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( ultures of neurosecretor> cells and corpus cardiacuni of (he cockroach Periplaiielii amei iam a  display 
vigorous outgrowth of nerve fiber proce«ses in vitro. Numerous cells of various types migrated out 
o f the corpus cardiacum into the medium. I jg h t and electron microscopic studies showed the presence 
of neurosecretory graimles in the cell bodies and in the axonal processes. Neurosecretory cells were 
electrically active in vitro and the unit electrical activity of NS cells contrasted sharply with the 
bursting electrical discharges of the CC cultures. The synthesis and release of radiolabeled juvenile 
hormone by adult and nymphal corpora allata indicated that these glands are functionally active 
in vitro.

INTROD UCTION

The insect neuro-endocrine organs (the 
neurosecretory cells of the brain, the corpora 
cardiaca, the corpora allata and the ecdysial 
glands) have been extensively investigated 
ever since they were first discovered (reviewed 
by Be r n  &  H a g a d o r n , 1965; D o a n e , 1973; 
M a d d r e l l , 1974; W ig g l e s w o r t h . 1964), 
Only recently it became possible to study 
them  with in vitro techniques because the 
tissue culture media used for vertebrate 
tissues proved to  be unsuitable for insect 
tissues. The considerable technical difficul
ties encountered in dissecting out the small 
insect endocrine glands and in devising 
culture media suitable to  m aintain these 
organs in vitro have hampered progress in 
this field. We owe a great deal to the 
efforts made by T,D ,C. G r a c e , G . R ,W y a t t , 
S. S. W y a t t  and others (see C. V a g o , 1971;
1972) who devised culture media and techni
ques suitable for growing insect cells and 
tissues in vitro. With further refinements 
o f their methods, we are now in a position 
to  investigate whole organs, or individual 
tissues or cells of a variety o f  insects and 
o ther invertebrates in vitro. A chemically

defined synthetic medium and tissue culture 
techniques were developed ( C h e n  & LEvr- 
M o n t a l c in i , 1969) which allowed in vitro 
studies on the embryonic nervous system of 
the cockroach ( L e v i- M o n t a l c in i  &  C h e n , 
1969). These studies were extended to  the 
neuro-endocrine organs of nymphal and 
adult specimens ( L e v i- M o n t a l c in i , 1971; 
L e v i- M o n t a l c in i  &  S e s h a n , 1973). Fully 
differentiated cockroach neurosecretory cells, 
the corpora cardiaca and the corpora allata 
of nymphal and adult cockroaches were 
maintained in organ culture for several 
weeks during which period they exhibited 
neuronal fiber processes, cell migration and 
other structural and functional features 
(S e s h a n  &  L e v i- M o n t a l c in i , 1971; S e sh a n  
et al., 1974). It is the object of this article 
to report in a condensed form the results of 
these and related investigations.

M ATERIALS AND M E TH O D S

Preparation o f  cultures
Nym phs and adult cockroaches (Periplanelti 

americana) o f both sexes were used as donors foi 
th s neuro-endocrine organs. Brain, thoracic  ganglia.



foregut and heart o f 15-16 day old cm biyos and 
ovaries o f nymphs and adults were dissected out and 
cultured together with the neuro-endocrine organs. 
The neurosecretory cells o f  the pars intercerebralis, 
the corpora cardiaca, the corpora allata o f nym phs 
and  adults, em bryonic organs and ovarian  follicles 
were dissected ou t and prepaied  as described else
where (S e s h a n , 1976; S e s h a n  & L e v i - M o n t a lc in i ,  
1971). To minimize bacterial and fungal contam i
nation  of cultures, the tissue culture room  was 
equipped with germicidal lamps and all dissections 
were perform ed in a sterile atm osphere. T hree 
comm ercially available media weie used: S c h n e id e r ’s 
Drosophila medium , G r a c e ’s insect medium  (G ran t 
Island Biological C o.) and E a g l e ’s  basal m edium 
(M icrobiological Associates), A t the m om ent of 
use, S c h n e id e r ’s and E a g l e ’s m edia were mixed in 
the ra tio  5 :4  respectively. G r a c e ’s medium custom  
m ade w ithout the am ino acid m ethionine was used 
exclusively for biosynthetic studies on the corpus 
allatum . This m edium was supplemented with 1 % 
bovine album in (F ric tio n  V from  bovine plasma, 
M etrix, Division of A rm our Pharm aceutical C o.). 
2 m icrocuries/m l o f (S-m ethyl-'*C )-m ethionine 
(specific activities in the range of 47 to  58 Ci/mole 
(New England Nuclear) added to this m edium 
served as a  precursor for the juvenile horm one 
produced by the co rp o ra  allata. O ther precursors 
used were 1 mg/ml each of m evalonolactone (Sigma 
Chemical C o.) and hom om evalono-lactone. The 
latter was synthesized in our laboratory. Every 
fourth day the incubation m edia were collected and 
fresh media added to the cultures. The collected 
media were extracted and the horm one purified and 
identified by thin layer and high pressure liquid 
chrom atography (D a h m  p? «/., 1976).

Histological and other techniques

i. G o m o r i’s chrom e hem?toxylin phioxin 
(CiOMORi, 1941); aldehyde fuchsin and victoria blue 
( D o o r a  & T a n d o n , 1964) to dem onstrate neuro
secretory activity in histological preparations, 
ii. C a j a l - D e C a s t r o  silver staining technique for the 
dem onstration of nerve fibers ( L e v i- M o n t a lc in i  & 
C h e n , 1969). iii. Inverted and differential inter
ference contrast microscopy tostudy  and photograph 
living cultures, iv. Electron m icroscopy for ultra- 
structural studies (S e s h a n  & L e v i - M o n t a lc in i ,  1971). 
v. Electrophysiology to detect bioelectrical pheno
m ena in living cultures (S e s h a n  et at., 1974).

R ESULTS

Neurosecretory (NS) cells, corpuscardiacum  
(CC) and corpus allatum (CA) were cultured

in the presence of embryonic organs (brain, 
thoracic ganglia, foregut and heart) or 
nymphal and adult ovarian follicles. These 
organs were positioiied at a distance of 
approxiinately 1-2 mm from the neuro
endocrine organs. Previous studies had 
shown that these tissues increase the am ount 
o f nerve fiber outgrowth and survival o f the 
embryonic nervous system ( C h e n  &  L e v i- 
M o n t a l c in i , 1969; 1970; L e v i-M o n t a l c in i  
& C h e n , 1969). O ur observations agree 
with these findings; in the absence o f the 
above-mentioned organs, the neuro-endo- 
crine explants show degenerative changes.

In vitro analysis o f  neurosecretory cells

Toward the end of the first week of 
incubation in vitro, nerve fiber processes 
emerge from one or more sectors of the NS 
explant which usually consisted of a large 
aggregate, or a small cluster or individual 
cells. During the second and third week, 
the outgrowing fibers lengthen further, 
assume a tubular appearance and give origin 
to many side branches (Fig. I). When 
several NS explants are cultured together, 
in the same vessel, adjoining NS groups or 
individual cells establish contact to one 
another with nerve fiber processes. M ean
while, many o f the smaller nerve fibers 
originating from large NS clusters may 
coalesce to  form axonal bundles and merge 
with similar fiber bundles originating from 
embryonic explants. With the establishment 
of neuro-fibrillar contact between NS and 
embryonic explants, e.g., foregut and heart, 
the latter organs begin to exhibit contracti
lity. W hether the inotility of the foregut 
and heart is of myogenic or neurogenic 
origin was not ascertained in these studies.

NS granules were evident in many cul
tured NS cells after staining with GoMORrs 
and other techniques. Axonal processes 
contained only few such granules. U ltra- 
structural studies showed numerous electron-



F ig . I. Large axons and collateral fibers branch 
out from a small cluster o f NS cell of 
a 7th instar nym ph cultured in vitro for 
33 days. One NS cell body is shown in 
this m icrophoto. O ther NS cells (not 
shown) are in the adjacent frame.
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Fk,. 2. An electron m icrograph of axonsgrow ing 
out o f an NS cluster o f a 6th instar 
nymph m aintained in vitro [for 4 weeks. 
N ote the num erous vesicles in the axon 
filledfwith varying gradations o f electron 
dense material.



F ig . 3. Nom arski m icrophoto of a living culture o f a segment o f corpus cardiacum  taken from  a male
adult and cultured  in vitro for 47 days. Note the prolific outgrow th of axons, small glia-like cells
(small closed arrows), large migrated neurons (long arrows), and a tracheolar cell (small open 
arrow).

F ig . 4. Electron m icrograph of axons growing out o f a CC segment o f a male adult cultured in vitro for
47 days. N um erous electron dense granules fill (he axons.



F ig . 5. Electron m icrograph of cells o f the corpus allatum  of a 10th instar nymph m aintained in vilm  
for 22 days. Cellular details and NS axons (arrow ) are evident.
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dense NS granules in the cell pericarya and 
axons. In Fig. 2 profile o f a large axon is 
filled with a mixture o f high, medium and 
low electron dense granules. However, the 
number o f NS granules in these cells were 
much lower than  those found in vivo. It 
remains to be determined whether this 
decrease is due to  release of NS material 
o r to  a decrease in the synthesis o f  NS 
m aterial in vitro or a com bination o f both.

Electrophysiological techniques provided 
additional inform ation on the functional 
state o f the NS cultures. U nit electrical 
activity was observed in num erous N S  cells. 
This activity was spontaneous and endogen
ous in nature and was com parable to similar 
activity in vivo (see discussion). Action 
potentials taken from  cultures incubated for 
a few days did no t differ significantly from 
those o f older cultures. The frequency of 
discharge of single units ranged from  0 . 2 /sec 
to  2 .3 /'ec . The duration of individual action 
potentials was variable and long and lasted 
from 2 to 7 milliseconds (S e s h a n  et a l ,  
1974).

In vitro analysis o f  the corpus carcUacum

The extensive nerve fiber outgrowth from 
the whole surface of the corpus cardiacum 
o r from  small segments of the organ (Fig. 3) 
is a prom inent feature of this gland. Inspec
tion of a large num ber o f cultures with 
inverted and interference microscopes showed 
that these fibers resemble those found in 
cultures of the embryonic nervous system and 
have morphological features of true nerve 
fibers. Their identification as true axons was 
confirmed by the silver technique which stains 
them  either deep brown or black. Aside 
from the neuronal processes, num erous cells 
o f different types migrate out o f  the explant. 
One type of cells found in large num bers is 
small and spindle-shaped and has been identi
fied as glial cells. In Fig. 3 these cells a t this 
magnification are hidden among the fibers

(small closed arrows). A few cells larger in 
size with neuronal features (long arrows) 
suggestive o f neuroglandular cells are present 
in the migratory zone. A third cell type 
(small open arrow) seldom found in CC 
cultures resembles the cells o f the tracheal 
system.

In long term  cultures (4-8 week old), the 
CC and embryonic explants present in the 
same culture vessel establish contact to  one 
another with neuro-fibrillar connections. 
Contractility o f foregut and heart explants 
become evident during this peiiod and this 
activity persists as long as both  these sets of 
explants are in intim ate neuro-fibrillar con
tact with each other.

The intercellular spaces o f the corpus 
cardiacum o f 4-8 week old cultures are rich 
with NS granules after staining with Gom ori 
and others’ m ethods and only few such 
granules are evident in the axons. The 
electron microscope provided additional 
evidence for the presence o f num erous elec
tron  dense granules in the cell pericarya 
and axons which is suggestive o f NS activity 
in vitro (Fig. 4).

Using the same electrophysiological 
techniques as those used for NS cultures, 
one-third o f the CC cultures showed 
bioelectric activity (S e s h a n  et al., 1974). 
The firing pattern o f the CC was very irregu
lar and contrasted sharply with those of the 
NS cultures. The mean firing rate of 29 
single units was 1.88 spikes/sec (range 
0 .28-4 .37/sec). M any units displayed a 
bursting pattern o f firing in which the inter
burst interval o f individual units averaged 
13 sec (range 2-25 sec). The CC units rarely 
fired continuously with regular inter-spike 
intervals as those o f the N S  cells.

In vitro analysis o f  the corpus allatam

Cultures o f nym phal corpus allatum  p ro
duce a few protoplasm ic filaments and



small spindle-shaped cells are found associ
ated with the filaments. It is not certain 
whether these cells and fibers originate 
from the CA or from CC tissue which 
extends to this organ. W hen C A -C C  is 
cultured together with other tissues, the cells 
and nerve fibers produced by the CC envelop 
the CA to such an extent that it is difficult to 
determine whether the CA contribute to these 
activities. In serial sections of the cultured 
CA stained with hematoxylin and toluidine 
blue techniques, the cells were either closely 
packed together or in some cases they were 
spread apart. NS granules were sparingly 
distributed among the cells. At the electron 
microscope, NS axons filled with electron 
dense granules were present am ong the cells 
(Fig. 5).

The production o f juvenile horm one by 
the corpus allatum  was studied in radio
tracer experiments. The known juvenile 
horm ones are acyclic sesquiterpenes (Fig. 6). 
L -m ethionine is efficiently used as a donor 
o f the ester methyl group in vivo ( M e t z le r  
et al., 1971; 1974) and in vitro { i v m  et al.,
1973). This procedure enabled us to detect 
and quantify the horm ones secreted by the 
corpus allatum  when m ethyl-i^C-m ethionine 
had been added to the culture medium.

The time course of incorporation of 
m ethyl-'^C -m ethionine into juvenile hor
m one indicated a high rate o f JH  production 
by adult cockroaches of both  sexes 
(approximately 10 ng/day/CA pair). Females 
carrying fully developed ootheca produced 
nearly four to  five times the am ount o f  JH  
in contrast to those w ithout ootheca during 
the first week o f incubation. Toward the 
end o f the second and third week, JH  p ro 
duction declined sharply and  was undetec
table after the fourth week. The horm one 
was identified as JH  III (Fig. 6). There was 
no evidence for the production o f other 
juvenile horm ones, e.g. J H -I  or JH -II .

Corpora allatta of mature nym phal speci
mens ( 10th - I 2th instar) o f both sexes also 
produced JH -II I  exclusively, but the 
am ounts recovered were about ten times 
lower than those o f adult glands. The 
addition o f m evalonolactone to CA cultures 
increased the JH -II I  yield upto ten-fold. 
Addition o f hom om evalonolactone had no 
eff'ect.

D ISC U SSIO N

The successful in vitro culture and long
term m aintenance of the cockroach neu ro 
endocrine organs have shown the considerable 
flexibility and adaptability of these structures 
in a synthetic chemically defined medium. 
Further, the results obtained by these 
techniques have opened new lines of investi
gations which were not accessible previously- 
The ability o f  fully dififerentiated nym phal 
and adult cockroach neuro-endocrine organs 
to  produce neuronal fiber processes and a t 
the same time display neurosecretory granu
les in them  a t the optic and u ltrastructufal 
levels dem onstrates the dual attributes o f 
these tissues. M oreover, the capacity o f 
the NS and CC cultures to  generate bio
electric potentials in vitro adds physiological 
evidence for their functional integrity. 
Electrical properties o f NS tissues first ana
lyzed in vertebrate systems (B e r n  & Y a g i,  
1965) have recently been investigated in 
invertebrate groups and in particular in 
insects ( M a d d r e l l ,  1974). However, to  our 
knowledge, no attem pts have been m ade to 
test these properties in insect systems in 
vitro. O ur in vitro techniques lend them 
selves to  detailed investigations in this field.

The high concentration o f cysteine/cystine- 
rich peptides in the NS cells has been 
utilized for biosynthetic studies (see review 
by M a d d r e l l ,  1974). In  these in vivo tracer 
studies type “ A” NS cells are labeled 
preferentially in contrast to  o ther NS or 
non-NS neurons. S t e e l  & M o r r is  (1975)



using X-ray microanalytical techniques 
reported a more direct measurement o f NS 
activity in Rhodniiis prolixiis. We did not 
find any preferential incorporation of 
35 S-cysteine in our in vitro studies of the 
NS ceils. These investigations now in p ro 
gress will tell whether NS cells synthesize, 
transport ai\d release specific proteins in 
vitro.

The significance of the effect of embryonic 
organs o r ovarian follicles cultured together 
with NS and CC cannot be underestimated. 
While it is well known that tlie neuro-endo- 
crine glands in vivo release a variety of 
horm ones into the circulation which affect 
the target organs, the reciprocal effects of 
target organs upon the neuro-endocrine 
system are not clearly understood, a t least 
in insects. O ur observations that neuro
endocrine organs atrophy in vitro in the 
absence of target tissues raises the question 
whether the embryonic and ovarian tissues 
release any specific agents into the medium 
which enhance the survival of the neuro
endocrine organs. The release of a ' foregut’ 
factor by cultured segments of embryonic 
foregut prom oting the long-term survival of 
dissociated embryonic nerve cells has been 
suggested in earlier studies ( C h e n  &  L ev i- 
M o n t a l c in i , 1970). Equally im portant is 
the question whether the neuro-endocrine 
organs synthesize and release horm ones or 
hormone-like factors prom oting further 
differentiation of the embryonic jorgans and 
ovarian follicles with which they establish 
neuro-fibrillar connections.

The capacity o f the CA of nymphs and 
adults o f P. aniericana to  produce juvenile 
horm one in vitro supplements the m orpho
logical data th a t these glands are in fact 
quite active in vitro. The CA o f other cock
roach species {Periplaneta fuliginosa  and 
Blaberus discoidalis) in vitro also produce 
JH -III  ( D a h m  et al., 1976). The only JH  
found in these cultures is JH -lII , which is

in agreement with the results o f other 
workers on this and other hemimetabolous 
species ( J u d y  et al., 1973; M u l l e r  et al., 
1974; P r a t t  1975). JH -1 and JH -II  
have been detected in only one orthopteran 
species. L a n z r e in  et al., (1975) dem onstra
ted the presence o f all the three JH  homo- 
logues in blood samples o f nymphs and 
adults o f the cockroach Nauphoeta cinerea. 
Otherwise J H -I  and/or JH -II  was produced 
by CA in vitro by lepidopteran insects 
( D a h m  et al., 1976; J u d y  et al., 1973; 
R o l l e r  &  D a h m , 1968; 1970; 1974).
W hether one or more o f these horm ones are 
specialized for m orphogenetic or gonado
tropic functions in the living insect is still a 
m atter o f controversy. Nevertheless, we 
hope, studies along these lines in com bina
tion with other techniques on the cockroach 
and other insects will help to illuminate the 
complex and diversified roles o f  the neuro
endocrine glands in the life o f insects.
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