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Abstract. A study on the effect of heat stress on the activity of the medial Al and A2 neurosecretory neurons (NSN), and the
activity of midgut a-amylase and protease was performed on the fifth larval instar of Morimus funereus. Exposure of the larvae to
35°C led to a decrease in the activity of both A1 and A2 NSN, the former being more marked than the latter. These neurons
responded differently to heat stress in terms of neurosecretory material synthesis and release. The changes in the size of both Al
NSN and their nuclei and protease activity in the larvae exposed to elevated temperature were significantly correlated, which sug-
gests that A1 NSN play a role in the regulation of the activity of this enzyme during heat stress. The significant correlations between
the size of A2 NSN and protease activity in the controls, and the size of both A2 NSN and their nuclei and amylase activity in larvae
exposed to heat stress, similarly may mean that A2 NSN regulate both digestive enzyme activities depending on environmental tem-

perature.

INTRODUCTION

Temperature is one of the most important environ-
mental factors affecting the performance and ecological
distribution of organisms. High temperatures affect mor-
tality, body size (Alpatov, 1930; Ochieng-Odero, 1992;
Matsuki et al., 1994), flight ability (Shirai, 1993), oxygen
consumption (Gray et al., 1991), juvenile hormone syn-
thesis (Cusson et al., 1990), and the activities of digestive
enzymes (Applebaum et al., 1964; Ivanovi¢ et al., 1975a,
b), glycogen phosphorylase (Chen & Denlinger, 1990),
glycolytic enzymes and the respiratory chain and detoxifi-
cation enzymes (Bumell et al, 1991). Elevated
temperatures also disrupt the capability of insects to regu-
late water and CI ions (Colburn, 1983) and their toler-
ance to other stressors (Riskallan, 1984; Dalage et al,,
1988).

High temperature disturbs the synthesis and release of
neurosecretory material (NSM) from neurosecretory neu-
rons (NSN), and thus the hormonal equilibrium to a
greater or lesser extent (Wiglesworth, 1952), which can
interrupt or even stop development and metamorphosis
(O’Kasha, 1964).

Studies on acclimatization and acclimation in Morimus
Junereus larvae revealed seasonal changes in the activity
of some digestive enzymes (protease and amylase), ther-
moresistance, haemolymph ion and trehalose concentra-
tion, qualitative and quantitative free amino acid
composition and the level of glycogen in the fat body
(Ivanovi¢, 1969; Ivanovi¢ et al., 1975a; Ivanovi¢ & Jan-
kovi¢-Hladni, 1991; Jankovi¢-Hladni et al., 1992). These
studies included investigations of the changes in proto-
cerebral NSN activity based on cytological parameters,
and showed an interrelationship between the changes in

some NSN of the medial group and in the proteolytic and
amylolytic activity in the midgut of the larvae.

The control of the activity of the digestive enzymes in
insects has been little studied, although it is generally
accepted that hormones play a dominant role in protein
metabolism, i.e. in the synthesis of digestive enzymes.
Indirect evidences suggest that the digestive enzyme
activity in M. fumereus larvae is under neurohormonal
regulation (Ivanovié et al., 1978; Ivanovi¢ et al., 1998).
The aim of this study is to compare changes in protocere-
bral NSN and in digestive enzyme activity in larvae sub-
jected to heat stress. In addition, the possible role of the
different morphological types or subtypes of neurosecre-
tory neurons in the synthesis of neurohormones that regu-
late proteolytic and amylolytic activities in M. funereus
larvae was determined.

MATERIAL AND METHODS

Experimental animals

Adult specimens of M. funereus (Coleoptera: Cerambycidae)
collected from oak trees growing in a mixed deciduous forest on
Fruska Gora Mt. were placed in separate cages for mating and
egg laying and kept in a chamber at 23°C. In order to accurately
determine each larval instar, the larvae were reared individually
under controlled conditions on an artificial diet used for rearing
Drosophila (Roberts, 1986), at a constant temperature of 23°C,
relative humidity of 70% and in the dark. Under these con-
ditions, the fifth larval instar lasts for 15 days.

Seven day old 5th instar larvae, which had been reared at
23°C, were divided into three groups each consisting of five
individuals: (a) larvae kept at 23°C for 15 days (control); (b)
those kept initially at 23°C then exposed to 35°C from day 7 to
15 and (c) those kept initially at 23°C and then exposed to 35°C
from day 7 to 11 and then transfered to 23°C for 4 days.

All larvae were killed at 8 a.m.
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The activity of type A (Al and A2) medial neurosecretory
neurons (NSN)

The medial group of neurons in the protocerebrum, located in
the pars intercerebralis of the larvae, include chrom hematox-
ylin- and paraldehyde fuchsin-positive peptidergic type A neu-
rons. Based on morphological (neuron size, cytoplasm to
nucleus ratio, number of nucleoli, granule size and distribution)
and histochemical characteristics, type A neurons can be
divided into two subtypes, termed Al and A2 (Scharrer and
Weitzman, 1970; Panov, 1980; Ivanovi¢ et al., 1980;
Nenadovié, 1992).

In order to analyse protocerebral NSN activity the head cap-
sules of the larvae were fixed in Bouin’s fixative. After rinsing
and dehydration, the tissue was immersed in paraffin (MERCK,
59°C). Serial cross sections (5 um thick) were stained using the
Alcian Blue, Pass, Orange-G technique (Herlant-Meewis, 1966).

The activity of the protocerebral medial NSN was estimated
using the following cytological parameters:

the size of the protocerebral neurosecretory neurons,
expressed as the mean of the products of the largest and smallest
diameters of each neuron (a x b);

the size of the nucleus, expressed as the mean of the products
of the largest and smallest diameter of each nucleus (a x b);

amount of neurosecretory material (NSM) was arbitrarily esti-
mated as spare, present and abundant;

similarly, the NSM was described as either powdery, fine,
medium or large grained.

Changes in these parameters were used to indicate changes in
the activity of neurons.

The sizes of the neurons and nuclei were determined using a
Leica QWIN program and the results expressed in um?.

Statistical methods

All numerical data are presented as means = SEM. The means
were obtained by measuring 275 Al and 190 A2 NSN. The sig-
nificance of the differences between the control (23°C) and the
group exposed to 35°C was evaluated by means of a Student’s
t-test.

Numerical values for the activity of digestive enzymes previ-
ously reported by Ivanovi¢ et al. (1992) were correlated with Al
and A2 NSN activity. Pearson’s product moment correlation
coefficients for the relationships between digestive enzyme
activity (protease and amylase) and the activity of medial NSN
(size of Al and A2 medial NSN and the nucleus) were calcu-
lated for each of the temperatures (Sokal & Rohlf, 1981).

RESULTS

Al neurosecretory neurons

Larvae reared at 23°C showed cyclic changes in the
size of A1 NSN 7 and 8 days after moulting. The
maximum size was recorded in the evening of day 7 after
which they decreased in size (Fig. 1). The size of nuclei
first increased and then within 24 h returned to the control
value and remained constant for the remainder of the pe-
riod (Fig. 1). The amount and size of the NSM granules
in the cytoplasm also changed (Fig. 2) and accompanied
the changes in the size of both the neurons and the nuclei.
This indicates cyclical changes between days 7 and 9 in
the activity of A1 NSN at 23°C.

The neurons and their nuclei had already achieved their
maximum size after 6 h of exposure to constant tempera-
ture of 35°C (Fig. 1). The size of the nuclei, and the size
and amount of NSM granules (Fig. 2) clearly indicate an
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Fig. 1. Heat stress-related changes in the A1 NSN and nuclear
sizes in M. funereus during the fifth instar. Significance of the
differences was determined by the Student’s t-test (*** P <
0.001).

increased synthesis and decreased NSM release after 12-
hour-exposure to 35°C. Prolonged exposure to this tem-
perature led to a significant reduction in the diameter of
Al NSN, and that of their nuclei, and a decrease in
activity compared with the same neurons in the control
larvae. However, after 48 h of exposure the larvae had
similar sized A1 NSN to the controls. The most con-
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Fig. 2. Relative amount and size of neurosecretory material
(NSM) in A1l neurosecretory neurons in the fifth instar larvae
exposed to heat stress of 35°C. Control values were taken as
100%.



Tabre 1. Correlation between activity of digestive enzymes
and cytological parameters of Al and A2 NSN of M. funereus
larvae from day 7 to 15 in the fifth instar at 23°C and 35°C.
SNA1, SNA2 - the size of the Al and A2 neurosecretory neu-
rons and SnAl, SnA2 - the size of their nuclei. PA - proteolytic
activity per mg midgut tissue; SPA - specific proteolytic activity
per mg protein; AA - amylolytic and SAA - specific amylolytic
activity.

T Entzyr:x SNAL SnAl SNA2 SnA2
activity
23° PA 0.118 -0.288 0.283 -0.468 @
SPA  -0.077 -0.192 0.668** 0.144
AA  -0.118 -0.005 -0.406 @ -0.334
SAA  -0.079 0.131 -0.429 @ -0.181
35 PA 0.437@  0.721*** 0319 -0.029
i SPA  0.481* 0.718***  0.403 0.163
AA 0.187 0.006 0.625%* 0.662**
SAA  0.093 -0.092 0472 @ 0.603*

@p <0.1,*P < 0.05, **P < 0.01, ***P < 0.001
Data recalculated from Ivanovié et al. (1992)

spicuous decrease in NSM in these cells was recorded
48 h after the treatment

A2 neurosecretory neurons

The change in the nuclear size in 24 h was greater in
the A2 NSN then in the A1 NSN in the control larvae
(Fig. 3). A marked increase in the size of both the neu-
rons and their nuclei was recorded in the morning of day
11 of the fifth instar, and was characterised by an increa-
sed amount of NSM consisting mainly of fine granules.
Already after one hour of exposure to 35°C there was a
reduction in the NSM followed by an increase after 6 h
and a decrease after 12 h. This might indicate an
increased rate of synthesis and a decreased rate of release
of NSM. After 192 h there was less NSM and in 50% of
the neurons the granules were very small (Fig. 4).

The effect of a constant high temperature of 35°C on
the activity of A2 NSN was observed even during the first
hour of exposure when there was a significant decrease in
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Fig. 3. Thermal stress-related changes in the size of A2 neu-
rosecretory neurons and their nuclei in fifth instar larvae of M.
funereus. Significant differences were determined using Stu-
dent’s t-test (**P < 0.01; *** P < 0.001).
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Fig. 4. Time course of heat stress-induced changes in the
amount and size of NSM in A2 NSN in the fifth instar. For
details see caption to Fig. 2.

the diameter of A2 neurons and their nuclei, and the
activity of these neurons was at the lowest recorded. After
6 h of exposure to 35°C, the diameter of the neurons in-
creased compared with the control larvae (P < 0.001), and
achieved their maximum size. The size of the nuclei fol-
lowed the changes in the size of the neurons (Fig. 3 ).
High temperature also influenced NSM composition. The
amount of NSM increased during the first 6 h of exposure
to 35°C, and decreased after 12 h. Initially, the NSM was
powdery and later fine grained NSM prevailed (Fig. 4).

The recovery of M. funereus larvae from heat stress

Four days after the heat stress treatment the size of A2
NSN returned to the control level, whereas the A1 NSN
was significantly smaller (P < 0.001) (Fig. 5). The sizes
of Al and A2 NSN nuclei were significantly smaller then
those of the controls, with the reduction in size being
more marked in Al than in A2 NSN. In heat stressed lar-
vae, the release of NSM from A1l NSN was more marked
than in control larvae. There was less NSM in A1 NSN of
heat stressed larvae than in the controls particularly of
large grain material (Fig. 6). A2 NSN were less active in
releasing NSM than those of the controls. The amount of
NSM was at the control level, but upon recovery there
was more medium sized grain material than in the con-
trols (Fig. 6).
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Fig. 5. Changes in the size of A1 and A2 NSN and their nuclei
in M. funereus larvae during the recovery period. The values are
expressed in relation to the corresponding control values taken
as 100%. The significance of the differences was determined
using Student’s t-test (**P < 0.01; ***P < 0.001).

Correlation between cytological parameters and the
activity of digestive enzymes

At 23°C there were no significant correlations between
the activity of digestive enzymes and the size of either Al
NSN or their nuclei (Table 1). In the heat stressed larvace,
there was a significant positive correlation between SPA,
and the size of A1 NSN and their nuclei (Table 1).

In the heat stressed larvae there were significant posi-
tive correlations between the size of both A2 NSN and
their nuclei, and amylase activity (AA). Such correlations
were not recorded in the control group, which showed a
significant positive correlation between SPA and the size
of A2 NSN (Table 1).

DISCUSSION

This comparative study on the NSN and the activity of
the digestive enzymes in xylophagous M. funereus larvae
demonstrates that heat stress (35°C) results in changes in
both NSN activity and activity of the mesenteric proteases
and amylase. Our earlier study showed that heat stress
adversely affected the survival and moulting of fifth
instar M. funereus larvae (Ivanovi¢ et al., 1992).

The changes in the activity of A1 and A2 NSN in the
protocerebrum medial group in M. funereus larvae
showed that these cells respond differently to heat stress
in terms of NSM synthesis and release. This was espe-
cially pronounced in the group of the larvae, exposed to
heat stress for a short time and then returned to 23°C. The
fact that high temperatures affect permeability and
activity of the membrane proteins might explain the dif-
ferences in response of the NSN to heat stress, which is
probably connected with differences in the physiological
functions of these neurons.

Stress-related changes in digestive enzyme activity
were accompanied by changes in the activity of NSN.
Parallel changes in the activity of the medial NSN and in
the activity of digestive enzymes were observed in an ear-
lier study on M. funereus larvae exposed to low tempera-
ture (—1°C ; Ivanovié et al., 1975b). Ivanovic¢ ct al. (1980)
observed parallel changes in the activity of A1 NSN and
protease activity and proposed that Al and A2 NSN have
different physiological roles. At —1°C there is a simulta-
neous decline in protease activity and increase in amylase
activity with decrease in Al and increase in A2 NSN
activity.

On the basis of the correlation coefficients obtained it
can be assumed that A2 NSN have two physiological
functions: the regulation of protease activity at 23°C,
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Fig. 6. The size and amount of NSM in Al and A2 NSN during recovery after a four day exposure of M. funereus larvae to heat

stress.
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indicated by significant correlation between SPA and
SNA2, and the regulation of amylase activity at 35°C,
indicated by significant correlation between SAA and
SnA2. It is worth mentioning that the protein content of
the mesenteron is not correlated with proteolytic activity
in the larvae kept at either 23°C or 35°C (Stamenovié,
1995), which indicates that secretagogue mechanism does
not contral proteolytic activity. This finding, together
with other indirect evidence, corroborates the aforemen-
tioned working hypothesis on hormonal regulation of
digestive enzyme activity in the larvae of this species
(Ivanovié et al., 1978; 1998). The inability of A2 NSN to
recover their activity after heat stress might explain why
amylase activity does not recover (Ivanovi¢ et al., 1992).
The double function of A2 NSN may be achieved through
the synthesis of different neurohormones in response to
varying environmental conditions. The possibility that
one neuron might synthesize different neurohormones has
been reported for other insect species (Homberg et al.,
1991; Goltzene et al., 1992; Dai et al., 1994). The fact
that over 50 neurohormones have been identified,
whereas the number of morphologically different NSN in
insects is much lower, supports the above hypothesis.

In addition to this interpretation, the possibility that dif-
ferent amounts of the same hormone are released at dif-
ferent temperatures should not be ruled out. For example,
in the experiments in which the extracts were prepared
from different number of the cerebral complexes (CC, ce-
rebrum + corpora cardiaca) of active donors and given to
ligated M. funereus larvae, the dose-dependent curves of
protease and amylase activity were almost linear but
divergent in relation to CC concentration in the extracts.
Maximum a-amylase activity was observed when the
larvae received the extract containing half of the CC in 10
uL saline, while maximum protease activity was achieved
when larvae were injected with the extracts containing
3CC in 10 pL saline (Ivanovi¢ et al., 1998). Further study
along these lines is in progress.
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