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regardless of whether the neuripeptide 
is acting as a neurotransmitter or as a 
neurohormone. We show here that intra- 

Intracellular Stimulation of an Identified 
Neuron Evokes Cardioacceleratory Peptide Release 

Abstract. The central nervous system of the tobacco hawkmoth, Manduca sexta, is 
known to contain two cardioacceleratory peptides (CAP's), both of which function in 
vivo as cardioregulatory neurohormones. Intracellular electrical stimulation of a 
single abdominal ganglion neuron evokes the release of CAP-like bioactivity. This 
stimulation-evoked bioactivity is destroyed by prior treatment with protease. The 
possibility that intracellular stimulation of a CAP-containing neuron synaptically 
activated additional spiking neurons is eliminated. 

Neuropeptides in the central nervous with an identifiable neuron or neurons. 
system (CNS) are capable of acting as There are several physiological, anatom- 
neurotransmitters (1-3) and as neurohor- ical, and pharmacological criteria that 
mones (4-6). It is often easier to define a must be met before a neuropeptide can 
role for a neuropeptide if that neuropep- be established as a neurochemical medi- 
tide can be unequivocally associated ator at the cellular level (7). Most of 

Fig. 1. Stimulation of a new MB neuron A 
causes the release of CAP-like bioactivity. (A) 
Camera lucida drawing of a new MB neuron 
in a pharate adult abdominal ganglion. We 
stained the cell by passing positive current DN 
through an intracellular micropipette filled 
with 48 percent hexamine cobaltous chloride. 
In the preparation a modification of Timm's 
silver intensification procedure was used (23). 
The bifurcating axon exits the ganglion via 
both ventral nerves. The cell terminates bilat- 
erally in neurosecretory endings along the 
length of the transverse nerve (24). (B) Dia- 
grammatic representation of the experimental 
protocol. We impaled a soma of a new medial 
bilateral (MB) cell, using standard glass mi- 
croelectrodes, and depolarized it by passing - 
d-c current pulses for up to 15 minutes at a b p r e  
frequency of not greater than 0.5 Hz. Al- 
thoueh not visible in situ. each new MB cell e 

cellular electrical stimulation of a single, 
identified neuron is sufficient to elicit the 
release of neuropeptide activity from its 
terminal endings. 

We have studied the cardioaccelera- 
tory peptide (CAP) system in the to- 
bacco hawkmoth, Manduca sexta. Earli- 
er investigations (15-1 7) have shown that 
two cardioactive neuropeptides, known 
as cardioacceleratory peptide 1 (CAP,) 
and cardioacceleratory peptide 2 (CAP*), 
are present in the pharate adult ventral 
nerve cord (VNC). The two CAP's are 
coreleased into the hemolymph from the 
segmentally repeated transverse nerves 
(Fig. 1B) immediately after adult emer- 
gence, and they act to increase heart rate 
significantly and to facilitate inflation of 

P o s t  

0 0  '= 
was ydentified unequivocally on the basis of ,::.i - 
its cell body position in the ganglion, the ,. . u.' A **.-:..hd, 

E 

-,.".+-.-.A. trajectory of its axons, and the characteristic r'.*2F' . - ~~.S:-J~..~P,- ..--,-'-,J , . _ .  - ;  -. .+'.. 
electrical properties of its soma. As is typical 2 % ~  1.. I 
of insect neurosecretory cells (24, 25), the 
somata of the new MB neurons were electrically excitable, capable of supporting overshooting action potentials with durations of approximately 
50 msec. Thus, as a group these neurons were uniquely recognizable during recording sessions. As it proved impossible to maintain somatic 
activity with dye-filled microelectrodes, we were unable to distinguish between the two anteriormost pairs of new MB cells. We collected CAP 
activity by erecting a Vaseline well (volume -0.1 ml) around the transverse nerve at a point distal to the transverse nerve-ventral nerve 
anastomosis. The contents of the well were collected at various times, frozen on Dry Ice, and stored at -20°C, usually for less than 24 hours, until 
bioassayed for CAP activity. Abbreviations: TN, transverse nerve; DN, dorsal nerve; VN, ventral nerve; MN, median nerve. (C) 
Cardioacceleratory activity of samples collected during intracellular stimulation of a new MB cell. Each sample was sequentially bioassayed on 
the same in vitro Manduca heart as described (16, 17, 21). For these experiments, the variability in the basal heart rate was 5 1  percent. Arrows 
denote application of samples. The heart rate increased after application of the Stim sample. A standard lepidopteran saline (16) was used in all 
experiments. 
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10  s e c  - 
Fig. 2. The effect of protease treatment on the cardioacceleratory activity collected after 
stimulation of a new MB neuron. A new MB cell was impaled and stimulated as described in 
Fig. 1. The sample obtained after somatic stimulation was divided into two equal portions and 
frozen at -20°C for 12 hours. After thawing, one portion was treated with Pronase (0.5 mglml) 
dissolved in saline. An equivalent amount of saline was added to the control sample. Both 
samples were incubated at 30°C for 1 hour and then were boiled for 5 minutes to inactivate the 
protease. Both samples were then immediately bioassayed for cardioacceleratory activity on 
the in vitro Manduca heart. 

the adult wings (16-18). Preliminary evi- 
dence (19) suggests that the CAP-con- 
taining neurons are restricted to the new 
medial bilateral (MB) neurons, three 
pairs of neurons that arise during adult 
development and have somata lying 
along the midline of each abdominal gan- 
glion (20). These cells have a distinctive 
morphology (Fig. 1, A and B) and are 
the only cells in this portion of the 
ganglion that project bilaterally to the 
posterior transverse nerves, the primary 
neurohemal release site for the insect 
VNC. 

After impaling a new MB soma and 
obtaining a stable intracellular recording, 
we stimulated the cell body at 0.5 Hz 
with suprathreshold current pulses for 15 
minutes. Three samples were obtained 
from the collection site on the transverse 
nerve (Fig. 1B) during each experiment: 
one prior to stimulation (Pre), one imme- 
diately after intracellular stimulation 
(Stim), and a third after the preparation 
was washed for 60 seconds (Post). Each 
sample was sequentially bioassayed for 
cardioacceleratory activity on the in vi- 
tro Manduca heart, whose variability in 
basal rate was 1 percent (16, 17, 21). 
Only the Stim sample exhibited any car- 
dioacceleratory activity (Fig. 1C). Bioas- 
say of the Stim sample produced a 4 
percent increase in heart rate, equivalent 
to the release of 0.02 CAP unit. In con- 
trast, the Pre and Post samples exhibited 
no demonstrable cardioacceleratory ac- 
tivity. Using the same protocol, we 
found that CAP-like bioactivity was re- 
leased in five out of six preparations. 
Expressed in terms of the percentage 
increase in heart rate, the mean * SE 
(n = 6) values for the Pre, Stim, and 
Post samples were 0.50 2 0.34, 4.00 * 
0.63, and 0.20 i 0.06, respectively. 

Although the Manduca heart bioassay 
has been shown to be quite sensitive to 
low concentrations of either CAP (16, 
17), it also responds in a qualitatively 
similar fashion to several other neuroac- 

tive substances, particularly serotonin 
and octopamine (16, 17, 21). To demon- 
strate that this stimulation-evoked car- 
dioacceleratory activity was due to the 
presence of a peptide, we impaled an MB 
neuron and stimulated it as described 
above. The sample taken immediately 
after stimulation was divided into two 
portions, one of which was treated with 
Pronase (Sigma), a nonspecific protease 
that does not interfere with the in vitro 
Manduca heart bioassay (16, 22). After 
incubation and heating, each sample was 
bioassayed for CAP bioactivity. The 
control sample (Fig. 2) produced a de- 
monstrable elevation in heartbeat fre- 
quency, whereas the protease-treated 
sample (Fig. 2) was devoid of CAP activ- 

MB J,JJ,J,,: 
neuron  

( 5 )  0 
m 

Fig. 3. Extracellular activity recorded from 
the right (R) and left (L) ventral nerves during 
depolarization of a new MB cell. (Top trace) 
Intracellular recording from a new MB neuron 
located in the fifth abdominal ganglion (A5) of 
a pharate adult. (Bottom traces) Extracellular 
recordings from the paired ventral nerves of 
the same ganglion. Glass-tipped suction elec- 
trodes were placed on the cut ends of each 
ventral nerve in ganglion A5 close to where 
the nerve exits the ganglion. Action potentials 
in the MB neuron are associated with a single 
extracellular spike in each root. 

ity. These data demonstrate that the car- 
dioactivity exhibited after stimulation 
was proteinaceous and, on the basis of 
the site of its release and its action on the 
in vitro heart, was likely to be CAP, or 
CAP,, or both. 

It was important to establish that intra- 
cellular stimulation of the MB neuron did 
not synaptically activate other neurons 
that projected to the transverse nerve. 
An MB cell was therefore depolarized 
above threshold, and the activity leaving 
the ganglion was monitored by extracel- 
lular electrodes placed bilaterally on the 
ventral roots. As we predicted from its 
anatomy (Fig. lA), depolarization of an 
MB neuron revealed a single extracellu- 
lar unit in each of the ventral roots that 
was phase-locked to the intracellular ac- 
tivity (Fig. 3). Distinguished by its very 
long duration (40 to 50 msec), this extra- 
cellular unit was similar in length to the 
MB intracellular action potential and 
much longer than the duration of a stan- 
dard insect axon spike (1 to 2 msec). The 
failure to find other units activated coin- 
cident with MB cell stimulation suggests 
that CAP release was due solely to the 
depolarization of the MB terminals and 
not to synaptic activation of other trans- 
verse nerve-projecting neurons, all of 
which fire action potentials (9, 24). This 
experiment, however, does not rule out 
the slim possibility that the stimulated 
neuron depolarized a follower cell, 
which released CAP activity without fir- 
ing action potentials. 

This evidence demonstrates that intra- 
cellular stimulation of a new MB soma 
causes release from its terminals of a 
protease-sensitive, cardioactive factor 
that is pharmacologically identical to the 
CAP'S. This result supports our conten- 
tion that peptide activity can be elicited 
from the excitation of a single, identified, 
peptidergic neuron. 

NATHAN J.  TUBLITZ* 
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Department of Zoology, University of 
Washington, Seattle 98195 
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Durability of the Accretion Disk of Millisecond Pulsars 

Abstract. Pulsars with pulsation periods in the millisecond range are thought to be 
neutron stars that have acquired an extraordinarily short spin period through the 
accretion of stellar material spiraling down onto the neutron star from a nearby 
companion. Nearly all the angular momentum and most of the mass of the 
companion star is transferred to the neutron star. During this process, wherein the 
neutron star consumes its companion, it is required that a disk of stellar material be 
formed around the neutron star. In conventional models it is supposed that the disk is 
somehow lost when the accretion phase is finished, so that only the rapidly spinning 
neutron star remains. However, it is possible that, after the accretion phase, a 
residual disk remains in stable orbit around the neutron star. The end result of such 
an accretion process is an object that looks much like a miniature (about 100 
kilometers), heavy version of Saturn: a central object (the neutron star) surrounded 
by a durable disk. 

Spin-up of pulsars in a binary accre- 
tion scenario has been proposed by a 
number of investigators (1). We have 
argued that neutron stars formed in su- 
pernova events would be surrounded by 
a disk of material from the parent star (2, 
3). Most but not all of the stellar material 
from the supernova is either exploded to 
form a surrounding nebula or imploded 
to form a neutron star. We estimate that 
approximately solar mass is left in 
orbit around the neutron star to form a 
disk. Dynamo currents between the rem- 
nant disk and the magnetized neutron 
star drive the observed pulsar emissions 
(3-5). 

For millisecond pulsars (if they are 
formed by accretion events), a durable 
disk evolves from the accretion disk af- 
ter the secondary object stops feeding 
the disk. Once the forced accretion 
stops, the portion of the disk inside the 
corotation distance continues to move 
inward and falls onto the neutron star. 
However, the portion outside the corota- 

tion distance moves away from the neu- 
tron star at a relatively slow rate because 
of the torque applied to it by dynamo 
currents between the disk and the star 
(3). 

The viscous dissipation in the shrink- 
ing inner disk suggests that the disk 
would accrete entirely in a short time. 
However, some of the spin-down energy 
is pumped back into the disk and acts 
instead to eject it. We can calculate a 
critical viscosity v,,i, that dissipates en- 
ergy in the disk faster than power is 
supplied by the central object as follows. 
The time derivative of the inward mass 
rate, M, is 3nvZ (6) ,  where C. is the 
surface mass density of the disk (in 
grams per cubic centimeter). By equat- 
ing the spin-down output I R h  (where I is 
the moment of inertia and R and h are 
the spin rate and its time derivative, 
respectively) to the increased binding 
produced by a mass rate GMMIR, 
[where R, is the corotation distance, 
(GMIR~)"~, and G is the gravitation 

constant], we find v,,i, equal to 
RCISI.h/3n~Z. For a millisecond pulsar, 
R is about 4000 sec-I, h i 0  is about 1.3 
x 10-19, 2 is about 1012 g/cm2, and R, is 
about 3 x lo6 cm. With I approximately 

g cm2 as the moment of inertia of a 
typical neutron star, this gives a v,,i, of 
about 5 cm2isec. A value for v of approx- 
imately 1 to 100 cm2/sec has been calcu- 
lated for matter at densities typical of 
white dwarfs (that is, essentially the 
disk) (7). The electron degenerate disks 
proposed here differ greatly from the 
nondegenerate disks proposed for pul- 
sating x-ray sources, which are thought 
to have a viscosity l0I4 times larger than 
that calculated by Flowers and Itoh (7). 

The remnant of the companion star 
that provided the material for the disk 
and for spinning up the neutron star may 
be reasonably expected to form a degen- 
erate dwarf (8). It has been argued that 
the companion star would spiral inward 
because of gravitational radiation and 
would eventually become tidally disrupt- 
ed to add material to the disk (8). This 
scenario reinforces our proposal that a 
remnant disk is formed in the spin-up of 
the neutron star. 

The only other suggestion for remov- 
ing a disk is that such a disk could not 
survive if the companion star at a dis- 
tance of only a few solar radii were to 
become a supernova (9). There are two 
mechanisms by which a disk might be 
dissipated in such a supernova event: (i) 
the gravitational impulse caused by the 
sudden passage of the ejected mass 
might shake the disk loose from the 
neutron star, and (ii) the direct impact of 
supernova ejecta might sweep the disk 
away. 

The first mechanism cannot disrupt 
the disk. The neutron star and the disk 
are so close to each other that they 
receive almost identical gravitational im- 
pulses. The second mechanism, in which 
it is proposed that direct impact of super- 
nova debris can blow away the disk of a 
neutron star, is also ineffective. To eval- 
uate this possibility, we must make some 
assumptions that are dependent on our 
model. The disk is so stable that, even in 
the most unfavorable case, it can survive 
a nearby supernova explosion. 

For example, we will suppose that an 
extremely energetic event propels the 
outer envelope of the exploding star out- 
ward with a velocity V of lo4 kmlsec and 
a peak mass density p of the order of 1 
g/cm3. If the star undergoes a vigorous 
phase of mass loss just before detona- 
tion, smaller densities could be appropri- 
ate. In the most unfavorable case, the 
disk would be oriented face-on to the 
blast and not shielded by the neutron star 
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