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intracellular recordings were made from locus coeruleus 
neurons in slices taken from rats 8-28 d of age. Neurons 
from these animals exhibited spontaneous action potentials, 
which were superimposed on slow (0.3-3 Hz) rhythmic de- 
polarizations. The frequency of these potentials was closely 
related to the age of the animals from which the slice was 
taken, the slowest frequencies being observed in tissues 
from the youngest animals. In adult animals, such rhythmic 
activity was only rarely observed under normal recording 
conditions. The rhythmic depolarizations had a slow rate of 
rise and fall, were 3-15 mV in amplitude, were not affected 
by tetrodotoxin, and were abolished in solutions that con- 
tained elevated magnesium content. When the membrane 
potential was hyperpolarized by passing current through the 
recording electrode, the depolarizing rhythmic activity per- 
sisted even at very negative potentials (- 120 mV). These 
depolarizations appear to be generated by the inward move- 
ment of calcium ions, probably in dendritic regions of the 
neuron. 

Superfusion of phenylephrine caused membrane depo- 
larizations, increased the frequency of action potentials and 
of the slow, rhythmic depolarizations in about 80% of the 
cells from young rats, whereas it had no effect or a depres- 
sant action on cells from adults. Noradrenaline hyperpolar- 
ized the cells through an alpha,-adrenoceptor and abolished 
the slow depolarizations. In cells from young rats, the hy- 
perpolarization produced by noradrenaline reached a max- 
imum and then declined, such that there was a “sag” in the 
membrane potential toward the resting potential following 
the peak of the hyperpolarization. Following the washout of 
noradrenaline, the membrane potential repolarized before 
moving toward the resting level. The decline of the mem- 
brane potential during the application of noradrenaline and 
the repolarization following the wash of noradrenaline were 
antagonized by prazosin. 

The results indicate that locus coeruleus neurons exhibit 
alpha,-adrenoceptor responsiveness during early stages of 
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development, which is almost absent in adult animals. This 
might cause an enhanced responsiveness of these neurons 
during early postnatal periods. 

The locus coeruleus (LC) is the largest of the nuclei containing 
noradrenergic neurons in the mammalian brain (Moore and 
Bloom, 1979). The responses of LC neurons to noradrenaline 
(NA) and adrenergic drugs have been described in animal ex- 
periments and in brain slice preparations (Aghajanian and 
VanderMaelen, 1982; Egan et al., 1983; Williams et al., 1985). 
Adrenoceptor agonists that selectively act upon beta- or alpha,- 
adrenoceptors (isoprenaline and phenylephrine) have no effects, 
even at high concentrations, that are attributable to an action 
on their respective receptor subtypes. Recent studies of mouse 
LC neurons grown in tissue culture also indicate that these cells 
exhibit alpha,-adrenoceptor-mediated responses to iontophor- 
etically applied NA. In young cultures, however, noradrenaline 
evokes a biphasic hyperpolarizing-depolarizing response in which 
the depolarization is mediated by alpha,-adrenoceptors, while 
the hyperpolarization is alpha,-adrenoceptor-mediated (Finlay- 
son and Marshall, 1984, 1986). In view of these reports, we 
have studied responses of LC neurons to NA and adrenergic 
drugs in brain slices from young rats (8-26 d) to determine 
whether a developmentally transient alpha,-adrenoceptor re- 
sponsiveness may be a general characteristic of LC cells. These 
studies have also permitted comparison of some of the electro- 
physiological properties of LC neurons from young rats with 
already published descriptions of LC cells of adult rats (Williams 
et al., 1984), using the same experimental preparation. An ab- 
stract of some of the results has appeared previously (Marshall 
and Williams, 1986). 

Materials and Methods 

The methods for preparation and maintenance of the LC slice were 
identical to those previously described for adult rats (Williams et al., 
1984). Rats of either sex in the age range 8-26 d were taken from litters 
with identified birth dates. These animals were anesthetized with ether 
and killed by a blow to the chest, or, with the younger animals, by 
decapitation. The cranial cavity was opened and the brain removed into 
cool (4-l 0°C) physiological saline solution. A block of brain tissue (2- 
4 mm thick) containing the pons and cerebellum was prepared by cuts 
rostra1 and caudal to the pons. Serial sections were cut in an Oxford 
Vibratome, set for 300 pm, in cooled physiological saline until sections 
containing the LC were obtained. In younger animals, a dissection mi- 
croscope was used to identify the LC and adjacent cell groups, because 
of the absence of the characteristic myelin pattern that served as a guide 
in older rats. A single slice containing the LC was placed in a recording 
chamber and superfused with physiological saline at 37°C and at a flow 
rate of 1.5 ml/min. The physiological saline solution comprised (in mM): 
NaCl, 126; KCl, 2.5; NaH,PO,, 1.2; MgCl,, 1.2; CaCl,, 2.4; glucose, 
11; NaHCO,, 25; it was gassed with O,/CO,, 95%/5%. 

Within the recording chamber, the LC region was localized, using a 
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Figure 1. Age dependence of slow rhythmic calcium spikes in locus coeruleus neurons from young rats. A, Two examples of neurons from young 
rats. The slow calcium spike in the cell from a IO-d-old animal (upper truce) is slower in frequency and larger in amplitude than that in the cell 
recorded from a 2 1 -d-old animal (lower truce). The amplitude of the slow calcium spike increased slightly with depolarization from a membrane 
potential of about -70 mV toward threshold (-55 mV). In this and other figures, the amplitudes of the full action potentials were not shown, but 
were distinguishable from the slow calcium spikes; full action potentials were larger in amplitude and followed by a sharp downward deflection 
(afterhyperpolarization). No full action potentials are present in the record from the IO-d-old animal. B, Summary of the frequency of the slow 
calcium spikes recorded from 22 cells in rats ranging in age from 8 to 26 d. As the age of the animals from which slices were taken increases, the 
frequency of the slow calcium spikes increases from less than 0.5 Hz to over 3 Hz. 

dissection microscope, with transillumination of the slice. Recording 
electrodes filled with 2 M KC1 and having resistances of 30-60 MQ were 
positioned in the LC using visual control. Signals were amplified using 
an Axoclamp II single-electrode voltage-clamp amplifier. In experi- 
ments using voltage-clamp, the potential at the headstage of the voltage- 
clamp amplifier was monitored continuously, and a switching frequency 
was chosen such that the potential was flat for at least 20% of the cycle 
period before the potential was sampled. Membrane potential and cur- 
rent were recorded directly on chart paper for analysis. Drugs were 
applied to the slice by switching the perfusion solution to one that 
contained the drug in a pregassed physiological saline, by means of a 
3-way tap. There was about a 20 set lag between turning the 3-way tap 
and entry of the drug solution into the recording chamber. Drugs used 
were (-)noradrenaline bitartrate, cocaine HCl, phenylephrine HCl, TTX, 
muscarine (Sigma), prazosin HCl (Pfizer), idazoxan (2-(2-(1,4-benzo- 
dioxanyl))-2-imidazoline HCl) (Reckitt and Colman), Try-o-Ala-Gly- 
MePhe-Gly-ol (DAGO) (Cambridge Research Biochemicals). 

Results 

Electrophysiological characteristics 

The membrane properties of LC neurons from young rats were 
similar in many ways to those from adult rats. That is, cells 
fired spontaneous action potentials at frequencies of 0.5 to 3 Hz 
in the absence of any stimulus, from a threshold of -55 mV. 
Following the action potential, there was an afterhyperpolar- 
ization of 15-20 mV, with a time course of 100-300 msec, and 
this afterhyperpolarization merged into a slow depolarization 
that brought the cell to threshold again. The action potentials 
in younger animals were of longer duration, 1.9 & 0.04 msec 
(n = 22) in 8-l 6 d animals. The amplitude of the action poten- 
tials in these animals was 71.7 f 1.1 mV (n = 22). With hy- 
pet-polarizing current, the frequency of spontaneous action po- 
tentials declined, as did the duration of the action potentials, 
and the amplitude increased. In slices from adult rats, the am- 
plitude and duration of action potentials have been reported to 
be 82 mV and 1.3 msec, respectively (Williams et al., 1984). 

Steady-state current-voltage plots of LC cells, obtained under 
voltage-clamp from slow ramp depolarizations from - 120 mV 
to -40 mV, were similar to those in adults. The most striking 
difference in the properties of the cells from young animals was 
the presence of slow, rhythmic depolarizations, which were 3- 
15 mV in amplitude and occurred at a frequency of 0.3-3.3 Hz. 
These depolarizations were rarely observed in neurons recorded 
from adult animals, and even when they were, they were smaller 
in amplitude and of a higher frequency (Williams et al., 1985). 
In slices from 8-10 day animals, the frequency of the rhythmic 
depolarizations was less than 1 Hz. As the age of the animals 
increased, so did the frequency of the rhythmic depolarizations, 
to a maximum of 3.3 Hz at 20-26 d (Fig. 1B). 

Hyperpolarization of the neuron using intracellular current 
injection decreased the amplitude of these rhythmic depolari- 
zations in some cells, but never abolished them (Fig. 1A). Under 
voltage-clamp, current oscillations having a time course iden- 
tical to the slow depolarizing potentials and amplitudes of 40- 
120 pA were observed. These currents, as was true for the mem- 
brane potential oscillations, were not abolished by membrane 
hyperpolarization. The slow depolarizations were not affected 
by TTX (600 nM) (Fig. 2). In the presence of TTX, calcium 
action potentials could be observed at the top of the slow de- 
polarization. The slow depolarizations, as well as the calcium 
spikes, were completely abolished by superfusion with a solution 
to which MgCl, (10 mM) had been added (CaCl,, 2.4 mM) (Fig. 
2). This solution was found to reduce calcium currents measured 
under voltage-clamp (Williams et al., 1984; Williams and North, 
1985) and to totally abolish synaptic transmission in experi- 
ments from adult animals (Egan et al., 1983). Because of their 
lack of voltage dependence and their sensitivity to Mg, these 
slow rhythmic depolarizations were thought to result from a 
calcium current that was electrotonically distant in origin. These 
rhythmic depolarizing potentials will be referred to as slow cal- 
cium spikes. 
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Figure 2. Ionic currents underlying the rhythmic calcium spikes in young locus coeruleus neurons. Leff, The slow depolarizations were unaffected 
by superfusion with TTX (600 nM). Right, The slow spikes were completely and reversibly blocked with the superfusion of a solution that contained 
MgCl, (11.2 mM). This cell was recorded from a slice taken from a 20-d-old rat. In this and following figures, the horizontal bar above the recording 
trace indicates the period during which the superfusing solution was changed to one that contained drug. 

Actions of drugs 

Phenylephrine. Superfusion of phenylephrine (30-100 PM) caused 
an increase in the firing rate or a depolarization in 18 of 23 
neurons taken from young rats (Fig. 3). Phenylephrine was also 
found to increase the frequency of the slow calcium spikes (Fig. 
7). The remaining 5 neurons were either not affected or their 
spontaneous activity was slightly depressed. In LC neurons tak- 
en from adult animals, phenylephrine at the same concentra- 
tions caused either no effect or a membrane hyperpolarization 
that was antagonized by alpha,-adrenoceptor antagonists (Wil- 
liams et al., 1985). The action of phenylephrine in cells from 
young animals was not changed by idazoxan (1 PM; alpha,- 
adrenoceptor antagonist), and was blocked by prazosin (500 nM; 
alpha,-adrenoceptor antagonist) (Fig. 3). In a solution that con- 
tained an elevated MgCl, content (11.2 mM), the depolarizing 
action of phenylephrine was still present (Fig. 7). This solution 
has been previously found to block synaptic transmission in this 
preparation (Egan et al., 1983). These results indicated that the 
action of phenylephrine to increase excitability was a direct 
action on the neuron under study and due to an action on an 
alpha,-adrenoceptor. 

Noradrenaline. Experiments with noradrenaline also suggest- 
ed that an alpha,-adrenoceptor-mediated action occurred in cells 
from young animals, particularly when noradrenaline was used 
in high concentrations. Cocaine was used in these experiments 
to block the reuptake of exogenously applied noradrenaline. In 
the absence of cocaine, the noradrenaline dose-response curve 
is shifted lo-30-fold to the right (Surprenant and Williams, 
1987). Cocaine itself caused a decrease in the frequency of the 
slow calcium spikes (Fig. 4) as well as decreasing the firing rate 
of the neurons. Both actions were blocked by superfusion with 
idazoxan (1 PM) (Fig. 6) and are thought to result from the 
accumulation of spontaneously released noradrenaline in the 
extracellular space. After superfusion with cocaine (10 PM), nor- 
adrenaline (1 O-l 00 PM) produced a membrane hyperpolariza- 
tion that was 15-30 mV in amplitude. The hyperpolarization 
reached a maximum within 20-30 set following the initiation 
of the effect (Fig. 5). The higher concentrations required less 
time to reach a maximum effect. These concentrations of nor- 
adrenaline (30-100 PM) caused a hyperpolarization, the ampli- 
tude of which declined during the application (Fig. 5). In ex- 
periments on slices from 8-14-d-old animals the reduction of 
the noradrenaline-induced hyperpolarization was particularly 

marked (Figs. 5-8). In fact, immediately following the washout 
of noradrenaline, the membrane potential hyperpolarized before 
returning toward the resting level. Prior treatment of the slice 
with prazosin (500 nM) blocked the depolarizing phase of the 
noradrenaline effect and increased the amplitude of the hyper- 
polarization induced by noradrenaline (Figs. 5, 8). 

In experiments from 8-14-d-old animals, the time course of 
the hyperpolarization induced by noradrenaline was decreased 
after superfusion with prazosin, in spite of the increase in the 
amplitude (Figs. 5, 8). In control, following the washout of nor- 
adrenaline (30 WM), complete recovery of the membrane poten- 
tial required 6.0 f 0.84 min (3-l 1 min, n = 12). This recovery 
time was reduced to 3.9 f 0.75 min (2-7 min, n = 7) following 
superfusion with prazosin. In experiments on individual cells 
that were tested with noradrenaline before and after prazosin, 
the time to complete recovery was reduced to 68 + 4% ofcontrol 
(50-81%, n = 7). 

control 

PE 10OlM 

prazosin 

2 min 

Figure 3. Phenylephrine-induced increase in firing of a locus coeruleus 
neuron from a IO-d-old animal. During the period indicated by the 
horizontal bar, phenylephrine (PE; 100 PM) was present in the super- 
fusion. The increase in firing rate was completely antagonized by pra- 
zosin (500 nM). In fact, following prazosin, phenylephrine caused a 
decrease in the frequency of the slow calcium spikes. 
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also the rate of the slow calcium spikes. 
At the arrows, continuous hyperpolar- 
izing current (100 PA) was applied to II II II II 
block the generation of full action po- 
tentials, revealing the underlying slow 
calcium spikes. Cocaine (10 FM) re- 
duced the frequency of action potential 
generation, decreased the frequency of 
the slow calcium spikes, but increased 
their amplitude. This cell was from a 
2 1 -d-old animal. 

The amplitude of the “sag” in the membrane potential during 
the hyperpolarization induced by noradrenaline was greatest in 
the young animals and declined as the age of the animals in- 
creased. Experiments in cells from older animals (15-26 d) gave 
similar results, in that the hyperpolarization or the outward 
current produced by noradrenaline (30-100 FM) was increased 
following the application of prazosin (500 nM). In fact, the out- 
ward current induced by noradrenaline (30 PM) was increased 
following prazosin in some cells taken from adult animals (un- 
published observations). These results indicate that some func- 
tional alpha,-adrenoceptors are present on LC neurons through- 
out development into adulthood. 

Opiates. Activation of w-opioid receptors with DAGO caused 
a membrane hyperpolarization 20-30 mV in amplitude. In young 
animals the amplitude of the DAGO- (3 WM; top of the concen- 
tration curve) induced hyperpolarization was similar to that of 
the response to noradrenaline (1 O-30 PM) following treatment 
of the slice with prazosin (500 nM; Fig. 8). Opioid and alpha,- 

DC 

adrenoceptor agonists have been shown to activate a single po- 
tassium conductance (Andrade and Aghajanian, 1985; North 
and Williams, 1985). A similar situation seems to exist in cells 
from young animals. 

The voltage dependence of the noradrenaline- and DAGO- 
induced currents in cells from young animals was studied under 
voltage-clamp. Steady-state current-voltage plots were con- 
structed using a slow ramp depolarizations (- 130 to -40 mV) 
in the absence and presence of both noradrenaline and DAGO 
(Fig. 9). In cells from young animals, the outward current in- 
duced by both agents declined as the membrane potential was 
held at more negative potentials, but never reversed in polarity 
even at potentials up to - 130 mV. This contrasts with exper- 
iments in cells from adult animals, where the potassium con- 
ductance increased by opioids and alpha,-adrenoceptor agonists 
had a reversal potential near the potassium equilibrium poten- 
tial (Egan et al., 1983; Williams et al., 1984; North and Williams, 
1985). 

NA 30 AIM NA 100 )1M 

prarorin 

Figure 5. Noradrenaline (NA) hyperpolarizations were increased in amplitude and decreased in duration following superfusion with prazosin. 
This experiment was carried out in the presence of cocaine (10 PM). Top, Noradrenaline produced inhibition of firing, an inhibition of the slow 
calcium spikes, and a hyperpolarization the duration of which was dependent on the concentration applied. The hyperpolarization declined during 
the application of noradrenaline. Following the wash of noradrenaline, the membrane potential rehyperpolarized before returning toward the resting 
level. Bottom, Following superfusion with prazosin (500 nM), noradrenaline caused a membrane hyperpolarization that was greater in amplitude 
and shorter in duration for both concentrations of NA. This cell was from a 9-d-old animal. 
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In some experiments, the action of phenylephrine was ex- 
amined during the simultaneous action of DAGO (l-3 MM). 

Under these conditions, phenylephrine depolarized the mem- 
brane (3-5 mV) even in cells where it had had no apparent 
depolarizing action before application of DAGO. These obser- 
vations were obtained from young rats (15-26 d, 12 = 4) as well 
as from adults (n = 3). 

25mV 

I 
2 min 

NA 100 @A 

Mg 11.2 mM 

Figure 6. The noradrenaline-induced 
hyperpolarization was reduced by ida- 
zoxan. Top, Noradrenaline (X4) caused 
a hyperpolarization that declined dur- 
ing the application period. Following 
washout of the noradrenaline, the 
membrane potential repolarized before 
returning to the resting level. Bottom, 
The same concentration of noradren- 
aline inhibited firing but caused only a 
small hyperpolarization in the presence 
of idazoxan (1 and 3 FM). Note that not 
only was the initial hyperpolarization 
absent, the later variations in potential 
were also eliminated by idazoxan. From 
a 13-d-old animal. 

Discussion 

The excitatory action of phenylephrine on neurons taken from 
young rats and the blockade of this action by prazosin indicate 
that alpha,-adrenoceptor-mediated responses are present in LC 
neurons from young animals. LC neurons recorded from adult 
animals were not affected or were hyperpolarized by phenyl- 

PE 30 FM 

Mg 11.2 mM 

PE 100 NM 

-4 ------- 6 mV 

2 min 

Figure 7. Noradrenaline and phenylephrine act in the presence of high-Mg solutions. Left, Noradrenaline (&‘A) hyperpolarized the membrane and 
blocked the slow calcium spikes. The hyperpolarization was not changed after superfusion of the slice with a solution of elevated MgCl,. From a 
15-d-old animal. Right, Phenylephrine (PE) increased the frequency of the slow calcium spikes in control solutions (upper truce). After addition 
of MgCl, to the superfusion solution, phenylephrine produced a 2-3 mV depolarization at 30 MM (middle trace) and a 3-5 mV depolarization at 
100 PM (lower truce). Cocaine (10 PM) was present throughout this experiment. From an 8-d-old animal. 
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Figure 8. Adrenergic and p-opioid re- 
ceptor activation caused similar peak 
hyperpolarizations, but the noradren- 
aline (NA) response was reduced after 
reaching a maximum. This entire ex- 
periment was carried out in the pres- 
ence of cocaine (10 PM). Following 
superfusion with prazosin, the hyper- 
polarization induced by noradrenaline 
(30 PM, middle record) was identical in 
amplitude to that induced by DAGO 
(3 PM, bottom record). From a 2 1 -d-old 
animal. 
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ephrine, indicating that the alpha,-adrenoceptor responsiveness 
decreased with age. This confirms findings obtained using mouse 
brain cultures of LC neurons, which have demonstrated devel- 
opmentally transient alpha,-adrenergic responses (Finlayson and 
Marshall, 1986). This action mediated by alpha,-adrenoceptors 
results from a direct action on the cell, since it is still present 
following procedures that are known to block synaptic trans- 
mission. The alpha,-adrenoceptors are present in the LC during 
a period that is also characterized by other developmentally 
transient membrane properties, i.e., the presence of slow cal- 
cium-dependent variations of membrane potential. This 
rhythmic activity results from the entry of calcium, which either 
is not sensitive to membrane potential, which seems unlikely, 
or is electrotonically distant (dendritic or from electrotonically 
coupled neurons) in origin. That there is a large, electrotonically 
distant component in the actions of p-opioid and alpha,-adreno- 
ceptor agonists was suggested by the observation that reversal 
potentials for these agents were consistently more negative than 
the potassium equilibrium potential. With development, the 
membrane properties and the potassium conductance, increased 
by p-opioids and alpha,-adrenoceptors that are recorded in the 
soma, appear to have less of an electrotonically distant com- 
ponent. In most LC neurons from adult animals, there is no 
evidence of the rhythmic depolarizations seen in young animals, 
and reversal potentials for noradrenaline and opioids approxi- 
mate the potassium equilibrium potential (Egan et al., 1983; 
Williams et al., 1984; North and Williams, 1985). It should be 
noted that the alpha,-adrenoceptor-mediated depolarization does 
not totally disappear with development. 

The hyperpolarizing response to noradrenaline was consis- 
tently increased in amplitude following blockade of alpha,-ad- 
renoceptors with prazosin, even in adult animals (J. T. Williams, 
unpublished observations). The magnitude of this action varied 
from cell to cell and could be predicted by comparing the am- 
plitude of the noradrenaline (30 PM) hyperpolarization with that 
of the response to Mets-enkephalin (ME; 30 PM) or DAGO (3 
PM). In cells where the noradrenaline and opioid responses were 
almost equal, there was little change in the noradrenaline re- 
sponse following prazosin. However, when the response to nor- 
adrenaline was small compared to that of ME, noradrenaline 
responses following prazosin increased, becoming about equal 
to those generated by the opioid. It was also observed that LC 
cells from adult animals were depolarized by phenylephrine 
following a conditioning hyperpolarization with opioids. This 
action occurred in cells that were not affected by phenylephrine 
alone. These results indicate that a small alpha,-adrenoceptor 
action is maintained with development. The site of origin of 
the alpha,-adrenoceptor action in both adults and the young rats 
remains to be determined. 

Idazoxan (l-3 FM) antagonized the hyperpolarization pro- 
duced by noradrenaline in LC neurons from young rats. It is 
interesting to note that even in cells where a large alpha,-ad- 
renoceptor-mediated component of the noradrenaline responses 
was observed, after blockade of alpha,-adrenoceptors with id- 
azoxan no excitatory component was left. This is different from 
the results in cultured mouse LC neurons, where in younger 
cultures an alpha,-adrenoceptor-mediated depolarization was 
present following blockade of the alpha,-adrenoceptor-mediated 
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Figure 9. Steady-state current-voltage plots from a young animal (left) and an adult (right). Right, Two superimposed steady-state current-voltage 
plots of an LC neuron in the absence and presence of DAGO (3 PM). Relative to the control, DAGO produced an outward current in the potential 
range from - 110 to -40 mV. The reversal potential was - 110 mV and an inward current flowed at potentials more negative than - 110 mV. 
Noradrenaline typically produced the same action (not shown). Left, Three superimposed steady-state current-voltage plots: a control; in the presence 
of noradrenaline (NA; 100 FM); and in the presence of DAGO (3 PM). Relative to the control, noradrenaline and DAGO produced outward currents 
that were similar throughout the potential range. Neither the DAGO nor the noradrenaline currents reversed with membrane hyperpolarization to 
levels more negative than - 120 mV. 

hyperpolarization (Finlayson and Marshall, 1986). 
Studies of adrenergic receptor binding suggest that a transient 

presence of alpha,-adrenoceptors may underlie the enhanced 
alpha,-responsiveness of LC neurons in young animals. An au- 
toradiographic study by Young and Kuhar (1980) indicated that 
in the LC of adult rats, alpha,-adrenoceptors were present in 
high concentration, while alpha,-adrenoceptors were not. Using 
a different alpha,-adrenoceptor-binding ligand (lZ51-HEAT), 
however, Jones et al. (1985a) have reported quite dense binding 
in LC of mature rats. Other studies have suggested that, while 
in some brain locations, alpha,-adrenoceptor binding increases 
with early postnatal development, in others binding is high in 
the first 2 weeks of postnatal life and decreases to low levels 
thereafter (Johnson et al, 1984; Jones et al., 1985b). The latter 
pattern would correspond to our observations of phenylephrine 
responsiveness in LC. Curiously, the pattern of increasing alpha,- 
adrenoceptor binding with development has been assigned to 
the LC (Jones et al., 1985b). In view of the discrepancy in results 
of alpha,-adrenoceptor binding studies in adult LC, it would be 
interesting to test developmental changes in binding of a ligand 
such as prazosin, which was shown in our studies to block the 
transiently present alpha,-adrenoceptor responses. 

It is possible that developmentally transient alpha,-adreno- 
ceptor responsiveness could explain developmental changes in 
behavioral responses to adrenergic agents. Injections of cloni- 
dine, which can evoke alpha,- as well as alpha,-adrenoceptor 
responses, produce locomotor hypoactivity in adult rats, but 
hyperactivity in I-2-week-old rats (Reinstein and Isaacson, 
1977). The hypoactive response of adults is antagonized by 
adrenergic blockers that have some selectivity for alpha,-ad- 
renoceptors (yohimbine and piperoxan) (Nomura et al., 1980). 
The hyperactive responses of young rats have also been tested 
using adrenergic antagonists, and while the results favored the 
likelihood of mediation by alpha,-adrenoceptors, the possibility 

of alpha,-adrenoceptor action remained (Nomura and Segawa, 
1979). 

That there is a physiological action of noradrenaline in the 
locus coeruleus in viva in adult animals has been demonstrated 
on the late component of the inhibitory period following anti- 
dromic and orthodromic stimulation of LC cells (Ennis and 
Aston-Jones, 1986). The possible physiological significance of 
the observed developmental differences in noradrenaline re- 
sponsiveness is unclear. The effects of cocaine indicate that nor- 
adrenaline released from the LC neurons can affect activity of 
other LC neurons. If the alpha,-adrenoceptor increase in excit- 
ability is more pronounced in early postnatal stages, an increased 
activity and/or responsiveness of LC neurons would be expect- 
ed. It is interesting, therefore, that the results of a recent study 
of l-3 d-old-rats suggest that LC neurons at this stage are highly 
sensitive to sensory activation (Kimura and Nakamura, 1985). 
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