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After-effects on the Locomotor Circadian Rhythm of Blattella germanica



(L)

It is an essential for a circadian clock to express a free-running rhythm of
species-specific period when the organism is under a constant environment after
entrainment (Brady, 1982). This phenomenon is found in molecular and cellular,
organismic and colonia levels (Lin et al., 2002; Lee and Loher, 1993; Moore, 2001).
However, the free-running period may change when this individual has been
experienced more than one Zeitgebers. The term “after-effects” has been toyed
around for some time (Pittendrigh and Daan, 1976), but not many chronobiologists
put effects in this aspect of circadian study. Until recently, Page and his associates
have reveaed history-dependent effects on circadian periods of cockroach and other
organism (Page et al., 1999, 2001). Their contribution is important in the clock
entrainment and the development of the circadian system from embryo to adults.

The German cockroach, Blattella germanica (L.), is a cosmopolitan household
species (Koehler et al., 1999). Although several aspects of reproduction and
locomotion have been investigated in this nuisance insect, not much information has
been obtained about its locomotor pattern and environmenta effects on its circadian
clock adjustment. We have established the relationship between locomotor pattern
and its reproductive functions (Lee and Wu, 1994; Lin and Lee, 1996; Tsal and Lee,

2000). Furthermore, circadian clock isindeed the timing center to set the locomotor



pattern (Lin and Lee, 1996; Wen and Lee, 2000). In this study, we investigate the
clock adjustment after two different Zeitgebers in sequence. The daily locomotor
pattern is analyzed to unveil the after-effects of its previous experience under various
photoperiod conditions. The function of this phenomenon and the standardization of

the subjective night of various photoperiods will be discussed in this report.
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L ocomotor activity

Daily locomotion of a male cockroach was continuously monitored and
recorded by an infrared motion detector system. The system has been described in a
previous report (Lin and Lee, 1998). Unless mentioned otherwise, insects reared in
28°C, LD 16:8 hand LD 12:12 h were entrained at 28°C, LD 16:8 hand LD 12:12 h
for 5 days (the first LD condition), respectively, and then switched to constant
darkness (DD) condition for another1ll days. After DD period, the cockroaches were
re-entrained to the different LD conditions (LD 12:12h and LD 16:8h, respectively)
for 5 days (the second LD condition), and then switched to constant darkness (DD)
condition again for 12 days. The cool fluorescent light (285 lux) was used to entrain
the cockroaches.

Dataanalysis

The rhythmicity of their daily locomotion and circadian period (t) were
calculated and analyzed for the data obtained during 10 consecutive days by using a
chi-square periodogram at 0.05 significant level (Sokolove and Bushell, 1978).
Circadian time was expressed as degree, with 360° as one full cycle of a rhythm.
Since the German cockroach is a nocturnal animal, Zeitgeber time O was defined as
the time of light off under light-dark conditions. The circadian time O was following
the origina Zeitgeber time 0 and cal culated according to the circadian period decided
by the free-running rhythm under DD condition. In order to eliminate individual

differences, daily locomotion distribution was summed and standardized to 100%



within its own circadian period.
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Daily locomotor pattern under photic entrainment

The daily locomotor patterns of male adults under 28°C, and LD 16:8h or
12:12h conditions for 16 consecutive days are shown in Fig. 5. Under either light
regimes, the male adults did express a clear entrainment. Although the lighting
hours per day were different, the daily locomotion pattern remained the same.
Locomotor activity of Blattella germanica was restricted to the scotophase.
Regardless of different lighting hours per day, the daily locomotion was the same for
both light regimes.

Under photic entrainment condition, the German cockroach expressed a
typical nocturnal-active locomotion. Its locomotion was confined in scotophase, but

the distribution of locomotion was more concentrated in 8 hours of scotophase than



that in 12 hours of darkness (Tablel). The distribution of locomotion during entire

Zeitgeber period under LD 16:8 was shown in Fig. 6A (n=16). Since a day was

divided into 100 time fragments, each 3.6° should have 1% of activities when the

locomotion was equally distributed. However, when light was turned off, the

activity of males increased sharply. At the second time fragment (3.6~7.2°), they

reached the highest activity of 6.6% in total locomotion of a day. The majority of

locomotor activities were concentrated in the scotophase. From Zeitgeber time

118.8 to 122.4°, the activity suddenly increased over 1% (t-test, p<0.05), when the

light was turned on as the beginning of the photophase. This short burst of

locomotion might be the subtle transition effect of lighting. From 122.4 to 356.4°,

each time fragment contained less than 1% of activities (t-test, p<0.05). This result

showed the inhibition effect of lighting on the locomotion. Right before the onset of

scotophase (356.4 to 360°), the activities started to build up over 1% (t-test, p>0.05).

The similar distribution pattern of locomotion was also found in the photic

entrainment LD12: 12h (Fig. 2B, n=7). The surged activity before photophasein LD

16:8h, however, did not show in this photoperiod condition. This finding confirmed

the possibility of stumble effect by lighting. In addition, in the anticipation of

scotophase, the German cockroach started to become active in locomotion which

expressed in the same time fragment of 356.4 to 360° in both LD conditions (Fig. 6A



and 6B). In order to compare the locomotion distribution under two different photic

entrainment conditions, the daily accumulated activities through 24 hours under LD

16:8h and 12:12h conditions were shown in Fig. 6C.  Although majority of activities

confined in the scotophase were different (83% and 89.2% of daily activities for LD

16:8h and LD 12:12h, respectively), the velocity of activity increasing exponentially

under both conditions was the same in which showed the fastest in the beginning of

scotophase and the slowest at starting time of photophase. Eighty percent of the

accumulated locomotion occurred before Zeitgeber time 120°.  Regardless the length

of scotophase, the locomotion distribution of locomotion was the same (t-test,

p>0.05).

Table 1. Locomotor distribution and circadian period under different light-dark condition

Condition LD 16:8h LD 12:12h DD after DD after DD after DD after
LD 16:8h LD 12:12h LD 16:8h LD 12:12h

Ages

(day-old) 5-15 5-15 5-15 5-15 21-32 21-32
>1%(%) 22 14 23 10 17 18
=1%(%) 8 23 23 49 29 27
<1%(%) 70 63 54 41 54 55

n 16 7 12 7 7 12

T 24.03 23.94 23.45 23.39 23.43 23.59

+0.02a +0.04a +0.07b +0.07b +0.05b +0.09b
a Significant difference at p>0.01 between aand a.
b Significant difference at p>0.1 between b and b
a, b Significant difference at p<0.01 between aand b.
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Fig.5.Typica actograms of male Blattella germanica under 28°C and two kinds of LD
photoperiod conditions. (A) The newly emerged male cockroach from rearing under 28°C
and LD 16:8h conditions for the entire nymphal stages was placed under LD 16:8h cycle
for 16 days. The shaded areas of the actogram represent periods of darkness. Each
horizontal line show one day (24h), with each day attached below the previous day. Short
vertical line indicates the locomotion. The superimposed line across the actogram
represents the predicted onset time of the male’s locomotion according to its circadian
period. The circadian period of the mae was 24.0h. (B) The newly emerged male
cockroach from rearing under 28°C and LD 12:12h conditions for the entire nymphal
stages was placed under LD 12:12h cycle for 16 days. The circadian period of the male
was 24.0h.



After-effects on the free-running rhythm

The actograms of cockroaches that experienced two different LD cycles
consecutively and each followed by DD condition were shown in Fig. 7. The 5 days
of LD cycles clearly entrained the circadian clock, so that the phase shifting was swift
during the following DD conditions regardless the phase gap (4-8h). The different
photic entrainments did not cause the alteration of the circadian period under the
following DD conditions. The circadian period following LD 16:8 and LD 12:12h
was 23.3h and 23.2h, respectively (Fig. 7A). It showed the similar result for another
cockroach whose circadian period following LD 12:12h and LD 16:8h was 23.3h and
23.4h, respectively (Fig. 7B). However, the photic entrainment did cause some
changes on the distribution pattern of locomotion. After-effects did occur when
different Zeitgebers imposed on the same cockroach in sequence. The 12hrs of
scotophase after previous 16:8h caused activities more concentrated in DD than that
of cockroach without previous LD exposure (Fig. 7A). In addition, the 8hrs of
scotophase after pervious LD 12:12h made the activities more dispersed than that in
DD of cockroach without previous LD exposure (Fig. 7B). When the data were
grouped together, the after-effects were convincingly expressed in Table 1.  Since the
photic entrainment cause the circadian clock to adjust its phase and period to

synchronize with the Zeitgeber, the following free-running rhythm did represent these



effects under DD conditions. Although the circadian periods were the same

following two different LD conditions (23.43+0.07h and 23.43x0.05h for the group of

cockroaches under LD 16:8 and 12:12h in sequence, and 23.39+0.07h and

23.59+0.09h for the after group under LD 12:12h and 16:8h in sequence, respectively),

the after-effects were represented by the changes of distribution pattern of locomotion

(Table1). By increasing the percentage of locomotor time which was larger than 1%

from 10% in DD after LD 12:12 cycles to 17%, the activities showed more

concentrated than that of no after-effects, but not as concentrated as in DD after LD

16:8h. However, the activities became less concentrated from 23% to 18% of

locomotor timein DD after LD 16:8h.

For further analysis of after-effects on the free-running rhythm, the daily

locomotor distribution of a group of cockroachesin DD conditions after entraining by

LD 16:8h or LD 12:12h were shown in Fig. 4A and 4B, respectively. The most

active time (>1%, t-test, p<0.05) in DD after LD 16:8h were during circadian time

0~82.8° and 345.6~360° (Fig. 8A), which was different from circadian time

14.4~108° under DD condition after LD 12:12h (Fig. 8B). The peak time of

locomotion was also different which occurred at circadian time 356.4~360° and

14.4~18° in DD after LD 16:8h and LD 12:12h, respectively.

By accumulating activities along the circadian time, we could easily compare



the distribution pattern of locomotion under DD condition after different LD

entrainment (Fig. 8C). The velocity of accumulative activities showed significant

increase in DD after LD 16:8h than that in DD after LD 12:12h before reaching

circadian time of 126° which was the beginning time of subjective day of DD after

LD 16:8h (t-test, p<0.05). The accumulated activity reached at 60% of the total

activities when the velocity under DD after LD 12:12h became quicker and leaded the

comparison until the end of circadian period (t-test, p<0.05). Although the

accumulated activities were the same in exponential distribution, the circadian

patterns did show little coincidence. However, this difference became the smallest

(35%) when the curve of accumulative activitiesin DD after LD 12:12h delayed 21.6°

(Fig. 8D). The 35% differences in accumulated activity pattern might represent the

effect of length differences in scotophase between LD 16:8h and LD 12:12h. Since

al the locomotor activities of the German cockroach were restricted in scotophase

under LD and in subjective night under DD, this result implied that the length of

subjective night was 120° and 180° in DD after LD 16:8h and LD 12:12h,

respectively.

When the same individuals experienced another Zeitgeber for 5 days after

free-running under DD, the locomotion under the following DD conditions expressed

different circadian patterns (Fig. 8E and 8F). Most of activities (>1%, t-test, p<0.05)



occurred within circadian time 50.4~112.4° and peaked at 57.6~61.2° under DD after
LD 12:12h. But the distribution pattern under DD after LD 16:8h was different
which showed most active locomotion between circadian time 3.6~86.4° and peaked
at 21.6~25.2°. Since the circadian period of the same individuals remained the same
in the 2™ DD, the phase of the locomotion did delay about 68.4° in DD after LD
12:12h, but advance about 10.8° in DD after LD 16:8h. The accumulative activities
along the circadian time for the 2" DD after LD 12:12h or LD 16:8h were shown in
Fig. 4G The similar relationship between these two lines was found as the two
curves in 1% DD (Fig. 8C). The accumulated activities started to build up faster in
the early circadian time for the cockroaches who experienced LD 16:8h than that of
LD 12:12h. But the accumulated activities of the latter curve took over the lead at
the circadian time 190.8° till the end of circadian period. This switching point of
velocity was later than that of the curves in the 1% DD. But, the accumulated
activities at this point (80%) were higher than that in the 1% DD (60%). Although
these two curves showed little coincidence, they became inseparable (t-test, p>0.05)
when the phase of the latter curve (entrained by LD 12:12h) delayed 43.2° (Fig. 8H).
This phenomenon suggested the after-effects on the locomotor circadian rhythm
because the cockroaches experienced the same Zeitgebers but in different sequence.

The locomotion in 2™ DD expressed the same circadian period, but different



distribution pattern and phase when compared to the locomotion in the 1% DD.
However, the after-effects made the two curves in 2™ DD showed the same

distribution pattern of locomotion with only different in phase.
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Fig.6. The distribution of locomotion during entire circadian period under light-dark
cycle. (A) Locomotor distribution of mae cockroachs (5-15days-old) (n=16)
under LD 16:8h cycle. X-axis is the phase angle of one rhythm. A rhythm was
divided into 100 parts. Y-axis is proportional activity of a rhythm. Each bar was
the mean of activities from 16 cockroaches and 10 circadian period cycles of
everyone during 3.6°. The black bars indicate that the mean activities are
significantly more then 1% (t-test, p<0.05). The deep gray bars indicate no
significant difference between the mean activities with 1% (t-test, p>0.05). The
light gray bars indicate that the mean activities are significantly less then 1%
(t-test, p<0.05). (B) Locomotor distribution of male cockroachs (5-15days-old)
(n=7) under LD 12:12h cycle. (C) The accumulative patterns of (6A) and (6B).
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Fig.8. Analysis on the mechanical properties of locomotor free-running rhythm of the
German cockroach under 28°C and DD conditions. (A)& (E) The locomotor
distribution of Fig.(7A) of the first (5-15 day-old) and second (21-32 day-old)
DD conditions (n=12). (B) & (F) The locomotor distribution of Fig.(7B) of the
first (5-15 day-old) and second (21-32 day-old) DD conditions (n=7). (C) The
accumulative activities of (8A) and (8B). The solid and open circles represent
accumulative activities of (8A) and (8B). The cockroaches were 5-15 day-old,
but entrained by LD 16:8 h or 12:12 h cycles. The black ones are significant
difference between each other (t-test, p<0.05) and the gray ones are not (p>0.05).
(G) The accumulative activities of (8E) and (8F). The solid and open circles
represent accumulative activities of (8F) and (8E). The cockroaches were 21-32
day-old, but entrained by LD 16:8 h or 12:12 h cycles. (D) Fitting the
accumulative patterns of (8A) and (8B). The distribution of (8B) was shifted and
accumulated, and then compared with the fixing pattern of accumulative (8A).
When the phase of (8B) was advanced 21.6°(6% of a period), the two patters of
accumulative activities were the most similar to each other. (H) Fitting the
accumulative patterns of (8E) and (8F). The distribution of (8E) was shifted and
accumulated, and then compared with the fixing pattern of accumulative (8F).
When the phase of (8E) was advanced 43.2°(12% of a period), the two patters of
accumulative activities were the most similar to each other. The other symbols
are described asin Fig.6.
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After-effects on the Locomotor Circadian Rhythm of Blattella germanica
(L.)

Photoperiod affects many physiological and behavioral phenomena in insect.
In the wood roach, Ectobius lapponicus, its growth rate is positively correlated to the
length of photophase between the conditions of LD 12:12h and 18:6h (Wassmer and
Page, 1993). Moreover, the adult digpause of the bean bug, Riptortus clavatus, is
controlled by the photoperiod that larvae experienced. Diapause is triggered by the
suppression of corpus allatum activity under short-day conditions (Morita et al., 1999).
However, locomotor activities of the German cockroach remained the same under LD
16:8h and 12:12h conditions. Since the photoperiodism is important for the insects
living in the Temperate Zone to time the seasonal changes, its significance is greatly
reduced for the animals living in the low latitude whereas no or less drastically
changed seasons in the environment. Although the German cockroach is a
cosmopolitan species, it is a completed household species which lives in a relative
stable environment. It is not essential to express this type of photoperiodic response
because its continuous devel opment in the man-made shelters throughout the years.

After-effects of consecutive entrainments were detected in various animals

under DD condition (Pittendrigh and Daan, 1976; Binkley and Mosher, 1986; Page et



al., 1997; Page, 2000; Page et al., 2001). In general, after-effects of photoperiodic

response included three aspects. (1) free running period (t) changes; (2) various

length of activity time (a); (3) different phase-response curves.

Firstly, the most dramatic changes of the after-effects was found in the

lengthening or shortening the free running period. This phenomenon was not only

found in the insect species (Page et al., 2001), but also existed in several species of

rodent and sparrow (Binkley and Mosher, 1986; Pittendrigh and Daan, 1976). For

those photoperiods equal to 24 hours, the free-running period became shorter

immediately after a long-photophased Zeitgeber (LD 16:8h) than that of a

short-photophased Zeitgeber (LD 1:23h, or LD 8:16h). However, free running

periods (1) of the German cockroach were remained the same (near 23.5h) following

two different Zeitgebers (LD 16:8h and LD 12:12h) (Fig. 3). This difference maybe

contributed to the small difference (4hrs) between the photophases of the two

Zeitgebers.  Under non-24 photoperiod conditions, the after-effects of t was more

remarkable (Page et al., 1997; Page et al., 2001). The after-effects of t of the

cockroach, Leucophaea maderae, were significantly different after either Zeitgeber

LD 8:14h or 8:18h. Even though the after-effects of prior photoperiod on © might

have lingered throughout several days (Binkley and Mosher, 1986), eventualy it

would be smoothed out to the endogenous length of the period. Since the previous



Zeitgeber had exerted influence on the working property of the circadian clock, the

resistance of the t changes in the German cockroach implied the quick smooth

adjustment of the clock in either entrainment or free-running conditions. The

consequence of this finding suggests a well-adapted cockroach in a relatively

turbulent photoperiod environment (artificial lighting in human shelters).

Secondly, since acrophase reflects the adaptive behaviors that are timing the

right moments for the survival, animals can be grouped as diurnal, nocturnal and

crepuscular.  When the active phase of the photoperiod become longer, activity time

() should also increase accordingly. The German cockroach was active during

scotophase as a typical nocturnal animal and its o did correspond to the length of

darkness (Table 1). The after-effects showed two folds of influence on a, when the

insects were put under DD condition after a Zeitgeber. During free-running

condition, the o not only reflected the acrophase of the circadian clock, but also

showed the residue effects of previous Zeitgebers. This phenomenon was found in

diurnal sparrow (Binkley and Mosher, 1986), and the German cockroach (Table 1).

Although the quantification of the after-effects has not been investigated in previous

reports the same a distribution patterns after experiencing two consecutive Zeitgebers

(Fig. 4) provide a potential to construct a model for analyzing the interactions

between environment and the circadian clock.



Thirdly, the after-effects of previous Zeitgebers can and do contribute in the

phase-response curve (PRCs), plots the magnitude and direction of phase shifts

induced by light pulses, and it is a characteristic of a species (Johnson, 1999).

Although many PRCs of various species have been reported, the adjustability of the

circadian clock shown by the PRC could not be compared between species, if the

Zeitgebers were different. The comparison between Nauphoeta cinerea and B.

germanica was invalid because the different Zeitgebers caused the inbalance between

subjective day and night (LD 12:12h for the former (Saunders, 1977) and for the later

16:8h (Wei and Lee, 2001), respectively). Researchers have found that sparrows

expressed different PRCs when they experienced different Zeitgebers (LD 16:8h and

18:6h), but the shapes of the curves were similar (Binkley and Mosher, 1986).

Based on our analysis of locomotion data, the subjective day and night could be

clearly defined by the light-dark cycle before constant condition. Every PRC,

therefore, can be re-adjusted to a standard subjective day and night of 12:12h. Then,

the comparison on adjustability of the circadian clock between species becomes a

possible task.

Up to date, none of molecular mechanism has been proposed to underlie the

after-effects. However, after-effects did show the history-dependent influences of

environment on the circadian clock of animals (Page et al., 2001). This phenomenon



reveals the ecological significance of clock as a mean to cope with the rhythmic
changes of environment. The previous Zeitgebers had a profound effect on the
expression of circadian rhythm under current environmental conditions. The
possible function of this characteristic may lie on the acceleration of adjustment to the

rapid changing environment.
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