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Electrical Coupling Synchronizes Subthreshold Activity in Locus
Coeruleus Neurons in vitro from Neonatal Rats

M. J. Christie, J. T. Williams, and R. A. North

Vollum Institute, Oregon Health Sciences University, Portland, Oregon 97201

Locus coeruleus neurons in brain slices prepared from neo-
natal rats have rhythmic oscillations in membrane potential
at frequencies ranging from 0.3 to 3 Hz. Recordings from
pairs of neurons separated by 50-300 um showed that this
oscillatory activity was synchronized at ages less than 24 d.
Slices cut from rats 24-27 d old showed rhythmic activity
which was only partially synchronous between cell pairs, but
full synchrony could be restored by superfusion with tetra-
ethylammonium (2 mm) and/or barium (2 mm). No synchro-
nous rhythmic activity was observed between neurons in
slices from rats 40 d old, even in the presence of tetraethyl-
ammonium and barium. In those ceils in which rhythmic po-
tential oscillations were synchronous, action potentials oc-
curring in one cell were not observed in the second cell.
Electrotonic coupling was directly demonstrated between
41% of neurons (12 of 29 pairs) in slices from rats <10 d
old but not in tissue from older rats (4 pairs). The input
resistance of neurons from neonatal rats (<15 d old) was
about half (81 MQ) that measured under identical conditions
from neurons from adult rats (213 MQ). The electrotonic po-
tential in cells from rats <15 d old was best fit by a double
exponential, whereas that from adults was best fit by a single
exponential. The results demonstrate that significant elec-
trical coupling occurs among locus coeruleus neurons from
neonatal rats; this appears to decline with age. The coupling
serves as a low-pass filter and causes the synchronized
occurrence of membrane potential oscillations. Such a
rhythmic background activity within the entire nucleus may
be important for the widespread trophic role of the norad-
renergic neurons during development.

The locus coeruleus (LC) has been widely postulated to play an
important role in CNS development because its early differ-
entiation and innervation of target areas often precedes cyto-
genesis, cell migration, and innervation by other afferent systems
(Lauder and Bloom, 1974). LC neurons undergo their final di-
vision and contain catecholamine synthetic enzymes 9-12 d
prior to birth [gestational days 10-13 (E10-E13); Lauder and
Bloom 1974; Specht et al., 1981], being the first of the mono-
aminergic cell groups to differentiate. Innervation of the neo-
cortex, as revealed by dopamine hydroxylase histochemistry, is
detectable by E16, and LC neurons can be antidromically ac-
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tivated from frontal cortex as early as E18 (Sakaguchi and Na-
kamura, 1987). In neonatal rats (P1-P6) catecholamine-con-
taining terminals arising from LC contribute up to 70% of
synapses in discrete laminae of somatosensory cortex, whereas
the proportion is about 1% in the adult (Coyle and Molliver,
1977). Experimental manipulations of neonatal LC projections
using neurotoxins also suggest a possible trophic role in devel-
opment (Felten et al., 1982).

Knowledge of the physiological properties of the neonatal LC
itself might be crucial to an understanding of its role in devel-
opment. Extracellular recordings from neonatal (P1-P3) and
fetal (E18-E22) LC neurons in anesthetized rats (Kimura and
Nakamura, 1985; Sakaguchi and Nakamura, 1987) revealed that
the majority of neurons were not spontaneously active but dis-
played sporadic discharge that was synchronous throughout many
or all LC neurons. Although synaptogenesis in the LC com-
menced around E18-E19 and was sparse until the fifth postnatal
day (Lauder and Bloom, 1975), LC discharge was strongly ac-
tivated by non-noxious sensory stimuli. These studies contrast
with findings in anesthetized adult rats, in which most LC neu-
rons display low rates of spontaneous discharge (1-4 Hz) and
are activated by noxious but not non-noxious stimuli (Foote et
al., 1983).

LC neurons in brain slices kept in vitro also displayed different
properties between neonate and adult (Williams and Marshall,
1987). The majority of neurons was spontaneously active in
both neonates and adults; however, in the neonates the action
potentials arose from the peaks of rhythmic oscillations in mem-
brane potential (0.5-3 Hz, 2-20 mV). These rhythmic potentials
were dependent on extracellular calcium and resistant to tetro-
dotoxin (TTX). The finding that they were unaffected by im-
posed changes in membrane potential suggested that they prob-
ably were generated at sites some distance from the intracellular
recording electrode.

A possible explanation of these findings is that the neurons
are extensively coupled by low-resistance pathways, as occurs
in several other central nuclei early in development (e.g., Con-
nors et al.,, 1983). In the present experiments, simultaneous
intracellular recordings were made from pairs of LC neurons in
a test of this hypothesis. A preliminary report of these results
has been published (Christie et al., 1987).

Materials and Methods

Intracellular recordings were made from LC neurons from neonatal rats
using techniques previously described for adult rats (Williams et al.,
1984). Briefly, rats of either sex were used, in the age range 1-40 d.
These animals were anesthetized with halothane and killed by decapi-
tation. In most experiments, coronal sections of pons (400 um thick)
were prepared using a vibratome and completely submerged in a heated
(37°C), flowing (1.5 ml/min) physiological saline of the following com-
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Figure 1. Representative intracellular recordings of spontaneous ac-

tivity of LC neurons at various ages. Action potentials (threshold about
—55 mV) usually arose from the peak depolarizing phase of rhythmic
potential variations. Full action potential amplitude is not shown (lim-
ited by frequency response of chart recorder). The membrane was hy-
perpolarized at arrow by passing current (50-200 pA) through the re-
cording electrode. The amplitude of rhythmic potential variations
declined and their frequency increased with age, becoming undetectable
by 27 d.
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position (mm): NaCl, 126; KCl, 2.5; CaCl,, 2.5; MgCl, 1.2; NaH,PO,,
1.2; NaHCO, 25; glucose, 11; this was gassed with 95% O,/5% CO,. In
animals less than 7-8 d old, the LC was identified visually in the slice
of pons as a translucent, crescent-shaped cellular region bordered by
the fourth ventricle. In older animals, myelination of the mesencephalic
tract of the trigeminal nerve also helped to identify the nucleus. Intra-
cellular recordings were made with microelectrodes (30-70 MQ, filled
with 2m KCl). Recordings of membrane potential from each neuron
were plotted simultaneously on a chart recorder. In some experiments,
evoked membrane potential changes were averaged and plotted on an
x/y recorder. Electrotonic potentials were digitized at intervals of 0.1
msec and fitted to one or more exponential functions by a least-squares
minimizing method (Statistical Graphics Corporation). The correlation
coefficients for the fits to 1 or 2 exponentials were tested to determine
whether they were significantly different (p < 0.05) before concluding
that the electrotonic potential was better fit by 1 or 2 exponentials. The
results of this test conformed well to the impression from visual in-

spection of the electrotonic potentials. All data are presented as means
+ SE.

Results

The membrane properties of LC neurons from neonates were
essentially the same as previously described (Williams and Mar-
shall, 1987). Cells fired spontaneous action potentials as fre-
quencies ranging from 0.2 to 4 Hz, even in slices from the
youngest animals (Fig. 1). In the absence of any applied currents,
action potentials 65-80 mV in amplitude and 1.2-2.7 msec in
duration arose from a threshold of about —55 mV and were
followed by afterhyperpolarizations of 10-20 mV amplitude and
100-300 msec duration. The main difference between the neo-
natal cells and the adult cells was that the action potentials arose
from the peak of the depolarizing phase of slow, rhythmic os-
cillations in membrane potential (Fig. 1). In slices from animals
<21 d old, 96% of neurons (110/114) displayed slow rhythmic
oscillations. These often took 10-15 min to develop and become
stable after the intracellular penetration; they were not seen with
the electrode tip in an immediately extracellular position. The
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Figure 3. Rhythmic potentials are fully synchronous between all neu-
rons in the LC from a 3-d-old rat. Each pair of records are simultaneous
recordings of membrane potential from 2 neurons. Impalement of neu-
ron 1 was maintained for 3 hr. Neurons 2—35 were sequentially impaled
with a second electrode in the ipsilateral LC. Recording electrodes were
separated by about 100-300 um. Spontaneous action potentials were
prevented by passing current (50-150 pA) through the recording elec-
trode.

proportion of cells showing rhythmic oscillations of potential
declined in older rats, and oscillations were rarely observed in
slices from animals older than 27 d (Fig. 2).

Synchronous activity

The rhythmic oscillations in membrane potential were syn-
chronous through the LC of neonatal rats. In Figure 3 recordings
from 5 LC neurons are shown; one neuron (#1) was impaled
throughout, and 4 other neurons were impaled consecutively
with a second electrode. They were located up to 300 um distant
from the first neuron. Oscillatory potentials in these 4 neurons
were synchronous with those in the first neuron (within the limit
of resolution imposed by the frequency response of the pen
recorder, about 30 msec). Full action potentials, which always
occurred at the peak of the slow depolarization, were not syn-
chronized in any pairs. Similar observations were made during
simultaneous recordings from 48 pairs of LC neurons from an-
imals <24 d old. In slices from rats aged between 24 and 27 d
(8 pairs), rhythmic activity was either absent or only partially
synchronous (Fig. 4). In these cases, tetraethylammonium (TEA,
20 mm) and/or BaCl, (2 mm) increased the amplitude of the
slow oscillations, as well as causing synchrony of oscillations
already present (Fig. 4B).

Simultaneous recordings from 3 pairs of neurons in the right
and left LC in the same slice revealed no synchronous activity.
Synchrony of rhythmic activity was not dependent on the plane
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Figure 4. Simultaneous recordings from LC neurons from a 24-d-old
rat (electrode separation about 100 um). Top 2 traces show control
recordings. Middle 2 traces show partial synchrony of rhythmic poten-
tials during superfusing with 10 mm tetracthylammonium and 2 mm
barium. Asynchronous activity returned after 20 min washout (bottom
2 traces). Spontaneous action potentials were prevented by passing cur-
rent through the recording electrodes.

of section through dendritic arborizations. LC dendrites are
largely radial in the sagittal plane (Groves and Wilson, 1980).
In 3 parasagittal slices prepared from 6- to 8-d-old rats, 7 pairs
of neurons displayed synchronous rhythmic oscillations with a
frequency of 1.1 £ 0.1 Hz.

TTX (1um) always reversibly blocked the regenerative, fast-
rising sodium action potentials (see Williams et al., 1984) but
had no effect on rhythmic oscillations in 3 of 5 cells. In 2 cells
the rhythmic oscillations were prevented when TTX was added
but could be restored by the addition of TEA (10 mwm) or BaCl,
(2 mm) to the TTX-containing solution. TTX did not affect the
synchrony between pairs.

Input resistance and time constant

Electrotonic potentials were evoked (2-5 mV in amplitude, 50
were averaged) after rhythmic oscillations had been blocked by
a solution containing 11.5 mmM MgCl, and 1 um TTX. The mem-
brane potential was held between —70 and —80 mV. In 7 of 9
neurons from neonatal rats, the electrotonic potential was better
fit by the sum of 2 exponential functions than by 1; with a
rectangular current pulse of 50 pA, the potential change had
components of amplitudes (A)) 2.4 + 0.9 and (A,) 0.93 + 0.26
mV, having time constants of (r;) 31.4 + 2.0 and (r,) and 7.9
+ 1.5 msec. The apparent input resistance for this group was
67 MQ.

Seven neurons from adult rats were also analyzed in detail;
in 3 of 7 the electrotonic potential was significantly better fit by
2 than by 1 exponential function, but the actual values varied
greatly from cell to cell and were not easily interpretable (A,
2.8,3.2,and 3.4 mV; A, 0.54, 0.11, and 0.68 mV; 7, 115, 53,
and 139 msec; 7, 34.5, 2.4, and 64 msec). The 4 adult cells that
were better fit by a single exponential had a time constant of
55.6 = 3.1 msec. The input resistance of all 7 adult cells was
213 + 33 MQ, which is not different from the value (201 + 21
MQ, n = 19) found in an earlier study (Williams et al., 1984).
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Figure 5. Simultaneous recordings from LC neurons taken from a
5-d-old rat (electrode separation about 80 wm). Spontaneous action
potentials were prevented by passing current through the recording elec-
trodes. The bursts of action potentials were evoked by reversing this to
a depolarizing current (300 pA, 5 sec), first in cell 2 and then in cell 1.
Although rhythmic potentials were fully synchronous, the bursts of ac-
tion potentials were not detectable in the other neuron.

Electrotonic coupling between pairs of cells

Spontaneous or evoked action potentials in one cell did not
result in detectable changes in the membrane potential of the
second cell. Figure 5 shows an example of an experiment in
which current injection was used to evoke action potentials at
high frequency in one cell. There was no evidence of a sustained
depolarization or electrotonically coupled action potentials in
the second cell. Similar results were observed in 22 paired im-
palements that were separated by 50-200 um. When rhythmic
oscillations were abolished by TTX (600 nm), TEA (20 mm),
and MgCl, (11.5 mm), the current injected into one cell caused
a detectable potential change in the other cell in 12 out of 29
pairs from rats <10 d old (Fig. 6) but not in 4 of 4 pairs from
older rats. Hyperpolarizing and depolarizing current pulses 100-
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300 msec in duration and 1-2 nA in amplitude were passed into
one cell (sending cell) to evoke an electrotonic potential of 70—
100 mV in amplitude. The membrane potential was recorded
in the other cell (receiving cell) (Fig. 6). In cells that showed
coupling, a 100 mV electrotonic potential in the sending cell
evoked a 1.2 + 0.1 mV (n = 12) electrotonic potential in the
receiving cell, i.e., the mean coupling ratio was 0.012. We did
not make a quantitative analysis of the electrotonic potentials
in coupled cells because (1) we did not know the precise sepa-
ration of the electrode tips within the slice, and (2) it was difficult
in most cells to pass the very large currents for a period of time
sufficiently long to charge fully the capacitance of the receiving
cell(s). No coupled potentials were observed when the electrode
tip was removed from the receiving cell to an immediately
extracellular position (n = 18).

Discussion

Previous work showed that subthreshold rhythmic oscillations
in the membrane potential of LC neurons from neonates are
dependent on extracellular calcium, are unrelated to the fast
sodium-dependent action potentials, and are unaffected by
changes in membrane potential resulting from current passed
through the recording electrode (Williams and Marshall, 1987).
The present study demonstrates, first, that these oscillations in
membrane potential are highly synchronized throughout the
nucleus. Second, we have demonstrated direct electrical cou-
pling between these neurons. These low-resistance junctions
could contribute significantly to the overall membrane prop-
erties of the neonatal LC neurons and, thus, to the physiological
behavior of the entire nucleus.

Analysis of electrotonic potentials indicated that the majority
of neonatal neurons present 2 distinct electrical compartments.
There are 2 possible interpretations of these results. The cells
may have extensive dendrites, or they may be electrically cou-
pled; the fast component would then result from the charging
of the dendritic tree or from the spread of current along the

Figure 6. Electrotonic coupling be-
tween LC neurons. Simultaneous re-
cordings from 2 cells from a 9-d-old rat

(electrode separation about 80 pm).
Traces show electrotonic potentials at
each electrode (average of 10) evoked
by current pulses (1-2 nA, 200 msec)
passed through electrode 1. The am-
plitude of the electrotonic potential re-
corded in neuron 2 was about 2% of
that recorded in neuron 1. Solution
contained tetracthylammonium (20
mM), magnesium (5 mm), barium (200
um), and TTX (300 nm).

100 mV

100 ms
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distributed capacitance and resistance of adjoining coupled cells.
Although we cannot rule out a contribution from the former,
we have directly demonstrated the latter. Analysis of the values
for amplitude and time constant of the 2 compartments using
the method of Publicover (1984), which assumes a large network
of identical cells coupled by low-resistance pathways, indicates
that each neuron should be connected on average with 1.9 other
cells.

The direct evidence for coupling among the neurons came
from the experiments in which current injected into one cell
caused a potential change in a second cell. The coupling ratio
was small, ranging from 0.005-0.02; this might result from the
difficulty in obtaining impalement of pairs of cells very close to
each other. The failure to detect coupling in 59% of pairs could
result from the potential change in the receiving neuron being
less than 0.5 mV, the usual limit of detection. The small am-
plitude of the electrotonic potential in the receiving cell pre-
cluded quantitative analysis of its onset and time course, al-
though the apparent time constant of the potential change in
the receiving cell was substantially longer than the time constant
of the sending cell (Fig. 6). These findings are consistent with a
long electrotonic length between the pairs of neurons sampled.

Taken together, we interpret these results as evidence that
neurons in the neonatal LC are coupled to each other by low-
resistance electrical pathways. The overall properties of the net-
work are equivalent to each cell being coupled to an average of
2 others, and results in a spread through the entire nucleus of
any potential changes occurring more slowly than about 1
V/sec. Thus, electrical coupling has the properties of a low-pass
filter, synchronizing slow spontaneous oscillations, but not full
action potentials.

The most likely basis for electrotonic coupling is direct cell-
cell coupling via gap junctions. Electron microscopic studies did
not detect gap junctions between adult LC neurons (e.g., Groves
and Wilson, 1980), but we are unaware of any such studies in
neonates. Sectioning of the dendritic field has been proposed to
produce artifactual coupling in slice preparations of guinea pig
cortex (Gutnick et al., 1985). However, we found no influence
of the plane of section on the synchrony of neonatal LC neurons.
We also found no coupling between cells of the left and right
locus coeruleus. Another possible explanation for the synchro-
nous activity might be synchrony of excitatory synaptic input
throughout the nucleus; neonatal LC neurons in vivo clearly
receive afferent input (Sakaguchi and Nakamura, 1987). This
seems unlikely for 2 reasons. The first is that the sources of
afferent input to the LC have been removed when the slice is
prepared (Aston-Jones et al., 1986), and the second is that TTX
would be expected to block activity in the afferent fibers (see
Williams et al., 1984).

Both synchronous rhythmic activity and electrotonic coupling
declined with the age of the animals. It was possible to detect
electrotonic coupling in pairs of cells only in animals less than
10 d old. In addition, the rhythmic oscillations were found only
occasionally after 25 d (Williams et al., 1984), and no sponta-
neous synchronized activity was observed between 60 pairs of
adult LCneurons (Y. Katayama and J. T. Williams, unpublished
observations). These findings suggest that the low-resistance
coupling necessary for entrainment of rhythmic activity be-
comes less significant with age.

The synchronous calcium-dependent rhythmic oscillations
found in the present investigation are similar to those described
in inferior olivary neurons of the guinea pig (Llinas and Yarom,

1981a, b, 1985; Benardo and Foster, 1986). Although full
action potentials could occur independently, the oscillations
generally resulted in the entrainment of activity at the peaks of
the slow depolarizations. Such synchronous activity of olivary
neurons may play a role in motor coordination and was sug-
gested to be the basis for the physiological tremor which occurs
in man (Llinds and Yarom, 1985).

We found that full action potentials often were activated at
the peaks of the slow depolarizations, indicating that the oscil-
lations in membrane potential could result in the nearly si-
multaneous discharge of many LC neurons. Recordings in vivo
from fetal (E18-E22) and neonatal (P1-P3) rats also indicated
that the LC neurons fired synchronous spontaneous action po-
tentials in “sporadic epochs” (Kimura and Nakamura, 1985;
Sakaguchi and Nakamura, 1987). It was also noted that the
amplitude of the field response evoked by electrical stimulation
of the dorsal noradrenergic bundle or frontal cortex varied with
time. The amplitude of this field potential is dependent on the
number of LC neurons activated, and this number could vary
substantially depending on the timing of the stimulus with the
phase of the slow depolarizations.

Two possible functional roles for rhythmic oscillations in LC
neurons during early postnatal development follow. Considering
that synaptogenesis is not complete, the coupling between cells
early in development would increase the number of cells re-
sponding to afferent input: indeed, LC cells in fetal rats were
found to respond vigorously to sensory stimulation of the skin
(Sakagushi and Nakamura, 1987). Second, noradrenaline has
been proposed to play a role in developmental plasticity; the
synchronous pattern of discharge of LC neurons implies that
the diverse innervated areas of the neuraxis (Lauder and Bloom,
1974) receive the same oscillatory influence of released nor-
adrenaline.
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