
related to queen attendance and brood 
care. 

In addition to its prevalence in the 
ants, temporal polyethism has evolved in 
other social insect groups and is most 
elaborate in the honey bee, where the de- 
velopment of glands involved in certain 
tasks accompanies the sequence of 
worker activity. However, in the semi- 
social and primitively eusocial bees, and 
in the wasps, age polyethism is far less 
rigorous and patterns of age-related ac- 
tivity are variable (8, 9). The imprecise 
division of labor in Amblyopone and oth- 
er primitively social species suggests 
that the elaboration of temporal activity 
patterns complemented the development 
of advanced social behavior. 

Temporal caste systems are marked 
by a reduction in the repertory size of 
each age group (6), but in Amblyopone 
no such reduction has occurred and 
workers show a remarkable degree of be- 
havioral plasticity. This lack of a well- 
defined division of labor in Amblyopone 
appears to be an extremely primitive 
character and may provide insight into 
the basic theme of sociality in ancestral 
ants. However, the biology of A. pallipes 
is a curious, ambiguous blend of primi- 
tive and advanced social traits, and it is 
difficult to accurately distinguish wheth- 
er these characters are truly con- 
servative or secondarily derived. 
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Prolonged Inhibition in Burst Firing Neurons: 

Synaptic Inactivation of the Slow Regenerative Inward Current 

Abstract. By using voltage clamping and microiontophoretic techniques, it has 
been found that the prolonged cholinergic and dopaminergic inhibition seen in Aply- 
sia burst firing neurons occludes the inward current on which slow oscillations de- 
pend. It also mimics the temperature and ionic sensitivity of that inward current. 
This prolonged inhibition, which cannot be inverted and is insensitive to extracellular 
potassium changes, thus appears to result from a synaptically produced inactivation 
of the regenerative slow inward current underlying bursting. 
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In some situations a postsynaptic ef- 
fect far outlasts the presynaptic firing 
burst that initiated it. A particularly well 
documented example of this is the pro- 
longed inhibition produced in burst firing 
neurons L2 to L6 of the left upper quad- 
rant of the abdominal ganglion of Aplysia 
californica (1, 2). These cells each re- 
ceive a monosynaptic inhibitory con- 
nection from the cholinergic cell L10. 

In most of the follower cells of L10 the 
unitary postsynaptic potential (PSP) is 
relatively brief (100 to 200 msec), but in 
the burst firing neurons of the left upper 
quadrant the L10-mediated inhibitory 
postsynaptic potential (IPSP) often has 
an additional phase lasting several sec- 
onds. Previous studies have shown that 
the short phase of the these IPSP's is 
easily inverted by hyperpolarization and 
represents an increase in the membrane 
conductance to chloride (3). On the other 
hand, Pinsker and Kandel (2) reported 
that the long IPSP was not reversible by 
hyperpolarization and that it was in- 
sensitive to changes in chloride and po- 
tassium equilibrium potentials. The in- 
ability of the long IPSP to invert, togeth- 
er with its high sensitivity to temperature 
and to ouabain, led Pinsker and Kandel 
(2) to suggest that it resulted from a syn- 
aptically mediated increase in the activi- 
ty of an electrogenic pump. This was dis- 
puted by Kehoe and Ascher (4) and by 
Kunze and Brown (5), who showed that 
iontophoretic application of acetyl- 
choline (ACh) to the neuronal soma pro- 
duced long responses that were inverted 
at membrane potentials beyond the po- 
tassium equilibrium potential. They con- 
cluded that the long IPSP in these cells 
was due largely to an increase in potas- 
sium conductance occurring in a "re- 
mote area" of the neuron (4). 

To examine whether the long IPSP in 
the left upper quadrant cells represents a 
remote increase in potassium con- 
ductance, as well as to explore alterna- 
tive explanations, we combined voltage 
clamp and iontophoretic techniques. As 
a part of this study we also examined a 
similar prolonged inhibitory response to 
dopamine exhibited by burst firing neu- 
ron R5. Ganglia were bathed in artificial 
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seawater at pH 8.0. Voltage clamping 
was carried out with either single (6) or 
dual microelectrodes placed in the soma. 
Acetylcholine or dopamine was ion- 
tophoresed from the tip of a micro- 
electrode, using a constant-current cir- 
cuit (1-4). For ion substitution experi- 
ments potassium was added or removed 
without compensation, whereas sodium 
was replaced by sucrose. 

Figure 1A illustrates the results of a 
voltage clamp experiment designed to 
measure the short and long inhibitory 
postsynaptic current (IPSC) com- 
ponents. Cell L6 was voltage clamped 
and interneuron Lo0 was fired by passing 
current through an intracellular micro- 
electrode. The postsynaptic current is 
composed of a short phase of outward 
current (approximately 100 msec) and a 
long outward current lasting at least 5 
seconds (Fig. lA1). The cell was next 
clamped to a more negative potential and 
L10 was fired more rapidly. Here the 
short IPSC's are inverted (inward) but 
the long IPSC continues to be an out- 
ward current (Fig. 1A2). 

We have explored the voltage sensitiv- 
ity of the long and short IPSC's by 
clamping follower cells to various poten- 
tials ranging from -30 to -120 mV and 
measuring the size of both components 
at each potential. We found that the 
short IPSC inverted slightly below -50 
mV, but the long IPSC approached zero 
asymptotically and never inverted de- 
spite prolonged, high-frequency firing of 
Lo. Similar results were obtained in 
more than 50 cells clamped at potentials 
up to - 150 mV. We have never seen the 
long IPSC invert. [Details of these exper- 
iments will be reported elsewhere (7).] 

This unusual voltage sensitivity sug- 
gested to us that the long IPSP in burst- 
ing cells might result from some mecha- 
nism other than the simple increase in 
potassium conductance (4). Since these 
long IPSP's are capable of modifying the 
slow oscillatory rhythms of the burst fir- 
ing neurons (8), we explored the possi- 
bility that they result from a mechanism 
that is intimately related to the slow os- 
cillation generator. 

Using voltage clamp techniques, it 
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was previously shown that the slow os- 
cillations in bursting cells are dependent 
on a slow regenerative inward current 
(mediated by sodium or calcium, or 
both) that produces a negative resistance 
region in the current-voltage (I-V) curves 
of these cells (9-11). In the work report- 
ed here we used voltage clamping to de- 
termine the I-V curves of bursting cells 
in the presence and in the absence of 
prolonged inhibition. We also compared 
the effects of cooling and of ionic 
changes on the bursting process and the 
prolonged inhibition. 

To study the effect of the long IPSP on 
the I-V curve of a burst firing cell, two 
microelectrodes were inserted into the 
postsynaptic cell and a third electrode 
used to control the firing of interneuron 
Llo. With L10 held silent, a hyper- 
polarizing voltage command was given 
to the follower cell (Fig. IB, inset). This 
resulted in an incremental outward cur- 
rent, indicative of the presence of a nega- 
tive resistance characteristic (9-11). Af- 
ter the cell was returned to the holding 
potential, L10 was fired rapidly, giving 
rise to a prolonged inhibitory (outward) 
current. When a second hyperpolarizing 
command was given during the long 
IPSC, the response became an in- 
cremental inward current, indicating loss 
of the negative resistance region. When 
this procedure was repeated, using a 
number of different voltage commands, 
we obtained data from which the I-V 
characteristics of the follower cell could 
be plotted in the presence and in the ab- 
sence of the prolonged synaptic activity 
(Fig. IB). The control curve obtained be- 
fore firing the long IPSC shows the typi- 
cal negative resistance characteristic as- 
sociated with these burst firing cells; 
however, the curve obtained during the 
prolonged IPSC is quite different. Al- 
though it coincides with the control 
curve between -100 and -60 mV, for 
points less negative than -60 mV the 
negative resistance region is eliminated 
and the entire curve thus assumes a posi- 
tive, relatively constant slope. It ap- 
pears, therefore, that the regenerative in- 
ward current underlying the negative re- 
sistance region is occluded by the 
synaptic activity. 

Since the long IPSP mediated by L1o is 
known to be cholinergic (1-3), iontopho- 
retic application of ACh should give a re- 
sponse that mimics the synaptic re- 
sponse. In a related study (7) we did find 
that ACh, when iontophoresed on the 
axon-but not the soma-of left upper 
quadrant bursting neurons, gave a slow 
response very much like the long IPSP 
(that is, it was noninverting) (12). 

The axonal ACh response also oc- 
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cludes the negative resistance region 
without altering the membrane con- 
ductance at more negative potentials. 
Figure 1C shows the I-V curve of cell L4 
before and after the application of ACh 
to the axon. The control curve has a pro- 
nounced negative resistance region at 
potentials less negative than -60 mV, 
but the curve obtained during the long in- 
hibition shows no negative resistance, as 
in the previous experiment with inter- 
neuron Lio. 

The same type of experiment can be 
done with burst firing cell R15, which 
shows prolonged inhibition in response 
to the application of dopamine. Figure 
ID shows that the I-V curve of R15 ob- 
tained before the application of dopa- 
mine has a region of negative resistance. 
However, during the prolonged inhibi- 
tion the negative resistance region is 
eliminated without altering the I-V curve 
in the more negative regions (beyond 
-80 mV). 

In all three cases of occlusion (ex- 
emplified in Fig. 1, B, C, and D) only the 
negative resistance region of the I-V 
curve is altered by the prolonged inhibi- 
tion. This argues against the idea that 
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this inhibition results simply from in- 
creased conductance to potassium. If 
there were an increased potassium con- 
ductance, then the I-V curves should 
show increased conductance at voltages 
outside the negative resistance region, 
but they do not. Thus it seems reason- 
able to suggest that the prolonged inhibi- 
tion results specifically from an in- 
activation of the inward current that un- 
derlies the negative resistance region. If 
this is the case, then the long inhibition 
should be insensitive to changes in the 
extracellular potassium ion concentra- 
tion. On the other hand, it should be sen- 
sitive to the same factors that are known 
to attenuate this inward current, such as 
reduced temperature and depletion of 
external sodium ions. 

To compare the ionic sensitivity of the 
prolonged IPSP with that of the negative 
resistance characteristic, we extended 
the voltage clamp experiments to various 
ionic conditions. Ionic substitution ex- 
periments using the synaptic input from 
L10 are difficult to interpret because 
changes in the ionic milieu alter pre- 
synaptic as well as postsynaptic process- 
es. To avoid this problem we utilized the 
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Fig. 1. Voltage clamp study of prolonged inhibition and its occlusive effect on negative resist- 
ance. (A) Postsynaptic current recorded from L6 as L10 is stimulated. In A1, L6 is clamped at a 
potential less negative than reversal for the short IPSC and L,o is fired four times (indicated by 
dots). Short and long components are distinctly seen. In A2, the cell was clamped at a potential 
more negative than reversal for the short IPSC and Llo was rapidly fired (dots). The long IPSC 
is, however, still present as an outward current. Calibrations, 3 seconds and 15 nA. (B) Synaptic 
occlusion of negative resistance. (Inset) Cell L3 was voltage clamped to -35 mV and 10-mV 
hyperpolarizing commands were given before and then after the firing of interneuron L0o. The 
first command results in an outward-going current, indicating the presence of a negative resist- 
ance region. The second command, given just as L10 is silenced but during the long IPSP, 
results in an inward-going current, indicating the loss of negative resistance. Horizontal calibra- 
tion, 8 seconds; vertical calibration, 30 mV for Vm (membrane potential), 20 nA for Ic (voltage 
clamp current), and 100 mV for Lo0. The I-V plots are for L3 before prolonged inhibition (*) and 
during the long IPSP (0). (C) Current-voltage curves from cell L3 before (0) and during (0) the 
long inhibition produced by iontophoresis of ACh. (D) Current-voltage curves from cell R15 
before (0) and during (0) the long inhibition produced by iontophoresis of dopamine. 
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axonal iontophoretic responses rather 
than the IPSP's themselves. Figure 2A 
shows an experiment in which ACh was 
iontophoresed onto cell L3 with the cell 
bathed in normal (10 mM) and then in 
high (30 mM) extracellular potassium. 
As an example, Fig. 2A1 shows each re- 
sponse at a holding potential of -30 mV. 
The plot of response amplitude against 
voltage indicates that the long com- 
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Fig. 2. (A and B) Effects of extracellular ionic changes on prolonged inhibitory cur 
duced by iontophoresis of ACh onto left upper quadrant bursting cells. (A) lontopi 
ACh onto cell L4 produces a two-component outward current unaffected by potass 
Current responses when the cell is held at -30 mV in normal (10 mM) and high (30 m 
cellular potassium. The high potassium does not change either the short or the long co 
(A) Size of the long component from -130 to -30 mV in normal (0) and high (A) p 
The long component does not reverse and is not altered by the high potassium. (B) E) 
similar to that in (A), except that sodium is replaced. (B1) Two-component respons( 
iontophoresis of ACh. The cell was voltage clamped to -60 mV. The short compor 
versed at this potential, but the long component remains outward. In low-sodium sea) 
short component remains but the long component disappears. (B2) Long current c( 
plotted against voltage in normal (0) and low-sodium (A) seawater. (C and D) Coml 
ionic effects on dopaminergic inhibition and I-V characteristics of cell R15. (C) lontop] 
dopamine onto R,5 in normal and high-potassium seawater. In C1 the cell was voltage 
to -30 mV. The prolonged outward current response to an iontophoretic pulse of do 
unchanged by high-potassium seawater. In C2 the I-V curve of the same cell is p 
normal (-) and high-potassium (0) seawater. The high potassium does not significantli 
negative resistance region of the cell. (D) Sodium sensitivity of prolonged inhibitor 
responses to dopamine in R5. In control seawater, a dopamine pulse produces an 
current that is eliminated by removal of sodium. Examples are shown in D1, with R15 cl 
-30 mV. In D2 the I-V curve of the same cell is plotted for normal (@) and low-so 
seawater. Removal of sodium eliminates the negative resistance region. Horizontal cal 
15 seconds in (A) and (B), 60 seconds in (C) and (D); vertical calibrations, 20 nA in (A 
in (B), and 10 nA in (C) and (D). 
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l hyper- response is present as an inward current. 
ernal po- When sucrose is substituted for sodium 
at on the the long component is eliminated, leav- 
, Fig. 2B ing only a brief component (14). Thus the 
from the prolonged inhibitory response to ACh is 
nates the depressed by removal of sodium, where- 
cell was as it is insensitive to changes in the po- 
a point tassium concentration; in these respects 

potential it exactly parallels the slow inward cur- 
the brief rent on which the bursting pattern is de- 

pendent (15). 
The same pattern of ionic sensitivity 

was exhibited by the prolonged inhib- 
itory response to dopamine in R5. Fig- 
ure 2C, shows prolonged outward cur- 
rents produced by iontophoresis of dopa- 
mine on this cell in normal and then 
in high-potassium solutions. Figure 2C2 
shows the I-V curve for the same cell. 
Elevated potassium does not alter the 

_ 1 < negative resistance characteristic or the 
dopamine responses. By contrast, re- 
moval of extracellular sodium eliminates 
the negative resistance characteristic 

?- ^ and simultaneously reduces the dopa- 
?0 mine response (Fig. 2D). 

We previously reported (9) that cool- 
ing the bursting cells from 22? to 10?C 
blocks the negative resistance region, 
and Pinsker and Kandel (2) showed that 

out cooling over this same range attenuates 
the cholinergic inhibition (produced syn- 

15 aptically or iontophoretically). In the 
course of this study we confirmed these 

10 temperature effects, and also found in 
5 R15 a similar temperature sensitivity of 

the negative resistance and the pro- 
0 longed dopaminergic inhibition. 

-5 In this study we showed that the nega- 
tive resistance characteristic of Aplysia 
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-15 inhibition and that the sensitivities of 
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tions are very similar. We therefore con- 
clude that the prolonged synaptic inhibi- 
tion results from a reduction of the 
regenerative inward current underlying 
the slow oscillations of membrane poten- 
tial in these burst firing neurons. 

Using this model we can explain the 
changes seen in the long IPSP at dif- 
ferent points in the oscillatory cycle. 
When the burst firing neuron is in its 
most hyperpolarized phase (just after the 
spike burst) the slow regenerative in- 
ward current is at a minimum and thus 
synaptic inactivation of it has little ef- 
fect. Therefore the long IPSP is small or 
absent. However, as the neuron depolar- 
izes, this inward current increases (re- 
generatively) and is thus vulnerable to 
synaptic inactivation. Consequently, the 
long IPSC is much larger if it occurs dur- 
ing the more depolarized phases of the 
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oscillatory cycle. In this respect the long 
IPSP seen in these bursting neurons is 
quite different from those seen in other 
systems, where it is attributable to the 
reduction of a steady (resting) inward so- 
dium current (16). 

This model also explains why the long 
IPSP can be reduced in size, but cannot 
be inverted, as the bursting neuron is hy- 
perpolarized by current injection. If the 
cell is hyperpolarized to the point where 
the slow inward current is absent (that is, 
beyond the negative conductance re- 
gion), then no long inhibition will be seen 
and further hyperpolarization has no ef- 
fect. Our findings that the slow IPSP can- 
not be inverted and that it is insensitive 
to potassium changes confirm earlier ob- 
servations by Pinsker and Kandel (2). 
However, they do not support the sug- 
gestion that the long IPSP's might be due 
to electrogenic pump activation. The 
conclusion of other workers (4, 5) that 
the prolonged inhibition in these burst 
firing neurons is due to a "remote" po- 
tassium conductance change is con- 
tradicted by our findings (17). 

The mechanism we have described for 
the long IPSP in these Aplysia burst fir- 
ing neurons is novel in that it involves 
synaptic modulation of a regenerative 
ionic conductance channel. Usually, 
synaptic transmitters are thought to acti- 
vate [or, in a few cases (16), inactivate] 
ionic channels that are separate from 
those involved in excitation processes. 
In this case, however, the ionic channels 
being inactivated appear to be the very 
ones underlying the generation of the os- 
cillating potentials leading to burst firing. 

It is especially interesting that synap- 
tic activity as well as the axonal appli- 
cation of transmitter can eliminate the 
negative resistance characteristic mea- 
sured for the entire cell. Alving (18) 
showed that the neuronal soma could ex- 
hibit burst firing even when ligated from 
the axon, implying that some slow in- 
ward current channels are present at the 
soma. Although we do not yet under- 
stand how events at the axonal site could 
block the slow inward current for the 
whole cell, two possibilities seem rea- 
sonable. A large proportion of the in- 
ward current channels may be at the sub- 
synaptic site. Inactivation of these chan- 
nels could reduce the slow inward 
current to a level such that the overall I- 
V curve loses its negative resistance re- 
gion. Alternatively, the neurotransmitter 
or some intracellular "messenger" may 
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The ability of this synaptic inhibition 
to directly suppress a voltage-sensitive 
ionic channel and thereby radically 
change the I-V characteristics of the en- 
tire neuron very likely underlies its pow- 
erful influence on the burst firing pattern. 

WILKIE A. WILSON 
Epilepsy Center, Veterans 
Administration Hospital, and 
Department of Pharmacology, 
Duke University Medical Center, 
Durham, North Carolina 27705 

HOWARD WACHTEL 
Departments of Physiology and 
Biomedical Engineering, 
Duke University, 
Durham, North Carolina 27706 
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Decrease in Adrenergic Axon Sprouting in the Senescent Rat 

Abstract. When the septal area in young adult rats is denervated by a lesion of the 
fimbria-fornix, adrenergic fibers proliferate within the denervated area. The same 
operation performed on aged animals gives rise to a qualitatively similar but quan- 
titatively less pronounced response. This reduction in reactive growth may reflect a 
decreased capacity of the aged brain to remodel its circuitry and restore lost func- 
tion. 
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The adult mammalian brain is capable 
of axonal growth in response to various 
forms of damage including loss of neu- 
rons. When neurons are destroyed by le- 
sions, their target cells lose some of their 
synaptic input. In many cases the re- 
maining projections to those cells form 
new connections and replace, in the mor- 
phological sense, those that were lost. 
This process, termed reactive synap- 
togenesis, has been well documented in 
many areas of immature and adult cen- 
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tral nervous systems (1). Such responses 
have not, however, been well investi- 
gated in the aged brain. 

The plasticity of central neurons in 
aged animals is a particularly critical is- 
sue because the aged brain is most sus- 
ceptible to neuronal loss. Neuronal loss 
is a normal consequence of the aging 
process, as well as the most prominent 
effect of such common disorders of the 
aging nervous system as stroke, tumors, 
and senile dementia. Since reactive sy- 
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