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Many neurons are now known to undergo dramatic morpho- 
logical or biochemical changes long after they have com- 
pleted differentiation and maturation. The ability of fully ma- 
ture neurons to alter their transmitter phenotype has been 
amply demonstrated in culture, but direct in vitro data on 
single neurons have been difficult to obtain. Here we show 
that a set of 4 individually identified neurosecretory neurons 
in the moth Manduca sexta, previously demonstrated to con- 
tain the peptide hormone bursicon, also stain with a mono- 
clonal antibody directed against 2 insect cardioacceleratory 
peptides (CAPS). These lateral cells exhibit CAP-like im- 
munoreactivity in larvae but not in pupae or adults, in con- 
trast to other CAP-containing neurons which are strongly 
immunoreactive in all postembryonic stages. Biochemical 
analyses using high-pressure liquid chromatography con- 
firm that the lateral neurons in larvae contain CAP,, one of 
the CAPS. CAP measurements of cell clusters containing 
these cells indicate high levels only in caterpillars. When the 
same neurosecretory cells are individually dissected and 
assayed for CAP bioactivity, high CAP levels are again found 
in larvae, whereas the same neurons in pupae show no such 
CAP bioactivity. Simultaneous determinations of both bur- 
sicon and CAP levels in single lateral cells indicate that these 
cells express high levels of CAP activity and low amounts 
of bursicon in larvae yet are solely bursicon-containing in 
pupae and adults. Thus, by demonstrating that these cells 
alter their secretory profile in viva during metamorphosis, 
our results confirm the notion that functionally mature neu- 
rons are capable of altering their transmitter expression after 
the completion of embryonic development. 

During development cells reach their terminal phenotype through 
a series of progressive specializations by a process known as 
differentiation. It was for many years generally assumed that 
the cell did not undergo any further major developmental changes 
once differentiation was completed and the mature phenotype 
expressed. During the past 15 years, however, the irreversible 
nature of neuronal differentiation has come under scrutiny be- 
cause several different neuronal cell types in invertebrates and 
vertebrates have been shown to exhibit striking alterations in 
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their biochemical and morphological properties both in vitro 
and in vivo (Patterson and Chun, 1977; Gesser and Larsson, 
1985; Coulombe and Bronner-Fraser, 1986; Koizumi and Bode, 
1986; Lichtman et al., 1987; Schotzinger and Landis, 1988). 

The ability of neurons to change their properties after the 
completion of embryogenesis is perhaps best documented for 
cells from the autonomic nervous system. Many studies have 
shown that sympathetic neurons, which originally express a nor- 
adrenergic phenotype, become cholinergic in certain situations 
(Patterson and Chun, 1977; Patterson, 1978). This has been 
repeatedly demonstrated in cell culture, where noradrenergic 
cells isolated from neonatal sympathetic ganglia can acquire 
cholinergic function by appropriate manipulation of the cell 
culture medium (Johnson et al., 1976; Patterson and Chun, 
1977; Potter et al., 1980). Even single cultured neurons, dis- 
sociated from rat superior cervical ganglia, can be induced to 
display a variety of cholinergic properties (Potter et al., 1986). 
Additional experiments in vivo on the development of a cho- 
linergic phenotype by sympathetic neurons innervating rat sweat 
gland have corroborated the culture studies and have shown 
that these neurons are characterized in vivo by high levels of 
choline acetyltransferase and acetylcholinesterase and by cho- 
linergic transmission (Landis and Keefe, 1983; Leblanc and Lan- 
dis, 1986; Stevens and Landis, 1987). Noradrenergic sympa- 
thetic neurons can even express cholinergic function in vivo if 
allowed to innervate a cholinergic target (Schotzinger and Lan- 
dis, 1988). 

Although the elegant in vitro and in vivo work on sympathetic 
cells has illustrated the ability of those neurons to switch their 
secretory profile, it has proved difficult to unequivocally dem- 
onstrate that such a change in transmitter expression occurs in 
vivo at the level of a single, identified cell. Variations in trans- 
mitter phenotype in specific peptidergic neurons using immu- 
nocytochemical techniques have been reported in the pond snail, 
Lymnaea stagnalis (Gesser and Larsson, 1985) and in Hydra 
(Koizumi and Bode, 1986) yet the significance of these changes 
is unclear. Here we report on a set of individually identifiable, 
peptide-containing neurons in the ventral nerve cord (VNC) of 
the tobacco hawkmoth, Manduca sexta, that alter their trans- 
mitter profile in vivo after the completion of embryogenesis. 

Using physiological, endocrinological, and ultrastructural cri- 
teria, Taghert and Truman (1982a, b) demonstrated that each 
abdominal ganglion in all postembryonic stages in Manduca 
contains a small number of individually identifiable neurose- 
cretory cells. In each larval ganglion (Fig. 1 A), there are 6 pairs 
of neurosecretory somata, of which 4 pairs are positioned lat- 
erally and the remaining 2 pairs are located medially. The axons 
of these neurons project to the transverse nerve (TN), a seg- 
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Figure 1. Immunocytochemical la- 
beling of neurons in larval and pupal 
abdominal ganglion of the tobacco 
hornworm, M4nduc4 sexta. A, B, Cell 
body location of all central neurosecre- 
tory cells that project to the transverse 
nerve (TN) in an unfused abdominal 
ganglion in (A) a Sth-instar larva and 
(R) pharate adult (modified from Tagh- 
ert and Truman, 1982a, b). Open and 
jilled circles, cells that project to pos- 
terior TN;flled triangles, cells that ter- 
minate in the anterior TN. Note that 
the pharate adult contains, in addition 
to the larval complement ofcells, 3 pairs 
of midline, CAP-containing neurons 
that first appear during metamorphosis 
(Taylor and Truman, 1974; Taghert and 
Truman, 1982a, b; Tublitz and Tru- 
man, 1985&I). C, Immunocytochem- 
ical whole-mount staining using the 6C5 
antibody of the fifth abdominal gan- 
glion taken from day 1 fifth instar. D, 
Camera lucida drawing of the prepa- 
ration in C, illustrating that the anti- 
body stains 4 lateral pairs and 2 midline 
cells in larvae. E, Camera lucida draw- 
ing of 6CS immunostaining of the fifth 
abdominal ganglion in a day 8 pupa. 

A LARVA 

mentally reiterated peripheral nerve that is the major neuro- 
hemal release site for the insect VNC (Raabe et al., 1966; Raabe, 
1982). The pattern is similar in pupae, except that in addition 
to the full complement of cells found in larvae, there are 3 newly 
developing pairs of midline cells that differentiate during meta- 
morphosis (Fig. 1B; Taylor and Truman, 1974; Taghert and 
Truman, 1982a, b). 

The physiology of both groups of cells is similarly well de- 
scribed. Using single-cell bioassay techniques, previous studies 
(Taghert and Truman, 1982b) showed that each lateral cell con- 
tains bursicon, an insect peptide hormone that is released after 
each molt to initiate cuticular tanning (Truman, 1973; Reynolds, 
1977, 1983). In contrast, 4 of the 5 pairs of midline neurons 
(Fig. lB), including the 6 that differentiate during adult devel- 
opment, have been demonstrated to synthesize and release 2 
cardioregulatory peptides, the cardioacceleratory peptides (CAPS; 
Tublitz and Truman, 1985c, d). The function ofthe CAPS varies 
depending on the stage of development: in adults the CAPS act 
as neurohormones modulating the endogenous myogenic rhythm 
of the Munduca heart during adult emergence (Tublitz and Tru- 
man, 1985a, b, Tublitz and Evans, 1986) and flight (Tublitz, 
1989) whereas in the embryo and in Sth-instar larvae, they 
regulate the spontaneous contractions of the hindgut (Broadie 
et al., 1989; K. K. Edwards, R. Taylor, D. P. Kimble, and N. 
J. Tublitz, unpublished observations). 

Recent immunocytochemical studies, using a monoclonal an- 
tibody that recognizes an epitope common to both CAPS (Tagh- 
ert et al., 1983, 1984), indicate that the lateral neurosecretory 
cells express, in addition to bursicon, a CAP-like antigen in 

B ADULT 

embryos and throughout all larval instars, but not in adults 
(Tublitz and Sylwester, 1988; Broadie et al., 1989). From these 
results we proposed the hypothesis that the lateral cells undergo 
a change in their transmitter profile during adult development, 
expressing both bursicon and CAP bioactivity in larvae and 
only bursicon in pupae and adults. The experiments described 
in this paper were designed to test this hypothesis. 

Materials and Methods 
Animals. Tobacco homworms, M. sexta. were individually reared on 
an artificial diet (Bell and Joachim, 1976) in a controlled environmental 
chamber using a 17:7 LD regime with a superimposed thermal period 
(27”c/L, 2X/D). Prior to adult emergence, pharate adults were placed 
in a large breeding chamber and allowed to emerge and mate. The 
photoperiod and thermal period of this chamber were identical to those 
of the rearing conditions for larvae except that relative humidity was 
maintained at a level exceeding 50% using commercially obtained hu- 
midifiers. 

CAP, bioassay. CAP, levels were quantitatively measured using an 
isolated pharate adult Manducu heart bioassay as previously described 
(Tublitz and Truman, 1985ax; Tublitz, 1989). In short, a portion of 
the abdominal heart was removed from a pharate adult male, pinned 
into a small superfusion chamber, and attached to a force transducer 
(Bionix F-200 Isotonic Displacement Transducer powered by a Bionix 
Powerpack Ed- IA). The signal from the transducer was amplified and 
monitored by a window discriminator and digital-to-analog circuits to 
measure the instantaneous heartbeat frequency. Amplitude and fre- 
quency of contraction were recorded continuously on a Gould 2200 
chart recorder for later analysis. 

Munducu saline of the following composition was used in all exper- 
iments (m mM): 6.5 NaCI, 28.5 KCt, 5.6 CaCl,, 16 MgCI,, 5 Pipes 
(dipotassium salt, Sigma), and 173 dextrose. The final pH was adjusted 
to 6.7 2 0.1 using a concentrated solution of HCI. During each bioassay, 
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the flow rate of saline was maintained at about 80 ml hrl through the 
open perfusion system. All test samples were injected directly into the 
perfusion system with a loo-p1 gas-tight Hamilton glass syringe. 

Immunocytochemistry. Individual ganglia were dissected away from 
other tissues and incubated at 4°C with gentle agitation in a modified 
Bouin’s/glutaraldehyde fixative (2% glutaraldehyde, 25% saturated pic- 
ric acid, and 1% glacial acetic acid) for 14 hr, washed 3 times in 0.4% 
saponin-PBS for 30 min each, and taken through an ethanol dehydration 
series at 4°C. Fixed specimens were incubated in collagenase (1 mg/ml; 
Sigma type XI) for 24 hr and then blocked overnight with goat serum 
(5 mg/ml; Sigma lot# 28F-9401) in 0.4% saponin-PBS (+ 1.0% BSA). 

A 3-tier antibody system using the PAP method (Vandesande, 1979) 
was employed to identify cells with CAP-like immunoreactivity. Pri- 
mary antibody (6C5; dilution 1: lOOO), secondary antibody (whole mol- 
ecule, goat anti-mouse IgG, dilution 1: 1 000), and tertiary antibody (mouse 
peroxidase antiperoxidase (PAP, dilution 1: 1000) were suspended in 
0.4% saponin-PBS (with 1% BSA). Each antibody suspension was in- 
cubated for 24 hr at 4°C with constant gentle agitation. Specimens were 
washed 5 times in 5 hr with 0.4% saoonin-PBS (with 1% BSA) between 
successive incubations. Following equilibration in 3,3’-diaminobenzi- 
dine (DAB), immunoreactivity was visualized by incubation in a so- 
lution of 0.8% saponin-PBS containing DAB (0.5 mg/ml) and hydrogen 
peroxide (0.003%) until complete, usually 10-l 5 min. Visualized prep- 
arations were taken through an ethanol dehydration series, equilibrated 
in xylene, and mounted in Permount for observation with Nomarski 
optics. 

CAP extraction. The abdominal portions of 25 VNCs (ANCs), in- 
cluding the fused terminal ganglion, were removed from day 3 fifth- 
instar caterpillars, blotted dry, and frozen in liquid nitrogen. Each gan- 
glion was microdissected into medial and lateral strips as described 
below and stored separately at -20°C for no more than several weeks. 
A few phenylthiourea crystals were added to the frozen tissue to inhibit 
tyrosinase activity (Williams, 1959). After thawing, each sample was 
heat-treated in a small volume of acidified methanol (20 plIANC) for 
5 min at 80°C placed on ice, and homogenized in a ground-glass ho- 
mogenizer. The homogenate was centrifuged for 15 min at 4°C (12.000 
x g) and the supematant collected. The pellet was resuspended in dou- 
ble-distilled water (ddH,O; 10 &ANC), rehomogenized, centrifuged, 
and the resultant supematant pooled together with that from the original 
extraction. 

The combined supematant fraction was loaded onto an MeOH-ac- 
tivated, water-rinsed Waters C-18 Sep-pak cartridge and washed in 5 
times its volume with ddH,O. This was followed by stepwise applica- 
tions of 20% and 80% acetonitrile (Baker; HPLC grade) in ddH,O. From 
previous studies, it was demonstrated that both CAPS elute in the 80% 
acetonitrile fraction (Tublitz and Truman, 1985c, d). Accordingly, this 
fraction was collected, frozen in dry ice, and lyophilized to powder. 
Lyophilized samples were stored at -20°C for up to a week before use. 

High-pressure liquid chromatography (HPLC). After Sep-pak treat- 
ment and lyophilization, extracts of lateral and medial portions of larval 
nerve cords were hvdrated in 500 ~1 of 20% acetonitrile in ddH,O + 
0.1% trifluoroacetic*acid and chromatographed through a C- 18 reverse- 
phase HPLC column (Brownlee Aquapore 300~pm column, 4.6 x 220 
mm). Once the sample was loaded, a 2-stage, linear acetonitrile-water 
gradient was applied with 0.1% trifluoroacetic acid as the counter ion. 
The 50-min gradient began at a concentration of 20% acetonitrile/80% 
water with the acetonitrile concentration increasing at a rate of 1% min’ 
for the first 30 min, and changing to 2% min’ for the following 20 min. 
For each chromatography run, 50 1 -ml fractions were collected at 1 -min 
intervals. Each fraction was then lyophilized, stored at - 20°C and later 
resuspended in Manduca saline for bioassay on the pharate adult heart. 

Ganglion microdissection. Individual unfused, abdominal ganglia from 
either day 3 fifth-instar larvae or day 8 developing adults were frozen 
in liquid nitrogen and longitudinally sectioned with a razor blade chip 
into 3 equivalent strips. Each strip was individually sonicated, heat- 
treated at 80°C for 5 min, and centrifuged at 12,000 x g for 3 min. The 
supematant was then removed and bioassayed for CAP bioactivity on 
the isolated Manduca heart. 

Cell cluster/cell body bioassays. Feeding larvae (day 3, fifth instar) or 
developing male adults (day 8) were anesthetized by immersion in cold 
water or chilling on ice, respectively, prior to dissection. Animals were 
opened ventrally and the posterior 3 unfused abdominal ganglia (A3- 
A5) removed. Each ganglion was then transferred to a small Sylgard- 
containing, plastic Petri dish and pinned using minute pins and indi- 
vidual glass fibers while immersed in paraffin oil. A drop of Manduca 

saline containing 3% collagenase/dispase (Boehringer-Mannheim) was 
then placed on the ganglion for 5 min and subsequently removed by 
several rinses in normal saline. The ganglion was then manually de- 
sheathed using fine forceps. Following desheathing, individual lateral 
and midline cells could be easily visualized using dark-field optics. The 
lateral and posterior medial neurosecretory neurons were especially 
prominent because of the opalescent nature of their somata, a property 
characteristic of many invertebrate neurosecretory cells (Rowell, 1976). 
Earlier work demonstrated that both the lateral “bursicon” and posterior 
medial cells persist throughout adult development (Taylor and Truman, 
1974; Taghert and Truman, 1982b). This result was confirmed by fol- 
lowing lateral cells in abdominal ganglia throughout adult development 
using standard histological procedures. We found that the number and 
the position of the lateral neurosecretory cells remained unaltered during 
adult development and that no necrotic profiles, characteristic of dying 
cells, were seen in the region of the lateral cells at any postmetamorphic 
stage (N. J. Tublitz, unpublished observations). Taghert and Truman 
(1982b) documented that the lateral cells were individually identifiable 
on the basis of soma size and relative cell body position within the 
ganglion. For all experiments involving single lateral cells, we used the 
anteriormost lateral cell, cell #26 (from the nomenclature of Taylor and 
Truman, 1974). Cell #26 can always be distinguished from cell #27 
(Taahert and Truman, 1982b) in that cell #26 is alwavs located within 
theiateral cell group whereas’cell #27 is usually found by itself, with a 
more anteriorly and centrally placed cell body. 

After enzymatic treatment and desheathing, cell clusters or individual 
cell bodies were isolated from the ganglion using fine glass probes and 
transferred through the oil into small-volumes of distilled water (2-5 
~1) to uromote cell lvsis (Berlind and Maddrell. 1979: Taahert and 
Truman, 1982b). An-equivalent amount of twice-concentraied Man- 
duca saline was added to each sample prior to freezing at -20°C. Im- 
mediately prior to bioassaying for either bursicon or CAP activity, sam- 
ples were thawed and vortexed, and in the case of the heart bioassay, 
sample volume was increased to 50 ~1 with Manduca saline. 

Bursicon bioassay. The bioassay for bursicon activity was modified 
only slightly from that used in previous studies (Truman, 1973; Reyn- 
olds, 1977,1983; Taghert and Truman, 1982a). The mesothoracic wings 
were removed from pharate adult animals l-2 hr prior to adult eclosion, 
the time when the wings were extremely responsive to bursicon (Reyn- 
olds et al., 1979). Each wing received a lo-p1 injection of either saline 
or the test material into the lumen of the costal vein followed by in- 
cubation in a moist chamber for 3 hr. After the incubation period, wing 
scales were removed with melted paraffin under 70% ethanol to allow 
visualization of the wing veins. Bursicon activity of test and control 
samples was scored on an arbitrary scale of l-5 based on the yellow 
coloration of the cuticle of the wing veins. Quantification was deter- 
mined by comparing activity in control and test injected wings and by 
serial dilution of samples. 

Results 
Immunocytochemical ident$cation of CAP-containing cells 
As a first step toward the identification of cells in abdominal 
ganglia that synthesize and secrete the CAP(s), we stained both 
larval and pharate adult unfused abdominal ganglia with a 
monoclonal antibody specifically directed against the CAPS 
(Taghert et al., 1983, 1984), using a standard 3-tiered antibody 
staining procedure described in Materials and Methods. In day 
1 fifth-instar larvae, the first full day after molting from the 
penultimate 4th instar, we found 5 pairs of CAP-immunoreac- 
tive cell bodies in each unfused abdominal ganglion, consisting 
of 4 pairs along the ganglionic lateral margin and 1 bilateral pair 
on the midline (Fig. 1, C, D). In trials with very low background, 
we observed that each immunoreactive midline neuron had a 
bifurcating axon that exited the ganglion into both ipsi- and 
contralateral ventral nerves (VNs), whereas the lateral cells ap- 
peared to send a single unbranched process out the ipsilateral 
VN only (data not shown). CAP-like immunoreactivity was also 
occasionally found in the proximal portion of the VN, in the 
VN branch leading to the TN, and in the TN itself. 

Based on their morphologies it was possible to unequivocally 
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Figure 2. CAP-like bioactivity in lateral and medial regions of ab- 
dominal ganglia in larvae and pupae. Upper panel, Diagrammatic rep- 
resentation of a larval (day 1 fifth instar) and pupal (day 8) unfused 
abdominal ganglion showing cell body locations of transverse nerve 
projecting neurons. L, Lateral; M, medial; WI d.1, day 1 fifth instar; 
d.8. pupal day 8. Ganglia were microdissected as described in Materials 
and Methods and bioactivity determined on the isolated heart bioassay 
(Tublitz and Truman, 1985a). Each histogram represents CAP activity 
(mean + SEM) from a single region of the ganglion. 

identify the medial and lateral immunoreactive cells found in 
larvae. The pair of immunoreactive posteriomedial somata with 
bilateral axons exiting the ganglion via the VN and projecting 
to the TN was unmistakably recognized as the lone pair of 
medial adult CAP cells that arise and mature during embryogen- 
esis (Taghert and Truman, 1982b; Tublitz and Truman, 1985c, 
d), since there are no other cells in the ganglion with those 
characteristics (Fig. 1A; Taylor and Truman, 1974; Taghert and 
Truman, 1982b). What was surprising was that the 4 pairs of 
lateral, CAP-immunoreactive cells in caterpillars were clearly 
the bursicon-containing neurons, neurosecretory cells described 
by Taghert and Truman (1982a) with ipsilateral axons that ter- 
minate in the TN and which persist without major morpholog- 
ical changes throughout adult development (Fig. 1, A, B; Taghert 
and Truman, 1982b). That these larval CAP-immunoreactive 
cells were the bursicon-containing cells of Taghert and Truman 
(1982a, b) was based on several criteria, including cell body size 
and position along the lateral margin of the ganglion at the point 
where the VN exits, axonal projections to the TN, and the 
unique shape of their dendritic arborizations, visible in a few 
of our immunocytochemical preparations. 

In contrast to our results in larvae, a markedly different pat- 
tern was revealed (Fig. 1E) when the identical immunochemical 
protocol was used on day 8 pupae, the stage during metamor- 
phosis when the full complement of adult cells is already present 
and mature (Taylor and Truman, 1974): four pairs of midline 
cells, known from other studies to be CAP-containing neurons 

(Tublitz and Truman, 1985c, d), were strongly CAP-immuno- 
reactive while the lateral neurosecretory cells no longer exhibited 
any demonstrable immunostaining despite their persistence into 
the adult stage (Taylor and Truman, 1974; Taghert and Truman, 
1982a, b). These data imply that the lateral cells might be ex- 
pressing a CAP-like antigen in a stage-specific manner. 

CAP-like bioactivity in lateral and medial regions of 
abdominal ganglia 

To test the hypothesis that the lateral cells in Sth-instar larvae 
might be synthesizing a CAP-like factor, we microdissected lar- 
val (day 1, fifth instar) and pupal (day 8) abdominal ganglia into 
medial and lateral strips which were pooled and processed for 
CAP bioactivity according to the procedure described in Ma- 
terials and Methods. Day 8 pupae were chosen because it is the 
first stage during metamorphosis when the full complement of 
adult cells is present (Taylor and Truman, 1974), including the 
3 pairs of midline CAP neurons that arise postembryonically 
(Taghert and Truman, 1982a; Tublitz and Truman, 1985b-d). 
All samples were tested for cardioacceleratory activity on the 
isolated pharate adult Manduca heart, previously demonstrated 
to be a highly sensitive and specific bioassay for CAP activity 
(Tublitz and Truman, 1984,1985a+l; Tublitz and Evans, 1986; 
Tublitz, 1989). Our results, depicted in Figure 2, indicate that 
CAP-like activity was evenly distributed across larval ganglia, 
with virtually equivalent amounts of cardioexcitatory activity 
in lateral and medial regions. In pupal day 8 animals, however, 
over 90% of CAP-like bioactivity was localized to the medial 
region of the ganglion, the location of the 4 pairs of adult CAP- 
containing neurons (Tublitz and Truman, 1985~) including the 
6 cells that mature postembryonically during adult development 
(Taylor and Truman, 1974; Taghert and Truman, 1982b). Lat- 
eral regions from pupal ganglia were almost completely lacking 
in CAP-like bioactivity (Fig. 2). 

Biochemistry of CAP bioactivity in Sth-instar larvae 

To determine whether the cardioacceleratory activity in lateral 
and posterior midline cells in larvae was due to the same mo- 
lecular species of CAP, larval ganglia were microdissected into 
medial and lateral strips, homogenized, and chromatographed 
on an HPLC C-18 reverse-phase column (Aquapore RP-300, 
Brownlee). A linear gradient of water/acetonitrile and 0.1% tri- 
fluoroacetic acid as the counter ion, a procedure previously 
shown to separate the 2 known CAPS from each other (Tublitz 
and Evans, 1986), was used. HPLC fractions were then bioas- 
sayed on an isolated Manduca heart for CAP activity. Figure 3 
shows that lateral and medial portions of larval (day 3, fifth 
instar) ganglia each contained only a single peak of cardioac- 
celeratory activity, both of which coeluted with that of CAP, 
isolated from either whole larval or pharate adult ganglia (Fig. 
3). Cardioexcitatory bioactivity associated with CAP, elution 
times was not detected in either partial or intact larval ganglia 
and no other cardioacceleratory peaks were found. The results 
from the HPLC experiments indicate that only a single species 
of CAP is present in premetamorphic Sth-instar larvae. 

CAP, bioactivity in lateral and medial cell clusters and in 
individually isolated cell bodies 
Having demonstrated that a CAP-like antigen was expressed in 
lateral cells only in larvae and that this antigen was likely to be 
CAP,, we were interested in determining whether the lateral 
neurosecretory cells exhibited any CAP,-like bioactivity. To test 
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Figure 3. Isolation and identification of CAP bioactivity from portions 
of larval ganglion using HPLC. Abdominal portions of the ventral nerve 
cord (ANC) in day 3 fifth-instar larvae were surgically microdissected 
into medial and lateral strips and purified for CAP bioactivity as de- 
scribed in Materials and Methods. Lateral, lateral portion of larval 
ganglia (day 3 fifth instar); medial, medial section of larval ganglia (day 
3 fifth instar); lurvul ANC, intact larval (day 3 fifth instar) ganglia; Ph. 
adult ANC, intact pharate adult ANC. Note that lateral and medial 
regions of larval ganglia each contain only 1 peak of cardioexcitatory 
activity and that both coelute with CAP, isolated from adults. 

this hypothesis, we initially measured CAP levels from small 
clusters of cell bodies isolated from larval or pupal abdominal 
ganglia. Three groups of neurons, each ofwhich was visualizable 
under a dissecting microscope, were used in these experiments: 
the lateral bursicon-containing cells; the embryonically derived, 
midline CAP-containing neurons that lay at the posterior end 
of the ganglion (Taylor and Truman, 1974; Tublitz and Truman, 
1985c, d); and a set of 5 anteriomedial cell bodies previously 
shown to be motoneurons innervating intersegmental muscles 
(Levine, 1987). Each group of cells in larvae was easily identi- 
fiable in situ with dark-field illumination using cell body position 
and soma size as criteria (refer to Materials and Methods for 
details); however, owing to the massive ganglionic reorganiza- 
tion associated with metamorphosis (Taylor and Truman, 1974; 
Levine, 1987) only the lateral cells were still visible by pupal 
day 8 and, hence, were the only group of cells we assayed in 
pupae. After isolation, each cell cluster was assayed for CAP 
bioactivity on the in vitro Manduca heart. 

Our results showed that measurable levels of CAP bioactivity 
were present in lateral and posterior medial cell clusters taken 
from larval ganglia (Fig. 4). Each lateral cluster in larvae con- 
tained about twice as much CAP-like bioactivity as that found 
in the midline cells (Fig. 4). In contrast, virtually no CAP-like 
bioactivity was found in lateral cell clusters removed from pupal 
day 8 animals. The control cells, the cluster of larval anteriome- 
dial neurons, produced no change in heart rate when assayed 
on the isolated pharate adult heart and, therefore, were consid- 
ered to be devoid of CAP activity (Fig. 4). 

L ARVA(Vth,d. I) PUPA(d.8) 

(f-4) (6) (8) (6) (6) 

Figure 4. CAP levels of cell clusters removed from larval and pupal 
animals. Lat., The 4 pairs of opalescent neurosecretory cells previously 
identified unambiguously as synthesizing and secreting bursicon (Tagh- 
ert and Truman, 1982a, b); Post. Med., the 2, bilaterally symmetrical, 
posterior midline somata that arise during embryonic neurogenesis and 
persist throughout all postembryonic stages, and shown earlier to con- 
tain CAP bioactivity (Tublitz and Truman, 1985c, d, Tublitz and 
Sylwester, 1988); Ant. Med., a set of 5-6 large motoneuron somata lying 
along the anterior midline. Each cluster is easily isolated in larval gan- 
glia, but owing to the massive ganglionic reorganization associated with 
metamorphosis (Levine, 1987), only the lateral clusters remain visible 
by pupal day 8. Abbreviations as described in Figure 2. Each histogram 
represents CAP activity (mean + SEM) in a single cluster. 

Similar results were found when individual lateral or medial 
cells were dissected and their contents assayed for CAP activity 
using procedures previously described (Berlind and Maddrell, 
1979; Taghert and Truman, 1982b). Measurable quantities of 
CAP-like bioactivity were detected in single lateral and posterior 
midline cells removed from larvae (Fig. 5) with equivalent 
amounts of activity present in each cell type. By contrast, in- 
dividual lateral cells from pupal day 8 ganglia exhibited little 
detectable CAP-like bioactivity (Fig. 5). The cell cluster and 
single-cell bioassays unequivocally demonstrate that the lateral 
cells in caterpillars contain significant levels of CAP-like bioac- 
tivity, which disappear by pupal day 8, midway through adult 
development. 

Bursicon and CAP levels in single lateral cells from larvae and 
developing adults 

Having shown that the level of CAP activity in the lateral cells 
was stage-specific, we were also interested in determining wheth- 
er these neurosecretory cells were capable of modulating their 
levels of bursicon. For these experiments individual lateral cells 
were again dissected free of surrounding tissues using the pro- 
tocol described in Materials and Methods. Following dissection 
and cell lysis, the contents of each cell were divided into 2 equal 
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Figure 5. CAP levels in single, identifiable neurons isolated from larval 
and pupal ganglia of the tobacco homworm, Munduca sextu. Experi- 
mental details and explanations of the abbreviations are found in Ma- 
terials and Methods and in the captions to Figures 2 and 4. Each his- 
togram represents the mean + SEM of CAP activity in a single cell. 
The number of replicates is listed below each histogram in parentheses. 
Although both lateral and posterior midline neurons are readily visible 
in larvae under a dissecting microscope, it proved impossible to un- 
equivocally identify the posterior medial cells at pupal day 8 because 
of the major anatomical and physiological reorganization of ventral 
ganglia during metamorphosis (Levine, 1987). 

aliquots, 1 of which was analyzed for CAP content on the in 
vitro heart bioassay while the second aliquot was assayed for 
bursicon activity on the isolated pharate adult wing. Our results, 
depicted in Figure 6, indicate that individual lateral cells in 5th- 
instar larvae contained fairly low levels of bursicon (co.007 
bursicon unit where 1 unit equals the amount of bursicon in 
the abdominal portion of a pharate adult nerve cord) and a 
relatively high amount of CAP. However, when the same cell 
was removed from animals midway through adult development 
(pupal day 8) and assayed for bursicon and CAP, the reverse 
was seen: lateral cells in pupae exhibited high levels of bursicon 
(ca. 0.1 bursicon unit) while containing virtually no detectable 
CAP activity (Fig. 6). 

Discussion 
The temporal expression of CAP, and bursicon in lateral 
neurosecretory cells in the Manduca VNC during adult 
development 
Using microdissection techniques, individual cell body assays, 
and biochemical procedures, Taghert and Truman (1982a, b) 
established that there are 4 pairs of lateral neurosecretory cells 
in each Manduca ventral ganglion that synthesize and secrete 
the insect tanning hormone, bursicon (Truman, 1973; Reynolds, 
1977, 1983; Reynolds et al., 1979). Their data indicated that 

BURSICON LEVELS CAP LEVELS 

L 
V-) (15) (N-j (17) 

P 
W) 

Figure 6. CAP and bursicon levels in single, lateral neurosecretory 
neurons isolated from larval and pupal ganglion in Manduca. After 
isolation, the cell contents of each neuron were assayed for bursicon 
and CAP activities using the procedures described in Materials and 
Methods. Refer to the captions of Figures 2, 4, and 5 for additional 
details. L, Larval day 3; P, pupal day 8. Each histogram represents the 
mean + SEM of biological activity. 

these peptidergic cells, which persist throughout metamorphosis 
(Taylor and Truman, 1974; Taghert and Truman, 1982b), ap- 
parently expressed bursicon bioactivity during all postembryon- 
ic stages. 

Three independent lines of evidence presented here suggest 
that bursicon is not the only neuropeptide produced in these 
cells. First, immunocytochemical results showed that the lateral 
cells are strongly CAP immunoreactive in larvae (Fig. 1, C, D). 
Second, biochemical analyses using HPLC of a small cluster of 
cells, including the lateral neurons, from larval ganglia revealed 
a single cardioactive peak that coelutes with CAP, (Fig. 3). Third, 
bioassay of whole or partial ganglia (Fig. 2), lateral cell clusters 
(Fig. 4), or individual lateral neurons (Fig. 5) indicated the pres- 
ence of a CAP,-like cardioacceleratory factor. 

Results from other studies also lend credence to the idea that 
the lateral cells in larvae synthesize CAP,. The same anti-CAP 
immunocytochemical staining pattern described here, including 
intensely staining lateral cells, was also seen in other larval stages 
(Edwards et al., unpublished observations) and in embryos 
(Broadie et al., 1989). These reports also showed that the anti- 
CAP immunostaining pattern in the embryonic and larval CNS 
could be blocked only by preincubation with CAP, and that 
CAP-like bioactivity could be immunoprecipitated by the anti- 
CAP antibody (Broadie et al., 1989; Edwards et al., unpublished 
observations). Taken together, these data provide strong evi- 
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dence that the lateral neurosecretory neurons in the ANC of 

The major conclusion of this paper, that the lateral cells alter 

Sth-instar Munducu caterpillars express CAP,. 

their transmitter phenotype during adult development in Mun- 

Our results also support the notion that the lateral cells express 
CAP, in a stage-specific manner. Although the lateral cells were 
strongly CAP immunopositive in feeding Sth-instar caterpillars 

duca, rests on the assumption that the same neuron can be 

(Fig. 1, C, D), a marked decrease in CAP immunoreactivity of 
the lateral cells was seen following pupation, and by the end of 

repeatedly identified in larvae and pupae. Based on earlier his- 

adult development these cells no longer stained with the anti- 
CAP antibody (Fig. 1E). CAP measurements of lateral cell clus- 

tochemical (Taylor and Truman, 1974) and extracellular back- 

ters (Fig. 4) or of individual lateral neurons (Fig. 5) showed that 
these cells contained high levels of CAP in larvae, but were 

filling data (Taghert and Truman, 1982b), there is no evidence 

essentially devoid of CAP bioactivity by pupal day 8. Hence, 
our immunocytochemical and physiological results demonstrate 

that metamorphosis either induces the death of lateral neu- 

that CAP, is expressed in the lateral neurosecretory neurons of 
Manduca in a stage-specific manner. 

rosecretory cells in larvae or initiates the appearance of new, 

Finally, bioassay of single larval or pupal lateral cells for 
bursicon and CAP activities showed that these neurosecretory 

postembryonically derived lateral neurosecretory cells in pupae. 

cells synthesized primarily CAP, in larvae (Figs. 5 and 6). How- 
ever, these same neurons, when assayed midway through adult 

Histological sectioning of ganglia taken at various times 

development, expressed high levels of bursicon and exhibited 

throughout adult development confirms the results of these ear- 

no detectable CAP, activity (Fig. 6). These results demonstrate 
that the lateral cells undergo a qualitative change in transmitter 
expression associated with metamorphosis. 

Identijication of individual lateral cells 

including dedifferentiation and redifferentiation, and the lateral 
cells appear to fall into this latter category. Broadie et al. (1989) 
demonstrated that the lateral cells have already reached their 
peripheral target, the TN, by the latter part of embryogenesis, 
and other studies have shown that this remains the only target 
of these cells throughout postembryonic life (Taylor and Tru- 
man, 1974; Taghert and Truman, 1982a; N. J. Tublitz and P. 
K. Loi, unpublished observations). Their central arbors are also 
complete by the end of embryogenesis and are not drastically 
altered postembryonically (Taghert and Truman, 1982a; Tublitz 
and Loi, unpublished observations). Most important, these cells 
are functionally active both in the embryo (Broadie et al., 1989) 
and in Sth-instar larvae (N. J. Tublitz, K. K. Edwards, D. P. 
Kimble, and A. W. Sylwester, unpublished observations), re- 
leasing CAP, to regulate hindgut motility. Thus, from a mor- 
phological and physiological standpoint these cells appear to be 
mature and fully differentiated prior to changing their trans- 
mitter profile. Taken together, the results presented here coupled 
with those from other investigators (Taghert and Truman, 1982a, 
b) strongly support the notion that these particular neurosecre- 
tory cells modify their transmitter phenotype postembryoni- 
tally, producing high amounts of CAP, and low levels of bur- 
sicon in larvae and only the latter in pupae. These data directly 
confirm the long-standing belief that an individual neuron not 
only has the capacity to, but actually does, undergo a major 

this biochemical transformation; experiments are currently un- 

alteration of its secretory profile in vivo after the completion of 

derway to test this hypothesis. 

embryogenesis. Recent preliminary data (Tublitz and Sylwester, 
1988) indicate that the drop of CAP bioactivity and the rise in 
bursicon levels follow different time courses during the first half 
of adult development. This result suggests that regulation of the 
synthesis and release of the 2 neuropeptides may be indepen- 
dently controlled, and not a simple negative feedback loop where 
the appearance of 1 causes the decline of the other (Tublitz and 
Sylwester, 1988). Given that the switch in transmitter phenotype 
occurs at metamorphosis, it is likely that the changes in the 
hormonal milieu at this time might be responsible for triggering 

lier studies (Tublitz, unpublished observations). Moreover, 
Taghert and Truman (1982a, b) showed that the 4 lateral cells, 
which in situ are highly opalescent, could be individually dis- 
tinguished based on soma size and relative position in the gan- 
glion. Thus, the single-cell experiments described here, which 
focused on the anteriormost opalescent cell in the lateral neu- 
rosecretory cluster, cell #26, were performed with a high degree 
of assurance that the same cell could be routinely identified in 
different animals. 

Are the lateral cells terminally d@erentiated in larvae? 
One important issue raised by this work concerns the state of 
differentiation of these lateral cells in larvae, and the evidence 
suggests that these cells are probably fully differentiated prior 
to metamorphosis. The CNS of a holometabolous insect such 
as Munduca undergoes a major transformation during meta- 
morphosis, including de novo neurogenesis, programmed death 
of neurons, the growth or regression of neuronal arbors, and the 
reorganization of synaptic connections (e.g., Truman, 1983; Le- 
vine and Truman, 1985; Booker and Truman, 1987; Levine, 
1987; Weeks, 1987). Some fully mature, i.e., functional, larval 
neurons die (Weeks and Truman, 1985), others are functionally 
respecified (Levine, 1987) and still others remain relatively 
unaltered throughout adult development (Levine and Truman, 
1985). Neurons that are physiologically active in the larva are, 
therefore, subject to a variety of fates during adult development, 
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