ICROS-SICE International Joint Conference 2009

August 18-21, 2009, Fukuoka International Congress Center, Japan

Development of Neurotransmitter Modulation on
Aggression and Dominance Hierarchy in
Cricket, Gryllus Bimaculatus
Shiro YANO!, Yusuke IKEMOTO?, Hitoshi AONUMA?, and Hajime ASAMA?

1 Graduate School of Engineeriug, The Univ. of Tokyo,
2 Research into Artifacts, Ceuter for Engineeving, The Univ. of Tokyo,
3 Rescarch into Electronic Science, Hokkaido Univ,
yano@race.u-tokyo.ac. jp
Abstract: ‘To design distributed antouonous systews. its effective to wimic animal society. We
studied cricket Gryllus Bimaculalus as a typically aggressive insect. In this paper. we construct
mathematical model of the individual internal mechaunising which modulate aggressiveness and we
take agemts to fight eachi other under some density. As a result, is confitmed to oceur eritical
phenotenou upon cacli agent’s internal staves caused by density effect. At last, we disenss the
usage of such transition in distribnted autonomons system.
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1. Introduction

Tu recent vears, wihmicking social systemn in animal world
has been attemnpted to desigu distributed antononious
systemn. Group beliavior of fish, bivds, crickets and lo-
cust. swarins have been studied inteusively. as their he-
havior under crowded condition is different from un-
der low-density condition. In animal world, inereasing
population density causes various eflecls on individual
behavior knowu as “density effects™. Locust, Schisto-
cerca gregaria, takes exclusive behavior under solitavy
state but develops aggregative behavior and stable gre-
gariousniess above critically density by neurotransimicrer
modulation. Cricket also cones to be less aggressive un-
der high density. and extraordinarily aggressive under
the coudition of solitary growth. Tu fish and birds, a
group cvolve from small, isolated, catalyzing clusters
vapidly which emnerge at the critical point of population
density because of their aggregative behavior.

Locust emerges gregarions behavior aud ericket comes
1o be less exclusive under high population deusity, ou
the other hand they hehave aggressively and exclusively
under solitary condition., It indicates rhat cricket and
locust needs to depress ar change their exclnsive he-
havior for socialization unlike birds and fish. [ many
cases, insects wake societies with stereotyped beliav-
ior and with modulating the intensity of such hehavior.
Thus there would be confired that ericket or locust
decreases its aggressivity with increasing density, but
there have been very [ew sindies about chauging mod-
ulation of aggressivity vet. ‘

We studied cricket Gryllus Bianaculalus as a typically
agpressive inseet and to monitor the change of agpres-
siveness under some populations. Competilive beliavior
hetween individuals constructs social hierarchy bhetween
superior and inferior whicl is called “dominance hierar-
chy™. Dominance hicrarcly chiauge erickets’ behaviors.
Winuer tends to be a litlle more aggressive and loser
tends to escape easily. This kind of regulation upon he-
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haviors is caused by neurotransmitter modulation aud
developtuents of its receplors.

In this paper, we construet wathematical wodel of
the individual internal mechanisins which modulate ag-
gressiveness and show decreasing, aggressiveness with in-
creasing density.  Addidionally, it is derived that there
accurs the eritical phenomenon upon cach agent’s inter-
ual states cansed by densily effect. At last, we discuss
the usage of such transition in distributed autonomous
systewn.

2. Internal model of cricket in
fighting behavior

It is known that cricket’s fighting is started with oppo-
neut finding sensed hy autennae. When antennae are
stitnulated by opponent, there comes up Nitrie Oxide
(NO) iu brain aud starts signal cascade which modu-
lates aggressive behavior. Quantity of octopanmine(OA)
is the threshold of reaction hetween aggressive hehavior
and avoiding behavior, and it is excited by NO/cGMD
cuscades(Fig. 1). While crickets fight, they consume
uctopamine, If octopamine falls below threshold. ageut
recognizes its own defeat. Dominant agent has a veward
to restore its octopawtine and subordinate agent de-
creases octopamine additionally, Diflerential equations
whicli explains octopamine dynamics has constructed!.
Although octopaminergic modulation plays a cen-
tral vole for aggressive behavior, it is indicated that
serotonergic wodulation npou aggressive behavior also
plays a damental role.  Scerotonin(5-HT) enhiances
the level of aggressiveness in cricket(Fig. 2). Cause
of genetic homology, dynamics of serotonin related Lo
aggression in cricket is thought to follow serotouin
hiypothiesis?® (Fig. 3). While crickets fight, sevotouin
is released and NO/eGMP cascade decreases serotonin. -
Dowinant ageut has a reward to restore its serotonin.
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Figure 1: Modulation upon aggressive behavior hy OA.

Sensory input inereases NO in brain, NO jucreases
cyclic Guanosine MonoPhosphate(cGMP) and ¢GMP
decreases OA.
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Figure 2: Serotonin enhances agpressive module,

Serotouin works as excitatory role. Details liave heen
uncortfiried yel but it 1s assmned thal 5-HT would cis-

cade like as (A) or (B).

3. Mathematical Model

In ericket, beliaviors are iodulated by octopamine and
sevotonin, The wodel of hehaviors modulation by these
As mentioned
hefore, serotonin plays a considerable role iu develop-

monoamines is illustrated in Fig, 4.

ment of nenvomodulation on ageressive hehavior, Reg-

wlation of serotonin receptor, that makes intensity of

neurotransmitter-sigual constant, has an influence on

such developnnent (Fig. 3). There contains two layer of

time conustants.

1. increase and decrease ol neurotransimitters(1 hour)

2 imerease and decrease of 5-HT veceptors( 100 hour)
We constructed mathematical madel of sevotonin sys-
temn and improved previons octopamine mode!?,
3.1 Dynamics of serotonin
The dynainics of serotonin is expressed as follows -

as L W , .

== = =SS — i RaaTo TS (1)
2l

”(-n.‘a' t .,'!f’.f.(}]?rlliffl)'k,' f 'l-{l . (2)

where S(1) represents amount ol serotonin i or out of

the cell. 8§ (1) represents amount of serotonin produc-
tion which is inhibited by ¢GMI, and R, (1) repre-
sents seusitivity of antoreceptors. (/) represents the
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Fignure 3: The picture of Serotonin system hased upon
Liypothetic model,

There are two veceptors in this systeun One, called
antoreceptor. controls its own neural activity and the
other acts as a neurotvansinitber toward postsynaptic
coll, Released H-H'T takes negative feedback via antore-
coptor and regulates H-HT release to steady level. Post-
synaplic receptor and autoreceptor regnlates its recep-
tivity to the value that keeps cell activation constant,
which is called physiological Tiomeostasis®

proportion of serotonin out of the cell. Parameter vg
represents metabolic rate of sevotonin and 5y represents
the contribution rate of wetabolic rate via autoreceptor,
Parameter rg vepresents the contribution rate of sero-
tonin at the outside of cell which affects antoreceptor.

I the right-hand side of eq. (1), frst termn is the
aflect of metabolisin. Second term is the contribubion
from production modulated hy NO/cGMP cascade ad
third termn is from depression of serotonin production
cansed via activation of autoreceptors.

The evolution of r is desceribed as follows :

dr

m =7 (rg —7) (3)

e 1 % g (Foue) il not releasing,
4 o % g (Raue) il veleasing,

n Fro if not releasing, (5)

4 0.05 x 4,9 if releasing, #
‘h/ (Iﬁuu.rr;)

and ————= < (). §

U,]‘juu!u i ( ))

Thus R, ., imereases. release rate decreases.

3.2 Dynamics of serotonin receptors

As mentioned before, there are two receptors in sero-

tonin systen. In this model, these receptors follow the
- E . - n I

sare dynamies known as Tarrigiano-inodel™ eq. (7).

anR

ot

R{f) represents the sensitivity of receptors. sensitiv-
ity of antoreceptor is described as £, and that of

=R. —ypR (T)
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Figure 4: Neuromodulation upon aggressive hehavior.

Serotonin(5-H'T) doest’t work as threshold of heliav-
ior, however, regulate aggressiveness excitatory.  Sero-
Lonin reaction systen 18 constructed with nenromodu-
lator and receptor.

post-synaptic receptor is described as R, . Parane-
ter vy represents metabolic rate of veceptors. In the
right-hand side ol eq. (7)), first term means the el-
fect. of receptor-insertion fromn the intracellular region

Lo the cell membrane, Second terin means the effect of

receplor-rentoval from the cell membrane to the intra-
cellular region.

[t is known that the insertion rate Ry (/) varies to
meet the homeostatic signaling condition™ « if we use «
ST(1) which defines intensity of signal transfer, homeo-
slatic signaling condition requires eq. (8).

’|h'!.m(5"1'(;) % R, u)) — const., (8)

and ST'(4) expresses the signaling on autoreceptor or on
postsynaptic veceptor @ rgrr(F)S(4) or (1 — o) v(£)S(1).
Becanse ST() Auctuates rapidly, regulation of receptor-
insertion rate R, keeps such lhoueostatic activity.
Receptor-insertion rate is regulated hy Protein Kinase
A (PKA) or C(PKC) in many sitnations. and genera-
tion of Mrotein Kinase is triggered by Ca2+4 influx. We
introduce the dynamies of Protein Kinase(eq. 9).

’ »

2 _ o (STW) - 1,PO). )

Although serotonin-renprake from the extracellular

region into the intracellular region is completed i a fow
seconds Lo a few ninntes, second-inessengers as like as
Protein Kinase (1) last a few minmutes to few dozens of
mintes. And chianges ol veceptor sensitivity R({) keep
a few dozens of wimates to a few days. So introducetion
of above three factors S(t), P(1) and R(t) is necessary
for its cascades in terus ol thiine-seale,

3.3 Dynamics of octopamine

Although the growth of serotonin receptor is well men-
tioned among venromodulators related to fighting be-
Lavior. octopainine recepror is merely wentioned in the
topic of growth, Hence octopamine receptor is treated
as o constant parameter in this study.
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We introduce the previous model'’ to describe the
dynamics of octopamine(eq. 10).

JA(f)
2l

e

= —yaA(t) + A4 (8) — A (L), (10)

where A(L) represents quantity ol octapanine possessecd
in the brain, A, (1) represents quantity of oclopaiiine
production which is inhibited by ¢GMP, and A_({) vep-
resenls quantity of octopainine consumption which is in
recuisition for mnscle activity.

Amownt of actopamine A1) plays a role of threshiold
[or behavior decision between fight /flight.

3.4 Dynamics of NO/cGMP

When crickets meet, they start antennae [encing,
Pheromone stinmli through the antennae incereases Ni-
tric Oxide i the brain, and NO diffuses toward the
target cell with its permeableness. Once NO arrive at
the target cell. NO approaches soluble Guanylate Cy-
clase(sGC) to generate ¢GNID.

We utroduce the previous mode

dynamics of NO/cGMP(eq. (11,12)).

1Y to deseribe the

ON (e, 1) PN (@ 1)
Rt T e et bt ) e R
At ? Al NN (. f)
FN Ge ) — N (e, 8, (11)
AC(

where A(e.t) represents the amount of NO which is
function of time and position, and € vepresents the
amount of cGMP. Spatial distribution of A(x, 1) is de-
scribed with one-dinensional space. N (1) represents
quantity of NO production, and N (r 1) vepreseuts
quantity of NO consumption which is nsed [or gener-
ating cGMP. 1) is the diffusion coefficient. 'y repre-
sents the quantity of cGMP production whicli is fune-
tion of (N (. 6)],=.) where ¢ is the position of target
substance of NO (i.e. sGC). ' represents quantity
ol ¢cGMIP consmmption which is used [or inhibiling oc-
topamine produetion.

3.5 Relation between substances

0 ifw0,
Ny (e, ) Ny il (o= 0A fighting), (1:3)
N, otherwise,

where o = 0 is the coordinate of NO erission.

a % (1 + tauh(50x (N (. t) — Ny ))) /2
Nl = if =g,
0 otherwise,

(14)
where & = ¢ is the coordinate of NO consumption, and
(N(e.t) — Ny, decides displacement from default po-
sition. Production of ¢GMP is described as

Cy(l) = N_(c,0), (13)



awdd consmption ol ¢cGMEP is described as
C' =bx (14 tanh(10 x (€7 — 0.64)))/2. (16G)

Production of octopamine is described as
Ay =b—A,C_(1). (17)

where A, express octopainine production in natural sit-

wation ated a g 18 norialization constant. Production of

serotonin is described as
Sh(f) = b= 5,0 _(#), (18)

where S, express serotonin production in natural situ-

ation and ag is novmalization constant.,

‘)

o s R )

iy ok t'xp{.fm/') (19)

P (ST'(8) = yp tandy (. ST'(1)) (20)

3.6 Fighting behavior selection and
modulation

As wmentioned before, fight-or=ilight response is deter-
twined by the quantity of octopanine i the brain
and intensity of behavior is wodwlated by that of oc-
toparmine and serotonin. So we described the intensity
of fighting belavior as follows:

P I — Ganhi(=30 (r (1 — r0) 5 Buoar — Sin))
= 0

% lH]I}I(”H (-‘luu:n; = “‘Hl]) l!l]

In the vight-haud side ol eq.  (21), first terin means
the effect of serotonin aud second term means the ef-
lect of octopamine. The coudition /= 07 expresses
the fighting behavior and “F7 < (07 expresses avoidiug
behavior. The absolute value of “F7 expresses intensity
of the behavior.

3.7 Effects of winning or losing

I[f agent wins, he vaises octopainine ey and serotonin
tcg H,,.i,_,,,.

If agent loses. he raises ¢cGMIP to thie constant-value
' This effect inhibits the generation of octopamine
and serotonin continonsly and it makes short-term
waertory about his losing. He decrcases its own miofi-
vation toward fghting with this inhibition.

3.8 Frequency of crickets’ interaction

To model the requency ol fighting interaction between
crickets, there are two significant factor. One lactor is
the encounter rate, and the other factor is probability
which decides whether or not to start fighting,.

As mentioned belore, loser keep away [rom fighting
with othier agent, especially with winner. Of course loser
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essenbially chiooses avoidance over fighting but some-
tirnes chiooses fighting, and it is known that loser tends
to select other lost agent to start fighting comnpared with
winer or unexperienced agenl.

Cricket lias poor eyesight and involatile plieromone.
It indicates that encounter rate depends on their field
of activities, Il we posit the premise that loser or win-
ner doesn’t change its field of activities. enconnter rate
is estimated by wmaking an analogy to collision of pas
molecule i kinetie theory.,  So we estimated the en-
cotnter vate i proportion to population density p.

We constriucted the frequencey of interaction between
agent  and j as eq. (22) (Fig. 5).

) Sl N '
Bis = \—": x FiF exp(— |8 — F| /P

il £ >0,F5; >0, (22)

Bi= 0 otherwise,
Marameter N orepresendts nnmber of individuals. As dis-
cussed, p/(N — 1) expresses enconnter rate and latter
tertn expresses the probability of fighting together. [
expresses agent s motivation for fighting defined by eq.
N 3
(s

Lsj=1,35

P, expresses the probability that agent

¢ encounters somehody and starts fighting, on the other
" — N ,‘ e ! Y TN 5
L (I - L;:L.;;;‘f I,__,) expresses the probability thiat

agent 7 cuconunters but doesn’t start fighting.

Figure 5: Coupling strength hetween ericket 7 and .

r-axis 1s motivation of cricket ¢, and y-axis is that of
cricket j. z-axis is coupling strength £, /p. P, = 0.125.
Recent study shows that loser starts fighting with other
loser by about 60 %. If loser encounters winner or un-
experienced cericket, loser starts fighting by about 30
Yoo 1 winner encounters other winner or nuexperienced
cricket, winner starts fighting by ahout 90 %.

L cornputer simulation, we caleulate with following
algorithins per each step time.

1. Generating random nuniber and arranging crickets
¢ according to random nunher,

[

Caleulating Py and clhioosing opponent j for erick-
oty oo I two erickets choose the same opponent,
cricket is preferentially selected by arvanged order.

3. When somme crickets start fighting, encounter rate
is not affected but the probability to start fighting
with them is fixed to zero in next step time.



4. Simulation

Crickets develop to be more ageressive under solitary
condition than erowded condition. This featwre is im-
portant for the gregarious systeun. So we construet conn-
puter siimulation in order to observe (his process.

Four erickets ave living in the sane cage over 14 days.
The floor space of the cage is fixed and set to somne initial
value. Crickets interact each othier with eq. eq:freq). 5-
H'L" autoreceptors are observed at the Tt day. hecause
fightiig intensity is estiviated by 5-H'T autoreceptors.

Other conditions are as follows. In the eq. (D). we
use eq. (23) as monotone decreasing function g(B, 0.

0.5

P 23
T S e A

With one step time Al = 1.0 % 10~ [sec].

Table 1: Parameter conditions.

g =Y4A = =00x 10" | qw =30 x 107"

e e L o = 0.7

p =5.0x 1077 1 = 0.04

Yoo = 1.0 x 107° N; = 1,541

= 2R LOFY N, = LOAlL

=TS Ny, =04 S = 0.1

D =10 SL=2 A =05

¢'=D i = 108.6 11y = 90

o= TA4dx 107" ik =25 Pr=01%5

=50 x 107" ea = 40107 €s = 5.0 %
ot

A represents ericket @8 octopatiine consuinption

1i
.",_, =% (E + {‘J)

(24)

where, d = 4.0 x 107°. In the right-side hand ol eq.
(24), second termn F; expresses the effects of intensity
of opponent’s attack.

Maxdiimnn intensity of agaressive hehavior is propor-
tional to the teri Ry ,) ineq. (25),

(1 = ro)rag(Ruwe) Sy
('.‘n T '}'d"'.’ﬂ(*r".unfu)f'llR(..m;)
(1 = ra)rog(Buuwa) Sy

(’,,,- + Yar2g(Hawio)ro Bawte) L — 70
e, CoRuuot( Rauts) (21)
1+ Collputod{ Rarueo)

I Ruuto) =

X ]?pm-l

e
! ':)'h‘” ulo

Fquation (25) expresses maxinnun excitatory modula-
tion of aggressiveness derived from eq. (1) . Using eq.
23), aggressive intensity is described as Fig. 6.

5. Results

Decreasing the floor space of the cage is proper for

increasing population deusity.  Figure 7 shows (e
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Figure G: Fainission rate and aggressive intensity.

(A)Einission

credses.

rate  decreases when  autoreceptor in-

(B)Agpressive intensity monotonously  de-
creases when antoreceptor decreases.
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Fignre 7: Thine evolution of each substances under the
g

condition of p =15 x 10"

1 crickets develops under the condition of p =5 = 1071,
Making difference between crickets which is greater than
[orgetting effect per unit of time causes bifurcation.

evalution of four evickets under the condition of p =
3.0 1071 Parameters develops differential each other.

And figured shows the sensitivity of 5-HT autore-
ceptor at the Nl day under some density conditions.
There shows 1 lnes which corvesponds 1o each cvickets’
sensitivity,  In the simulation result, the multistep bi-
furcation is observed. Bifurcation of sensitivity reflects
existence of dominance hicvavely, In addition, antore-
coptor decreases with increasing density,  This result
represents that ericket decrenses ils aguressiveness as
explained in Fig. 6.

6. Discussion
It is known that cricket has multilevel memory sys-

tern which is called short-terin memory, middle-terin
menory aied long-tertn memory,  Short-terin memory
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Figure 8: Density effects upon 5-H'T receptors.

Bifurcating ot the critical density. Tuternal state bifu-
cates in several batchies, it Las root inomultiple layer of
fine constant relating to internal dynamics.

is controlled by neurotransmicter and last few minutes.
Middle-tern memory is controlled by second messenger
or protein phosphorylation and last romn a foew minntes
to several hours. Loung-terin nemory is coutrolled by
protein expression or RNA transeript and last from
several hiours to several days. Figure 8 rveflects these
wetnories. Avound the range that population density
is very low and crickets have an oppotunity to interac
each otlier once-i-a-week, autoreceptor remains static.
On the other hand. autoreceptor starts changing over
the critical population density and there comes up gap
between four erickets’ receptors. At the high population
density, gap hetween erickets’ receptor is clearly con-
firined. In future experitnental verification, these three

patterus would be observed in receptor distribution. If

any test doesn’t coincide this result, it is expected to
make new findings.

Observed transition at critical density is one ol the
way to know global state for local agents. IF agents
doesn’t change its exclusive hehavior, group ineinher
spreads and returns to solitary phase, [t s suggested
that erickets, locusts or any other anials cliange ils
exclusive behiavior Lo gregarions one under high den-
sity, and gregarious heliavior maintaing society stable.
While there exists enough resonrces, locust beliaves ex-
clusively. This exclusiveness wounld be selfish slralegy
to maximize foraging efficiency for each agents, When
heavy infestations of locusts have ocenrved, they swiceh
from exclusive hehavior to gregarvious behavior. This
gregarionsness would reduce costs ol energy consup-
tion by ageressive behiavior and maximize group's lor-
aging efficiency.

This hehavior switehing can be applied to design dis-
tributed auntonomons systen. For exanple, spatial for-
ration of distribnted antonomaons agents is expected 1o

be stability controlled by beliavior switch with nsage of

this critical phenomena. Of course, when we apply this
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hebiavior switehing upon autonomons systemn, we must

consider the switehing from the gregarious state to the

solitary state, I Lhis systenn, gregarvions agents don’t
cotne back to solitary beliavior if population density de-
crease slightly. So fish let ont such gregarions behavior
by the special signal that spreads thronghout all agents
. whieh is fivst light of dawn. Using the sinnlar meclia-
nisnn as fish, distributed autononwous systemn agents can
assernble and lan out [reely,

7. Conclusion

At fivst, we constructed mathematical wodel of inter-
nal cascade which modulates ericker’s fighting beliav-
ior. Then we analyzed (s model aud clarified (hat
decreasing sensitivity ol antoreceptor causes decreasing
fighting intensity. Next, we simulated the group beliav-
ior with several field and showed that the wean value
ol receplor sensitivity decreases with increasing density,
Thns we showed fighting-intensity decreasing over the
critical point in cricket. At last, importance of this de-
creasing s discussed in trausition from aggressive mass
to ageregative mass. Finally we also snggested the way
of using this behavior-modulation for the distributed
antonoons systen,
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