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Abstract 

The purpose of this study was to ascertain the identity of presumed noradrenergic or serotonergic 
neurons recorded by single cell techniques in the mammalian brain. A double labeling method was 
developed in which intracellular injections of a red fluorescing dye (ethidium bromide) could be co- 
localized with the formaldehyde-induced green fluorescence of norepinephrine or yellow fluorescence 
of serotonin. By this method, neurons of the rat locus coeruleus that display a characteristic 
activation-inhibition response to noxious stimuli were confirmed to be noradrenergic; the slow, 
rhythmically firing neurons of the dorsal raphe nucleus were confirmed to be serotonergic. 

Noradrenergic and serotonergic neurons in the mam- 
malian brain have been identified presumptively in single 
cell recording studies on the basis of anatomical location 
and certain distinguishing electrophysiological and phar- 
macological properties. For example, histochemical stud- 
ies show a clustering of noradrenergic neurons in the 
locus coeruleus (Dahlstrijm and Fuxe, 1965; Grzanna and 
Molliver, 1980) and serotonergic neurons in the dorsal 
raphe nucleus (Dahlstriim and Fuxe, 1965; Steinbush, 
1981). Extracellular recordings from neurons within the 
locus coeruleus have revealed a homogeneous population 
of tonically firing cells that are inhibited by opiates (Bird 
and Kuhar, 1977; Korf et al., 1974) and cuz-adrenoceptor 
agonists (Cedarbaum and Aghajanian, 1977; Svensson et 
al., 1975) and activated by noxious stimuli applied any- 
where on the body (Cedarbaum and Aghajanian, 1978; 
Korf et al.,, 1974; Nakamura, 1977). Furthermore, locus 
coeruleus cells can be activated antidromically by elec- 
trical stimulation of the ascending noradrenergic (dorsal) 
fiber bundle (Aghajanian et al., 1977; Faiers and Mogen- 
son, 1976; German and Fetz, 1976; Nakamura and Iwama, 
1975). Presumed noradrenergic neurons of the locus coe- 
ruleus undergo a pronounced postactivation inhibition 
following either orthodromic (Cedarbaum and Aghaja- 
nian, 1978) or antidromic (Aghajanian et al., 1977) stim- 
ulation. Intracellular recordings from locus coeruleus 
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neurons have demonstrated similar postactivation inhi- 
bitions which are associated with large afterhyperpolar- 
izations (Aghajanian and VanderMaelen, 1982a). Extra- 
cellular recordings from neurons within the dorsal raphe 
nucleus reveal a distinctive population of cells exhibiting 
a slow, regular firing pattern (Aghajanian et al., 1968; 
Bramwell, 1974; Mosko and Jacobs, 1974) and a charac- 
teristic set of other physiological and pharmacological 
properties (e.g., inhibition by d-lysergic acid diethylam- 
ide) which has led to their presumptive identification as 
serotonergic (for review, cf., Aghajanian, 1981). More 
recently, intracellular recordings have shown that pace- 
maker-like potentials underlie the slow, rhythmic firing 
pattern of presumed serotonergic neurons of the dorsal 
raphe nucleus (Aghajanian and VanderMaelen, 1982b). 

Although much circumstantial evidence has now ac- 
cumulated, there has not been any direct histochemical 
identification of single recorded noradrenergic or sero- 
tonergic neurons. In the present study, intracellular in- 
jections of ethidium bromide (an intensely red fluorescing 
dye) were made into presumptively identified noradre- 
nergic neurons of the locus coeruleus and serotonergic 
neurons of the dorsal raphe nucleus; the brains then were 
processed by the Falck-Hillarp method for the histo- 
chemical demonstration of monoamines (Falck et al., 
1962). As a control, cells of the mesencephalic nucleus of 
the trigeminal nerve (n. V), which do not contain mono- 
amines, also were labeled. This technique allowed for a 
determination of whether there was a co-localization of 
ethidium bromide with norepinephrine or serotonin in 
the dye-injected cells. Ethidium bromide has been dem- 
onstrated to be useful for counterstaining immunoflu- 
orescent sections (Schmued et al., 1981) but has not been 
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used previously for the intracellular marking of single 
neurons. 

Materials and Methods 

The experimental animals were male albino rats 
(Charles River) weighing 275 to 325 gm. For single cell 
recordings, the animals were anesthetized with chloral 
hydrate (400 mg/kg, i.p.) and mounted in a stereotaxic 
frame; body temperature was maintained at 35 to 37°C. 
Micropipettes for recording and dye ejection were pulled 
from 2-mm glass tubing (Pyrex). The tubing had been 
preloaded with several filaments of fiberglass to promote 
filling by capillary action (Tasaki et al., 1968). The mi- 
cropipettes were filled with a solution of potassium ace- 
tate (1.0 M, pH 6.8) containing 1% ethidium bromide 
(Sigma). Electrodes then were beveled by the thick slurry 
method (Lederer et al., 1979) to a final impedance of 18 
to 34 megohms. Because of the highly unstable recording 
conditions in both the locus coeruleus and dorsal raphe 
nucleus, four stabilizing pins (No. 0 Clay Adams insect 
pins) were set 1.5 to 2 mm apart in a square pattern in 
the brain around the recording site (cf., Aghajanian and 
VanderMaelen, 1982a, b). The pins served to reduce the 
local transmission of pulsations and other movements. 

To obtain single cell recordings from locus coeruleus 
neurons, a burr hole was made 1.2 mm posterior to 
lambda and 1.1 mm lateral to the midline. As described 
previously (Aghajanian et al., 1977), practical aids in 
finding the locus coeruleus included: (1) a depth 5.5 to 
6.5 mm below the brain surface; (2) a zone of relative 
electrical silence ventral to the cerebellum and dorsal to 
the locus coeruleus representing the fourth ventricle; (3) 
the presence just lateral to the locus coeruleus of cells of 
the mesencephalic nucleus of n. V, which are activated 
by displacement of the mandible; and (4) in the locus 
coeruleus itself, a closely packed population of slowly 
firing cells (1 to 4 spikes/set) all responding to noxious 
stimulation by a burst of firing allowed by a long quies- 
cent period (- 1 set). 

For the dorsal raphe recordings, a midline burr hole 
was drilled 0.5 to 0.75 mm anterior to lambda. The dura 
(including the confluent sinus) was removed and bleeding 
was controlled with Gelfoam (Upjohn Co.). Typical dor- 
sal raphe cells with a slow, regular firing pattern could be 
located in the region just ventral to the cerebral aque- 
duct; the latter could be identified readily as a zone of 
relative electrical silence. The ventral surface of the 
aqueduct was demarcated sharply by a sudden drop in 
DC potential (to approxiately -80 mV) as ependymal 
cells were impaled 4.5 to 5 mm ventral to the brain 
surface. 

Once cells of the locus coeruleus, the mesencephalic 
nucleus of n. V, or the dorsal raphe nucleus were identi- 
fied tentatively by their extracellular firing characteris- 
tics, they were impaled either by inducing a brief period 
of “ringing” via the capacity compensator of a model M- 
707 Microprobe System (W-P instruments, Inc.) or by a 
pulse of DC current (e.g., 20 V, 2 mS) applied through 
the recording electrode via a “breakaway box.” If the 
impalements were stable for several minutes and showed 
membrane potentials > 30 mV, ethidium bromide, which 
is a basic dye (Lille, 1977), was ejected into cells by 
means of pulses (1 Hz, 800 mS) of positive current (1 to 

2 nA) for a period of 1 to 2 min. Preliminary experiments 
had shown that ejections of ethidium bromide at higher 
currents or for longer durations produced red fluorescent 
labeling of such high intensity that it interfered with the 
visualization of monoamine fluorescence. Two to 6 cells 
were labeled in each experimental animal; a stereotaxic 
map was constructed of the relative position of each of 
the labeled cells. 

Tissues were prepared for fluorescence microscopy by 
a modification of the formaldehyde condensation method 
(Falck et al., 1962) for the demonstration of monoamines. 
In dorsal raphe labeling experiments, the animals were 
treated for 1 hr prior to decapitation with the monoamine 
oxidase inhibitor pargyline (100 mg/kg, i.p.) and L-tryp- 
tophan (100 mg/kg, i.p.) to enhance selectively the his- 
tofluorescence of serotonergic neurons (Aghajanian and 
Asher, 1971). No pretreatment was given in the case of 
locus coeruleus labeling experiments. After completion of 
the intracellular injections, rats were guillotined, and 
their brains were removed rapidly. Coronal slices (2 mm 
in thickness) of midbrain or anterior pons were cut, 
placed on Gelfoam strips, and immediately quenched in 
a mixture of propane and propylene (1O:l) cooled by 
liquid nitrogen. The tissues then were placed in a desic- 
cator over P205 and freeze-dried in a vacuum at 25°C for 
3 to 4 days. The dried tissue then was exposed for 1.5 hr 
to formaldehyde gas generated at 80°C from paraform- 
aldehyde powder (1 gm/lOO ml of chamber). The para- 
formaldehyde had been equilibrated previously with an 
atmosphere of 60% relative humidity. Tissues were vac- 
uum-embedded in paraffin, and serial sections of the 
pons or midbrain were cut at 10 pm and mounted on 
glass slides in nonfluorescent immersion oil. Slides were 
examined by means of a microscope (Zeiss Universal) 
equipped with a 200-W mercury vapor lamp. The exci- 
tation filter (BG-12) had a peak transmission of 400 nm. 
For visualizing monoamines, a barrier filter with a peak 
transmission of 500 nm was used in combination with 
another filter with a cutoff at 650 nm (to suppress red 
fluorescence). To visualize the ethidium bromide, the 
same excitation filter was used, but a switch was made to 
a barrier filter with a peak transmission of 590 nm (red 
pass). The ethidium bromide also could be activated 
selectively by an excitation filter with a peak transmis- 
sion of 546 nm; however, this was not useful for photog- 
raphy because of excessive light scattering even if the 
sections were deparaffinized. When cells labeled with 
ethidium bromide were located, microscopic fields were 
photographed (Tri-X-Pan, Kodak) with the monoamine 
barrier filter combination (500-nm peak transmission, 
650-nm cutoff) and then the same field was rephoto- 
graphed using the red pass filter (590-nm transmission) 
for ethidium bromide. This sequence had the advantage 
of capturing the monoamine fluorescence prior to fading, 
which was particularly noticeable in the case of serotonin. 
No fading of ethidium bromide fluorescence was ob- 
served even with continued exposure to the activating 
light for periods up to several hours. 

Results 

Ebctrophysiological studies. As previously described, 
cells of the locus coeruleus could be identified tentatively 
by their characteristic activation by noxious stimulation 
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(e.g., pinch of contralateral toe) followed by a postacti- 
vation inhibition (Fig. 1, top trace). As would be expected 
from previous intracellular studies (Aghajanian and 
VanderMaelen, 1982a), a prolonged afterhyperpolariza- 
tion accompanied the postactivation inhibition. Cells of 
the mesencephalic nucleus of n. V, which were located 
just lateral to the locus coeruleus, showed a burst of 
spikes in response to mechanical displacement of the 
mandible (Fig. 1, middle trace). Mesencephalic n. V 
neurons were distinguished further from locus coeruleus 
neurons by their short duration action potentials (~1 mS 
versus 4 mS for locus coeruleus neurons) and by the 
absence of a prolonged afterhypolarization. 

In the dorsal raphe nucleus, the predominant type of 
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Figure 1. Intracellular recordings from the locus coeruleus, 
mesencephalic nucleus of the n. V, and the dorsal raphe nucleus 
showing the properties of typical neurons in these areas. In the 
top truce, a spontaneously firing locus coeruleus neurons is 
shown responding with a burst of spikes to a pinch of the 
contralateral toe (arrows); note the prolonged afterhyperpolar- 
ization and period of suppressed firing lasting approximately 3 
sec. In the middle truce, a cell of the mesencephabc nucleus of 
n. V (mes V) in which a burst of spikes has been induced by a 
brief displacement of the mandible (arrows) is shown; note the 
lack of a persistent afterhyperpolarization. The bottom truce 
shows a typical dorsal raphe neuron exhibiting a slow, regular 
firing pattern with a pronounced hyperpolarization after each 
spike and a gradual interspike depolarization. Following the 
injection of ethidium bromide, the physiological properties of 
these cells were not altered. AII traces were photographed on 
line from a storage oscilloscope. 

spontaneously active cells had a slow, rhythmic character 
as previously described. As illustrated in Figure 1 (bottom 
trace), such cells had large afterhyperpolarizations and 
gradual interspike depolarizations (cf., Aghajanian and 
VanderMaelen, 1982b). They also had long duration ac- 
tion potentials (3 to 4 mS) in contrast to other types of 
cells in the central gray or reticular formation. 

Histochemical studies. A total of 15 locus coeruleus 
neurons were injected with ethidium bromide (n = 5 
animals); of these, 12 were recovered in tissue sections 
from brains processed by the Falck-Hillarp method 
(Falck et al., 1962). As can be seen from Figure 2 (left 
panel), when the monoamine filter combination was 
used, ethidium bromide-labeled cells could not be distin- 
guished easily from other cells in the locus coeruleus 
since all exhibited bright norepinephrine-derived green 
fluorescence. However, when the red pass barrier fnter 
was used, labeled cells had a brilliant red fluorescence 
which could be distinguished readily from other locus 
coeruleus cells; the latter fluoresced only weakly in the 
red portion of the spectrum. It should be noted, that 
ethidium bromide also stained the cell nucleus, including 
the nucleolus; this is evident in both panels of Figure 2. 
In some of the same animals in which locus coeruleus 
cells were labeled, mesencephalic n. V cells also were 
labeled with ethidium bromide; of these, 10 out of 10 
were recovered in the histological sections. As illustrated 
Figure 2 (left panel), injected mesencephalic n. V cells 
had only a faint red fluorescence when viewed with the 
monoamine filter combination. In contrast, when viewed 
with the red pass filter (Fig. 2, rightpanel), mesenceph- 
alit n. V cells exhibited a bright red fluorescence which 
surpassed that of all the locus coeruleus neurons except 
those labeled with ethidium bromide. 

In the dorsal raphe nucleus, 20 slow, rhythmically 
tiring cells were injected with ethidium bromide (n = 5 
animals). Of these, 15 were recovered in histological 
sections; all of the recovered cells also displayed yellow 
serotonin-derived fluorescence. Figure 3 (left panel) 
shows the ventral aspect of the dorsal raphe nucleus as 
seen with the monoamine barrier filter combination. Two 
cells (arrows) in this field had been labeled with ethidium 
bromide but, because of their yellow fluorescence, could 
not be distinguished from other cells in the nucleus which 
also exhibited a bright yellow, serotonin-derived histoflu- 
orescence. However, the ethidium bromide labeling be- 
came obvious when the red pass filter was used to ex- 
amine the same field (Fig. 3, right panel). 

Discussion 

The results of this study show that intracellular injec- 
tions of ethidium bromide can be combined with a stan- 
dard histochemical procedure (i.e., the Falck-Hillarp 
method) to achieve reliably a double fluorescence label- 
ing of noradrenergic and serotonergic neurons in the 
central nervous system. Neurons presumptively identi- 
fied as noradrenergic according to previous criteria (e.g., 
location in locus coeruleus, responsiveness to noxious 
stimulation, prolonged postactivation inhibition, etc.) 
were double labeled invariably by this technique. In 
contrast, labeled neurons of the mesencephalic nucleus 
of n. V showed fluorescence due to ethidium bromide but 
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no formaldehyde-induced monoamine fluorescence. Neu- 
rons presumptively identified as serotonergic on the basis 
of previous criteria (e.g., location in dorsal raphe nucleus, 
slow, rhythmic firing pattern, etc.) showed both formal- 
dehyde-induced yellow fluorescence and red fluorescence 
due to the dye injection. Although non-serotonergic neu- 
rons are found in the dorsal raphe nucleus (Aghajanian 
et al., 1978), the present results suggest that the rhyth- 
mically firing cells in this nucleus are mainly, if not 
exclusively, serotonergic in nature. Of course, for pur- 
poses of demonstration, nuclei were chosen for study that 
are known to have a high density of noradrenergic or 
serotonergic neurons. In the future, it should be useful to 
apply the same double labeling technique to regions 
where the populations of neurons are less homogeneous 
and more difficult to identify. 

Previous approaches to identifying central noradrener- 
gic and serotonergic neurons in single cell recording 
experiments have had the disavantage of being either 
indirect or nonspecific. For example, previous intracel- 
lular studies in the locus coeruleus (Aghajanian and 
VanderMaelen, 1982a) and the dorsal raphe nucleus 
(Aghajanian and VanderMaelen, 1982b) have used horse- 
radish peroxidase as an intracellular marker. However, 
because of the nonspecific nature of horseradish peroxi- 
dase, the histochemical identity of the cells could not be 
known with certainty. A more specific intracellular ap- 
proach to identifying monoamine cells in the brain has 
been to inject L-dopa (the immediate precursor of dopa- 
mine) into dopaminergic neurons of the substantia nigra 
to increase their aldehyde-induced fluorescence (Grace 
and Bunney, 1980). However, in preliminary experi- 
ments, we found that a similar precursor-loading method 
would not work well for noradrenergic or serotonergic 
neurons since the histofluorescence of cells was already 
generally bright in the locus coeruleus and quite variable 
in the dorsal raphe nucleus making judgments uncertain 
about the identity of injected cells. The present method 
has the advantage of using a marker (i.e., ethidium bro- 
mide) which emits a red fluorescence that is qualitatively 
different from any endogenous or aldehyde-induced flu- 
orophores. Another advantage of ethidium bromide is 
the fact that it has a high quantum yield, allowing for 
the use of extremely low current intensities and short 
durations of ejection’(e.g., 1 to 2 nA, 1 to 2 min). In fact, 
at higher ejection currents, the ethidium bromide fluo- 
rescence was so great that it tended to obscure mono- 
amine fluorescence. A further advantage of ethidium 
bromide is that it is inexpensive and readily available 
from commercial sources. Finally, because of its high 
solubility, ethidium bromide can be used in routine intra- 
cellular electrode solutions (e.g., in potassium acetate, as 
in the present study). Despite its high solubility, ethidium 
bromide is an excellent Nissl stain (Schmued et al., 1981) 
and does not elute from tissue sections during washing 
steps. Thus, we have been able to mark cells intracellu- 
lady with ethidium bromide for routine histology on 
standard frozen sections which then can be examined in 
the fluorescence microscope without further processing 
(G. K. Aghajanian and C. P. VanderMaelen, unpublished 
results). 
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