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Abstract. The activity and number of protocerebral neurosecretory neurons of the dorsolateral group (L1, L2 and L27), as well as the
size of the corpora allata were investigated in 5th instar larvae of the gypsy moth (Lymantria dispar) from two populations (oak and
locust-tree forests) fed one of two host-plants (oak is a suitable and locust-tree an unsuitable host-plant).

The monitoring of activity related cytological parameters and the number of protocerebral dorsolateral neurosecretory neurons
revealed that differently adapted populations respond to nutritive stress differently. The activity of the L1 neurosecretory neurons in
the protocerebra of the caterpillars is low in those from the locust-tree forest regardless of host-plant quality. The L2 neurosecretory
neurons in the oak population become active when they were fed the unsuitable host-plant whereas their activity was high in locust-
tree caterpillars regardless of the host-plant. A decrease in the number of neurosecretory neurons in a response to a novel food was
noticed in both populations. The activity of the L2’ neurosecretory neurons was similar in all caterpillars, but their number was
increased in those from the locust-tree forest. The corpora allata of the locust-tree caterpillars were large whereas those of the oak
forest caterpillars only increased in size when they were fed locust-tree leaves.

It is obvious that nutritive stress results in neurosecretory reorganization and changes in the titre of hormones that modulate the

morphogenetic programine.

INTRODUCTION

The gypsy moth, Lymantria dispar L. (Lepidoptera:
Lymantriidae), defoliates forest and fruit trees in tem-
perate areas and is a serious pest throughout Eurasia
(Elkinton & Liebhold, 1990). It is well studied ecologi-
cally (Barbosa et al., 1978; Rossiter, 1991; Stockoff,
1991) but its neuroendocrinology is poorly understood
(Mitsuhashi, 1963; Loeb & Hayes, 1980). This work is a
continuation of our previous investigations into the role
of the neurosecretory neurons of the gypsy moth in their
adaptation to unsuitable host-plants (Peri¢-Mataruga,
1997; Peri¢-Mataruga et al., 1998; Peri¢-Mataruga et al.,
1999).

The neuroendocrine system quickly reacts to environ-
mental changes (Ivanovi¢ & Jankovié-Hladni, 1991;
Downer & Laufer, 1984). Its activity determines the con-
tent and interrelation of hormones, and the metabolic
activity of insects, which affects metamorphosis
(Borkovec & Gelman, 1986). In order to understand how
polyphagous phytophagous species change their host
range, it is necessary to study adaptations at the level of
the neuroendocrine system.

The knowledge on the dorsolateral neurosecretory neu-
rons capable of releasing paraldehyde fuchsin positive
peptidergic neurosecretory material is incomplete in the
Lymantria dispar (Loeb & Hayes, 1980).

In addition to other neurohormones, allatostatins are
synthesized in the dorsolateral neurosecretory neurons
(NSN) of the insect protocerebrum (Veelaert et al., 1995),
along with the large form of the prothoracicotropic neuro-
hormone (PTTH) (Agui et al., 1979; Dai et al., 1994).

They are regulators of the metabolic and morphogenetic
processes in insects (Raabe, 1982; Gilbert et al., 1996).
The allatostatins inhibit corpora allata (CA) activity, i. e.
they affect the biosynthesis of juvenile hormones (JH)
(Okuda & Tanaka, 1997). The absence of allatostatins
and/or presence of allatotropic neurohormones from the
medial part of the protocerebrum stimulates the CA
(Bogus & Scheller, 1994; Meng-Ping et al., 2001). The
investigations on various species suggest that there is a
correlation between the CA secretory activity and volume
(Pszczolkowski & Chiang, 2000).

The large form of the PTTH has a tropic effect on the
prothoracic gland by inducing the synthesis of ecdysone
(Kelly et al., 1986; Fescemyer et al., 1995). Exogenous
and endogenous factors that change the activity of neu-
rosecretory neurons, and their number, also change the
neurchormonal balance and thus the dynamics of insect
development (Ivanovié¢ et al., 1989; Ivanovi¢ et al., 1991;
Ivanovi¢ & Jankovi¢-Hladni, 1991). Changes in the
activity of the neuroendocrine system of phytophages,
that have important role in overcoming the negative
effects of defense mechanisms of plants, could be impor-
tant in the broadening of their host range. According to
their effects on gypsy moth performance and preference,
the locust-tree is ranked as an unsuitable host, and oak as
suitable (Liebhold et al., 1995).

L. dispar is very scarce in the locust-tree forests. The
locality “Bagremara” (from which the egg masses used in
our experiments originate) was planted with locust-trees
after the gradual clearing of the oak forest. Therefore, it is
presumed that this locust-tree gypsy moth population
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Fig.1. The quantity and size of PAF+ neurosecretory mate-
rial in the neurosecretory neurons (L1, L2, L2”) of 5th instar
larvae of Lymantria dispar L. from two populations, fed on dif-
ferent host plants. The abbreviations are as in Table 1.

gradually adapted to an unfavourable diet (Sidor & Jodal,
1983).

The aim of our study was to determine the population
differences in plasticity of response to an unsuitable diet
in terms of the level of activity and number of protocere-
bral neurosecretory neurons in the dorsolateral group (L1,
L2 and L2°), and the size of the corpora allata in Sth
instar larvae of the gypsy moth.

MATERIAL AND METHODS

Experimental animals

The caterpillars of Lymantria dispar L. originated from an
oak forest - Quercus rubra (locality Sremacki Rt) and a locust-
tree forest - Robinia pseudoacacia (locality Bagremara). The
caterpillars were reared in 200cm® plastic containers at a tem-
perature of 23°C and a 16L : 8D light regime, and were fed
fresh food daily. The caterpillars were killed three days after
moulting to the 5th instar. After hatching, the larvae were dis-
tributed to the following experimental groups (three individuals
per group):

1. (OO) oak forest origin, fed on oak leaves from hatching;
ii. (OL) oak forest origin, fed on locust-tree leaves from
hatching;
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iii. (LO) locust-tree forest origin, fed on oak tree leaves from
hatching;

iv. (LL) locust-tree forest origin, fed on locust-trec lcaves
from hatching.

Histological techniques

The effects of the host-plant on the activity of the neurosecre-
tory neurones were detected in the caterpillars on the third day
after moulting to the 5th larval instar. After the caterpillars were
killed, their head capsules were fixed in Bouin's fixative. The
brain complexes were dissected out and after rinsing and dehy-
dration embedded in paraffin wax (MERCK 59°C). Serial 3.5
mm thick cross-sections of the brain were stained with Ewen’s
paraldehyde fuchsin (Ewen, 1962). Neurosecretory granules in
neurons stained dark purple-paraldehyde fuchsin positive
(PAF+).

The dorsolateral neurosecretory neurons

Based on their morphological characteristics, we divided the
dorsolateral neurosecretory neurons (for case of monitoring the
results) into groups: L1, L2 and L2’ (Fig.2). The size of the L1
neurosecretory neurons (the mean value of the smallest and
largest diameters) ranged approximatively from 9 pm to 13 pm.
Depending on the physiological state of the neurones both fine
grained and large grained PAF+ neurosecretory material, which
can form agglomerations, were observed in their cytoplasm
(Fig. 4).

The L2 neurosecretory neurons ranged in size from 14.5 pm
to 18 pm. The smallest PAF+ neurosecretiory granules were
found in the cytoplasm of the L2 neurons (Fig. 4).

The size of the L2’ neurosecretory neurons ranged from 18.5
to 21.5 pm. Both large and fine grained PAF+ neurosecretion
was present in the cytoplasm, depending on physiological
activity (Fig. 4).

The activity of the neurosecretory neurons

The activity of the protocerebral neurosecretory neurons (L1,
L2 and L2’) was determined by monitoring the following cyto-
logical parameters:

i.  The size of the neurosecretory neurons, expressed as the
mean value of the smallest and largest diameter (in mm);

ii.  The size of the nucleus, expressed as the mean value of the
smallest and largest diameter (in mm);

ili. The number of nucleoli in the nuclei of more than 80% of
the neurosecretory neurons;

iv. The number of the paraldehyde stained (PAF+) neurosecre-
tory granules in the perikaryon and the percentage of them
that were well expressed, expressed and poorly expressed;

v. Similarly, the size of the PAF+ neurosecretory granules
were categorised as fine, medium or large grained (and
expressed as a percentage).

Changes in these parameters will be referred to as changes in
activity.

The induction of neurosecretory neuron activity, in the sense
of the synthesis of the neurosecretory material, is related to an
increase in the diameter of nuclei and the presence of large and
clearly visible nucleoli (Thomsen, 1965; Hiruma & Agui, 1977;
Raab, 1982). The research on neurosecretory neurons shows that
the presence of large agglomerations of neurosecretion is related
to its retention in the cytoplasm (Thomsen, 1965; Scharer &
Weitzman, 1970). The presence of small agglomerations of neu-
rosecretion points to a faster release from the neurons
(Highnam, 1967; Illyinskaya, 1968; Kind, 1968).



TaBLE 1. The means and standard errors for the small and large diameters of the L1, L2 and L2’ dorsolateral protocerebral neu-

rosecretory neurons (DN) and their nuclei (Dn), the number of nucleoli in the nuclei (Nnn) and the number of dorsolateral neurose-

cretory neurons (N) in 5th instar larvae of Lymantria dispar. OO — caterpillars from the oak forest fed on oak leaves ; OL —

caterpillars from the oak forest fed on locust-tree leaves; LO — caterpillars from the locust-tree forest fed on oak leaves; LL — cater-

pillars from the locust-tree forest fed on locust-tree leaves.

Experimental groups

00 OL LO LL
L1 DN (pm) 12.18+0.73 11.39+0.17 9.10+0.15 11.394+0.19
Dn (um) 5.96+0.18 5.61+0.19 5.80+0.09 5.35+0.17
Nnn 1 1 1 1
N 4.67+0.41 3.33+0.41 3.33+0.41 4.33+0.41
L2 DN (pm) 18.09+0.16 14.68+0.80 15.70+0.39 16.08+0.50
Dn (um) 6.91+0.19 6.64+0.29 7.40+0.15 6.86+0.39
Nnn 1 2 2 2
N 5.67+0.41 3.67+0.82 3.33+0.41 6.00+0.71
L2° DN (um) 18.50+0.22 17.50+0.35 20.21+0.35 21.034+0.28
Dn (um) 7.2840.45 7.57£0.27 7.42+0.17 7.11+£0.40
Nnn 2 1 2 2
N 3.33+0.41 2.33+0.41 3.67+0.41 6.33+0.82

The size of the corpora allata
The size of the corpora allata is expressed as the mean value

of the smallest and largest diameters (in pm). The data were
obtained by measuring 15 corpora allata.

The number of the neurosecretory neurons
Each neurosecretory neuron was observed in all of the sec-

tions in which it appeared, and the number of neurons in each
class (L1, L2, L2") was noted for each animal.

Data analysis

All the histological parameters were analysed with a Leica
QWIN program. Forty-seven L1, fifty-six L2 and forty-seven
L2’ neurosecretory neurons were monitored.

The significance of population, host-plant and interaction
effects were estimated using two-way ANOVA (Sokal & Rohlf
1981).

RESULTS

Activity of the L1 neurosecretory neurons

The cytological parameters indicate that there were dif-
ferences in the activity of the protocerebral L1 neurose-
cretory neurons in the gypsy moth caterpillars from
locust-tree and oak forest populations.

The average diameter of the L1 neurosecretory neurons
in caterpillars from the locust-tree forest, which were fed
with oak leaves was significantly less than that of the
other experimental groups (Table 1). The L1 cells of the
caterpillars from the locust-tree forest mostly contained
large-grained PAF+ neurosecretion, which tended to form
agglomerations regardless of food quality (Fig.1, Fig. 4).
This indicates that it is being retained or slowly released
from the neurons.

The L1 neurons in caterpillars from the oak forest had
mainly fine-grained PAF+ neurosecretory material when
fed on oak leaves, and medium-grained if fed on locust-
tree leaves (Fig.l, Fig. 4). The finer granulation of the

neurosecretory material indicates a fast release from the
neurosecretory neurons. The diameter of the nuclei was
less in caterpillars fed locust-tree leaves (Table 1). Each
nucleus of the L1 neurons had one nucleolus (Table 1). It
was large and centrally positioned in the nuclei of the L1
cells of the caterpillars from the oak forest.

The number of L1 neurosecretory neurons was smaller
in the OL and LO group (Table 1) i.e. in response to
novel food. This is also indicated by the significant
“population X host plant” interaction in the two-way
ANOVA (Table 2).

Activity of the L2 neurosecretory neurons

The diameter of these neurons was significantly larger
in the OO group relative to the other experimental groups
(Table 1). The cytoplasm of the L2 neurons of the cater-
pillars from the oak forest contained a small quantity of
the fine-grained PAF+ neurosecretory granules, regard-
less of diet (Fig.1). A greater quantity of the PAF+ neu-
rosecretory material was observed in the caterpillars from
the locust-tree forest population (Fig. 1, Fig. 4). The
PAF+ neurosecretory material was medium-grained in the
protocerebral L2 neurons of the caterpillars from the LL
group, and fine-grained in the LO group (Fig. 1, Fig. 4).
The diameters of the nuclei do not differ between experi-
mental groups (Tables 1, 2). Two nucleoli were present in
all experimental groups except the OO group, where there
was only one nucleolus (Table 1, Fig. 4). The nucleoli
were large and clearly visible in the OL, LO and LL
groups (Fig. 4). Novel food, in both populations (OL and
LO groups), was associated with fewer L2 neurosecretory
neurons (Table 1). A significant “population x host plant”
interaction is recorded for the number of L2 neurosecre-
tory neurons (Table 2), which means that the reaction
norms are crossed.
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TaBLE 2. A two-way ANOVA of the cytological parameters of 5th instar larvae of Lymantria dispar. The population origin (P)
and host plant (H) are fixed factors. The mean squares (MS) were multiplied by 1000. All abbreviations are explained in Table 1.

Source of DN Dn N

variation df MS F df MS F df MS F

L1
P 1 42.48 20.43%** 1 2.89 1.62 1 0.78 0.19
H 1 14.25 6.85% 1 11.34 6.37* 1 0.78 0.19
PxH 1 37.87 18.21 %% 1 0.37 0.21 1 52.07 12.50%*
Error 43 2.08 43 1.78 8 4.17

L2
P 1 0.15 0.59 1 5.16 1.16 1 0.08 0.01
H 1 26.67 10.71%* 1 12.18 2.74 1 224 0.31
PxH 1 35.00 14.06%** 1 1.77 0.40 1 155.95 21.47**
Error 52 2.49 52 4.44 8 7.26

L2
P 1 35.34 67.20%** 1 1.57 0.28 1 171.58 24.63%*
H 1 0.13 025 1 0.15 0.30 1 4.44 0.64
PxH 1 4.44 8.44%* 1 6.42 1.13 1 117.03 16.80**
Error 43 0.53 43 5.67 8 6.97

* P<0.05; ** P<0.01; *** P<0.001

Activity of the L2’ neurosecretory neurons

The average diameter of the L2’ neurosecretory neu-
rons was statistically significantly larger in caterpillars
from the locust-tree forest, regardless of the host plant
consumed (Tables 1,2).

The L2’ neurons in the protocerebri of the caterpillars
from the oak forest population had a small quantity of the
fine-grained PAF+ neurosecretory product, regardless of
food quality (Fig.1, Fig. 4). Large and centrally posi-
tioned nucleoli were present in the L2 nuclei. Morpho-
logical characteristics of the PAF+ neurosecretory
product present in the L2’ neurons in the population from
the locust-tree forest differed, depending on the diet (Fig.
1, Fig. 4). It was large-grained and present in greater
quantities in the LL group than in the LO group, where it
was medium-grained (Fig. 1, Fig. 4). The activity of the
L2’ cells in the population from the locust-tree forest was
high because both groups (LL and LO) had two clearly
visible and large nucleoli, and their other cytological
characteristics were similar.

The number of L2’ neurosecretory neurons was signifi-
cantly greater in the locust-tree forest caterpillars (Table
1, 2). A decreased number of neurons in response to
novel food (Table 1) and a significant “P x H” interaction
(Table 2) was recorded for L2’ neurosecretory neurons.
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Mitotic divisions

Mitotic divisions were noticeable in the dorsolateral
region of the protocerebrum of the 5th instar larvae of
Lymantria dispar, that come from the locust-tree forest
population (Fig. 3).

Diameter of the corpora allata

The locust-tree caterpillars had a large CA average
diameter, regardless of host plant consumed, whereas in
oak forest caterpillars it increased only in response to
locust-tree leaves (Table 3).

A highly significant population effect and “population
x host plant” (PxH) interaction were recorded (Table 3).

DISCUSSION

The gypsy moth is a polyphagous folivorous pest,
which shows outbreak population dynamics (Barbosa,
1978). The locust-tree is an unfavourable host-plant for
the gypsy moth (Peri¢ et al., 1988; Peri¢-Mataruga,
1997), as its foliage contains larger quantities of alle-
lochemicals (alkaloids and flavonoids) and is of a poorer
nutritional quality than oak leaves (Montgomery, pers.
comm.). As the gypsy moth population has been present
at Bagremara for more than 40 years (Sidor & Jodal,
1983) it is likely to have adapted to a diet of locust-tree
leaves. The lack of outbreaks (Sidor & Jodal, 1983),
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Fig. 2. A frontal cross-section of the brain, at the level of the
protocerebrum, of 5th instar caterpillars of Lymantria dispar.
The arrow indicates the position of L1, L2 and L2’dorsolateral
neurosecretory neurons (magnification 600x).

delayed hatching (personal observation), prolonged
development, modified antioxidative defense (Peri¢-
Mataruga et al., 1997) and the activity of digestion
enzymes in midgut tissue (Lazarevi¢, 2000) have been
recorded for gypsy moths from this population. As neuro-
hormones are an inevitable component of the adaptation
process this research focused on the neurosecretory neu-
rons (NSN). The results confirm the expected differences
in the activity and number of dorsolateral NSN in the two
populations (Table 1, 2; Fig. 1; Fig. 4).

The activity of the L1 neurosecretory neurons was low
in the protocerebra of caterpillars from the locust-tree
forest population, regardless of the diet (Table 1; Fig. 1;
Fig. 4). Feeding for three days on locust-tree leaves also
results in an inhibition of the L1 neurosecretory neurons
of 5th instar caterpillars of Lymantria dispar (Peri¢-
Mataruga et al., 1999). Concomitant increase in corpora
allata (CA) diameter (Table 3), indicates that L1 NSN

TaBLe 3. The means and standard errors for the small and
large diameters of the corpora allata (Dca) and mean squares
multiplied by 1000 (MS) of a two-way ANOVA for the same
trait in the 5th larval instar of Lymantria dispar. The popula-
tion origin (P) and host plant (H) are fixed factors.

00 OL LO LL

Dca (mm) 52.29+8.54 68.1242.13 70.12+42.01 67.50+3.31

i‘lf%xiy df MS F

P 1 17.4 5.50*
H 1 9.3 0.51
PxH 1 18.0 5.7*
Error 11 32

* P<0.05

Fig. 3. Mitotic divisions in the dorsolateral region of the pro-
tocerebrum of 5th instar Lymantria dispar from the locust-tree
population (magnification 1100x).

possibly synthesize allatostatins. This was proved in other
insects by immunocytochemical methods (Veelaert et al.,
1995) and such studies should be done on the gypsy
moth. An increase in CA activity and in the titer of juve-
nile hormones when stressed is common in insects
(Chernysh, 1991; Hirashima et al., 1995; Gruntenko et
al., 2000). For example, it results in an increase in con-
sumption of nutritionally poor food (Felton, 1996),
changes in the activities of the digestive enzymes (Iva-
novi¢ & Jankovi¢-Hladni, 1991) and induction of detoxi-
fying enzymes (Terriere & Yu, 1973). Thus it is now
important to demonstrate what neurosecretions are pro-
duced by L1 NSN, and the rates of JH synthesis and/or
the titers of JH in the haemolymph.

A three-day change in the quality of the diet fed to 5th
instar gypsy moth caterpillars results in an increase in
both the synthesis and secretory activity of the L2 neu-
rosecretory neurons (Peri¢-Mataruga et al., 1999). The
response of L2 neurosecretory neurons to the quality of
food depended on the population’s origin, i.e. their tro-
phic adaptation. The unfavourable diet (locust-tree
leaves) resulted in an activation of the L2 neurons in the
population from the oak forest, whereas the activity of
these neurons was high in locust-tree caterpillars, regard-
less of the diet (Table 1; Fig. 1; Fig. 4). It is probable that
differences in the activity and number of dorsolateral neu-
rosecretory neurons, when subjected to nutritive stress,
modulate the metabolic response of gypsy moth caterpil-
lars.

Neither short-term (Peri¢-Mataruga et al. 1999) nor
long-term trophic stress changed the activity of the L2’
NSN, although the number of these neurons increased in
locust-tree caterpillars (Table 1; Fig. 1; Fig. 4). It is prob-
able that these cells synthesize neurohormones involved
in morphogenesis. By using monoclonal antibodies, it
was shown that the large neurosecretory neurons of the
dorsolateral region of the lepidopteran brain synthesize
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L1
L2
L2’

Fig. 4. Protocerebral L1, L2 and L2’ neurosecretory neurons of 5th instar caterpillars of Lymantria dispar from two populations
fed on different host plants (1000x). The arrows indicate the position of L1, L2 and L2’dorsolateral neurosecretory neurons. The
abbreviations are as in Table 1.
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the large form of the prothoracicotropic neurohormone
(PTTH) (Kawakami et al., 1990; Gray et al., 1994), which
stimulates synthesis and release of ecdysone. In addition
to its morphogenetic function ecdysone is also involved
in overcoming the negative effects of nutritive stress such
as the effect of flavonoids (Chernysh 1991; Yu, 1995). If
this true in the gypsy moth, then the increased number of
L2’ NSN in locust-tree caterpillars could be adaptive and
results in a higher haemolymph ecdysone titer in response
to the flavonoids in locust-tree leaves.

The central nervous system and neurohormones regu-
late a large number of insect traits and are an inevitable
component of the process of adaptation to a changing
environment (Ivanovi¢ & Jankovi¢-Hladni, 1991). Char-
acteristics of the response as well as the ability to respond
to a changing environment are controlled by two inde-
pendent systems: the central nervous system (neuroendo-
crine factors) and target cells (receptor system). A
“regulatory dialogue” between them leads to better
matching with the environmental changes, i.e. adaptive
plasticity (Nijhout, 1999).

The increase in number of dorsolateral neurons in
response to the nutritive stress provoked by a diet of
locust-tree leaves is characteristic of locust-tree caterpil-
lars (Tables 1, 2). Similar results were obtained using
2nd, 4th and 6th instar caterpillars (Peri¢, 1990) as well as
5th instar caterpillars using different histological tech-
niques (Peric-Mataruga, 1997). The adaptive value of
such a response may be in the reprogramming of the
development to enable a more efficient processing of
nutritionally inadequate food.
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