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Abstract 
In this study, local neuronal interactions in the midbrain dorsal raphe nucleus (DRN) were 

analyzed by the use of autocorrelation and cross-correlation histograms. The autocorrelograms of 
serotonin (5hydroxytryptamine; 5-HT)-containing cells showed an initial trough and subsequent 
periodicity which corresponded to their regular rhythmic firing pattern. Cross-correlograms revealed 
that all adjacent 5-HT neurons recorded from single micropipettes displayed complicated patterns 
of functional interactions. The interactions could be grouped into the following categories: (1) 
synchronization (interspike intervals ~10 msec), (2) synchronization and direct inhibition, and (3) 
synchronization and mutual inhibition. In contrast, cross-correlograms generated from adjacent 
neuronal pairs consisting of one 5-HT cell and one non-5-HT neuron or from non-adjacent 5-HT 
neuronal pairs usually failed to show functional interactions. The results of the present study are 
consistent with previous findings of a powerful auto- and mutual regulatory system for 5-HT neurons 
in the DRN. 

The dorsal raphe nucleus (DRN) possesses the largest 
clusters of serotonin (5-hydroxytryptamine; 5-HT)-con- 
taining neurons in the brain (Dahlstrom and Fuxe, 1965). 
Electrophysiological studies have shown that 5-HT neu- 
rons in the DRN are strongly inhibited following anti- 
dromic activation of the ascending 5-HT pathway (Wang 
and Aghajanian, 1977b, 1978). Theoretically, these inhib- 
itory effects could be mediated via recurrent 5-HT axon 
collaterals and/or dendrodendritic junctions. This view 
is supported by the facts that: (I) the inhibition induced 
by antidromic stimulation of the 5-HT pathway depends 
upon the integrity of 5-HT fibers as it is prevented when 
5-HT axons in the ventromedial tegmentum are de- 
stroyed by 5,7-dihydroxytryptamine (Wang and Aghaja- 
nian, 1977b), (2) 5-HT neurons are readily inhibited by 
microiontophoretically applied 5-HT (Aghajanian et al., 
1972; Haigler and Aghajanian, 1974; Wang and Aghaja- 
nian, 1977b), (3) the DRN contains one of the heaviest 
concentrations of 5-HT receptors in the brain (Bennett 
and Aghajanian, 1974; Bennett and Snyder, 1975, 1976; 
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Lovell and Freedman, 1976; Fillion et al., 1978; Peroutka 
and Snyder, 1979; Young and Kuhar, 1980), and (4) high 
affinity 5-HT uptake (Shaskan and Snyder, 1970; Don- 
zanti and Warwick, 1980) and release of 5-[“H]HT (Ker- 
win and Pycock, 1979) have been demonstrated in the 
brain slices from the rat raphe area. Moreover, interac- 
tions between dendrite bundles in the DRN have been 
suggested on the basis of Golgi and histofluorescence 
studies (Felten et al., 1980). However, electron micro- 
scopic autoradiographic studies have failed to demon- 
strate the labeling of axosomatic or axodendritic junc- 
tions by 5-[3H]HT within the neuropil of the DRN (Bar- 
aban and Aghajanian, 1981; Descarries et al., 1979). 

The aim of the present study was to elucidate further 
the nature of functional interactions among 5-HT cells 
in the DRN by the use of autocorrelation and cross- 
correlation techniques; the latter techniques can be use- 
ful in disclosing the mechanisms by which the firing of 
one neuron influences the probability of the firing of the 
other neuron (Moore et al., 1966, 1970; Perkel et al., 
1967a, b). Although many studies have been devoted to 
the investigation of pharmacological or electrophysiolog- 
ical manipulations of single 5-HT neurons in the DRN 
(e.g., see Aghajanian and Wang, 1978 for review), the 
information concerning the local interactions among mul- 
tiple neurons within the nucleus is still lacking. The latter 
knowledge is important because the DRN is not a ho- 
mogeneous entity as it consists of both 5-HT and non-5- 
HT neurons (Aghajanian et al., 1978; Descarries et al., 
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1979; Belin et al., 1979; McGeer et al., 1979; Gamrani et 
al., 1979; Steinbusch et al., 1980). 

Materials and Methods 

Experimental subjects and single unit recordings. 
Male Sprague-Dawley albino rats (Charles River; 200 to 
300 gm) were anesthetized with chloral hydrate (400 mg/ 
kg, i.p.); additional injections were given as needed. The 
animals were mounted in a stereotaxic apparatus and a 
burr hole was drilled over the DRN with the center at 
0.5 mm anterior to the lambda, in the midline. In addi- 
tion, two low cerveau isole rats were prepared under the 
halothane anesthesia. The detailed procedures for brain 
stem transection have been described (Wang and Agha- 
janian, 1977a). During the experiments, wound edges and 
pressure points were infiltrated by a solution of 2% me- 
pivacaine hydrochloride. 

Single barrel micropipettes were filled with 2 M NaCl 
saturated with Fast Green (Fischer). The electrodes typ- 
ically had an impedance of 3 to 5 megohms when mea- 
sured at 60 Hz in vitro. In another series of experiments, 
extracellular action potentials were recorded by special 
electrodes which were constructed by cementing a single 
barrel recording micropipette in parallel with another 
single barrel micropipette but with 100~pm tip separation 
(Wang and Aghajanian, 1977b). Electrodes were lowered 
through the burr hole into the midbrain raphe region 
with a hydraulic microdrive system. Electrode signals 
were passed through a high input impedance amplifier, 
monitored on an oscilloscope, and stored on magnetic 
tape for subsequent analysis. When the recording elec- 
trode was lowered into the midbrain central gray, passing 
through the midline, a zone of electrical silence, often 
with 60 Hz noise (which corresponded to the depth of 
the cerebral aqueduct), was encountered just dorsal to 
the DRN. Attempts were made to isolate more than one 
cell on each electrode. At the end of each experiment, 
recording sites were marked by passing 20 PA of cathodal 
current through the recording barrel for 15 min, depos- 
iting a green spot at the electrode tip (Thomas and 
Wilson, 1965). Rats then were perfused with 10% for- 
malin. The precise location of the electrode tip was 
confirmed by histological examination and compared 
with the previously established location of 5-HT-contain- 
ing neurons in the DRN. 

Data analysis. The magnetic tape was replayed 
through a window discriminator and monitored on an 
oscilloscope; the standard outputs of Schmitt triggers of 
the window discriminator were led into a Nicolet com- 
puter (Med 80) to generate autocorrelation and cross- 
correlation histograms, which then were plotted on paper 
via a X-Y recorder. The data were retained for statistical 
analysis only when individual cells maintained a signal- 
to-noise ratio of 3:l or better. In the case of two cells 
recorded simultaneously from the same micropipette, the 
signal-to-noise criterion was relaxed occasionally to 2:l 
for the smaller cell. 

Results 

General description. A total of 94 cells were recorded 
in the DRN. Cross-correlation analyses were obtained 
from 33 pairs of simultaneously recorded spike trains, 24 
pairs of adjacent cells were recorded with single micro- 

pipettes, and 9 pairs of non-adjacent cells were obtained 
from specialized electrodes. The latter consisted of two 
micropipettes with a tip separation of approximately 100 
pm. 

5-HT cells in the DRN were identified tentatively by 
their waveform (i.e., a predominant positive, then a neg- 
ative wave) and by their slow, regular spontaneous dis- 
charge rates (0.5 to 3 Hz). This firing pattern has been 
demonstrated by combined single cell recording and flu- 
orescence histochemical methods to be characteristic for 
5-HT-containing neurons but not for non-5-HT-contain- 
ing cells in the DRN (Aghajanian and Haigler, 1974; 
Aghajanian et al., 1978). The identification of the slow, 
regular firing units in the DRN as 5-HT neurons has 
been confirmed by use of antidromic stimulation of the 
ascending 5-HT pathway, collision tests, and blockade of 
5-HT transmission by 5,7-dihydroxytryptamine (Wang 
and Aghajanian, 1977c). 

Autocorrelation. A typical slow, regular spike train is 
shown in Figure IA; Figure 1B is the autocorrelation 
histogram (autocorrelogram) of the same cell showing an 
initial prolonged quiescent period (trough) followed by 
periodic fluctuations, with equally spaced peaks appear- 
ing approximately every 460 msec. Since an autocor- 
relogram specifies the probability of encountering any 
spikes as a function of time after a given spike, the 
histogram implies that, for any spike in the discharge 
sequences, there is a high probability of finding the 
successive spikes at intervals of 460 msec. This silhouette 
of a 5-HT neuron’s autocorrelogram is characteristic of 
cells with a regular or rhythmic firing pattern (Moore et 

A 

Figure 1. Autocorrelation (A CORR) histograms illustrating 
the typical firing pattern of 5-HT neurons. A is a representative 
spike train of a 5-HT neuron showing the characteristic slow, 
regular firing pattern. B shows the autocorrelation histogram 
of the same neuron demonstrating the initial prolonged trough 
and the periodic fluctuations with equally spaced density peaks 
which appear approximately every 460 msec. C is another 
autocorrelogram with a 5-set time scale illustrating that the 
periodic fluctuations slowly approached the constant value. 
The ordinate represents the number of occurrences; the abscissa 
shows the analysis time. The bin width is 10 msec. 
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al., 1970). A property of the autocorrelation is that it 
“flattens out” to a constant value; in general, this limit is 
approached slowly for pacemaker neurons and more rap- 
idly for spike trains with greater variation in interval 
length. Figure 1C is an autocorrelogram of a 5-HT neuron 
with a 5-set time scale showing that the periodic density 
peaks slowly approach the constant value. All autocor- 
relation histograms generated from presumed 5-HT cells 
exhibited this pattern; the cells with higher discharge 
rates (2 to 3 Hz) tended to discharge more regularly with 
less variations of interspike intervals, and thus, their 
autocorrelograms usually took a longer time to level off. 
It should be noted that the characteristic slow, regular 
firing pattern of 5-HT cells was not the result of chloral 
hydrate anesthesia as the autocorrelograms generated 
from 5-HT cells (n = 3) in unanesthetized low cerveau 
isole rats were very similar to the pattern described 
above. 

The autocorrelograms of non-5-HT neurons in the 
DRN showed completely different patterns (e.g. Fig. 4A) 
from those of 5-HT neurons; they did not have the initial 
prolonged trough nor did they have periodic fluctuations 
with equally spaced peaks. The result was expected since 
non-5-HT cells in the DRN usually have much higher 
discharge rates and/or irregular activities. 

Cross-correlation. To evaluate the probability of the 
correlated firing of two neurons, cross-correlation histo- 
grams were constructed. Figure 2A shows a typical ex- 
ample of spike trains of an adjacent 5-HT neuronal pair 
recorded from a single microelectrode; the autocorrelo- 
gram of each neuron and the cross-correlation histogram 
generated from spike trains of this neuronal pair are 
shown in Figure 2, B, C, and D, respectively. The cross- 
correlogram provides a measure of the probability of 
encountering a spike in train B (small cell) as a function 
of time before (left half of the histogram) or after (right 
half) a spike in train A (large cell); the probability of 
encountering a B spike by chance is related to the back- 
ground activity which is proportional to the mean firing 
rates of A and B neurons. A remarkable correlation peak 
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Figure 2. A typical example of inhibitory interactions among 
adjacent 5-HT neurons in the DRN. A segment of spike trains 
consisting of a pair of 5-HT neurons is shown in A. B and C are 
autocorrelation (A CORR) histograms generated from the large 
(cell A) and the small (cell B) cells, respectively. D is a cross- 
correlation (X CORR) histogram generated from the two spike 
trains showing synchrony and “direct inhibition.” 

close to the origin was found in this adjacent 5-HT 
neuron pair, indicating that their firing was often in 
synchrony (the intervals between spikes were less than 
10 msec; Fig. 2A). In addition to the synchronization, 
there was possibly a “direct inhibition” exerted from cell 
B onto cell A. All crosscorrelograms obtained from spike 
trains of adjacent 5-HT neuronal pairs suggested com- 
plicated inhibitory interactions among adjacent 5-HT 
neurons. In general, the different interaction patterns 
could be grouped into three major categories which are 
summarized in Table I and illustrated in Figure 3. In 

TABLE I 
Patterns of interaction among adjacent 5-HT neuron pairs and 

other neuron pairs in the DRN 

Pattern of Interaction Adjacent Neuron Pairs 

5-HT-5-HT 5-HT-non-5-HT 

Correlated interaction 
Synchrony 5 0 

Synchrony and direct 10 0 
inhibition 

Synchrony and mutual 6 0 - - 
inhibition 

Total 21 0" 

Non-adja- 
cent Neuron 

Pairs 

5-HT-5-HT 

0 
1 

0 - 

1” 

No correlation 0 3 8 

‘Compared to adjacent 5-HT-5-HT neuron pairs, the difference 
between the proportion of neuronal pairs showing correlated interaction 
is highly significant (p < 0.005 for both cases; Fisher’s test for signifi- 
cance for 2 x 2 tables). 
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Figure 3. Different cross-correlation (X CORR) histograms 
illustrating complicated patterns of inhibitory interactions 
among adjacent 5-HT neurons in the DRN. A shows synchrony 
near the origin. This would occur when both neurons receive a 
shared excitatory or inhibitory input from a common source. B 
illustrates synchrony and “direct inhibition.” This would occur 
when one cell inhibits the other and, at the same time, both 
receive a shared input from a third neuron; this histogram 
shows that the inhibition can be extremely powerful and pro- 
longed. C and D are examples of synchrony and “mutual 
inhibition.” This would occur when two adjacent neurons in- 
hibit each other and they also have a shared input. In the latter 
cases, the synchronized firing is not as marked as in A or B. 
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addition to the aforementioned synchronization and “di- 
rect inhibition” (Fig. 3, A and B), there were concurrent 
synchronization and “mutual inhibition” which would 
occur, for example, when two neurons inhibit each other 
and, at the same time, both receive synchronizing input 
from a common source (any mechanism that simultane- 
ously modulates the firing patterns of both neurons). In 
Figure 3, panels C and D are two such examples. 

In contrast to complex inhibitory interactions among 
adjacent 5-HT neurons, cross-correlograms generated 
from adjacent cell pairs consisting of one 5-HT cell and 
a non-5-HT neuron or non-adjacent 5-HT neuronal pairs 
usually failed to show any functional interaction (Fig. 4; 
Table I); the proportion of neuronal pairs showing func- 
tional interaction in the latter cases were significantly 
lower than adjacent 5-HT neuronal pairs (p < 0.005 for 
both cases; Fisher’s test of significance for 2 X 2 table). 

Discussion 

The autocorrelation histograms from 5-HT neurons in 
the DRN showed a pronounced rhythmicity or perio- 
dicity. This result is expected from the fact that 5-HT 
neurons have a slow, regular firing pattern which is seen 
both in vivo and in brain slices in vitro (Mosko and 
Jacobs, 1976). On this basis, it has been suggested that 5- 
HT neurons may have a pacemaker or homeostatic func- 
tion (see Aghajanian and Wang, 1978 for review). Con- 
sistent with this view, autocorrelation histograms of 5- 
HT neurons in the DRN bears a striking resemblance to 
the shape of autocorrelation histograms obtained from 
computer-simulated pacemaker neurons (Perkel et al., 
1967a). All the autocorrelations of 5-HT neurons showed 
a pronounced trough after a spike discharge. Recently, 
intracellular recordings from 5-HT cells in the DRN have 
shown that this post-spike inhibition is associated with 
a prolonged hyperpolarizing afterpotential following each 
spike (G. K. Aghajanian and C. P. Vander Maelen, man- 
uscript in preparation). 
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Figure 4. An example of autocorrelograms (A CORR), a 
cross-correlogram (X CORR), and a segment of spike trains of 
adjacent neuron pairs consisting of one 5-HT cell and one non- 
5-HT cell. A and B are autocorrelation histograms obtained 
from a non-5-HT cell and a 5-HT neuron, respectively. C is the 
cross-correlogram between the two cells. D is a segment of their 
spike trains; the irregular fining pattern of the large non-5-HT 
cell contrasted with the slow, regular characteristic firing pat- 
tern of the small 5-HT neuron. As can be seen from C, there 
was no synchrony, direct inhibition, or mutual inhibition evi- 
dent from the cross-correlogram. 

Cross-correlation analysis for simultaneously recorded 
adjacent 5-HT neuronal pairs disclosed a high probability 
of correlated discharges within a short time (less than 10 
msec), indicating that adjacent 5-HT cells discharge al- 
most synchronously. In addition to this synchronous 
firing pattern, adjacent 5-HT neurons often displayed 
the interaction pattern of direct inhibition or mutual 
inhibition. The inhibitory effect often was powerful and 
prolonged, reminiscent of the effect produced by anti- 
dromic stimulation of the ascending 5-HT bundle (Wang 
and Aghajanian, 1977c, 1978). There are several possible 
interpretations of the synchronous firing pattern among 
adjacent 5-HT neurons. As has been suggested previously 
(Perkel et al., 1967b; Moore et al., 1970), synchronous 
firing could be the result of direct activation from one 
cell to another or the result of sharing a direct activation 
or inhibition from a third neuron. In general, direct or 
shared activation gives rise to a sharper cross-correlation 
peak than does shared inhibition. According to this anal- 
ysis, the former mechanism would fit best the pattern of 
synchronization seen in the DRN. On the other hand, 
disinhibition seems to account for the highly synchro- 
nized firing pattern of hippocampal pyramidal cells dur- 
ing deep sleep (Noda et al., 1969). Similarly, synchronous 
firing among adjacent 5-HT cells could be the result of 
disinhibition. 5-HT-containing neurons could exert an 
inhibitory influence simultaneously upon a number of 
adjacent 5-HT neurons via dendrodendritic junctions. It 
would be necessary for such inhibitory effects to be 
strong enough to over-ride random facilitatory volleys 
impinging upon the 5-HT neurons (e.g., resulting from 
sensory arousal in awake animals; Trulson and Jacobs, 
1979). Inhibitory volleys exerted by the 5-HT neurons 
upon adjacent 5-HT cells then might produce tightly 
coupled fluctuations in membrane potential. As the in- 
hibitory effect wanes, the membrane potential of adja- 
cent 5-HT neurons would rebound simultaneously. 
Therefore, the mechanism of shared inhibition and si- 
multaneous disinhibition could account for the phenom- 
enon of highly correlated discharges among adjacent 5- 
HT neurons. Support for this view comes from our pre- 
vious studies which show that: (1) antidromic stimula- 
tion of the ascending 5-HT fiber bundle induces a marked 
inhibitory effect upon all 5-HT neurons in the DRN; the 
inhibition is dependent upon the integrity of 5-HT fibers 
(Wang and Aghajanian, 197713, 1978) and (2) iontophor- 
etic application of 5-HT directly onto 5-HT-containing 
neurons invariably produces inhibition (Aghajanian et 
al., 1972; Haigler and Aghajanian, 1974; Wang and Agha- 
janian, 1977b). 

It is of particular interest that the functional interac- 
tions among 5-HT neurons were restricted primarily to 
adjacent neurons; cross-correlations generated from non- 
adjacent 5-HT neuronal pairs usually failed to show any 
interactions. The latter finding indicates that: (1) be- 
tween two regular firing 5-HT cells, the probability that 
correlated interaction could emerge by chance is very 
low and (2) functional interactions among adjacent 5- 
HT neurons are not due to the effect of anesthesia. The 
results further suggest that physiological coupling in the 
DRN takes place within small clusters of 5-HT cells 
rather than between 5-HT cells in distant parts of the 
nucleus. This observation may be related to the finding 
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that no specialized 5-HT axon-dendritic or axon-somatic 
synaptic junctions occur in the DRN as judged by elec- 
tron microscopic autoradiography with 5-[“H]HT (Des- 
carries et ai., 1979; Baraban and Aghajanian, 1981). This 
apparent lack of 5-HT axonal inputs in the DRN is 
consistent with the failure to note axon collaterals of cells 
in the DRN by Golgi techniques (Diaz-Cintra et al., 
1981). On the other hand, specialized dendrodendritic 
synaptic junction (Felten and Harrigan, 1980) and gap 
junction (Mollgard and Moller, 1975) have been reported 
in the DRN. It remains to be determined whether these 
or perhaps other anatomical features of the DRN under- 
lie the physiological interactions observed in the present 
study. 

Are there any functional interactions among 5-HT and 
non-5-HT neurons in the DRN? Our preliminary study 
of three 5-HT and non-5-HT neuronal pairs showed no 
obvious correlated interactions. However, further studies 
are needed to arrive at a definitive conclusion. 

In conclusion, cross-correlograms of simultaneously 
recorded neuronal pairs in the DRN suggested that there 
are several distinct patterns of inhibitory interactions 
among adjacent 5-HT neurons. These results are con- 
sistent with previous findings that the firing of 5-HT 
neurons in the DRN is governed by powerful auto- and 
mutual regulatory mechanisms. Studies using intracel- 
lular recordings will be required for obtaining more ex- 
plicit and detailed information on the synaptic interac- 
tions among 5-HT neurons. 
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