neuronal activity during REM sleep. 

There is also evidence for a major EAA input to the DRN 
(Kalen et al., 1985, 1986), but the functional role of this input 
is unclear. In the present studies, the EAA antagonist KYN was 
used to investigate the role of this input in regulating the activity 
of DRN-5-HT neurons. Iontophoretic application of KYN did 
not alter the spontaneous firing rate of DRN-5-HT neurons 
during quiet waking. KYN did, however, significantly reduce 
the magnitude of the excitatory response to phasic auditory 
stimuli, suggesting that an EAA input is involved in mediating 
this response. The lack of effect of KYN on prestimulus main- 
tained activity rules out a direct inhibitory effect of KYN, and 
suggests that the maintained activity of these neurons is not 
dependent on this input. 

Previous studies have also identified a dense noradrenergic 
input to the DRN (Fuxe, 1965; Swanson and Hartman, 1975), 
but the effect of NE on DRN-5-HT neuronal activity is unclear, 
as is the functional role of this input. In the present studies, 
iontophoretic application of NE or the selective ol,-agonist PE 
did not alter the firing rate of these neurons during wakefulness. 
This may indicate that the endogenous noradrenergic input to 
the DRN is maximal during wakefulness, precluding an effect 
with exogenously applied NE. Previous studies conducted in 
anesthetized animals or in vitro preparations, however, have in 
some cases reported facilitation of DRN-5-HT neuronal activity 
with iontophoresis of NE (Baraban et al., 1978; VanderMaelen 
and Aghajanian, 1983), possibly reflecting a diminished endog- 
enous noradrenergic input present in these preparations. 

It has also been shown that iontophoretic and systemic ad- 
ministration of noradrenergic antagonists suppresses DRN-5- 
HT neuronal activity in the anesthetized animal, suggesting the 
presence of a tonic facilitatory input (Baraban and Aghajanian, 
1980). Since the noradrenergic input would be diminished dur- 
ing sleep (Jacobs, 1986), a noradrenergic disfacilitation may 
contribute to the suppression of DRN-5-HT neuronal activity 
during sleep. Systemic administration of these antagonists in 
the awake animal, however, has minimal effects on neuronal 
activity (Heym et al., 198 1). Additional studies examining the 
effect of iontophoretically applied noradrenergic antagonists in 
the awake animal, as well as the effect of NE applied to these 
neurons during sleep, may shed more light on the functional 
role of the noradrenergic input to the DRN. 

The present results may also facilitate the study of the func- 
tional roles of DRN-5-HT neurons in various physiological and 
behavioral processes. If distinct neurochemical inputs regulate 
specific aspects of DRN-5-HT neuronal activity, it may be pos- 

0.4 
1 

Baseline Saline 

Figure 9. Effect of the microiontophoretic application of saline on the 
DRN-5-HT neuronal response to auditory stimuli. Top panel, Ionto- 
phoresis of saline (100-200 nA) had no significant effect on evoked 
activity (n = 5; p > 0.6). Bottom panel, Prestimulus maintained activity 
was also unaffected by iontonhoresis of saline CD > 0.3). Values are 
meant SEM. - - 

sible to disrupt these neuronal responses selectively to inves- 
tigate their role in the relevant behavior. For example, if the 
EAA input to the DRN specifically mediates the neuronal re- 
sponse to phasic sensory stimuli, then local infusion of an EAA 
antagonist into the DRN might selectively block the sensory 
response of these neurons without affecting their tonic main- 
tained activity. This would allow for an investigation of the role 
of this neuronal response on relevant parameters of the response 
to sensory stimuli, such as threshold detectability or sensitivity, 
at either a behavioral or a neural systems level. 

In sum, the present studies demonstrate the utility of mi- 
croiontophoresis in the awake animal in delineating the func- 
tional roles of specific neurotransmitter afferents to the DRN. 
This information is important for understanding the circuitry 
that regulates the activity of these neurons under physiological 
conditions and, ultimately, the role of the DRN-5-HT system 
in behavioral and physiological processes. 
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