. HOKKAIDO UNIVERSITY

Title Neuroethological studies of social facilitation in domestic chicks
Author (s) NE, BT
Degree Grantor biEEKE
Degree Name Bt (EafRz)

Dissertation Number FHE114035

Issue Date 2014-03-25
DOI https://doi.org/10.14943/doctoral. k11403
Doc URL https://hdl. handle.net/2115/58202
Type doctoral thesis
File Information Yukiko Ogura. pdf

kaid
wok ° U'I,L

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Neuroethological studies of social
facilitation in domestic chicks
(=7 VOISR EIZBET 5
PR TEY FHIATIE)

A DISSERTATION
submitted to the Graduate School of Life Science,
Hokkaido University
in partial fulfillment of the requirements for the degree of
DOCTOR OF LIFE SCIENCE

Yukiko Ogura

2014






AL WmOX N R O HEE
et (Ears) K4 NE AR
oL X 8 A4

Neuroethological studies of social facilitation in domestic chicks

(=7 bV DB IR B3 2 AR AT B R OE)

L

AU =0 S S B, 55— 3 T 2 (T T AR £ P 6 L T AT BV
KBRETV, REOLDOEE (374 — b) (KT 5 MREHNE LR b= 5 L0 F
— NI oREI RN, B OETEERNRTEMITICASS HRRET T2 7 4 —
R D Z &, FRIC, ZOASMREIREEOHRZHDRSEBELDLZLEZHL
B LT, =5 CRRITR A MR E 1TV NIRRT & RE SR =7 o — b &
ZOHREEEICE L T HICHBELEEZH A TWoZ L2z oNnT L, F—23
L DB R T REIC VT bR LT

(%] R~ T7+— MIxTrERr b= F—=I U O&E

MREMME Choree b=0%, EERIC T ARM 2 X hOREICFHFESG T D L)AL
ZEx b TW5 (Doya 2008 for review), fliy, i##) (=7 4+ —F) 2 XA FORE~DZ)
RIT IR TR o Tz,
ARETITMREEFNICMAEr h=VRELZ ERIEEEETT, =V N BEORE
T — bRz, R+ — b EERILT D720, MRICELZOH 5 1 7KK % H
Wiz, BEBIRA S Y 2 — L CREZIT O M, MEITEESMAEE L7, ZoFEES
BEETEEZEEL LT, BROEe b= FRYVIAHAEEE I LRSI O EE
AR, ZARFHIviF e b=viaEkE AL CEzoBETEMEL, V7 AR
Do h=VBEEZEDLIENMONATWVWS, ZARIFHI U FERELE—7 AL T
FEEESELFERLE Lz, 7VRI Y I VEERIIE—7 VR, AEEHELS X
DWETFTHEENMED -T2, it T, o b= O EEARBRRNETHLINABREEKEZ Y —7 Y
Mz, IMABUNEITIEIC X D REMVEOBRHEDO B ZHFH Tz, 7RI I UL
kvt b=V RERBEART L LI, F— I VBEELKETIZENHH L,
PLEXY, WHBRGEKICB TS e b=y« F=XRIUVHBEEAPREZ 7 4+ — FE&D
REWZHFGETDHZENRBINT,

[ =] =7 4+ — b OSSR ICE T 2178V 25
fEEREEIIME I LA ITHEOH KM EZFE L (Zajone 1965 for review), B 5
7 U ETRRENEYFECHEINTWD, REITENZR->TH ., 2O EEIZZ <O
FHEEY T O TWD N, JEATHE TR 2 BHIRICE 2 TWe, 2O EES K
L., ZNUDREIRMIZZ 7 4+ — FEABEKIE TV lBERTETE R oTz,
AETITET I FEERBICEB O CTHMEA 2D LT TR 42 S8, fEEEDHE L2 BEH T
B L7z, T EREEREOES) BIXHMBRE R IR TELS o, MBEr—YICB I 54
FEORBRITEBELTH oo, WMNTHHZDSHMAEDORBEZRS D, MBI UHEZ
B D UIEAER RO 0 CTHlr Lz, (810 &R (XTHFERRLZD) FHT
bIvX, fHFOBAEN R THOEEEB &M X 7=, ., U0 B REHL (RXTHFEN
R x72n) &, ot ®ICEbLLT, FEEHRIIE I o7, FHEOH
SRR OZTITE) (B2 A7-0DICHOWITEER) ICHEL, Z0HA L ESE X



NHEEFZ TW oz, UL E XV | BREEITE O SR E X, gHE O KIZ X 57,
MEEZETNCRDLELT T TELDL Z LN -,

[ =] =7 4+ — b L ZOH-SHREITT T 2 NHIBRERIK - B O BRER /) B

MR EOMBEBE I NET, o LE-oTRVEERRON TV o Tz,
FITET, AHSHEENRET 7+ — M L TELLZ D, HiE= 7+ — DOk
EIRLMREBNEET D EMEL T, —#HO RDITMEEREZIT 7=, H—ENLES
AT L& AT . PG ZE 0 0 © WA SRR~ R — 32 U MER S (RHIR) 2B
L7z, 5, BE_ETwm LimLo1C, g EOM RN bR EbAEL D, &
S THESPMEEDRIT, BERNICESW TR 7+ — FE2WRET LR EIFTMILILTND
AREME L H D, £ T, b —ODOHF N R— R UHEMRENTH D, TIEE D L4
MM EE~DFR OMUKR) ICHEFR Lz, AR & ITMHFRIICOBEL TEY (Mezey &
Csillag 2002) . WFIIZB W TITHWEIC S DEEL TWD Z L fER S5 (Balleine &
O’Doherty 2010), L2>L., fE&pEE L OREIZOWTIEAHTH 72,

PRI DWW TR SR, AMIIZRIC O W TITBRE A A & L, EXmER VL
R =X M RGR I EE O 2D R 2 AL E B & OBEM LI L0 Mt Lo, Bk
D FIT =y ANVREARERICIVRF Lz, S 612 R—= 33 EEMER R AL & R~ D
FEOHFIL, TH (F 7 v KB biEE) b P RreBEIc OV RE Lz, 10T
A RO T, BBRE I BT & T B O R 5 & G ISR S, W #E & b
THZ LW Lo THEMREZR AT, REE= 7+ — FEORE L L CHMRFOIEEESD
B, AESMREORIEL L TATHRE M OFBEES RO ZEyZ H Wiz, SR (4
JLERE) OFRERPD, TNOOEEIIAWICMSITH DL EE X LI,

HMREOEEESE (RE- 7+ — FEOFE) X, NAUBRSEEREIBEREO A, B
BRI TERT L, FR=" U MEMRIEEO DRI N o7, BEIZHOWTIE
R« R— N UMEMRAREE L I CTh o7z, fily, EEEB RO AES (Fham
RAEDFERE) 1T, BEEXMEE - F— I UHmMREIC L > T/ha< oz, NAIRRSE
RO RIT RS o T,

WS, ATENRAE 2 LI fEIR 2 1 R 2 LR L, BN RKE WMERZ R LT,
PR SR TR N S - ERIC W T, HEEEHEICH T2 EN LD KE W
AN AH LT, BE TIEAEARS A E S N ERICB T, iR EIC 7 2% 8
MREWVEAB RSN, 7272 L, WRIFBRSEEICES O T OB EZ DT, R
— NI UMK R DO DOBEEICRE FE o - DICxt L, BEICB WD TIOR3 4 U T
Wi, BEO R — 8 USRI DWW T, BT X R BNTOLERD D,

PLED G, RS- NIRRT & BE MU EER RN R 2L RO Z L 2R
Iz, 77206, AiFE IR +— FOREIL, BHITEOHEEICHFE L,
WEIT “EICOBEL TS EEX LN D AE LINEIRORSEER 7y B 2 fE R IR T 72 011X,
FEMIBE 2B ORI L > THRSMRERETH L2 L2 RTHERD D,

(&%

SRR & v 9 BlGd Triplett (1898) 2t M2 HOW TRt LTk, — Pl E
LD TLEFEOERER Ny Tholz, bbb LT, MRAEMFOBAND
KD P KRIBPDOEE Tholz, FH—ICHM (BREEE) ERRMITHEOTDNTWDH 0 E
WO R, B oMl e MR ER LTI VWO ETH D, AIFFE TSR ED T &
AT IC 0 L 72 ATENRE A B2 IR L (55— &) | LM REN SR E O K& o7 <
EHRIDFEEZRL (BB FE), SOLICZOMRLBNRRE 7 +— FOHIER &ML TH
HZlERLE (B8, thametEicF 59 2 MK Z RE L7z OIEARHFENR 0D TT
HbH, LOPLRFR—=NIUoBEEICHONTIE, SBRERIBRIANDLETH S,



CONTENTS

CHAPTER | Effect of serotonin for foraging effort in

(0 [0] 1 4 1SES) ([0 o] ] 01 - 1
1.1 INEFOAUCTION oot 2
1.2 Materials and MethodS ..., 5
1.3 RESUIS oot 15
1.4 DISCUSSION ..ottt 20
1.5 FHQUIES oo 25
1.6 TADIES ..o 38

CHAPTER Il  Social facilitation of foraging effort in domestic

(01 ][] - 47
22 A 111 0o [ Tox £ o] o OO 48
2.2 Materials and MEethOAS ..., 51
2.3 RESUITS ..ottt 59
A B 1~ o 1 1X] [ OO 63
2.5 APPENUIX oo 67
2.6 FIQUIBS ..o 71
2.7 TADIES ..ottt 80

CHAPTER 11l  Distinct roles of medial and lateral dopaminergic

pathways on social facilitation ...........cccccvviiiiiiiii e, 88
.1 INEFOAUCTION oot e et s et e et e e s e e en e enenns 89
3.2 Materials and MENOUS ..ot 91
.3 RESUIES ettt r ettt e et et er e 97
3.4 DISCUSSION .o ettt e e e e e et es e s s et esee et es e eeseneeesenenees 101
SO FIQUIES s 107
ACKNOWLEDGEMENTS ..., 115
REFERENCES ... 117
LIST OF PUBLICATIONS ..., 130

LIST OF OTHER PUBLICATIONS........ccoi i 131






CHAPTER |

Effect of serotonin for foraging effort

in domestic chick



1 Introduction

Because food items are unevenly distributed in nature, animals often forage by
sequentially visiting one patch after another. As the food density of a patch gradually
declines, the energy intake rate should inevitably decrease. Foragers should thus leave
the depleting patch at an appropriate point, even though some food items are remaining.
By adopting marginal value theorem, Charnov (1976a) argued that optimal foragers
leave a patch at the point when the instantaneous gain rate matches the average gain rate
available in the environment. The optimal patch-use model, as formulated by Stephens
& Krebs (1986), gained strong empirical support through studies of diverse animals in
the wild. For example, wasps (Kasuya 1982) and starlings (Kacelnik 1984) have been
shown to behave optimally so that the long-term gain rate was maximized in the central-
place resource collection.

Some studies have tried to examine patch-use behaviors as psychological tasks
performed in the laboratory. Agetsuma (1998) simulated a depleting food patch by
gradually decreasing reinforcements, and found that the subject monkeys stopped
responding in a manner that matched the optimal patch-use model. On the other hand,
Hayden et al. (2011) simulated a patch-use condition and analyzed neural activities of
the dorsal anterior cingulate cortex. In Hayden’s protocol, monkeys made choices
between an option after a fixed short delay (gradually smaller drops of juice, mimicking
next food in the patch) and an alternative option after a variable “travel time” (reset of
the diminished return, mimicking new patch). In that study, however, the prospective
“travel time” was explicitly presented, and the monkeys could make decisions in a

manner similar to the inter-temporal choice paradigm. In the concurrent choices,



animals generally adopt a short-sighted strategy such as maximization of instantaneous
gain rate (Mazur 1981) or profitability (Matsushima et al. 2008), in contrast with the
paradigm of patch-use behavior.

The discrepancy between these two paradigms was clearly pointed out by
Stephens and Anderson (2001), who examined captive blue jays under two different
conditions, one mimicking patch-use behavior (“stay or leave” choices on single
options), and the other inter-temporal choice (concurrent choices of “small-immediate”
and “large-delayed” options). Even though the economic consequences of these two
conditions were set as identical, the jays behaved differently and showed a considerable
far-sightedness in the patch-use task. The authors thus argued that behavioral data
obtained in the inter-temporal choice paradigm are not an “accurate guide” for
understanding patch-use behavior. However, it remains unanswered whether the neural
substrates are distinct or shared between these two paradigms of behavior.

In the present study, we examined if these paradigms could share serotonin (5-
HT) as a common neuro-modulator. In inter-temporal choices tested in rats,
antidepressant drugs (imipramine-like drugs and serotonin reuptake inhibitors) have
been shown to acutely improve impulse control, suggesting the involvement of
noradrenergic / serotonergic neuro-modulation (Bizot et al. 1988, 1999); null results
(Charrier & Thiébot 1996, Evenden & Ryan 1996) should also be noticed. However, 5-
HT depletion by 5,7-dihydroxytryptamine infusion to raphe nuclei caused rats to
commit more impulsive choices than controls (Wogar et al. 1993, Mobini et al, 2000),
supporting the critical role of 5-HT. Functional involvement of 5-HT has also been
shown by Denk et al. (2005), where a blockade of 5-HT synthesis caused rats to choose

an immediate reward more frequently without effects on effort-based choices. Taking



these experimental findings into account, Doya (2008) proposes an integrated
framework in which neuromodulators (5-HT, dopamine and noradrenalin) affect
economical decision making. However, the involvement of modulators has not been
studied in patch-use behavior, except for a recent genetic study in Caenorhabditis
elegans (Bendesky et al. 2011).

Fluvoxamine maleate (FLV) was used as the selective serotonin reuptake
inhibitor (SSRI) in this study, because FLV binds to a chicken’s 5-HT transporter
(SERT) at a high affinity, comparable with the human SERT (Larsen et al. 2004). If 5-
HT level is increased by FLV application and if choice impulsiveness is suppressed by
FLV, then FLV may also influence patch-use behavior. FLV-treated chicks may leave a
depleting food patch earlier, so that they gain a larger amount of food after a longer
delay (or a new patch after a long travel time) as illustrated in Fig 1. In addition, the
effects of FLV on work efforts and distress calls were also measured.

Pharmacological effects of FLV on the striatal 5-HT level were examined by in
vivo microdialysis. Striatal nuclei (neostriatum and nucleus accumbens [NAc] in
particular) have been shown to play a critical role in inter-temporal choices, because
localized lesions caused impulsive choices in rats (Cardinal et al. 2001) and in domestic
chicks (lzawa et al. 2003). Dense 5-HT innervation of the caudate putamen by the
dorsal raphe is reported in rats (Waselus et al. 2006). In chicks, similarly, NAc and the
surrounding striatum are similarly innervated by 5-HT positive fibers (Metzger et al.

2002).



1.2 Materials and Methods

1.2.1 Animals

A total of 193 male domestic chicks (Gallus domesticus, white leghorns) were
used. Each chick was used once and never reused in other experiments. Thirteen chicks
were discarded because they heavily emitted distress calls, therefore the present study
was based on data obtained from the remaining 180 individuals; 36 chicks (Experiment
1), 70 (Experiment 2), 20 (Experiment 3), 16 (Experiment 4), 18 (Experiment 5), 12
(Experiment 6), and 8 (Experiment 7), respectively. Five additional chicks served as
companion individuals in the study of distress calling. New hatchlings (post-hatch day
1) were purchased from a local supplier (Hokuren Central Hatchery, lwamizawa,
Hokkaido) and were communally housed in transparent plastic cages (15 x 28 x 12 cm)
that were thermo-controlled at ca. 30°C under illumination by white light bulbs (12L.:
12D, the light period starting at 08:00). On days 2—4, chicks were fed with 1-3 g of
food (per day per chick; mixture of millet and chick mash food). On day 5 and
afterwards, chicks were supplied with a daily 4 g ration in addition to 0.5-1.0 g of millet
gained during experiments. Water was freely available. Body weight steadily increased,
maintaining ca. 80% of the freely-fed body weight. After the end of the experiments,
chicks were sacrificed by carbon dioxide if not processed for brain histology.
Experiments were conducted under the guidelines and approval of the Committee of
Animal Experiments of Hokkaido University. The guidelines are based on the national
regulations for animal welfare in Japan (Law for the Humane Treatment and

Management of Animals; after a partial amendment No.68, 2005).



1.2.2 Apparatuses and drugs
1.2.2.1 I-shaped maze for measurement of patch residence time

An I-shaped maze was used for recording the residence time (Experiment 1 and
2, Figure 1-2A). The maze was composed of a pair of feeders connected by a runway
(60 cm long and 13 cm wide). Each feeder was equipped with a mechanical sensor and
a colored door that was painted in blue or red. One of the feeders served as ON feeder
that supplied grains of millet. Color assignment was counter-balanced among
individuals in each group. The sensor detected the arrival of a chick and triggered the
door to open for the chick to approach the food tray. The ON feeder delivered food (1 or
2 grains of millet at a time) at pre-programmed intervals shown up to 25 times. Figure |-
2B (a and b) illustrate the patterns of gradually diminishing food supply by plotting the
cumulative gain (number of millet pellets) against the residence time (sec) during which
the chick stayed at the ON feeder. Open and filled circles denote the time at which food
of 1 (a) or 2 (b) grains was delivered. For further explanation of the procedures of
behavioral tasks, see below (section 2.3.1).

The opposite (OFF) feeder did not deliver food. Visits to the OFF feeder
terminated the food supply at the ON feeder, and caused the interval between grain
deliveries at the ON feeder to be reset to the minimum value. Programmed food supply
at the ON feeder was restarted when the chick revisited the ON feeder (Figure 1-2C).
Chicks quickly learned to forage food by shuttling between the two feeders. The I-maze
was placed in a dark room, illuminated by white light bulbs, and kept at ca. 26-30°C.
Behavior was monitored by a video camera placed above the maze, so that

experimenters observed chicks without being seen.



1.2.2.2 Operant chamber for binary choice tests

An operant chamber was used for recording behaviors in the inter-temporal
choice paradigm (Experiment 3). A thermo-controlled box (21 x 19 x 25 cm, kept at ca.
27-30°C and illuminated by light bulbs) was used (Aoki et al. 2006b, Amita et al. 2010,
Amita & Matsushima 2011). One of the surrounding walls was equipped with a pair of
holes placed side by side (separated by 3 cm, 4 cm above floor level), through which
one or two colored beads (white, blue or red) were presented for 1 sec. When a chick
pecked one bead, both beads were withdrawn and millet food (1 or 6 grains) was
supplied to the central food tray after a delay (0 or 1.5 sec). Assignment of colors to
small/short-delay food (red for 1 grain after O sec; SS) and large/long-delay food (blue
for 6 grains after 1.5 sec; LL) was fixed among individuals. A white bead was always

assigned to a non-rewarding option.

1.2.2.3 I-shaped maze for studying work efforts

An I-shaped maze (88 cm long and 12 cm wide) was used for testing each chick’s
foraging efforts (Experiment 4); see Ogura & Matsushima (2011) for details. Briefly, the
maze was equipped with a pair of terminal feeders, each of which supplied a grain of
millet at variable intervals (mean = 15 sec, uniformly ranging 10-20 sec) for 30 times
(therefore 60 grains in total). Note the low reinforcement rate, which did not deplete
during the trial that lasted for 8-9 min. The maze was not equipped with doors, and
chicks freely shuttled between the two feeders and gained food if available. No visual
cues were delivered but distracting motor sounds were given so that chicks were unable
to associate any sensory cues with food delivery. Behavior was recorded by a video

camera placed above the maze, and trajectories of the shuttling chick were analyzed off-



line by using Move-tr/2D (ver 7.0) software (Library Co., Japan) according to the
position of a fluorescent marker attached to the head.

Other behavioral tests (distress calls; Experiment 5) and in vivo microdialysis
(Experiment 6 and -7) were conducted in the operant chamber, but chicks did not

perform any specific behavioral tasks.

1.2.2.4 Drugs

Fluvoxamine maleate (FLV) was kindly supplied by Abbott Japan Co., Ltd.
(former Solvay Pharmaceuticals B.V.) / Meiji Seika Pharma Co., Ltd. FLV was
dissolved in a 0.01 M phosphate-buffered saline (pH 7.2) at concentration of 1.5 mg or
3.0 mg per ml, and intra-peritoneally administered at 1 ml/15 g body weight (BW),
yielding 10 or 20 mg/kg BW, respectively. For in vivo microdialysis experiments
(Experiment 6 and -7), we used an artificial cerebrospinal fluid (aCSF) composed of:
KCI 2.7 mM, NaCl 140 mM, CaCl, 1.2 mM, MgCl> 1.0 mM, NaH2PO4 0.03 mM,
Na:HPO4 1.7 mM, pH 7.2. In the reverse microdialysis (Experiment 7), FLV was added

to the aCSF at concentrations of 2 or 20 uM.

1.2.3 Procedures of behavioral tasks
1.2.3.1 Patch residence time (Experiment 1 and -2)

On post-hatch day 8, chicks were initially given 3 consecutive blocks of
habituation to the I-maze. In each block, a communal group of 3 individuals was placed
in the maze with 25 grains of scattered millet for 15 min. On days 9-11, individual
chicks were tested in a block of behavioral sessions per day, and a block was composed

of 20 cycles of shuttling between the ON and OFF feeders. Chicks were discarded if



they stopped midway continually emitting distress calls for a period longer than 15 min.

We recorded behaviors under 6 different patterns of food supply (Figure I- 2B).
To avoid effects of preceding experiments, each chick was examined under one
condition and not reused. In 4 patterns, the ON feeder delivered 1 grain of millet at a
time, and up to 25 grains were supplied. In 2 other conditions, 2 grains were delivered at
a time, so that the gain was 50 grains in total.

Intervals between delivery was either kept constant ({2.0, x1.0} and {14.0, x1.0}
conditions) or gradually increased ({2.0, x1.1} and {0.5, x1.2} conditions). Figure I-s in
parentheses {a, xB} indicate that the initial interval (between the 1st and 2nd delivery)
was a sec, and increment rate was B. The last interval (between the 24th and the 25th) of
the depleting conditions was therefore 16 and 22 sec for {2.0, x1.1} and {0.5, x1.2},
respectively. Predictions of these experiments are schematically illustrated in Figure I-
3Aand B.

Four parameters (periods of time) were measured based on the sensor signals
recorded by a PC using the LabView system (National Instruments Co., USA). (1)
Residence time in the ON feeder: period from the arrival at the ON feeder until the
arrival at the OFF feeder. (2) Leave-point interval: interval between the last two
deliveries at the point when the chick left the ON feeder (Figure 1-4C). (3) Travel time:
period from the arrival at the OFF feeder until the arrival at the ON feeder. (4) Waiting
time: period from the leave point until the point of time at which the next grain should
have been delivered in the ON feeder (Figure 1-4D).

As the first step, behaviors were recorded without any pharmacological
treatments in 6 groups of chicks (Experiment 1; under 4 diminishing conditions and 2

constant interval conditions, as described above). Behavioral tasks were conducted for 3



days from post-hatch day 9 to day 11. Chicks were examined in one block (20 shuttles)
per day.

As the second step, the effects of FLV on residence time were examined in 6
other groups of chicks (Experiment 2); vehicle control, 10 and 20 mg/kg BW in each of
the 2 diminishing conditions. Behavioral tasks were conducted for 4 days from post-
hatch day 9 to day 12. On day 9, one block (composed of 30 shuttles) was given, and
chicks were pseudo-randomly allocated into 3 groups (vehicle, 10 and 20 mg/kg BW); 3
groups were thus counter-balanced based on the recorded residence time. On days 10—
12, chicks received one block (composed of 20 shuttles) per day, 1 hour after the FLV or

vehicle solution was intra-peritoneally injected.

1.2.3.2 Inter-temporal choices

Effects of FLV on inter-temporal choices (Experiment 3) were examined
according to the procedure described previously (Amita et al. 2010). Briefly, after initial
habituation to the operant chamber on day 5, chicks were individually trained to
associate color cues with food rewards as described above. One block of single-cue
training consisted of 12 pseudo-randomly arranged trials for SS (small/short-delay
reward; red), 12 trials for LL (large/long-delay reward; blue), and 24 trials for no reward
(white), respectively. Chicks received 2 blocks of training on day 6. On days 7-9, chicks
were thereafter trained in binary choices between a rewarding bead (red or blue) and a
non-rewarding white bead in one block per day. One block consisted of 12 pseudo-
randomly arranged trials for SS (red) paired with white, 12 trials for LL (blue) paired
with white, and 24 trials for a pair of non-rewarding white beads. The side of

presentations was randomised in each trial. On day 10, the remaining chicks were

10



allocated to two groups in a counter-balanced manner based on body weight; one group
for FLV and another for vehicle treatment. At 60 min after the injection, chicks were
tested in one block composed of 10 test trials of choices between SS (red) and LL
(blue), which were pseudo-randomly arranged with trials for a pair of non-rewarding

white beads (10 trials), a pair of SS (red; 10 trials) and a pair of LL (blue; 10 trials).

1.2.3.3 Work efforts in uncued shuttle tests

Effects of FLV on work efforts (running for feeders) were examined (Experiment
4) according to the procedure described elsewhere (Ogura & Matsushima 2011). Briefly,
chicks were habituated to the I-maze on days 7 and 8, and then allocated to two groups
in a counter-balanced manner based on body weight; one group for FLV and another for
vehicle treatment. On days 9-11, chicks were individually tested 75 min after the FLV
or vehicle solution was intra-peritoneally injected. In each test session, the two terminal
feeders supplied millet grains according to the programmed food delivery that lasted for
8-9 min in total. After the food supply was terminated and all grains were consumed,
chicks were left in the maze for an additional 2 min before the test session of the day
was terminated.

Five parameters were measured. (1) Total Residence time (sec) in each feeder
(i.e., areas < 10 cm from the terminal walls). (2) Number of visits (times) to each feeder.
(3) Residence time per visit (sec/times) (i.e., the residence time divided by the number
of visits). (4) Running distance (cm) and (5) velocity (cm/s) during the 8 min period of
food delivery; Velocity was measured in the midway after excluding the areas near (< 10

cm) the feeders.
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1.2.3.4 Distress calls

Effects of FLV on distress calls were examined at 3 doses (vehicle, 10, and 20
mg/kg BW, Experiment 5). To induce distress calls, the subject chick was socially
isolated from companion chicks for 3 min, as reported previously (Hayashi et al. 2001),
and the number of distress calls were counted. Calls were also counted before and after
the isolation period (the average yielded baseline level, each for 3 min), and the
difference (4 distress calls) was calculated. Calls were counted 20 min after the FLV or
vehicle injection. FLV or the vehicle was injected every day from day 8 to day 10, and

calls were measured on days 8 and 10.

1.2.3.5 Statistical analysis

For the data obtained in Experiments 1 to 4, generalized linear mixed models
(GLMMs) were constructed to estimate the effects of behavioral factors and the drug
application by using R (ver. 2.6.0) for the platform of statistical calculations. See Table
I-1-3 and supplementary tables for details. For the distress calls (Experiment 5),
ANOVA was used after Bartlett’s test for homogeneity of variance with the significance

level set at p < 0.05.

1.2.4 Microdialysis
1.2.4.1 Surgical operation for chronic implantation of cannulae

Effects of systemic injection of FLV on centrally released serotonin (5-HT) and
dopamine (DA) were examined in Experiment 6 by microdialysis. To confirm its direct
effects on the central nervous system, the effects of locally infused FLV through the

dialysis microprobe (reverse microdialysis) was examined in Experiment 7.

12



A guide cannula was chronically implanted on the day before the microdialysis
experiment. Chicks were anaesthetized by intra-muscular injection of ketamine and
xylazine (0.24 ml of a 1:1 mixture of 10 mg/ml ketamine (Sankyo Co., Japan) and 2
mg/ml xylazine hydrochloride (Sigma, USA). Supplementary injections (0.05 ml each)
were given to maintain a stable anaesthesia if necessary. Chicks were then fixed on a
stereotaxic apparatus. Skin over the skull was incised, and the skull bone and dura
matter were cut out to expose the brain surface. A guide cannula (AG-8, Eicom Co.,
Japan) was inserted into the medial striatum (mSt) of the left hemisphere. Coordinates
of the probe tip were; 1.20-1.75 mm anterior from the bregma, 1.2-1.5 mm lateral from
midline, and 4.3-5.3 mm from brain surface. Incised skull was covered with cotton, and
the cannula was secured to the skull with dental cement. In Experiment 6, a
polyethylene tubing (1.0 mm o.d.) was further inserted into the peritoneal body cavity
for systemic injection of FLV. The tubing was implanted under the skin and connected

to a 1 ml syringe.

1.2.4.2 Sampling perfusate and high performance liquid chromatography (HPLC)
measurement of 5-HT and DA

On the next day, an in vivo microdialysis experiment was conducted in a freely-
behaving condition without any behavioral tasks. A dialysis probe (A-1-8-02, Eicom
Co.) was inserted into the brain through the guide cannula, and sampling started
immediately. The active membrane of the probe (0.22 mm o0.d., 2 mm long) was
exposed to brain tissue. The internal space of the probe was perfused with aCSF at a
rate of 1 pl/min using a syringe pump (ESP-32, Eicom Co.). Contents of 5-HT and DA

in the perfusate were measured by HPLC with a reverse-phase column (PP-ODS, Eicom
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Co.) and an electrochemical detector (ECD-300, Eicom Co.). The mobile phase
consisted of: 2.1 mM sodium 1-decansulfonate, 0.1 mM EDTA-2 Na, 0.1 M phosphate
buffer and 1% (v/v) methanol (pH 6.0). A working electrode was maintained at +400
mV, and the flow pump rate was set at 0.5 ml/min. A typical example of HPLC
chromatogram is shown in supplementary Figure I-S1; dopamine and 5-HT were clearly
separated without overlapping. Standard curve (supplementary Figure 1-S2) indicated
that the measured signal (AUC; area under cover, in min X nA) was proportionate to the
concentration of dopamine and 5-HT in a range of 0.01 to 1 ng/ml, which covered the
range of perfusate samples obtained in this study. For statistical comparisons, non-

parametric tests were used at a significance level set at p < 0.05.

1.2.4.3 Histological verification

After the microdialysis experiment, the probe location was marked by injecting
dye (0.1% pontamine sky blue, ca.10 ul). The dialysis probe was replaced with another
probe with a small hole at the tip, and the dye was injected by pressure. Chicks were
anaesthetized by an injection of ketamine — xylazine cocktail (0.5 ml of a 1:1 mixture),
and transcardially perfused with a fixative (4% paraformaldehyde in 0.1 mM PB, pH
7.2, 50 ml). Brains were dissected out of the surrounding tissue, post-fixed at 4°C for 1—
7 days, embedded in egg yolk, and cut into 50 pum thick frontal sections by using a
vibrating microslicer (DTK-1000, Dosaka EM, Japan). Sections were mounted on
aminopropylsilane (APS)-coated slide glasses, dried, stained with cresyl violet and

imaged by a digital scanner.
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1.3 Results

1.3.1 Behavioral effects of FLV
1.3.1.1 Residence time in naive chicks (Experiment 1)

The mean residence time was shorter in {0.5, x1.2} than that recorded in {2.0,
x1.1} irrespective of the food amount (1 grain or 2 grains) (Figure 1-4A, B). Without
interval increments, chicks left the ON feeder after the food supply was completed
(vertical dashed line, {2.0, x1.0}) or immediately after the first or second grain ({14.0,
x1.0}). Statistical analyses were thus performed for the other 4 groups of chicks,
namely {0.5, x1.2} and {2.0, x1.1} for 1 and 2 grains per delivery. Based on mean
residence time, AICs (Akaike Information Criteria) were compared among the 4 models
in which the variables of pattern ({0.5, x1.2} or {2.0, x1.1}) and food amount (1 or 2
grains) were considered (Table 1-1). The model with the pattern variable was chosen for
its smallest AIC (72.95), and the model with the second smallest AIC (73.44) contained
both pattern and grain variables, although the coefficient of grain (as indicated in
parentheses) could contain 0 value at considerably high probability (p>0.05), thus the
variable grain was not supposed to be significant. . The null model gave rise to the 3rd
smallest AIC (86.88), and the model with the variable grain yielded an even larger AIC
(88.12), indicating that the variable grain should not be considered. The present results
are therefore compatible with one prediction of the optimal patch-use model (Figure I-
3A), that the chicks leave earlier in the higher increment rate (x1.2 rather than x1.1).
However, the results did not match with another prediction (Figure 1-3B), that chicks
leave earlier in the larger gain rate (2 grains rather than 1 grain). In accordance with

mean residence time (Figure 1-4B), the mean leave-point interval (Figure 1-4C) was
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shorter in {0.5, x1.2} than in {2.0, x1.1} irrespective of the food amount.

The mean travel time (or the time spent in the OFF feeder) was also compared
with the respective waiting time (or the time to the next delivery at the ON feeder)
(Figure 1-4D); symbols denote mean values in individuals. In both 1 grain and 2 grain
trials, the waiting time tended to be longer than the travel time, even though the more
profitable option (the food available by revisit after a travel time) was temporally more
proximate. Chicks waited longer for the next grain particularly in the condition of {0.5,
x1.2}. Most probably, chicks behaved retrospectively based on the time after the last

grain was delivered, rather than based on prospective food gains.

1.3.1.2 Effects of FLV on residence time (Experiment 2)

To examine if the enhancement of endogenous 5-HT level could acutely or
chronically affect patch-use behavior, we examined FLV effects for 3 successive days. A
FLV solution (or vehicle) was injected (i.p.) 1 hour before the test of each day. We
found that FLV elongated the mean residence time in both conditions acutely from the
first day, but only at a high dose (20 mg/kgBW) (Figure 1-5A). At a low dose (10 mg),
however, significant effects were not found. We did not examine higher doses (40 mg or
higher), because pilot trials revealed that higher FLV doses often caused chicks to sleep.
In the following experiments, we therefore examined the effects of 20 mg FLV. Based
on residence time, AICs were compared among the 4 models in which the variables of
drug (vehicle, 10 or 20 mg/kg BW) and day (10-12) were considered (Tables 1-2 and 3).
Of these models, the full model yielded the smallest AIC (375.9 and 630.1 for the {0.5,
x1.2} and {2.0, x1.1} conditions, respectively), and the coefficients of both variables

(drug and day) included 0 value at probability p<0.05, thus the drug effect was
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supposed to be significant. On the other hand, the models composed only with the day
variables yielded a larger AIC (380.3 and 633.3, respectively), and AICs of the null
models were even larger (394.7 and 645.0, respectively); significant drug effects were

thus confirmed in both conditions of {0.5, x1.2} and {2.0, x1.1}.

1.3.1.3 Effects of FLV on inter-temporal choices (Experiment 3)

FLV suppressed choice impulsiveness (Figure 1-5B), as the number of choices of
the large reward (LL) were higher in the 20 mg group than in the vehicle control group.
Based on the number of choices of the large reward, AICs were compared between the
two models in which the variable drug (vehicle or 20 mg) was included or not (Table I-
S1). The drug model had an AIC (46.74) that was smaller than the null model (49.09),
and the drug coefficient included 0 value at p<0.05, thus the drug effect was supposed

to be significant.

1.3.1.4 Effects of FLV on work efforts in shuttles (Experiment 4)

FLV decreased running distance and running velocity, but the number of visits,
total residence time and residence time per visit were not influenced (Figure I-5C). For
each parameter, AICs were compared among the 4 models in which the variables drug
(vehicle or 20 mg/kg BW) and day (9—11) were considered (Tables I-S2 to S6). For total
residence time, the null model was chosen for its smallest AIC. For residence time per
visit, the model with the day variable was chosen. On the other hand, for running
distance and velocity, full models were chosen with significant coefficients for the drug
variable. For the number of visits, the full model was chosen. Taking all of these

estimations into account, it is concluded that FLV suppressed the total running distance
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by mainly slowing down the velocity, but the decision to leave the uncued food patches
was not influenced, in a clear contrast to FLV effects on residence time at the

diminishing patch (Experiment 2).

1.3.1.5 Effects of FLV on distress calls (Experiment 5)

FLV suppressed the number of distress calls, suggesting a general soothing effect.
Two-way ANOVASs revealed significant effects on A distress calls (Figure 1-5D) of dose
(Fdose (2, 30) = 15.11, p < 0.0001), but not of day of experiment (Faay (1, 30) = 3.47, p >

0.05) without interaction (Fdose x day(2, 30) = 0.27, p > 0.05).

1.3.2 Pharmacological effects of FLV on 5-HT and DA in the striatum
1.3.2.1 Location of the microdialysis probes

Histological reconstruction of tracks revealed that the microdialysis probes were
located in the mSt and surrounding tissues in all of the chicks studied (Figure 1-6).
These locations extended over the core and shell regions of the nucleus accumbens
(Bélint & Csillag 2007, Balint et al. 2011). In some chicks, the stained track was found
in the lateral part of the bed nucleus of the stria terminalis and the ventral pallidum sub-
regions of the basal ganglia ventromedial to the mSt (Reiner et al. 2004). These regions
in the basal ganglia are densely innervated by 5-HT positive fibers (Metzger et al.

2002).

1.3.2.2 Microdialysis and systemic application of FLV (Experiment 6)
Intra-peritoneal injection of FLV (20 mg/kg BW) elevated concentrations of both

5-HT and DA in the perfusate. Samples were collected from chicks housed in an
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illuminated chamber not equipped with feeders. Notice that the subject chicks did not
forage food, nor did they actively walk around. Figure 1-7Aa and Ac indicate the time-
course of relative concentrations measured as % of the reference level (sample #0
indicated by an arrowhead). AUCs did not significantly differ between groups (Figure I-
7Ab and Ad); U =17, p >0.05 for 5-HT; U = 13, p > 0.05 for DA (Mann—Whitney’s U-
test, N1 = nz = 6). After the injection (samples #1 to #4), on the other hand, significant
differences were found; U = 0, p < 0.005 for 5-HT; U =0, p < 0.005 for DA. It is thus
suggested that FLV could have an inhibitory effect on 5-HT re-uptake, but the effect
was not specific, as the DA level was also elevated. The injected FLV could indirectly
increase the DA level via unspecified pathways, or otherwise FLV (or the elevated 5-
HT) directly enhanced DA release (or re-uptake mechanisms) in the striatum. We
therefore conducted a reverse dialysis experiment, in which FLV was applied to the

perfusing aCSF solution.

1.3.2.3. Reverse microdialysis and local application of FLV (Experiment 7)

Similar effects were found in the reverse microdialysis. FLV was added to the
perfusate twice at 2 different doses (2 and 20 uM at sample #1 and #5, respectively),
and considerable increases were found in 5-HT and DA after 20 uM (Figure I-7Ba and
Bc). AUCs were compared among 3 phases of sampling, namely, samples #-4 to #-1
(aCSF), #1 to #4 (2 uM), and #5 to#8 (20 uM) by using Friedmann’s tests (k = 3 blocks
of treatments, m = 8 individuals); S = 86 (p < 0.01) for 5-HT, and S = 78 (p < 0.01) for
DA, respectively. We therefore conclude that FLV elevated 5-HT and DA locally in the

striatum.
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1.4 Discussion

We designed the present experiments to mimic optimal patch-use behavior in the
field. The residence time was dependent on the pattern of food supply (pattern) as
expected, but not on the amount (grain) (Experiment 1; Figure 1-4A, B and C).
Furthermore, the travel time was generally shorter than the waiting time at the feeder
(Figure 1-4D); clearly, chicks did not consider the larger gratification obtainable by
leaving the patch as an alternative option. We therefore agree with Stephens &
Anderson (2001) that inter-temporal choice data do not give a good account for
understanding patch-use behavior.

We expected to find that chicks with a systemic FLV application would leave the
depleting feeder earlier than chicks with a vehicle control (Figure 1-1), under the
premise that the decision to leave a food patch is identical to the choice of the
large/long-delay option in the inter-temporal choices. FLV actually suppressed choice
impulsiveness (Experiment 3; Figure 1-5B), confirming previous studies (see below for
further discussion). However it is to be noticed that the effect of FLV on choices might
be ascribed to altered sensitivity (1) to delay or (2) to amount of food reward; further
experiments should be added in order to address to this issue. FLV elongated residence
time, contrary to our initial expectation (Experiment 2; Figure 1-5A). FLV also
suppressed the running distance and velocity in the work effort test, as well as the
distress calls induced by social isolation (Experiment 4 and 5; Figure 1-5C and D),
suggesting a spectrum of soothing effects. In vivo microdialysis revealed an increase in
both 5-HT and DA by systemic and local application of FLV (Experiment 6 and -7;

Figure 1-6 and 1-7), suggesting the possibility that the systemic FLV directly affected the
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medial striatum. It is notable however that the dialysis experiments were performed
without any tasks, whereas the behavioral effects of FLV were examined in chicks that
were actively foraging in the maze. The increases in 5-HT and DA by FLV may appear
differently under the behavioral conditions.

It is therefore concluded that (1) the present behavioral experiments only
partially reproduced optimal patch-use behavior. (2) FLV suppressed impulsiveness in
the inter-temporal choices, and (3) it also made chicks tolerant of the delay in the next
food gained in the patch. Finally, (4) these behavioral effects of FLV might be mediated

by enhanced action of either or both of 5-HT and DA in the medial striatum.

1.4.1 5-HTergic control of motor activities and residence time

FLV suppressed running distance and velocity in this study (Figure 1-5C),
suggesting that acutely enhanced 5-HT level decreases motor activities. In accordance
with this finding, a previous report showed that a 5SHT1 and 2 agonist (lysergic acid
diethylamide) decreased the exploratory locomotor activity of rats (see review by Geyer
(1995)). However, behavioral effects of 5-HT may be dependent on the context. SSRI
induced hyperlocomotion in mice when tested in a novel environment, but not in a
habituated environment (Brocco et al. 2002). In chicks, FLV effects should be examined
in other contexts such as spontaneous motor activity in an open field without food.

On the other hand, FLV effects on residence time and the inter-temporal choices
(Figure I-5A and B) may be explained differently, whereby 5-HT enhances the tolerance
for delay of the forthcoming reward. The present findings are in concert with previous
studies of behavioral pharmacology (Bizot et al. (1988, 1999) for acute effects of 5-HT

uptake inhibitor, Bizot et al. (1999), Wogar et al. (1993), Mobini et al. (2000) for 5,7-
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DHT infusion to dorsal raphe) and a recent neurophysiological analysis of raphe
neurons (Miyazaki et al. 2011a; also see Miyazaki et al. (2011b) for a microdialysis
study in the dorsal raphe nucleus). It must however be noticed that the acute effects of
SSRIs have not been reproduced in inter-temporal choice tests using rats, in which
subjects made choices by lever-pressing (Charrier & Thiébot 1996, Evenden & Ryan
1996). In these studies, the discrepancy with Bizot et al. (1988) has been ascribed to
different task conditions.

Acute effects of SSRIs have also been questioned in a study using pigeons (Wolff
& Leander 2002). They adopted behavioral titration for inter-temporal choices and
examined a series of SSRIs (fluoxetine, citalopram and paroxetine; systemic
application), but found only chronic effects that appeared after consecutive application
for 17 days. The present results, on the other hand, revealed acute effects of FLV in
chicks (Figure 1-5B). The discrepancy may be ascribed to the different affinities of these
SSRIs to the avian SERT (Larsen et al. 2004). While FLV strongly inhibits the chicken
SERT (1.2 times in terms of Ki compared to human SERT), the SSRIs used Wolff &
Leander (2002) had lower levels of inhibition (fluoxetine 5.6, citalopram 41 and

paroxetine 41, respectively).

1.4.2 5-HT and interval timing (or retrospective / immediate sense of time)

Involvement of DA in the control of the internal clock has gained substantial
experimental support (Meck et al. 2002, Coull et al. 2011 for review). Haloperidol, a D
receptor antagonist, is reported to delay the internal clock (MacDonald & Meck 2005).
It is assumed that the corticostriatal circuit responsible for the internal clock is under

speed-control by DA actions from the substantia nigra. However, significant action of 5-
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HT on the timing mechanism is questioned. Ho et al. (1996) review recent studies of 5-
HT actions on interval timing. It is notable that 5-HT depletion by 5,7-DHT application
increases the Weber fraction of the timing behavior. However, they argue that 5-HT
does not change the speed of the internal clock, but is involved in behavioral switching.
Ho et al. (1996) actually report that systemic FLV does not influence indices of
behavioral timing tested by a fixed-interval peak procedure.

It might be argued that the FLV effect on residence time (Figure I-5A) is
explained by its action on interval timing, particularly through the unexpected increase
in DA level by FLV (Figure I-7). However, the enhanced DA level should shorten the
residence time by over-estimation of the perception of time, if its action is similar to
amphetamine (Coull et al. 2011). It is thus not plausible that the observed effects are due
to the accompanying DA increase. In conclusion, we may suppose that the perception of

interval timing was not influenced by FLV in the present study.

1.4.3 DA release through 5-HT enhanced by FLV

Systemic application of FLV increased not only the 5-HT but also the DA level in
the striatum (Figure 1-7A), which was reproduced in the reverse dialysis experiment
(Figure 1-7B), indicating that FLV increased DA locally in the striatum. As reviewed by
Navailles & Deurwaedere (2011), it is possible that the enhanced 5-HT could directly
act on the dopaminergic terminals, making the DA transporter (DAT) reverse the
direction of dopamine release. A similar mechanism may underlie the DA increase by
FLV found in the present study. Alternatively, it is possible that FLV directly acted on
the DAT and inhibited the DA uptake. Although data are not available on the avian DAT,

a biochemical study has revealed that binding of FLV to human DAT is negligibly small
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(Owens et al. 2001). The cellular mechanisms underlying the DA release by FLV need
further investigation.

Co-release of 5-HT and DA by a 5-HT reuptake blocker (alaproclate) has already
been reported in an in vivo experiment (Yadid et al. 1994) and also in in vitro
preparations of striatum using an SSRI (fluoxetine, Zhou et al. 2005), but the functional
significance remains unknown. Further detailed experiments are needed to reveal the

functional significance of the cross talks between 5-HT and DA.
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1.5 Figures

inter-temporal choice patch-use behaviour
large and delayed reward leave for the next patch
O eeoeo o
— -
FLV?  elem FLV?
= =
o ° @
small and immediate reward wait for the next grain

Figure I-1. Predicted effects of the fluvoxamine (FLV) on inter-temporal choice and
patch-use behavior.

If the common self-control mechanism underlies the inter-temporal choice and
the patch-use behavior, the FLV-treated chicks will leave a depleting patch earlier (or, a
shorter residence time; right diagram) to gain food from the next patch. This prediction
comes from the assumed effect of FLV on the inter-temporal choice (left diagram),
suggesting that the FLV-treated chicks will prefer a large and delayed reward to a small

and immediate reward.
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let for each delivery) in a programmed manner as shown in (B). The
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grains of millet) is plotted against the residence time at the ON feeder. Figures in
parentheses {a, XA} indicate the initial interval a (sec), and the increment rate 5. Four
patterns of depletion were programmed up to a total of 25 (a) or 50 (b) grains. Two
other patterns of a constant rate (4 = 1.0) were also examined at short (2.0 sec) or long
(14.0 sec) intervals. (C) Time course of food deliveries and chick’s behavior. Each ball
represents delivery of a grain of millet; note the gradually increasing intervals. ON and
OFF denotes the ON feeder and the OFF feeder, respectively. Leaving the ON feeder
stopped the food deliveries, and visiting the opposite OFF feeder reset the interval of

the ON feeder to the minimum value (0.5 sec or 2.0 sec).
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Figure 1-3. Patch-use behavior and inter-temporal choice. If chicks behave optimally,
we will find that the residence time is shorter in {0.5, x1.2} than that in {2.0, x1.1}(A),

and shorter in 2 grains than in 1 grain (B), depending on the travel time that is assumed

to be 30 sec in these graphs.
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Figure 1-4. Behaviors in depleting food patches (Experiment 1). (A) Residence time at



the food patch distributed with large variance. Histograms of residence time under
different conditions are shown. Residence time was measured in 20 consecutive counts
for each chick, and the total 120 counts (=20 x 6 chicks) were merged; data obtained on
the last day (day 12) are shown. Vertical dashed lines indicate the terminal point at which
the last grain was supplied. (B) Mean residence times of the four patterns are compared,;
error bars indicate S.E.M. (C) Leave-point interval. (D) Travel time (time until the next
visit to the ON feeder) is plotted against waiting time (time to the next grain the chick

could have gained if it stayed at the feeder); symbols represent individuals.
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Figure 1-5. Behavioral effects of FLV (fluvoxamine) on residence time (A), inter-
temporal choices (B), work efforts (C), and distress calls (D). (A) Systemic injection of
FLV resulted in a longer residence time. (B) FLV suppressed impulsiveness in the inter-
temporal choices, but the difference was only suggestive (see text for statistics). (C)

FLV decreased running distance and running velocity, but residence time per visit, total
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residence time and number of visits were not influenced. Means (£S.E.M.s) are plotted
for the day of experiment. (D) Increase in the number of distress calls (per 3 min)

elicited by social isolation.
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Figure 1-6. Location of microdialysis probes in the striatum. (A) Representative
photomicrograph of a track on a Nissl-stained section. Arrow heads point to dorsal and
ventral edge of the probe stained by post-experimental injection of dye (0.1%
pontamine sky blue). (B, C) Superimposed locations of probes are shown on frontal
sections of telencephalon. N: nidopallium; ISt: lateral striatum; GP: globus pallidus;

mSt: medial striatum.
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Figure 1-7. Pharmacological effects of FLV on 5-HT and DA in the striatum. (A)
Systemic injection of FLV (20 mg/kg BW) elevated the level of (a) 5-HT and (c) DA.
Values are expressed as percent change relative to baseline (sample #0) as mean £ S.E.M.
FLV (or vehicle) was intra-peritoneally injected at the beginning of the sample period #1
(arrowhead). The percent concentrations in 4 consecutive samples (namely 80 min) were
summated to yield the area under curves (AUC) in b and d (mean + S.E.M.); horizontal
dashed lines indicate the baseline. AUCs were significantly different between FLV and
vehicle only after the injection. (B) Local application of FLV through the probe revealed
similar effects on extracellular 5-HT DA, suggesting direct action in the striatum. Time
course and AUC of extracellular 5-HT and DA levels are similarly shown. AUCs were
compared among three different phases of samples; samples #-4 to #-1 (aCSF), #1 to #4
(2 uM), #5 to #8 for (20pM), and significant differences were found among these phases.

Note also that the effects on DA were reproduced.
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Figure 1-S1. HPLC chromatogram (Experiment 6,-7). A typical example of HPLC
chromatogram showing the clear separation of DA (dopamine) and 5-HT; plot against the
elution time (X-axis, min). The coloured areas in red (DA) and blue (5-HT) indicate the
AUC (area under curve; arbitrary unit) that represents the respective concentration in the

perfusate.
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Figure 1-S2.  Standard curves of AUC (area under the curve; min x nA) plotted against
the concentration of test solution that contained red (DA) and blue (5-HT) at 0.01, 0.1
and 1 ng/ml. Linear relationship was maintained in this range of concentration, which

covered the range of data obtained in this study.
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1.6 Tables

Table I-1. The condition model yielded the smallest AIC. AICs (Akaike Information
Criteria) and estimated coefficients of variables were calculated for 4 models designed
for mean of residence time in Experiment 1. The models are sorted in ascending order
of AIC. The chosen model [«,, «,] with the smallest AIC indicates that pattern alone
was significant, whereas the number of grain was not. Coefficients in parentheses
represents that the 95% confidence interval (Cl) of the estimate included 0. Most-likely-

fitting formulas are indicated in this and the following tables.

estimated coefficients of variables
models AIC a, a, a,
(intercept)  (pattern) (grain)
1 (ap ay) 72.95 3.7629 0.6190 -
2 (a, ap,a,) | 73.44 3.5270 0.6182 (0.1577)
3 (ap) 86.88 | 4.07259 - -
4 (ap a,) 88.12 3.8376 - (0.1567)
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Table I-2. The drug-day model yielded the smallest AIC. AICs and estimated

coefficients of variables were calculated for 4 models designed for residence time ({0.5,

x1.2} condition) in Experiment 1. The chosen model [, ,, f,] indicates that both drug

and day had significant effects.

estimated coefficients of variables

models AIC B B, B,
(intercept)  (drug) (day)
1 (Bo, By, By) |375.9| 3.743069 0.024441 -0.152728
2 By By) 380.3| 3.98778 - -0.15307
3 By Br) 390.8| 3.65522  0.02640 -
4 (Bo) 394.7| 3.92180 - -

39



Table 1-3.  The drug-day model yielded the smallest AIC. AICs and estimated
coefficients of variables were calculated for 4 models designed for residence time ({2.0,

x1.1} condition) in Experiment 1. The chosen model [, ,, §,] indicates that both drug

and day had significant effects.

estimated coefficients of variables

models AlIC B, B B,
(intercept) (drug) (day)

1 (By By B,) | 630.1| 4.09510 0.03644 -0.20209
2 By, Bo) 633.3| 4.47996 - -0.20173
3 (B, Bu) 641.9| 4.04899 0.03772 -
4 (B,) 645 | 4.4475 - -
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Table I-S1. The drug model yielded the smallest AIC. AICs and estimated coefficients

of variables were calculated for 2 models designed for number of choice of large reward

in Experiment 3. The chosen model [, A,] indicates that drug had significant effects.

The 95% confidence interval of the estimated coefficient of the drug variable included 0

at a low probability (p = 0.0312), thus was supposed reliable.

estimated coefficients of variables

models AlIC B B
(intercept) (drug)
1 (B By) 46.74 -0.77334 0.05499
2 (B 49.09 -0.2256 -
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Table 1-S2.  The day model yielded the smallest AIC. AICs and estimated coefficients
of variables were calculated for 4 models designed for residence time per visit in

Experiment 4. The chosen model [, A,] indicates that day alone had significant effects.

estimated coefficients of variables
models AIC B, B, B,
(intercept)  (drug) (day)
1 (Bo Bo) 250 5.0418 - -0.3371
2 (By B, B,) | 250.3 | 4.42556  (0.05505)  -0.33827
3 (By) 252.6 5.0258 - -
4 (Bys Br) 252.9| 4.41041  (0.05499) _
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Table 1-S3.  The null model yielded the smallest AIC. AICs and estimated coefficients

of variables were calculated for 4 models designed for total residence time in

Experiment 4. The chosen [,] model indicates that neither drug nor day had significant

effects.
estimated coefficients of variables
models AIC Bo B, B,
(intercept)  (drug) (day)
1 (By) 1851 | 9.0412
2 (Bo Bo) 1852 | 9.04159 - (-0.07504)
3 (Bo, By) 1852 | 8.86247  (0.01590) -
3 (By: By, By | 1853 | 8.86263  (0.01591)  (-0.07507)
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Table 1-S4. The drug-day model yielded the smallest AIC. AICs and estimated

coefficients of variables were calculated for 4 models designed for running distance in

Experiment 4. The chosen [, 5, #,] model indicates that both drug and day had

significant effects, although the effect of drug was not reliable.

models AIC

estimated coefficients of variables

:80 :31 182
(intercept)  (drug) (day)

1 (B, B, By) |227.1| 4.48989  (-0.03083)  0.21030
2 (Bo: Bo) 228.3| 4.14643 - 0.20896
3 (By B1) 235 | 4.51214  (-0.03192) ]
4 (Bo) 235.8| 4.1573 ; ]
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Table 1-S5. The drug-day model yielded the smallest AIC. AICs and estimated

coefficients of variables were calculated for 4 models designed for running distance in

Experiment 4. The chosen [, 5, #,] model indicates that both drug and day had

significant effects.

estimated coefficients of variables
models AIC B, B, B,
(intercept) (drug) (day)
1 (By By, By) | 4966 | 9.04361 -0.02881  0.16553
2 (Bo Bo) 4967 | 8.71956 - 0.16549
3 By By) 4973 | 9.04392 -0.02883 -
4 (Bp) 4974 | 8.7197 - -
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Table 1-S6. The drug-day model yielded the smallest AIC. AICs and estimated

coefficients of variables were calculated for 4 models designed for velocity in

Experiment 4. The chosen [, 5, #,] model indicates that both drug and day had

significant effects.

estimated coefficients of variables
models AIC B, B B,
(intercept) (drug) (day)

1 By By By) | 106 | 3.272511 -0.020937 0.151861

2 (B Bo) 112.1 | 3.04252 - 0.14968
3 (Bo: By) 123.1 | 3.536127 -0.019376 -
4 (Bo) 127.4 | 3.29227 - -
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CHAPTER I

Social facilitation of foraging effort

in domestic chick
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2.1 Introduction

Social facilitation, which results in an enhancement of behavioral performance or
an increase in work investment when an individual is in the presence of one or more
conspecifics, has been widely reported in a variety of animals including humans (Zajonc
1965 for a review), e.g., ants building a nest (Chen 1937), cockroaches running in
mazes for food (Gates & Allee 1933), hyenas in drinking behavior (Glickman et al
1997) and humans engaged in physical work (Triplett 1898) or mental work (Allport
1920), leading to recent report on physiological characteristics of the facilitation in
cardiovascular responses (Blascovich et al. 1999). While many diverse taxa exhibit
socially facilitated behavior, surprisingly little is known about the ecological contexts in
which social facilitation occurs.

From an ecological standpoint, social interference by conspecifics is considered
an important factor in influencing an individual’s foraging strategies. Classical foraging
theory typically focuses on the perspective of a single forager (Charnov 1976b);
however this neglects the overall interactions that occur in group-living animals. A more
recent perspective, coined the “Social Foraging Theory”, suggests that not only
individual decision-making, but also conspecific behavior, influences the outcome of an
individual’s foraging success (Giraldeau & Caraco 2000). For example, Parasitic
Jaegers (Stercorarius parasiticus) will forage in larger groups when engaging in risky
behavior such as attacking and steeling fish from Common Terns (Sterna hirundo), even
though they could gain more food by foraging in smaller groups or by themselves
(Bélisle 1998). Bélisle (1998) argued that the risk of starving must also be included in

foraging theory in addition to such things as net/gross intake rate or efficiency, since
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group formation is expected to reduce variance of the food-encounter rate.

In behavioral studies using chicks, Tolman & Wilson (1965) reported that paired
chicks consumed a larger amount of food than did isolated chicks only when the chicks
had been deprived of food. However, their study failed to show conclusive results on the
effects of social facilitation on rates of pecking (Tolman 1967). Tolman & Wilson
(1965) also did not control the amount of food chicks could consume, thus it was
uncertain whether the increased consumption was a result of the amount of food
available rather than mere social facilitation. In our study, we tried to know whether
social facilitation could improve individual pay-off (i.e., rate of net gain = [benefit —
work cost] / time), or otherwise other currency (e.g., low probability of starvation;
Caraco et al. 1980) should be considered.

In the present study, we examined the influence of social facilitation in 1-2 week-
old domestic chicks (Gallus domesticus). By strictly controlling the amount of food
delivered, we examined whether foraging competition (i.e., reduction of gain by
interference of other individuals) may socially facilitate an increase in the amount of
foraging efforts in chicks. Chicks provide a unique opportunity for studying the
neuroscience of decision-making in relation to behavioral ecology and economics
(Matsushima et al. 2003, 2008 for reviews), because we can quantitatively control
feeding conditions and potential energy budgets in experiments. Furthermore, chicks are
precocial animals that begin to forage independently as soon as they hatch, and so
individual development can be controlled as well. In our study, we investigated two
foraging behaviors, running and pecking, in order to assess whether foraging efforts
would increase under specific social conditions (i.e. social facilitation). Running to, or

approaching food, and pecking at, or handling, food have already been shown to have
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distinct neural substrates involved (ventral striatum/nucleus accumbens and
arcopallium, respectively) (Matsushima et al. 2008). For example, lesions of the ventral
striatum enhanced choices of small/immediate reward against large/distant alternative
(Izawa et al. 2003, Aoki et al. 2006a). Similarly, lesions of the arcopallium caused
chicks to choose the small/easy reward more frequently than the large/costly alternative
(Aoki et al. 2006b). It is therefore possible that social facilitation can occur differently

in these two aspects of foraging effort.
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2.2 Materials and Methods

2.2.1 Subjects

All experiments were conducted under the guidelines and approval of the
Committee on Animal Experiments of Hokkaido University. The guidelines are based
on the national regulations for animal welfare in Japan (Law for Humane Treatment and
Management of Animals; after a partial amendment No0.68, 2005). After the
experiments, chicks were sacrificed in carbon dioxide according to the guidelines.

A total of 99 male domestic chicks (Gallus domesticus, White Leghorn strains)
were used. New hatchlings (post-hatch day 1: presumed hatching day) were obtained
from a local supplier (Hokuren Central Hatchery, lwamizawa, Hokkaido, Japan). Chicks
were paired and housed in transparent plastic cages (15 x 28 x 12 cm) under white
lighting (12L: 12D; light period starting at 08:00) and thermo-controlled at ca. 30°C.
Pairs of chicks in the same cages were trained and tested in the same conditions.

Two types of food were given, grains of millet and chick mash food. The total
amount of food per day was kept at a certain level so that (1) the body weight of chicks
gradually increased and (2) the chicks actively consumed food during experiments.
From post-hatch day 2, chicks were fed mash food. The amounts of mash food were 1 g
(post-hatch days 2-5), 1.5 g (days 6 and 7), and 3 g (from day 8). From post-hatch day
3, grains of millet were added. The amounts of grains (per chick per day) were 1 g (day
3), 29 (day 4), 3 g (day 5), 2.5 g (days 6 and 7), and 2 g (from day 8). Until day 3, all
chicks were communally fed. From day 4, chicks were allocated to a communally fed
condition or solitarily fed condition depending on experiments: varied among groups in

experiment 1 and solitarily in experiments 2 and 3. In the groups of solitarily-fed
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chicks, each individual was fed in a cage that was visually separated by a black plastic
wall, so that chicks did not see the other chicks eating food; these chicks were

communally housed except when the daily diet was given.

2.2.2 Apparatus

In Experiment 1, an I-shaped maze equipped with one lane (1-lane maze; 12 cm in
width, 88 cm in length and 30 cm in height) was used (Figure 11-1A). The maze was
equipped with a pair of terminal feeders. Walls at the terminals were colored red (left)
or blue (right). Each feeder supplied a grain of millet food at variable intervals. Plastic
petri dishes (5.5 cm in diameter to a depth of 1.5 cm) were used as food trays, and the
floor of each dish was covered with sponge.

In Experiment 2, an I-shaped maze equipped with two lanes (2-lane maze; 25 cm
in width, 88 cm in length and 40 cm in height) was used (Figure I1-1B). These 2 lanes
had the same width as that of the 1-lane maze used in Experiment 1 but were separated
by a transparent acryl board in one groups of chicks. In another group, in order to
visually separate the two lanes, opaque white cardboard was attached to both sides of
the acrylic board so that the chicks could not see each other. On each terminal feeder,
two food trays were placed in adjacent positions over the separation board. Rectangle-
shaped food trays (3 cm in width, 4 cm in length and 2 cm in depth) with sponge on the
floor were use. In the shared feeder condition, a 4-cm-wide window was opened on each
terminal end of the separation board, and the chicks in both lanes shared the food
supplied to a food tray (6 cm in width, 4 cm in length and 2 cm in depth) placed at the
center.

In Experiment 3, the same 2-lane maze as that in Experiment 2 was used after a
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slight modification to the food trays (Figure 11-1C). Square food trays (width and length
of 3.6 cm depth of 1.8 cm) were used with two different types of floor coverage: one
with sponge and the other with acrylic plates with 25 holes in the surface (aligned in 5 x
5, 4 mm in diameter). Four different types of acryl plates were used with different
depths of the holes: 1.5 mm, 1.8 mm, 2.0 mm and 2.3 mm. Food trays were manually
replaced, and a single replacement took ca. 10 sec.

In all experiments, in order to prevent chicks to associate the feeder sound with
food reward, sounds of electric motors were replayed at variable intervals from
instruments placed around the apparatus; the mean interval was set at 2.5 seconds,
uniformly distributed from 1.5 to 3.5 seconds. The apparatus was placed in a dark room
kept at ca. 25-30°C and illuminated by four 60 W white light bulbs placed above the
runway and feeders. Timing of grain delivery and the noise sound were controlled by
microrobots (RCX, LEGO Mindstorms). Behavior of the chicks was recorded by a
video recorder (DCR-SR65, Sony, Japan) and color CCD cameras (250k pixels with

NTSC output), and the recordings were stored for offline analysis.

2.2.3 Behavioral procedures

In Experiments 1 to 3, chicks were initially habituated to the experimental maze
according to a common procedure for 2 successive days (pre 1 and pre 2) on post-hatch
days 6-14. For habituation, paired chicks (housed in the same cages) were placed on the
midway part of the maze in which some food (ca. 100 grains) was given in advance.
After the chicks had consumed the food, feeders started to deliver grains by the same
procedure as that used in each experiment. Two successive habituation sessions (ca. 20

min in total) were given per day for each of pre 1 and pre 2 except for Experiment 3, in
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which one long session of habituation (ca. 20 min) was given instead. The experimental

data were obtained after the habituation.

2.2.3.1 Experiment 1: effects of paired foraging on approaching food, an inter-group
comparison in the 1-lane maze

Effects of paired foraging in the maze and the cage were examined in regards to
subjects’ distance and synchrony during running. Running distance was used to
calculate the rate of approaching food at either end of the I-maze, where an increase in
distance corresponds to increased running during the experimental condition.

“Paired in the maze” means that chicks foraged in pairs at the test, whereas
“paired in the cage” means that the chicks foraged in pairs in the housing cage, in which
main diet (mixture of mash food and millet) was supplied (Figure 11-3A). Chicks were
thus divided into four conditions: (1) paired in the maze / paired in the cage, (2) paired
in the maze / single in the cage, (3) single in the maze / paired in the cage, (4) single in
the maze / single in the cage.

After the habituation (pre 1 and pre 2), experiments were conducted for 5
consecutive days (days 1-5) and chicks received one test session per day. In each of the
sessions, after a short habituation period in the maze (i.e., 1 min after the chick had
consumed all of the food available, namely, 20 grains / chick placed in advance in each
feeder), each of the two feeders supplied one grain at a time with variable intervals
(mean interval of 15 sec, uniformly distributed in a range of 10-20 sec). In a single
session, the programmed food delivery continued 30 times and thus lasted for ca. 8 min.
The chicks were then left in the maze for an additional 2 min after they had consumed

all of the grains delivered on the food trays, and the test session of the day was
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terminated.

In the I-shaped maze, the following 2 parameters were measured: (1) running
distance (or how far the chick ran) and (2) synchrony index. Synchrony index was
defined as the ratio of time in which both chicks stayed in the same side of the maze,
shown as % of the total time recorded. The position of each chick’s head was
automatically and unequivocally given by computer-based video analysis, as either
being placed on the red or the blue side of the maze. When both chicks were always in
the same end, the synchrony index was 1.0 (in-phase synchrony). When, on the other
hand, chicks were in opposite ends, the index was 0.0 (anti-phase synchrony). When
both chicks moved in a random and independent fashion, the index would show a

chance level of 0.5 (asynchrony).

2.2.3.2 Experiment 2: effects of paired foraging on approaching food, an inter-group
comparison in the 2-lane maze

In order to differentiate food competition from social facilitation by a nearby
conspecific, we removed the factor of food competition by separating paired chicks with
either a transparent or an opaque partition down the middle of the maze’s track, thus
creating two separate lanes (Figure 11-1B). After the habituation (i.e., paired foraging in
the maze on pre 1 and pre 2), similar to Experiment 1, test sessions were repeated 5
times, one session per day (days 1-5). Each of the two feeders supplied one grain at a
time with variable intervals (mean interval of 15 sec, uniformly distributed in a range of
10-20 sec). In a single session, the programmed food delivery continued 30 times and
thus lasted for ca. 8 min. The following two parameters were measured: (1) running

distance and (2) synchrony index.
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2.2.3.3 Effects of paired foraging on running distance, an intra-individual comparison
The immediate effect of paired foraging was examined in terms of running
distance. A group of chicks (post-hatch days 12-14) were re-used after Experiments 1
and 2 (see above); chicks that had been solitary fed in both the maze and the cage were
used. Immediately after each chick had been individually placed in the maze, both
feeders delivered grain 10 times at variable intervals (mean interval of 15 sec, uniformly
distributed in a range of 10-20 sec, 1 grain per delivery); this term is referred to as the
first “single” phase. The companion chick was then introduced into the maze, and the
feeders delivered twice as much grain (2 grains per delivery) 10 times; this term is
referred to as the second “paired” phase. In the third phase, the companion chick was
removed from the maze, and the subject chick received feeding another 10 times. Each

phase lasted for ca. 3 min.

2.2.3.4 Experiment 3: effects of paired foraging on approaching and pecking at food,
an inter-group comparison in the 2-lane maze

Effects of visual perception of the other chick on running (i.e., approaching food)
and on food pecking (handling food) were examined in the 2-lane maze. The food tray
difficulty (estimated on the basis of the number of pecks required for chicks to gain a
certain amount of grain) was controlled by systematically changing the types of acryl
plates used as the floor of the feeder (Figure 11-1C). After habituation (i.e., paired
foraging in the maze on pre 1 and pre 2), similar to Experiments 1 and 2, test sessions
were repeated 3 times, one session per day (days 1-3); chicks were left untested for 4

days between test days 1 and 2. Each of the two feeders supplied two grains at a time
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with variable intervals (mean interval of 30 sec, uniformly distributed in a range of 20-
40 sec).

In the tests, the variable feeder initially had a sponge floor. When the variable
feeder had delivered 6 times (12 grains), the sponge was replaced by an acryl plate with
1.5-mm-deep holes. The 1.5 mm plate was subsequently replaced by 1.8, 2.0 and 2.3
mm plates when the variable feeder had delivered 12 grains for each plate. Four CCD
cameras were set just above the feeder to record pecking behavior of the chicks were
video recorded. The following four parameters were measured: (1) number of pecks, (2)
number of gained grains, (3) running distance and (4) velocity. Velocity (cm/s) was

measured in the runway except for the areas near the feeders (<10cm from the walls).

2.2.4 Data analysis
2.2.4.1 Recording and analyzing approaching behavior

Experiments were videotaped and coded later at rate of 30 frames per second
using a Handycam recorder. The Handycam was located directly above the I-maze
during testing, providing an aerial view of the subjects and apparatus. Chicks were
individually marked by a rectangular piece of fluorescent-colored tape (Yamato Co.,
Ltd., Japan) affixed to their heads. The position of the fluorescent markers was analyzed
by using Move-tr/2D 7.0 software (Library Co., Japan) and the trajectories and running

distances were thus calculated.

2.2.4.2 Statistical analysis of generalized linear mixed model (GLMM)
The following five types of behavioral parameters were analyzed by using R for

the platform of statistic calculation: running distance, synchrony index, number of
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pecks, number of gained grains and velocity. See Supplementary Appendix for details.
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2.3 Results

Once habituated, chicks began to actively run between the terminal feeders as
soon as they were put in the maze, even without any visual cues. Furthermore, the runs
were not in response to the timing of food delivery. Singly-tested chicks stopped
running within ca. 1 min of the final delivery of food items. We therefore assumed that
running distance of the runs represented “approaching effort” and pecks at the feeders
represented “handling effort”, rather than reflexive responses to food, and examined

food-approaching behaviors in a series of experiments.

2.3.1 Experiment 1: Paired foraging increased running distance.

Paired chicks ran more than single chicks did. Figure I11-2A shows representative
running trajectories of single (top and 2nd records) and paired chicks (3rd and 4th
records) at tests. Runs by single chicks were irregular on day 1 (top record), but they
were more regular and more active on day 5 (2nd record). Runs by paired chicks were
highly synchronized on day 1 (3rd record), but they were unsynchronized on day 5 (4th
record). Superimposed trajectories (Figure 11-2B), however, showed that the runs were
not in response to the timing of food delivery.

Paired foraging in the maze, but not in the cage, increased running distance and
synchrony index. A comparison of running by the four groups of chicks (n=10 in each
groups) is shown in Figure 11-3B. Based on running distance, AICs were calculated for
each of the 8 models in which the variables of day (1 to 5), maze (paired or single) and
cage (paired or single) were considered (See Table 11-S1 of supplementary material for

details.). Of these models, the day-maze model yielded the smallest AIC. The day-maze-
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cage model yielded the same AIC, but the cage term was not reliable for its coefficient
(p=0.197). Similarly, based on the synchrony index, AIC calculations revealed a
facilitating effect of paired foraging in the maze, but not those of paired foraging in the
cage (Table 11-S2). We therefore concluded that the presence of other chicks and/or food
competition among paired chicks could have caused the increase in approaching effort.
It is not clear whether synchronization might be directly (and causally) linked to the

increased effort.

2.3.2 Experiment 2: Visual perception of the other chick, but not food competition,
excessively increased running distance.

To reveal the cause of the increased running distance, we separated the maze into
two lanes by a transparent/opaque wall (see Figure 11-1B), and we found that visual
perception increased both running and synchrony indexes. Figure 11-4 shows
representative trajectories obtained from one pair in each group. When separated by an
opaque wall, chicks in the 2-lane maze (therefore with no food competition) ran back
and forth between feeders independently (top record in Figure 11-4). When visually
interacting via a transparent wall, chicks ran back and forth in high synchronization
(second record). Direct foraging competition at shared feeders (see Figure 11-1B,
bottom) did not result in difference from when the transparent wall separating the
feeders was present (compare second and bottom record in Figure 11-4). It is notable that
a high degree of synchrony was maintained until day 5, in contrast to the
unsynchronized running seen in Experiment 1 (see Figure 11-2A, fourth record, and
Figure 11-3B, bottom).

Based on the running distance and synchrony index (Figure 11-5), AICs were
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calculated for 8 models. As variables, day (1 to 5), wall (whether the wall was
transparent or opaque), and feeder (whether the feeders were separated or shared) were
considered (Table 11-S3). For running distance, the day-wall model yielded the smallest
AIC (16191). The day-wall-feeder model gave rise to the second-smallest AIC (16192),
but the feeder term was not reliable for its coefficient (p= 0.2921). For synchrony index
(Table 11-S4), the day-wall model yielded the smallest AIC, but the day term was not
reliable for its coefficient (p= 0.0844); thus, the result is different from the synchrony
index in Experiment 1, in which the coefficient of the day was negative. We therefore
tentatively conclude that the running distance and synchrony index are not linearly

linked. Increased effort is not brought about by changes in synchronized running.

2.3.3 Pairing immediately increased running distance.

In both Experiments 1 and 2, difference in running distance between the groups
appeared from day 1 of the experiment. In order to determine whether paired foraging
could immediately increase the approaching effort, we examined running distances by
an intra-individual comparison. As shown in a typical example (Figure 11-6A), pairing
immediately increased running. The average running distance for each condition (mean
+ SEM, n=14) is shown in Figure 11-6B. The Wilcoxon signed-rank test revealed a
significant difference between paired phase and mean of the first and last phases (T = 2,

p-value = 0.0003662).

Experiment 3: Pairing increased pecks without improved food gain.
In order to determine whether paired chicks also increased their handling effort

(i.e. efforts to collect food), we examined rates of pecking for food by using a series of
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trays that modified the difficulty for food collection (Figure 11-1C). Paired chicks
increased the number of pecks, particularly in the difficult food condition (in a range
from 1.8 to 2.3mm) (Figure 11-7A). The number of grains decreased in accordance with
increased difficulty of food tray, but the number of grains was not different between the
single and paired groups (Figure 11-7B). Running distance was greater for paired chicks
as found in Experiments 1 and 2, but the difference gradually diminished in the difficult
food condition (Figure 11-7C). However, the velocity at which paired chicks ran
remained consistently higher than in the single chicks (Figure 11-7D). The running
distance of paired chicks decreased not because they ran slowly but because they stayed
at the feeders for a longer time.

For all of the data shown in Figure 11-7A-D, AICs were calculated for 5 models
in which the variables of feeder (food tray difficulty, 5 steps ranging from sponge to 2.3
mm), maze (paired or single), and their interaction were considered (Tables 11-S5 to S8).
For the number of pecks, the feeder-maze-interaction model yielded the smallest AIC
(Table 11-S5), indicating that the effects of pairing emerged on handling effort only
when the food was difficult to obtain. For the number of grains, on the other hand, the
maze term was not included in the chosen model (Table 11-S6), indicating that the paired
and single chicks had similar gains. For running distance, the feeder-maze-interaction
model was chosen (Table 11-S7). The interaction term suggested that the difference
between the paired and the single chicks were smaller for the more difficult food trays.

For velocity, the maze model was chosen (Table 11-S8).
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2.4 Discussion

2.4.1 Ecological accounts of the excessive foraging efforts

In this study, we found that visual perception of other individuals, rather than
direct foraging competition, increased foraging efforts for approaching food (running
distance) as well as for handling food (number of pecks). Increased foraging efforts in
this study appear to be a result of social facilitation. Zajonc (1965) argued that social
facilitation affects “dominant responses”, meaning that dominant (or well-developed)
action patterns are most likely to be socially enhanced. Both running and pecking are
well-developed behaviors in actively foraging domestic chicks. It should be noted,
however, that chicks never exhibit running or pecking behavior when food is not
available (data not shown), indicating that direct inter-individual interactions alone
failed to cause social facilitation. It should also be noted that the term “social
facilitation” is a psychological label, never specifying its functions in terms of
economics / ecology. The idea of social facilitation is therefore not mutually exclusive
with the idea of work investment under competition.

Our results suggest that currencies (or value functions) other than the food
benefit are critical in social facilitation, in accordance with social foraging theory.
According to Koops & Giraldeau (1996), starlings adopt foraging tactics that minimize
the probability of energetic shortfall rather than maximize mean intake rate (or the
benefit). Chicks may also make use of other individuals’ information at food sites to
avoid the risk of starvation, given that chicks have been shown to be risk-averse to food
quantities (Kawamori & Matsushima 2010). However, much remains to be discussed

about whether excessive running and pecking was really “inefficient”, since we were
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not able to calculate the energetic cost of running and pecking in terms of joules /
calories. It is still possible that running and pecks are energetically very cheap and that
the overt investments found in this study do not cause a negative energetic budget.
Precise measurements of physical expenditures for running and pecking actions are
needed.

Excessive foraging efforts found in this study might also lead to impulsive
choices. Amita et al. (2010) reported that repeated experience of competitive foraging
for a few days resulted in a higher level of choice impulsivity, though the chicks were
solitarily tested in an inter-temporal choice paradigm. On the other hand, the impulsivity
did not change instantaneously when the chicks were tested in competition (Amita and
Matsushima in the accompanying paper); the increase in impulsivity was observed even
when there was no actual food competition, similar to our results. It remains to be
determined whether the visual perception of competitive individuals directly caused the
impulsivity or whether the excessive work investments secondarily caused the

impulsivity. Further studies are required.

2.4.2 Ecological accounts of synchronized running

The synchronized running observed in this study (Experiments 1 and 2) may be
explained by “scramble kleptoparasitism” in behavioral ecology. Kleptoparasitism
refers to parasitical exploitation of food that other foragers’ efforts have made available
(Giraldeau & Caraco 2000). Of several variations, scramble kleptoparasitism
specifically refers to the simultaneous exploitation of a sharable resource by multiple
competitors with little or no aggression. This foraging behavior has also been called

“social facilitation” (Curio 1976). Barnard & Sibly (1981) regarded interactions
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between Kleptoparasitically foraging individuals as ‘producer/scrounger’ relationships,
or a pair of alternative strategies.

It is possible that chicks running together acted as producer and scrounger, the
one leading acted as a producer and the other following acted as a scrounger. In this
study, we found that some individuals behaved predominantly as followers; e.g., in the
bottom record of Figure 11-4, the purple-colored chick tended to follow the green-
colored chick. However, the tactics were not always fixed, and chicks often changed
their position in reference to the other. Foraging competition did not influence the
synchrony of running (Experiment 2, Figure 11-5, bottom), indicating that chicks did
scramble kleptoparasitism due to some innate or developmental factors, rather than to
immediate competition over food. In accordance with this, we often observed that a
chick was attracted to its pair mate and stayed at the feeder, even though the subject
chick had already gained a grain at that feeder (e.g., bottom traces in Figure 11-4). To
reveal the direct cause of synchronization, more elaborate analysis of running synchrony
is needed.

The synchronization may also be an adaptive response to predation risk.
Hamilton (1971) points out that predation could lead to the evolution of gregarious
behavior by considering that predators habitually approach from outside of the herd.
Furthermore, gregariousness itself “dilutes” predation risk for any particular individuals
(Foster & Treherne 1981). Highly synchronized runs observed in our study may have
resulted from the gregarious instincts in chicks. It is therefore quite interesting to
examine if chicks under predation pressure could run in even higher level of

synchronization.
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2.4.3 Implications for neural mechanisms of social facilitation

In the neuroscience of decision making, relevant brain regions and
neurotransmitters / neuromodulators critical for “effort cost” (such as pressing a lever or
climbing a mesh barrier to obtain food pellets) have been intensively explored (Walton
et al. (2006), Floresco et al. (2008a)). Several brain regions are reported to cause a work
cost aversion, meaning a bias away from the costly option (e.g., climbing mesh barrier)
to obtain a larger food,; i.e., the anterior cingulate cortex (Rudebeck et al. 2006a), the
neural pathways between the anterior cingulate cortex and amygdala, and the amygdala
itself (Floresco & Ghods-Sharifi 2007). Systemic administration of dopamine
antagonists (Denk et al. 2005; Floresco et al. 2008b) also induced the same effect. Since
the anterior cingulate cortex and amygdala are thought to be involved in social
behaviors (Rudebeck et al. 2006b; Rosvold et al. 1954), these regions might play a
critical role in social influences of behavior by conspecifics. However, no studies have
so far integrated the neuroscience of economical decision making and the behavioral
ecology of social foraging. Our next goal is therefore to clarify the neural mechanisms

that underlie the social influences on work investments.
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2.5 Appendix

2.5.1 Supplementary Methods
2.5.1.1 Statistical analysis using generalized linear mixed model (GLMM)

In Experiment 1 and 2, we focused on running distance and total time in which
both chicks stayed in the same end of the maze (i.e. numerator of synchrony index) as
response variables. In experiment 3, we focused on number of pecks, number of gained
grains, running distance and velocity as response variables.

We assumed a poisson distribution for the error structure of the data of running
distance, number of pecks, and number of gained grains, considering that they were all
nonnegative values. 4(X) (>0) was thus approximated by a poisson function (log link
function) as

A(X) = exp (X) 1)

On the other hand, we assumed a binomial distribution for the error structure of
the data of total time in which both chicks stayed in the same end of the maze, since the
time was calculated by the number of video frames and all frames were fallen into either
“same end” or “different end” category. Synchrony index = Q(X) (e [0, 1]) was thus
approximated by a logistic function (logit link function) as

Q(X) =1/(1 +exp (-X)) )

in which a predictor X was linearly given as a weighed sum of explanatory variables.

Experiment 1 : X =fo + (B1+ ris)*day + f.*maze + fz*cage + rii 3
day (variable = 1, 2, 3, 4, or 5) denotes experimental days. Coefficient g1 indicates

how the day contributes to running distance or synchrony index. A positive value of
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estimated f1 thus suggests that the running distance increases as the days elapses.

maze (categorical variable) denotes foraging condition in the maze (i.e. single or
paired). Coefficient 2 indicates how paired foraging in the maze contributes to the
response variables. A negative value of estimated /> suggests that single chicks in the
maze ran/synchronized less than paired chicks in the maze.

cage (categorical variable) denotes foraging condition in the cage when the main
diet food was supplied (i.e. single or paired). Coefficient f. indicates how paired
foraging in the cage contributes to the response variables. A negative value of estimated
P2 suggests that runs by single chicks in the cage ran/synchronized less than paired

chicks in the cage.

Experiment 2 : X =yo + (y1+ ris)*day + y2*maze + p3*feeder + rij 4)

maze (categorical variable) denotes the type of wall in the maze (i.e. transparent or
opaque). Coefficient y» indicates how visual perception contributes to the response
variables. A negative value of estimated y- suggests that chicks mutually invisible
ran/synchronized less than chicks mutually visible.

feeder (categorical variable) denotes whether the feeders were separated or shared.
Coefficient ys indicates how the actual competition over food intake contributes to the
response variables. A negative value of estimated ys suggests that the actual competition
over food intake decreased running distance/synchrony less than chicks with no

competition.

Experiment 3 : X =do + d1*maze + (d+ ris)*feeder + ds*maze*feeder + rii  (5)

maze (categorical variable) denotes foraging condition in the maze (i.e. single or
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paired).

feeder (numeric variable; 1, 2, 3, 4 and 5) denotes difficulty of food trays.
Coefficient ¢ indicates how increasing difficulty of food trays contributes to the
response variables. A positive value of estimated J. suggests that the more difficult the
food tray was, the larger the response variable was.

Coefficient 03 indicates how maze and feeder interact.

The intercepts (fo, yo and do) denote bias at the population level. The random
intercept and the random slope (against day and feeder in Experiment 1, 2 and 3,
respectively) for each individual (i) was denoted by rii and ris, representing noise that
was not experimentally controlled; Gaussian distribution with mean = 0 was assumed.

In experiment 1, AICs were compared among 8 models with different

combination of parameters; (i) null model [So], (ii) day model [So, A1), (iii) maze model

[51, 2], (iv) cage model [f1, f3], (V) day-maze model [fo, S1, B2], (Vi) day-cage model

[So, f1, p3], (vii) maze-cage model [fo, f2, f3] and (viii) day-maze-cage model [fo, B1, Sz,

B3]

Similarly in experiment 2, AICs were compared among the following 8 models;
(i) null model [yo], (ii) day model [yo, y1], (iii) maze model [yo, 2], (iv) feeder model [yo,

3], (v) day-maze model [yo, y1, y2], (vi) day-feeder model [yo, y1, y3], (vii) maze-feeder

model [yo, y1, 73], and (viii) day-maze-feeder model [yo, y1, 72, 73]

In experiment 3, AICs were compared among the following 5 models; (i) null

model [do], (i) maze model [do, d1], (iii) feeder model [01, d2], (iv) maze-feeder model

[0, 01, 02], and (v) maze-feeder-and-interaction model [do, d1, J2, J3].

Most likely values of the intercepts and coefficients (5o, 1, B2, B3, 0, y1, y2, y3 and
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oo, 01, 02, 03) were estimated on the basis of the choice data by using R (version 2.12.0;
R Development Core Team, 2010) and the Ime4 package (version 0.999375-37; Bates &
Sarkar 2010). AICs were given as a sum of the deviance plus 2 times the number of
parameters. The AICs and the parameter estimates are shown in Table 11-S1 to S2, S3 to
S4, and S5 to S8 for experiment 1, 2 and 3, respectively. For interpretations of the
statistic computations, see the main text.

In all tables, models are sorted in the order of AICs. Hyphen means that the model
does not include the parameter. Coefficients in parentheses represents that the 95%
confidence interval (CI) of the estimate included 0. Cl was not considered for the

intercepts (So, yo and do).

2.5.2 Referrences

Bates D. M. and Sarkar D. (2010) Ime4: Linear mixed-effects models using S4
classes, R package version 0.999375-37. http://cran.r-
project.org/web/packages/Ime4/index.html

R Development Core Team (2010) R version 2.12.0.: a language and environment
for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

http://www.r-project.org.

70



2.6 Figures
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Figure 11-1. Experimental apparatus for examining foraging efforts, running distance
(A, B) and number of pecks (C).

(A) One-lane I-shaped maze equipped with a pair of terminal feeders. Terminal walls of
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the maze were colored red and blue. The feeders supplied grains of millet according to a
variable interval schedule. One grain was supplied at one time in the single-chick
condition (left), and two grains were supplied at one time in the paired-chicks condition
(right). Note that the paired chicks were competing over food, whereas the single chicks
were not.

(B) Two-lane I-shaped maze. Chicks and feeders were separated by an opaque (left) or a
transparent (right) wall. In the transparent wall condition, the feeders were either
separated or shared. Note that the paired chicks in the shared feeder condition were
competing for food, whereas chicks in the other condition did not.

(C) The 2-lane maze was equipped with a fixed feeder and a variable feeder. The food
tray of the fixed feeder was made of a plastic plate with 25 holes (5x5), each 1.5 mm
deep. The food tray of the variable feeder was either a sponge or plastic plates of
variable depth (ranging from 1.5 to 2.3 mm). Supplied grains tumbled into the holes,
making it difficult for chicks to obtain the grains. The deeper the holes were, the more
difficult it was for chicks to obtain the grains. Trays of the variable feeder were
sequentially replaced in an order from the easy sponge to the more difficult plates every

ca. 3 min. See text for details.
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Figure 11-2. Representative running trajectories in the 1-lane condition (Experiment
1).

(A) Two-min records of running trajectories. Purple and green lines represent the
trajectory of individuals along the long axis of the maze; upward indicates the direction
to the red feeder. Red and blue arrows indicate the time at which a grain(s) was
delivered. The top and second records (1 lane, single) were obtained from the same
chick on different days (days 1 and 5). The third and fourth records (1 lane, paired) were
obtained from a pair of individuals. Comparison of the trajectories on day 1 (top vs.
third) and day 5 (second vs. fourth) clearly shows that the paired chicks ran at a higher
frequency.

(B) Thirty superimposed trajectories aligned at the time of grain delivery from the red
feeder (downward arrow at the top). An example obtained from a chick tested in the
single condition in the maze. Note that the runs were not in response to the food
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Figure 11-3. Paired foraging in the maze, but not in the cage, influenced running
(experiment 1).

(A) Chicks were divided into four experimental groups according to 2x2 block
placement. "In the maze™ means chicks were single or paired in the I-shaped maze
during the tests, whereas "in the cage™ means that chicks foraged in single or paired
condition in their home cage. Note that chicks were housed in pairs in all conditions
except foraging.

(B) Means (zSEM) of running distance (upper) and synchrony index (lower) during
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feeding time (ca. 8 minutes) are plotted against the day of the experiment. Open and
filled symbols denote paired and single foraging in the maze, whereas circles and
rhombi denote paired and single foraging in the cage, respectively, in this and the

following figures.
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Figure 11-4. Representative running trajectories in the 2-lane condition (Experiment
2).

When separated by an opaque wall, running trajectories were not synchronized (top).
When separated by a transparent wall, runs were more frequent and synchronized
regardless of whether the feeder was separated (middle) or shared (bottom). All records

were obtained on experimental day 5.
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Figure 11-5.  Social interactions via the transparent wall caused a high degree of
synchrony regardless of foraging competition (Experiment 2).

Means (xSEM) of running distance (upper) and synchrony index (lower) are plotted
against the day of the experiment. Open and filled symbols denote data in the opaque
wall and the transparent wall, respectively. Gray symbols denote the data obtained from

another group in which the feeders were shared and the wall was transparent.
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Figure 11-6. The run was facilitated as soon as a companion chick was introduced
(Experiments 1 and 2).

(A) Representative running trajectories of a pair of chicks. Subject chick (purple)
received 30 deliveries of food, divided into three phases. In the first phase, the subject
was tested in single condition. In the second phase, a companion chick (green) was
introduced into the maze. In the third phase, the subject was again tested in single
condition. Each phase lasted for ca. 3 min.

(B) Means (xSEM) of running distance recorded in the first and third phases of the
single condition (open symbols) and in the second phase of the paired condition (filled

symbol).
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Figure I11-7.  Social interactions of pairing were also found in the number of pecks
(handling effort), particularly in the difficult food condition (Experiment 3).

Means (xSEM) of two groups of chicks (paired (filled symbols) and single conditions
(open symbols)) are plotted against the phases of different food tray difficulty (from the
sponge to the plate with deep holes). Each individual chick was repeatedly tested on 3
successive days, and the values were averaged to yield individual data. Number of
pecks (A), total gain of grains (B), running distance (C), and mean velocity (D) are

plotted. Note that the chicks spent a shorter time for running but ran at higher velocity

in the paired condition, even in the difficult condition.



2.7 Tables

Table 11-S1.

The day-maze model yielded the smallest AIC.

AIlCs and estimated coefficients of variables were calculated for 8 models

designed for running distance in Experiment 1. The models are sorted in ascending

order of AIC. Coefficients in parentheses represents that the 95% confidence interval

(C1) of the estimate included 0. The model [fo, f1, B2] indicates that both day and maze

had significant effects, whereas the same-AIC. Model [Bo, 1. f2, 3] indicates that cage

was not reliable for its coefficient.

Most-likely-fitting formulas are indicated below the table.

estimated coefficients of variables

models AIC Bo B, B, B3
[intercept] [day] [maze] [cage]

1 [Bo Bu Bl 14794 | 9.475460 0.033304 -0.347460 -
2 [Bo Bi, B2 B3l | 14794 | 9.442871 0.033308 -0.347421  (0.065203)
3 [Bo Bl 14812 | 9.47573 - -0.34738
4 [Bo, B2 Bs] 14813 | 9.44303 - -0.34736 (0.06539)
5 [Bo Bil 14822 | 9.301773 0.033290 -
6 [Bo B, Bl 14823 | 9.269186 0.033299 - (0.065212)
7 [Bdl 14841 | 9.30201 - -
8 [Bo Bl 14842 | 9.26935 - - (0.06536)
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Table 11-S2. The day-maze model yielded the smallest AIC.

AICs and estimated coefficients of variables were calculated for 8 models
designed for synchrony index (proportion of the number of video flames in which
chicks were in the same end of the maze) in Experiment 1. The model [fo, f1, f2]
indicates that both day and maze had significant effects, whereas the second-smallest-

AIC model [po, 1, p2, 3] indicates that cage was not reliable for its coefficient.

estimated coefficients of variables
models AIC Bo B B, Bs
[intercept] [day] [maze] [cage]

1 [Bo Bi, Bl 4834 0.85135 -0.05698 -0.83931 -
2 [Bo, B1, B2, B3] | 4835 0.89544 -0.05698 -0.83924  (-0.08825)
3 [Bo B2l 4839 0.85106 - -0.83970 -
4 [Bo B2 Bsl 4840 0.89519 - -0.83963  (-0.08833)
5 [Bo B4l 4862 0.43171 -0.05700 - -
6 [Bo B, Bl 4864 0.47585 -0.05698 - (-0.08837)
7 [Bdl 4867 0.4311 - - -
8 [Bo Bsl 4869 | 0.47541 - - (-0.08846)
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Table 11-S3. The day-maze model yielded the smallest AIC.

AIlCs and estimated coefficients of variables were calculated for 8 models

designed for running distance in Experiment 2. The model [yo, y1, y2] indicates that both

day and maze had significant effects, whereas the second-smallest-AIC model [yo, y1, 72,

y3] indicates that feeder was not reliable for its coefficient.

estimated coefficients of variables

models AIC Yo Vi Vs Vs
[intercept] [day] [maze] [feeder]

1 Vo Vur Vol 16191 | 9.320326 0.060972 -0.276690 -
2 Vo Vi Vo val 116192 | 9.270098 0.060971 -0.226365 (0.110372)
3 [Vo Vo Vil 16196 | 9.128636 0.060968 - 0.251822

4 [yo vi] 16201 | 9.188624 0.060951 - -

5 Vo Vol 16228 | 9.32036 - -0.27610 -
6 [Vo Va» Val 16229 | 9.27008 - -0.22573  (0.11048)
7 Vo Vil 16233 | 9.12902 - - 0.25154

8 [vdl 16237 9.18896 - - -
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Table 11-S4. The day-maze model yielded the smallest AIC, but the effect of day was
not reliable for its coefficient.

AICs and estimated coefficients of variables were calculated for 8 models
designed for synchrony index in Experiment 2. The model [yo, y1, y2] indicates that day

had insignificant effects.

estimated coefficients of variables
models AIC Yo Vi Vs Va
[intercept] [day] [maze] [feeder]
1 [Yor V1, Vol 14088 | 1.54956  (0.04025) -1.29326 -
2 Yo Vol 14089 1.5501 - -1.2934 -
3 [Vo» Vir V2, V3] | 14089 | 1.42322  (0.04025) -1.16667 (0.27757)
4 [Yo Vo V3l 14090 1.4236 - -1.1667  (0.2782)
5 [Yor Vil 14105 0.6943 - - 1.0073
6 [Yo V1, V3l 14105 | 0.69392  (0.04026) - 1.00706
7 [Yor Vil 14110 | 0.93383  (0.04022) - -
8 [vol 14111 0.9340 - - -
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Table 11-S5.  The maze-feeder-and-interaction model yielded the smallest AIC.
AICs and estimated coefficients of variables were calculated for 5 models
designed for number of pecks in Experiment 3. The model [do, d1, J2, 3] indicates that

maze per se had no effects in the absence of feeder.

estimated coefficients of variables
models AIC S 5, 5, ol

[intercept] [maze] [feeder] [maze:feeder]

1 [6o, Oy, 0, 05 | 434.8 | 2.67886  (0.04795) 0.39100 -0.07668

2 [0g, O,] 437.7 | 2.69015 - 0.35387 -

3  [0g 04, 0, 439.4 | 2.74001  (-0.09332) 0.35381 -

4 [0 490.3 2.6991 - - -

5 [ 04 4923 | 2.67413  (0.04772) - -
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Table 11-S6. The feeder model yielded the smallest AIC.

AIlCs and estimated coefficients of variables were calculated for 5 models

designed for total gain of grains in Experiment 3. The model [do, d2] indicates that only

feeder had significant effects.

estimated coefficients of variables
models AIC S 5, 5, 5,
[intercept] [maze] [feeder] [maze:feeder]
1 [6o, 6,] 42.02 | 2.48704 - -0.07750
2 [0g, 01, 0,] 44,01 | 2.483046 (0.007534) -0.077502
3 [0g, 01, 05, 03] | 45.98 | 2.494080 (-0.013251) -0.081384 (0.007306)
4 [60] 49.77 | 2.26054 - -
5 [0p, 01] 51.76 | 2.25654 (0.00753) -
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Table 11-S7. The maze-feeder-interaction model yielded the smallest AIC.
AICs and estimated coefficients of variables were calculated for 5 models
designed for running distance in Experiment 3. The model [do, d1, J2, 3] indicates that

maze, feeder and their interaction had significant effects.

estimated coefficients of variables
models AIC S o, 5, oA
[intercept] [maze] [feeder] [maze:feeder]
1 [&g, 04, 0, O3] 1640 8.41344 -0.34862 -0.07784 0.04685
2 [0y, 04, 0)] 1643 8.41253 -0.34666 -0.05309 -
3 [6p O5] 1650 | 8.22898 - -0.05308 -
4[5, 64 1655 | 8.41218  -0.34806 - -
5 [&] 1662 | 8.22792 - - -
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Table 11-S8. The maze model yielded the smallest AIC.

AIlCs and estimated coefficients of variables were calculated for 5 models

designed for running velocity in Experiment 3. The model [do, 61] indicates that only

maze had significant effects.

estimated coefficients of variables

models AIC S 5, 5, 5,
[intercept] [maze] [feeder] [maze:feeder]
1 [0y &i] 77.45 | 3.65249  -0.45497 - -
2 [bg, 04, 05] 77.58 | 3.70838  -0.45496 (-0.01875) -
3 [6g, 04,0, 063] | 7884 | 3.73782  -0.52555 (-0.02872) (0.02379)
4[] 93.85 | 3.41092 - - -
5 [6q 0] 93.98 | 3.46683 - (-0.01875) -
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CHAPTER Il

Distinct roles of medial and lateral dopaminergic pathways

on social facilitation
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3.1 Introduction

Despite extensive studies on behavioral and cognitive bases of social facilitation
(Zajonc 1965, Strauss 2002 for review), its neural substrates remain still elusive. In a
previous study (Ogura & Matsushima 2011, Chapter 2), we found that chicks paid
foraging effort only during food delivery, thus its social facilitation could also be
controlled by way of the reward-based behavioral execution system in the brain.
However, we also found that the social facilitation occurred even without an increase in
food gain. The social facilitation may thus occur independently of the reward system,
and separate neural system might have to be considered.

One of the key structures of the reward system is the medial striatum (MSt;
Figure 111-1A), that is homologous to the ventral striatum including nucleus accumbens
in mammals. Single unit recording experiments revealed that the chick MSt is involved
in evaluation and anticipation of reward (food and water; Yanagihara et al. 2001, lzawa
et al. 2005). Similarly to the ventral striatum in mammals (Haber et al. 2000), the avian
MSt receives dense dopaminergic projections from midbrain ventral tegmental area
(VTA) (Figure 111-1A, B; Durstewitz et al. 1999, Mezey & Csillag 2002). The VTA-MSt
dopaminergic pathway is also assumed to be involved in the reward prediction in
primates (Schultz 1998, 2007). Furthermore, dopamine transmission in the ventral
striatum is critical for adaptive control of effort for food in rat (Salamone et al. 1991,
1994, 2007).

Another major dopaminergic pathway should also be considered, and it is the
pathway from substantia nigra (SN) to the lateral striatum (LSt; homologous to dorsal

striatum in mammals; Figure I11-1A, B). The lateral SN-LSt pathway is anatomically
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distinct from the medial VTA-MSt pathway, though a considerable overlaps occur
between them (Figure 111-1A, Mezey & Csillag 2002, Balint et al. 2004). In mammals
including humans, similarly, anatomical (Haber et al. 2000) and functional (O’Doherty
et al. 2004) dissociation has been demonstrated between the medial (to the ventral
striatum) and the lateral dopamine pathways (to the dorsal striatum). In birds, on the
other hand, little is known about functional dissociation of these two pathways.

As a step to identify the neural substrate of social facilitation, we made localized
lesion in medial and lateral pathways, and investigated the effect on the foraging effort
and its social facilitation in chicks. For the medial pathway, electrolytic lesion and
dopamine-selective lesion were made in MSt by using neurotoxic 6-hydroxydopamine
(6-OHDA). For the lateral pathway, electrolytic lesion and 6-OHDA lesion were made

in SN.
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3.2 Materials and Methods

3.2.1 Subjects
Experiments were conducted under the guidelines and approval of the Committee

on Animal Experiments of Hokkaido University. The guidelines are based on the
national regulations for animal welfare in Japan (Law for Humane Treatment and
Management of Animals; after a partial amendment No. 68, 2005). After the
experiments, chicks were sacrificed in carbon dioxide according to the guidelines.

Male domestic chicks (Gallus domesticus, White Leghorn strains) were used. New
hatchlings of post-hatch day 1 (presumed hatching day) were obtained from a local
supplier (lwamura poultry Ltd. Hokkaido establishment, Yubari, Hokkaido, Japan).
Chicks were paired and housed in transparent plastic cages (15 cm x 28 cm x 12 cm)
under illumination using white LED lamp (12L: 12D; light period starting at 08:00) and
thermo-controlled at ca. 28°C. Water was available ad libitum. Two types of food were
given, i.e., grains of millet and chick mash food. The total amount of food per day was
kept at a certain level so that (1) the body weight of chicks gradually increased and (2)
the chicks actively consumed food during experiments. From post-hatch day 1, chicks
were fed mash food. The amounts of mash food were 2 g (post-hatch days 1-3) and 2.5
g (from day 4). From post-hatch day 2, grains of millet were added. The amounts of
grains (per chick per day) were 2 g (days 2 and 3) and 2.5 g (from day 4). Until day 2,
all chicks were communally fed. From day 3, chicks were solitarily fed. Chicks were
fed in a cage that was visually separated by a black plastic wall, so that chicks did not
see the other chicks eating food. Chicks were communally housed except when the

daily diet was given.
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3.2.2 Apparatus

An I-shaped maze equipped with parallel two lanes (Figure 111-2A; 12 cm in
width per lane, 88 cm in length, and 40 cm in height) was used. These two lanes were
separated by a transparent acryl board. Walls at the terminals were colored in red (left)
or blue (right). The maze was equipped with a pair of terminal feeders for each lane.
Each feeder supplied a grain of millet food at a time, and the interval was set variable. If
not stated otherwise, the interval was uniformly distributed from 10 to 20 sec (mean =
15 sec), and it was referred to as VI115. Two food trays were placed in adjacent positions
over the separation board. Rectangle food trays (3 cm in width, 4 cm in length, and 2
cm in depth) with sponge on the floor were used. In order to prevent chicks to associate
the feeder sound with food reward, sounds of electric motors (placed around the maze)
were replayed at variable intervals(uniformly distributed from 1.5 to 3.5 sec with the
mean = 2.5 sec). The apparatus was placed in a dark room kept at ca. 25-30°C and
illuminated under four 60-W white light bulbs placed above the runway and feeders.
Timing of grain delivery and the noise sound were controlled by microrobots (RCX,
LEGO Mindstorms).

Behavior of the chicks was recorded using a video handy cam (DCR-SR65, Sony,
Japan) at 30 frames per sec for offline analysis. The handy cam was located just above
the I-maze, providing an aerial view of the subject and companion chicks. Chick was
individually marked by a rectangular small piece of fluorescent-colored tape (YYamato
Co., Ltd., Japan) affixed on its head. The position of the fluorescent markers was
analyzed by using Move-Tr/2D 7.0 software (Library Co., Japan) and the trajectories

and running distances were thus calculated.
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3.2.3 Behavioral procedures
3.2.3.1 Habituation

Naive chicks (post-hatch days 4-7) were initially habituated to the I-maze for two
successive days before tests (pre-1 and pre-2). Paired chicks (housed in the same cage)
were placed on the midway of the maze, in which some food (ca. 100 grains of millet)
was given. After the chicks had consumed the food, feeders started to deliver food
according to the V115 schedule (mean interval of 15 s, uniformly distributed in a range
of 10-20 s). Two grains were supplied to the pair in each delivery, so that each chick

was expected to gain 1 grain.

3.2.3.2 Test
3.2.3.2.1 Effects of paired foraging on running distance

Subjects received tests for 8 times; 4 tests in pre-operative (i.e., pre-surgery) days
and another set of 4 tests in post-operative session. Running distance was measured as
an index of effort paid for approaching food. On the next day after the habituation,
behavioral tests were conducted for 2 consecutive days, 2 test per day. Surgical
operation was conducted on the day after the second pre-operative test. Two days after
the surgery, post-operative session was conducted, in which subjects were tested in 4
tests in 2 consecutive days. Each test was composed of 3 phases, namely, 1st-single,
paired, and 2nd-single (Figure I11-2A, top, middle, and bottom, respectively). Initially,
subject was tested singly in the maze. To acclimatize the chick, ca. 20 grains/chick
placed in each feeder in advance, and the subject consumed all of the food available.

Afterwards, subsequent 1 min of short habituation period, each of the two feeders

93



supplied 1 grain at a time in V115 schedule. The 1st-single phase consisted of 30 times
of programmed food delivery, and it lasted for ca. 8 minutes. ). The companion chick
(cagemate) was thereafter placed in another lane of the maze, and a paired phase started.
During the paired phase, 30 grains were delivered from each feeder for both subject
chick and the companion chick. Finally the companion was removed from the maze and
the subject singly foraged again for 30 times (2nd-single phase). After the feeding was
over, subject chick was left in the maze for an additional 2 min after it consumed all
grains delivered on the food trays, and the test session was terminated. As each phase

took for ca. 8 min, it took ca. 26 minutes for one test.

3.2.3.2.2. Effects of feeding rate on running distance

After the final test was over, sham-operated chicks underwent a single foraging
test that was consisting of 3 phases with different feeding rate. In the first and third
phase, feeding frequency was set relatively low at V130 for 15 times. In the second
phase, a higher feeding rate was set at V110 for 45 times. Each of the three phases lasted
for ca. 8 minutes. The test was terminated at 2 min after subject consumed all of the

delivered food.

3.2.4 Surgery

Chicks were anesthetized by intramuscular injection of ca. 0.4ml of ketamine-
xylazine cocktail (a 1:1 mixture of 10 mg/ml ketamine [Daiichi Sankyo Co. Ltd.] and 2
mg/ml xylazine [Sigma-Aldrich Co. LLC, St. Louis, MQO]). Supplementary injections
(0.10 ml) were given to maintain a stable anesthesia. Chicks were then fixed on a

stereotaxic apparatus. Skin over the skull surface was incised, and the dura mater was
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cut to expose the brain.

For electrolytic lesion, a sharp steel electrode made from insect pin (size #00;
Shiga Konchu, Tokyo, Japan) coated by enamel paint (Tamiya, Inc., Shizuoka, Japan)
except for 0.5 mm at the tip. For MSt lesion, electrode was inserted at the following
coordinates: anterior-posterior (ap) +3.3 to +3.7mm from bregma, 1.0mm lateral from
midline, 6.2 to 6.5 mm deep from brain surface. For SN lesion, the coordinates were; ap
+0.8 to -0.3 mm from bregma, 1.75 to 2.0mm lateral from midline, 8.0 to 8.8 mm from
brain surface.

To selectively deplete dopaminergic neurons and terminals, 6-hydroxydopamine
hydrobromide (6-OHDA; Sigma-Aldrich) was infused to MSt or SN¢ by using a 1pul-
Hamilton micro-syringe and an motor-driven injector. For single injection site, 0.6ul of
6-OHDA solution was infused for a period over 13 min, so that a total of 6pg (MSt) or
12ug (SN) was infused per site. As the vehicle, 0.2% ascorbic acid in saline (0.9%
NaCl) was used. After the end of infusion, syringe was left in the brain for an additional
5 min for diffusion of the infused drug. For MSt lesion, following coordinates were
adopted: ap +3.3 to +3.4 mm from bregma, 1.0 mm lateral from midline, 5.9 to 6.2 mm
deep from brain surface. For SN lesion, the coordinates were: ap +0.3 to -0.3 mm from
bregma, 2.0 mm lateral from midline, 8.2 to 8.5 mm deep from brain surface.

For sham operation, a total of 11 chicks received either insertion of an electrode
without current or injection of 0.6l ascorbic acid solution (vehicle) into either MSt or
SN.

The incised skull was covered with gelatin sponge (Spongel®, Astellas, Japan),
and the skin flap was fixed using superglue (Aron Alpha®, Toa-Gosei, Japan). The

operated-on chicks were then housed in the breeder for recovery. The anesthesia lasted
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for 5 to 6 hours. After the recovery, and chicks showed normal posture and locomotor

activity, and actively foraged food without showing any motor deficiency.

3.2.5 Histology

Two days after the final test (i.e., 4th test of the post-operative session), chicks
were deeply anesthetized by intra-muscular injection of ca. 0.8ml ketamine-xylazine
cocktail, and transcardially perfused with a fixative (4% paraformaldehyde in 0.1 M PB,
pH = 7.4). In chicks with electrolytic lesion, brain tissue (telencephalon and midbrain)
was embedded in yolk and post-fixed in the same fixative for 2 or more days at 4°C.
The tissue was cut into 100um frontal sections by a vibrating microslicer (DTK-1000,
Dosaka EM, Japan). Sections were mounted and stained with cresyl violet.

In chicks with 6-OHDA lesion and electrolytic lesion of SN, brain tissue was
examined also by tyrosine hydroxylase (TH) immunohistochemistry. Chicks were
perfused and the dissected brain tissue was post-fixed for 6 hours at 4°C, and then in
20% sucrose in PBS at 4 °C for overnight. Brain tissue was frozen at -80 °C for storage,
and cut into 40 um frontal sections by a freezing microtome (Yamato Kohki Industrial
Co. Ltd., Japan). Floating sections were stained with antibody (anti-TH rabbit
polyclonal antibody, diluted x1,000, Merck Millipore Co. Billerica, MA; former
Chemicon, Temecula, CA) and with secondary antibody (biotinylated goat anti-rabbit
IgG; diluted x300, ABC kit, Vector Laboratories, Inc., Burlingame, CA). Reaction
product was visualized with DAB, and the sections were mounted, dehydrated, and
cleared. Terminology of neural nuclei and definition of their boundaries followed the

stereotaxic atlas of chick brain by Kuenzel and Masson (1988).
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3.3 Results

A total of 100 male chicks were used. Of these, 46 chicks served as experimental
subjects and another 46 served as companions. The remaining 8 chicks were discarded,
as they died after surgery (3 chicks), or they showed a general motor deficiencies (2
chicks). In addition, 3 companion chicks died before the end of experiment. All

companions were the cage-mate of the subjects and fixed throughout the experiment.

3.3.1 Effects of pairing and increase in feeding rate on running distance
In accordance with my previous report (Ogura & Matsushima 2011, chapter 2),

the sham subjects (n=11) instantaneously increased their running distance when a
companion chick was introduced, and they decreased it when the companion was
removed. Figure 111-2B shows an example, and Figure 111-2D shows population data
obtained from 11 sham-operated chicks. Data obtained in 4 post-operative tests were
averaged in each individual, and data obtained from these 11 chicks were superimposed.
Friedman test revealed a significant difference among three test phases (y>=18.7273,
df=2, p=0.0001). Post-hoc pairwise comparisons using Wilcoxon signed rank test with
Holm correction revealed significant differences between the first single phase (single
1) and the paired phase (**, p=0.0029) and between the second single phase (single 2)
and the paired phase (**, p=0.0029), but no significant difference was found between
these single phases (n.s., p>0.05). Social facilitation of running distance was thus
reconfirmed, and effect of test repetition was not found.

Instantaneous increase in running distance was found also when feeding rate was

increased in the single chick condition. After the social facilitation tests were completed,
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9 out of the 11 sham-operated chicks were tested in a continuous series of V130, V110,
and V130 phases. Figure 111-2C shows an example, and population data are shown in
Figure 111-2E. Friedman test revealed a significant difference among the three test
phases (¥?=13.5556, df = 2, p=0.0011) and post-hoc pairwise comparisons using
Wilcoxon signed rank test with Holm correction revealed significant differences
between the V110 phase and each of the two V130 phases (*, p=0.0120), but no
significant difference was found between the two V130 phases (n.s., p>0.05). Although
smaller in magnitude, a rise in feeding rate caused a similar increase in running
distance, and the effect of test repetition was not found.

We therefore assumed the following two variables as independent behavioral
indices, namely (1) single running distance as an index of effort for food reward, and (2)
increase in running distance in paired phase as an index of social facilitation. The

socially facilitated increase (A of running distance) was given as;

single 1 + single 2
2

A of running distance = paired —
Actually, no significant correlation was found between these indices in the sham-

operated chicks (Figure 111-2F; t=0.1903, p>0.05, n=11).

3.3.2 Effects of MSt and SN lesions on running distance

Single running distance was compared among sham control group (n=11) and
four groups of lesion, namely, MSt-electrolytic lesion (n=8), MSt-6-OHDA lesion
(n=8), SN-electrolytic lesion (n=13) and SN-6-OHDA lesion (n=6). In the pre-operative
session (Figure 111-3A), Kruskal-Wallis test revealed no significant difference among
the 5 groups (?=9.4437, df=4, p>0.05). In the post-operative session (Figure 111-3C), on

the other hand, chicks with the MSt-electrolytic lesion showed significantly lower
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single running distance than the sham control. Kruskal-Wallis test revealed a significant
difference among the 5 groups of chicks (x?=22.4599, df=4, p=0.0002). Subsequent
Steel's multiple comparison test indicated significantly lower single running distance in
the MSt-electrolytic lesion than the sham control (**, p=0.0015), whereas no significant
difference was detected in any other lesion groups.

We also tried bilateral electrolytic lesion of SN, but it resulted in aphagia (i.e. no
spontaneous pecking for food or water) and severe debilitation in 3 out of 5 operated

chicks. Measuring foraging effort from these subjects was impossible.

3.3.3 Effects of MSt and SN lesions on social facilitation

A of running distance was also compared among sham and four lesion groups. In
the pre-operative session (Figure 111-3B), Kruskal-Wallis test revealed no significant
difference between the groups (x?=5.3877, df=4, p>0.05). In the post-operative session
(Figure 111-3D), on the other hand, both of the SN-electrolytic lesion and SN-6-OHDA
lesion groups showed significantly lower Athan the sham control. Kruskal-Wallis test
(x*=20.1476, df=4, p=0.0005) and subsequent Steel's multiple comparison test revealed
significantly lower A in both groups of SN- lesion (electrolytic lesion: **, p=0.0011; 6-
OHDA lesion: **, p=0.0097), whereas no significant difference was detected in both

groups of MSt-lesion.

3.3.4 Histological examination of lesions
Inter-individual behavioral variance could be ascribed to difference in lesion
areas. We therefore superimposed the lesion areas separately for those individuals with

large and small/none behavioral effects. Based on the mean and the unbiased variance
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of sham control, we estimated the range in which 95% of intact subjects fall. For the
single running distance, the range was 87.8-143.7. Similarly, for the A of running
distance, the range was 56.6-98.7. In the group of MSt-electrolytic lesion, 7 chicks (out
of n=8) fell below the estimated range of single running distance, thus were classified as
those with a large effect (Figure I11-4b). In the groups of SN-electrolytic lesion and SN-
6-OHDA lesion, similarly, 10 chicks (out of 13) and 4 chicks (out of 6) fell below the
estimated range of A of running distance, thus were classified as those with a large effect
(Figure 111-5b, d).

In the group of MSt-electrolytic lesion (Figure I11-4b), dorsal part of MSt was
completely destroyed in the large effect chicks, while it was intact in the remaining one
chick (Figure I11-4c). On the other hand, complete dopamine depletion was observed in
both of the dorsal and ventral MSt in the MSt-6-OHDA lesion (Figure 111-4d). Note that
mechanical lesion was not detected in Nissl-stained sections.

In the group of SN-electrolytic lesion, dorsolateral SNc/SNr (Figure 111-5b; A4.0
and A3.4) and posterior SNc (Figure I11-5b, A2.8) were destroyed in the large effect
chicks, whereas these areas were almost intact in the small/none effect chicks (Figure
I11-5¢). In the group of SN-6-OHDA lesion, mechanical lesion around the posterior SNc
was observed in all subjects (Figure 111-5d and 5e). The lesion areas were located

slightly more dorsal in the large effect chicks compared to the small/none effect chicks.
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3.4 Discussion

The present results demonstrate a functional separation of the neural substrate of
social facilitation from that of the reward-based foraging effort. Electrolytic lesion of
MSt suppressed the single running distance that is supposed to be a behavioral index of
the reward-based foraging effort. On the other hand, SN lesions did not cause a similar
suppression (Figure I11-3C). The 6-OHDA lesion of MSt did not change the single
running distance, so that foraging effort may be independent of dopaminergic projection
to MSt. On the other hand, both groups of chicks with SN lesions (electrolytic and 6-
OHDA lesions) showed a suppression in the social facilitation, while the single running
distance remained unchanged. The MSt lesions did not suppressed the social facilitation
(Figure 111-3D).

However, concerns still remain on the functional dissociation. First of all, effects
of selective and localized VTA lesion should be examined to reconfirm the conclusion.
Dopaminergic VTA neurons mainly project to MSt, whereas dopaminergic neurons in
SN project to LSt (Mezey & Csillag 2002, Balint et al. 2004). If the medial and the
lateral pathways were functionally dissociated, VTA lesion should cause no effect on
social facilitation. Actually, our preliminary results revealed no effects on social
facilitation following VTA lesion.

Second, since 6-OHDA lesion in SN gave rise to some mechanical damage, the
suppressed social facilitation might not be due to dopamine depletion, but to damages of
other non-dopaminergic neurons or passing fibers in/around SN. In accordance with this
idea, SN 6-OHDA lesion caused milder behavioral effects than SN electrolytic lesion in

this study. To verify this point, we should deplete dopaminergic neurons in SN without
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other general damages. It is also to be noted that the lesion extended wide to both
substantia nigra pars compacta (SNc) and reticulata (SNr). Although these two nuclei
are contiguous (Reiner et al. 2004), they have different anatomical projection patterns,
thus considered to have different functions. Actually, majority of the SNr neurons are
known to be GABAergic (Veenman & Reiner 1994, Sun et al. 2005) and density of
dopaminergic cell bodies is lower when compared to those in SNc (Figure 111-5a, A2.8-
A3.4). We will discuss this issue again below.

Third, we have not accomplished an experiment in which dopaminergic
projection to LSt was selectively lesioned. We are thus unable to conclude the role of
dopaminergic modulation in LSt on social facilitation. Although SN sends massive
dopaminergic projections to LSt, other telencephalic regions including arcopallium
(Mezey & Csillag 2002) and nucleus accumbens shell (Balint et al. 2011) also receives
dopaminergic input from SN. In particular, dopaminergic projection to arcopallium
could contribute to the facilitation of actions, since arcopallium has motor output toward
brain stem and rostral spinal cord (Zeier & Karten et al. 1971).

Fourth, we should admit the ambiguity of our conclusion on the SN involvement
of social facilitation, because only the right SN was unilaterally lesioned in this study.
We were unable to examine behavioral effect of bilateral SN lesion, because preliminary
study revealed a severe aphagia and debilitation. Considering no anatomical asymmetry
found in the midbrain dopaminergic neurons, unilateral lesion for left SN may be
supposed to induce a similar suppression of social facilitation. However, as functional
lateralization is widely reported in the avian brain (Deng & Rogers 2002, Manns &
Guntlrkiin 2003, Andrew et al. 2004), effects of the electrolytic and/or 6-OHDA lesion

of the left SN should be examined.
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Finally, damage to the noradrenaline pathway, rather than the dopaminergic,
might be involved in the suppressed social facilitation. Since 6-OHDA is a general
neurotoxin for catecholaminergic neurons, noradrenergic neurons should also be
damaged in this study (Jonsson 1980). In this study we did not administer
antidepressants to protect noradrenergic neurons, as reported in earlier studies (Walton
et al. 2005, 2009). Actually, even under the treatment of antidepressants, 6-OHDA
induces significant reduction of noradrenaline as well as dopamine (Walton et al. 2005,
2009). Thus, we admit that precise separation of dopaminergic and noradrenalinergic
pathways is difficult in experiments using 6-OHDA as neurotoxin. However, although
noradrenergic fibers and terminals project to SNc, dopaminergic neurons outnumber the
noradrenergic cell bodies in the whole brain of chicken (Moons et al. 1995). Thus,

behavioral effect of noradrenaline depletion, if any, might be negligible.

3.4.1 Non-dopaminergic pathway from/via MSt may be critical for exerting foraging
effort.

Unexpectedly, 6-OHDA lesion did not suppress single running distance,
suggesting that dopamine release in MSt does not affect the foraging effort. On the other
hand, nonselective lesion of the dorsal MSt suppressed the foraging effort. The
descending projection from MSt to midbrain dopaminergic nuclei (Balint et al. 2011),
but not the ascending dopaminergic projection from midbrain to MSt, may be involved
in the behavioral control of effort output for reward.

The present result is inconsistent with earlier studies (Salamone et al. 1991,
1994), which report effort-aversion following 6-OHDA lesion to the rat ventral striatum

(homologous to the chick MSt). In these studies, alternative decision paradigm was
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adopted, in which rats were examined in prospective choices between less-preferred
food reward following low effort and high-preferred food following high effort. This
discrepancy may be due to the difference of experimental paradigm. In the present
study, on the other hand, we presented the subjects with no explicit options for food.
Instead, subjects just ran for and left from feeders, and foraged in these two feeders.
Amount of 6-OHDA injected may also be important. Salamone et al. (1994) injected a
larger amount (12.5 pg 6-OHDA) per injection site, while it was 3 pg 6-OHDA in the
present experiment. Furthermore, these studies were accomplished in rats, and our study
was in chicks.

It is also possible to argue that the nidopallium, rather than the MSt, is involved
in the control of foraging effort, because the electrolytic lesion in MSt extended to
nidopallium in most subjects (Figure I11-4b). We suppose that we can disregard this
possibility, because histological examination of a subject whose single running distance
was not suppressed showed a broader lesion ranging from Wulst to nidopallium (Figure

I11-4c, A9.4); The dorsal part of MSt however remained intact in this subject.

3.4.2 Social facilitation may boost action value via the lateral dopaminergic
pathway.

Functional and anatomical dissociation of medial and lateral dopaminergic
pathway is well-known in mammals (O’Doherty et al. 2004, Balleine & O’Doherty
2012). From the viewpoint of reinforcement learning, “actor/critic model” (Sutton &
Barto 1998) is widely adopted to explain the function of the neural circuits in basal
ganglia (Montague et al. 1996, 2004). The medial pathway is assumed to be a critic”,

and it monitors and evaluates the present state of rewards. On the other hand, the lateral
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pathway is referred to as an “actor”, and it evaluates the value of executed actions.
Although it is argued that such a dichotomy is too simple (Morris et al. 2006),
converging evidences support that the lateral (SNc-dorsal striatum) pathway carries
action-related value, but not the value of just current state (Reynolds et al. 2001,
Samejima et al. 2005, Morris et al. 2006). We may argue, based on the results of present
study in chicks, that social facilitation boosts the action value. Future
electrophysiological study may provide evidence for this hypothesis. Actually, a recent
study in primates revealed that some neurons in the dorsal striatum (assumed to be
homologous to the avian LSt) encode social action and reward, although it remains
unknown as to whether the action value was socially elevated or not (Baez-Mendoza et

al. 2013).

3.4.3 SN, rather than SNc, may be involved in the socially-facilitated foraging
effort.

In this study, it remains still unclear as to whether substantia nigra pars compacta
(SNc) or reticulata (SNr) is critical for social facilitation. SNr receives afferent inputs
from dorsal striatum (or LSt) directly and indirectly. The direct input decreases, and the
indirect input via subthalamic nucleus increases the firing rate in SNr neurons
(Alexander & Crutcher 1990 for mammals; Reiner 2002 for birds). As SNc neurons do,
SNr neurons also encode the value of reward cue, and it is assumed that the SNr
neurons also exert direct control on actions (Bryden et al. 2011, Yasuda et al. 2012).
Considering that (1) majority of SNr neurons are GABAergic (Fahn & Cote 1968,
Okada et al. 1971, Veenman & Reiner 1994, Sun et al. 2005; also note that TH-positive

cell bodies are also found in SNr, Figure I11-5a), and that (2) the increase-type neurons
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outnumber the decreasing-type neurons (Gulley et al. 2002), SNr lesion is supposed to
cause excessive motor output, or behavioral disinhibition. Actually, with respect to eye
movement in monkey, GABAA antagonist infused to SNr induces involuntary saccades
and inability to maintain visual fixation (Hikosaka & Wurtz 1985). On the other hand,
in our present study, comparable involuntary movements were not found in chicks with
SN lesion. In order to further examine if SNr is a critical node of the social facilitation
circuit, we must accomplish a selective lesion or inactivation of SNr while sparing the
surrounding SNc. Selective inactivation of indirect pathway; i.e. inactivation of

subthalamic nucleus, may be also useful.

106



3.5 Figures
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Figure 111-1. (A) Schematic chart of anatomical construction of two pathways from
midbrain to striatum. VTA dopaminergic neurons project to MSt, while no projection to
LSt is found. On the other hand, SN dopaminergic neurons massively project to LSt, as
well as to MSt. (B) Photographs of tyrosine hydroxylase-stained dopamine fibers and cell
bodies in telencephalon (a) and midbrain (b) sections from an intact chick. Abbreviations;
VTA, ventral tegmental area; MSt, medial striatum; SN, substantia nigra; LSt, lateral

striatum.
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Figure 111-2.  Shuttles in I-shaped maze by sham chicks.

(A) Two-lane I-shaped maze equipped with a pair of terminal feeders. Chicks and feeders
were separated by a transparent wall. Terminal walls of the maze were colored red and
blue. Each feeders supplied 90 grains of millet according to a variable (10-20 seconds;
average 15 seconds) interval schedule. At first subjects ran in single (upper). After 30
food deliveries from each feeders, a companion was introduced and ran in pairs (middle).
After additional 30 food deliveries, the companion was removed and subjects ran in single
again (lower). Each phase lasted for ca. 8 min.

(B) Representative running trajectories of a pair of chicks in a test. Subject chick is
indicated by blue and companion is red. Note that there is no time lag between change of
the phases and change of the pace of running by the subject.

(C) Representative running trajectory during a continuous series of VI30, VI10, and
V130 phases. Changes in running were instantaneous, but they were slower compared to
the effect of putting/removing a companion (Figure 111-2B).

(D) Running distance of all of the sham chicks (n=11). Although the session was
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repeated 4 times in pre-operative session and 4 times in post-operative session, the graph
indicates only the average result of the 4 sessions of after-operation. Running distance
was significantly increased by pairing compared to both of single phases (pairwise
comparisons using Wilcoxon signed rank test with Holm correction for multiple
comparisons; p=0.0029). There was no significant difference between two single phases
(p>0.05).

(E) Running distance of sham (n=9 of 11; 2 were not recorded) when the rate of feeding
had been changed. In the V110 (variable interval, average 10 seconds) phase, feeding rate
is 3 times as high as that in the VI30 (variable interval, average 30 seconds) phases.
Running distance was significantly increased in V110 phase compared to both of VI30
phases (pairwise comparisons using Wilcoxon signed rank test with Holm correction for
multiple comparisons; p=0.0120). There was no significant difference between two single
phases (p>0.05). Note that running distance did not tripled when the feeding rate tripled.
(F) Scatter plot of average of single running distance (x axis) and A of running distance
(y axis). A of running distance is defined as the difference between paired- minus average

of single running distances. No significant correlation was observed (p>0.05).

109



160 1201
140~ 100+
120 801
100 60
e 80 —
E E 40
g 60’ 8
S 40 IS 201
S 160] 3 120/
2 o
S 140/ £ 100
=) C
= 4 >
P 120 % 80+
()] 4
2 100 3 el
80
40+
601
40- 201
Mét MS‘t 6- éN SN‘ 6- ‘ M‘St Mét 6- éN Sl\‘l 6-
sham electrolytic OHDA electrolytic OHDA sham electrolytic OHDA electrolytic OHDA
(n=11) lesion lesion lesion  lesion (n=11) lesion lesion lesion  lesion
(n=8) (n=8) (n=13) (n=6) (n=8) (n=8) (n=13) (n=6)

Figure 111-3. Single running distance (A, pre-operative; C, post-operative) and A of
running distance (B, pre-operative; D, post-operative). X axis indicates a sham group and
4 experimental groups. The top and bottom edge of boxes indicate the upper- and lower-
quartile of each groups, respectively. The whiskers indicate the most extreme data point
which is no more than 1.5 times the interquartile range from the box. Open circles indicate
outliers. Kruskal-Wallis test revealed significant difference across groups in both single
running distance and A of running distance for post-operation. For pre-operative data, no
significant difference across groups were observed. Post-hoc Steel’s multiple comparison
test revealed sigpnificant difference between sham-MSt electrolytic lesion (p=0.0015) for
single running distance, and between sham-SN electric lesion (p=0.0011) and sham-SN
6-OHDA lesion (p=0.0097) groups. Asterisks indicates significant difference compared

to the sham group.
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Figure 111-4. Histological reconstruction of lesions in MSt. Lesioned areas are
superimposed on frontal sections of the telencepharon. The coordinates (A8.2-A11.8)
follow the stereotaxic atlas of Kuenzel and Masson (1988). Column “standard” (a)
indicates the schematic depiction of TH-positive region of an intact brain. Black dots (see
A 8.8) indicate TH-positive cell bodies, and dark areas indicate TH-positive terminals or
other structures. Electrolytic lesioned chicks were divided into two categories according
to single running distance; large effect (b; n=7) and small/none effect (c; n=1). Subjects
whose single running distance were below 87.8 fell into large effect. Abbreviations of
brain regions are based on Balint et al (2011).

Abbreviations; AcR, rostral pole of nucleus accumbens; AcC, Nucleus accumbens,
core; AcS Nucleus accumbens, shell; BSTL, Lateral part of the bed nucleus of the stria
terminalis; E, Entopallium; FPL, fasciculus prosencephali lateralis; GP, Globus pallidus;

HA, Hyperpallium apicale; LPS, Pallio-subpallial lamina; LSt, Lateral striatum; M,
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Mesopallium; MSt, Medial striatum; N, Nidopallium; S, septum; TO, Olfactory
tubercule; TSM, tractus septopallio-mesencephalicus; VL, Lateral ventricle; VP, ventral

pallidum.
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Figure 111-5. Histological reconstruction of lesions in SN. Lesioned areas are

superimposed on frontal sections of the midbrain. The coordinates (A4.6—A2.8) follow
the stereotaxic atlas of Kuenzel and Masson (1988). Column (a) indicates the schematic
depiction of TH-positive region of an intact midbrain. Lesioned areas are separately
shown in both electrolytic-lesioned (b, ¢) and 6-OHDA-lesioned (d, €) groups, according
to A of running distance. If average A was below 56.7, the subject was fallen into “large
effect” (electrolytic lesion: b, 6-OHDA lesiom: ). Note that mechanically-lesioned site
is shown in the sections of SN 6-OHDA lesion group (d, €).

Abbreviations; A11d, A1l dopamine cells, dorsal part; Allv, A1l dopamine cells,
ventral part; EW, nucleus of Edinger-Westphal; ExM, External mammillary nucleus; IF,
Interfascicular nucleus; IPC, Interpeduncular nucleus, caudal subnucleus; IsMc, nucleus
isthmi, pars magnocellularis; IsPc, nucleus isthmi, pars parvocellularis; ME, median
eminence; MLd, nucleus mesencephalicus lateralis, pars dorsalis; MM, Medial

mammillary nucleus, medial part; mPAG, Mesencephalic periaqueductal gray; NIII,
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nervus oculomotorius; OMN, oculomotor nucleus; p3Tg, P3 tegmentum; PPN,
Pedunculopontine nucleus; RM, Retromammillary area; SNc, Substantia nigra, compact
part; SNr, Substantia nigra, reticular part; SpM, nucleus spiriformis medialis; VTA,

ventral tegmental area.
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Social influences on foraging efforts were examined in domestic chicks by investigating the
frequency of runs made to feeders and the amount of pecking to gain food. Single or paired
chicks foraged in an I-shaped maze equipped with a millet feeder on each end, that distributed
one or two grains at variable intervals. Regardless of when the grain(s) were dispensed, chicks
ran back and forth between the feeders. Analyses of their movement patterns revealed: (1)
running patterns were not directly synchronized with the dispensing of grain(s), (2) running
distance was longer in paired chicks than in single chicks, (3) paired chicks partially synchronized
their runs between feeders, and (4) social effects were immediate but cumulative after repeated
blocks. We further examined the social effects on running by dividing the I-maze into two parallel
lanes separated by a transparent wall, so that kleptoparasitic interference of food did not occur.
Again, the chicks increased their running speed and were even more synchronized with their
partner's movements, indicating that food competition alone was not responsible for increased
foraging effort. The number of pecks to get grains was also assessed under conditions where
the food tray was gradually replaced, from an easy one to more difficult ones. When tested in
the separated |-maze, paired chicks pecked more in the difficult food situation without increase
in the number of gained grains. Results suggest that (i) social facilitation leads to increased
foraging efforts and (ii) the presence of a conspecific is alone may lead to enhanced foraging
efforts in chicks. These findings are discussed in terms of possible ecological background of

social facilitation.

Keywords: work, cost, handling, consumption, competition, social foraging, kleptoparasitism

INTRODUCTION

Social facilitation, which results in an enhancement of behavioral
performance or an increase in work investment when an individual
is in the presence of one or more conspecifics, has been widely
reported in a variety of animals including humans (Zajonc, 1965
for a review), e.g., ants building a nest (Chen, 1937), cockroaches
running in mazes for food (Gates and Allee, 1933), hyenas in
drinking behavior (Glickman et al., 1997), and humans engaged
in physical work (Triplett, 1898) or mental work (Allport, 1920),
leading to recent report on physiological characteristics of the
facilitation in cardiovascular responses (Blascovich et al., 1999).
While many diverse taxa exhibit socially facilitated behavior, sur-
prisingly little is known about the ecological contexts in which
social facilitation occurs.

From an ecological standpoint, social interference by conspecif-
ics is considered an important factor in influencing an individual’s
foraging strategies. Classical foraging theory typically focuses on
the perspective of a single forager (Charnov, 1976); however this
neglects the overall interactions that occur in group-living animals.
A more recent perspective, coined the “Social Foraging Theory,”
suggests that not only individual decision-making, but also conspe-
cific behavior, influences the outcome of an individual’s foraging
success (Giraldeau and Caraco, 2000). For example, Parasitic Jaegers
(Stercorarius parasiticus) will forage in larger groups when engaging
in risky behavior such as attacking and steeling fish from Common

Terns (Sterna hirundo), even though they could gain more food by
foraging in smaller groups or by themselves (Bélisle, 1998). Bélisle
(1998) argued that the risk of starving must also be included in
foraging theory in addition to such things as net/gross intake rate
or efficiency, since group formation is expected to reduce variance
of the food-encounter rate.

In behavioral studies using chicks, Tolman and Wilson (1965)
reported that paired chicks consumed a larger amount of food
than did isolated chicks only when the chicks had been deprived
of food. However, their study failed to show conclusive results on
the effects of social facilitation on rates of pecking (Tolman, 1967).
Tolman and Wilson (1965) also did not control the amount of
food chicks could consume, thus it was uncertain whether the
increased consumption was a result of the amount of food avail-
able rather than mere social facilitation. In our study, we tried to
know whether social facilitation could improve individual pay-off
[i.e., rate of net gain = (benefit — work cost)/time], or otherwise
other currency (e.g., low probability of starvation; Caraco et al,,
1980) should be considered.

In the present study, we examined the influence of social facili-
tation in 1 to 2-week-old domestic chicks (Gallus domesticus). By
strictly controlling the amount of food delivered, we examined
whether foraging competition (i.e., reduction of gain by interference
of other individuals) may socially facilitate an increase in the amount
of foraging efforts in chicks. Chicks provide a unique opportunity
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for studying the neuroscience of decision-making in relation to
behavioral ecology and economics (Matsushima et al., 2003, 2008
for reviews), because we can quantitatively control feeding condi-
tions and potential energy budgets in experiments. Furthermore,
chicks are precocial animals that begin to forage independently as
soon as they hatch, and so individual development can be controlled
as well. In our study, we investigated two foraging behaviors, run-
ning, and pecking, in order to assess whether foraging efforts would
increase under specific social conditions (i.e., social facilitation).
Running to, or approaching food, and pecking at, or handling, food
have already been shown to have distinct neural substrates involved
(ventral striatum/nucleus accumbens and arcopallium, respectively;
Matsushima etal.,2008). For example, lesions of the ventral striatum
enhanced choices of small/immediate reward against large/distant
alternative (Izawa et al., 2003; Aoki et al., 2006a). Similarly, lesions
of the arcopallium caused chicks to choose the small/easy reward
more frequently than the large/costly alternative (Aoki et al., 2006b).
It is therefore possible that social facilitation can occur differently
in these two aspects of foraging effort.

MATERIALS AND METHODS

SUBJECTS

All experiments were conducted under the guidelines and approval of
the Committee on Animal Experiments of Hokkaido University. The
guidelines are based on the national regulations for animal welfare
in Japan (Law for Humane Treatment and Management of Animals;
after a partial amendment No. 68,2005). After the experiments, chicks
were sacrificed in carbon dioxide according to the guidelines.

A total of 99 male domestic chicks (G. domesticus, White Leghorn
strains) were used. New hatchlings (post-hatch day 1: presumed
hatching day) were obtained from a local supplier (Hokuren Central
Hatchery, Iwamizawa, Hokkaido, Japan). Chicks were paired and
housed in transparent plastic cages (15 cm X 28 cm X 12 cm) under
white lighting (12L: 12D; light period starting at 08:00) and thermo-
controlled at ca. 30°C. Pairs of chicks in the same cages were trained
and tested in the same conditions.

Two types of food were given, grains of millet and chick mash
food. The total amount of food per day was kept at a certain level so
that (1) the body weight of chicks gradually increased and (2) the
chicks actively consumed food during experiments. From post-hatch
day 2, chicks were fed mash food. The amounts of mash food were
1 g (post-hatch days 2-5), 1.5 g (days 6 and 7), and 3 g (from day 8).
From post-hatch day 3, grains of millet were added. The amounts of
grains (per chick per day) were 1 g (day 3), 2 g (day 4), 3 g (day 5),
2.5g(days 6 and 7),and 2 g (from day 8). Until day 3, all chicks were
communally fed. From day 4, chicks were allocated to a communally
fed condition or solitarily fed condition depending on experiments:
varied among groups in Experiment 1 and solitarily in Experiments
2 and 3.In the groups of solitarily fed chicks, each individual was fed
in a cage that was visually separated by a black plastic wall, so that
chicks did not see the other chicks eating food; these chicks were
communally housed except when the daily diet was given.

APPARATUS

In Experiment 1, an I-shaped maze equipped with one-lane (1-lane
maze; 12 cm in width, 88 cm in length and 30 cm in height) was used
(Figure 1A). The maze was equipped with a pair of terminal feeders.

A single paired
12 IO """"""""""" OI """"" O\ ),
cm N
88 cm
B opaque wall transparent wall
12
cm -
12
cm 4] e
88cm
separatt;i ‘:feeder shared.:vfé“eder
C

i variable feeder

FIGURE 1 | Experimental apparatus for examining foraging efforts,
running distance (A,B), and number of pecks (C). (A) One-lane I-shaped
maze equipped with a pair of terminal feeders. Terminal walls of the maze
were colored red and blue. The feeders supplied grains of millet according to a
variable interval schedule. One grain was supplied at one time in the
single-chick condition (left), and two grains were supplied at one time in the
paired-chicks condition (right). Note that the paired chicks were competing
over food, whereas the single chicks were not. (B) Two-lane I-shaped maze.
Chicks and feeders were separated by an opaque (left) or a transparent (right)
wall. In the transparent wall condition, the feeders were either separated or
shared. Note that the paired chicks in the shared feeder condition were
competing for food, whereas chicks in the other condition did not. (C) The
2-lane maze was equipped with a fixed feeder and a variable feeder. The food
tray of the fixed feeder was made of a plastic plate with 25 holes (5 x 5), each
1.6 mm deep. The food tray of the variable feeder was either a sponge or
plastic plates of variable depth (ranging from 1.5 to 2.3 mm). Supplied grains
tumbled into the holes, making it difficult for chicks to obtain the grains. The
deeper the holes were, the more difficult it was for chicks to obtain the grains.
Trays of the variable feeder were sequentially replaced in an order from the
easy sponge to the more difficult plates every ca. 3 min. See text for details.

Walls at the terminals were colored red (left) or blue (right). Each
feeder supplied a grain of millet food at variable intervals. Plastic
Petri dishes (5.5 cm in diameter to a depth of 1.5 cm) were used
as food trays, and the floor of each dish was covered with sponge.

In Experiment 2, an I-shaped maze equipped with two lanes
(2-lane maze; 25 cm in width, 88 cm in length, and 40 cm in height)
was used (Figure 1B). These two lanes had the same width as that of
the 1-lane maze used in Experiment 1 but were separated by a trans-
parent acryl board in one groups of chicks. In another group, in
order to visually separate the two lanes, opaque white cardboard was
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attached to both sides of the acrylic board so that the chicks could
not see each other. On each terminal feeder, two food trays were
placed in adjacent positions over the separation board. Rectangle-
shaped food trays (3 cm in width, 4 cm in length, and 2 cm in
depth) with sponge on the floor were use. In the shared feeder
condition, a 4-cm-wide window was opened on each terminal end
of the separation board, and the chicks in both lanes shared the
food supplied to a food tray (6 cm in width, 4 cm in length, and
2 cm in depth) placed at the center.

In Experiment 3, the same 2-lane maze as that in Experiment 2
was used after a slight modification to the food trays (Figure 1C).
Square food trays (width and length of 3.6 cm depth of 1.8 cm)
were used with two different types of floor coverage: one with
sponge and the other with acrylic plates with 25 holes in the sur-
face (aligned in 5 X 5, 4 mm in diameter). Four different types of
acryl plates were used with different depths of the holes: 1.5, 1.8,
2.0, and 2.3 mm. Food trays were manually replaced, and a single
replacement took ca. 10 s.

In all experiments, in order to prevent chicks to associate the
feeder sound with food reward, sounds of electric motors were
replayed at variable intervals from instruments placed around the
apparatus; the mean interval was set at 2.5 s, uniformly distributed
from 1.5 to 3.5 s. The apparatus was placed in a dark room kept at
ca. 25-30°C and illuminated by four 60 W white light bulbs placed
above the runway and feeders. Timing of grain delivery and the noise
sound were controlled by microrobots (RCX, LEGO Mindstorms).
Behavior of the chicks was recorded by a video recorder (DCR-SR65,
Sony, Japan) and color CCD cameras (250 k pixels with NTSC out-
put), and the recordings were stored for offline analysis.

BEHAVIORAL PROCEDURES

In Experiments 1-3, chicks were initially habituated to the experi-
mental maze according to a common procedure for two successive
days (pre-1 and pre-2) on post-hatch days 6-15. For habituation,
paired chicks (housed in the same cages) were placed on the midway
part of the maze in which some food (ca. 100 grains) was given in
advance. After the chicks had consumed the food, feeders started
to deliver grains by the same procedure as that used in each experi-
ment. Two successive habituation sessions (ca. 20 min in total) were
given per day for each of pre-1 and pre-2 except for Experiment
3, in which one long session of habituation (ca. 20 min) was given
instead. The experimental data were obtained after the habituation.

Experiment 1: effects of paired foraging on approaching food, an
inter-group comparison in the 1-lane maze
Effects of paired foraging in the maze and the cage were examined
in regards to subjects’ distance and synchrony during running.
Running distance was used to calculate the rate of approaching
food at either end of the I-maze, where an increase in distance cor-
responds to increased running during the experimental condition.
“Paired in the maze” means that chicks foraged in pairs at the
test, whereas “paired in the cage” means that the chicks foraged in
pairs in the housing cage, in which main diet (mixture of mash
food and millet) was supplied (Figure 3A).Chicks were thus divided
into four conditions: (1) paired in the maze/paired in the cage, (2)
paired in the maze/single in the cage, (3) single in the maze/paired
in the cage, (4) single in the maze/single in the cage.

After the habituation (pre-1 and pre-2), experiments were con-
ducted for five consecutive days (days 1-5) and chicks received one
test session per day. In each of the sessions, after a short habituation
period in the maze (i.e., 1 min after the chick had consumed all
of the food available, namely, 20 grains/chick placed in advance in
each feeder), each of the two feeders supplied one grain at a time
with variable intervals (mean interval of 15 s, uniformly distributed
in a range of 10-20 s). In a single session, the programmed food
delivery continued 30 times and thus lasted for ca. 8 min. The chicks
were then left in the maze for an additional 2 min after they had
consumed all of the grains delivered on the food trays, and the test
session of the day was terminated.

In the I-shaped maze, the following two parameters were
measured: (1) running distance (or how far the chick ran) and
(2) synchrony index. Synchrony index was defined as the ratio of
time in which both chicks stayed in the same side of the maze,
shown as percentage of the total time recorded. The position of
each chick’s head was automatically and unequivocally given by
computer-based video analysis, as either being placed on the red
or the blue side of the maze. When both chicks were always in the
same end, the synchrony index was 1.0 (in-phase synchrony). When,
on the other hand, chicks were in opposite ends, the index was 0.0
(anti-phase synchrony). When both chicks moved in a random
and independent fashion, the index would show a chance level of
0.5 (asynchrony).

Experiment 2: effects of paired foraging on approaching food, an
inter-group comparison in the 2-lane maze

In order to differentiate food competition from social facilitation
by a nearby conspecific, we removed the factor of food competi-
tion by separating paired chicks with either a transparent or an
opaque partition down the middle of the maze’s track, thus creating
two separate lanes (Figure 1B). After the habituation (i.e., paired
foraging in the maze on pre-1 and pre-2), similar to Experiment
1, test sessions were repeated five times, one session per day (days
1-5). Each of the two feeders supplied one grain at a time with
variable intervals (mean interval of 15 s, uniformly distributed
in a range of 10-20 s). In a single session, the programmed food
delivery continued 30 times and thus lasted for ca. 8 min. The fol-
lowing two parameters were measured: (1) running distance and
(2) synchrony index.

Effects of paired foraging on running distance, an intra-individual
comparison

The immediate effect of paired foraging was examined in terms of
running distance. A group of chicks (post-hatch days 12—14) were
re-used after Experiments 1 and 2 (see above); chicks that had been
solitary fed in both the maze and the cage were used. Immediately
after each chick had been individually placed in the maze, both feed-
ers delivered grain 10 times at variable intervals (mean interval of
15, uniformly distributed in a range of 10-20ss, 1 grain per delivery);
this term is referred to as the first “single” phase. The companion chick
was then introduced into the maze, and the feeders delivered twice
as much grain (2 grains per delivery) 10 times; this term is referred
to as the second “paired” phase. In the third phase, the companion
chick was removed from the maze, and the subject chick received
feeding another 10 times. Each phase lasted for ca. 3 min.
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Experiment 3: effects of paired foraging on approaching and pecking
at food, an inter-group comparison in the 2-lane maze

Effects of visual perception of the other chick on running (i.e.,
approaching food) and on food pecking (handling food) were
examined in the 2-lane maze. The food tray difficulty (estimated
on the basis of the number of pecks required for chicks to gain
a certain amount of grain) was controlled by systematically
changing the types of acryl plates used as the floor of the feeder
(Figure 1C). After habituation (i.e., paired foraging in the maze
on pre-1 and pre-2), similar to Experiments 1 and 2, test ses-
sions were repeated three times, one session per day (days 1-3);
chicks were left untested for 4 days between test days 1 and 2.
Each of the two feeders supplied two grains at a time with vari-
able intervals (mean interval of 30 s, uniformly distributed in a
range of 20-40 s).

In the tests, the variable feeder initially had a sponge floor.
When the variable feeder had delivered six times (12 grains), the
sponge was replaced by an acryl plate with 1.5-mm-deep holes. The
1.5-mm plate was subsequently replaced by 1.8, 2.0, and 2.3 mm
plates when the variable feeder had delivered 12 grains for each
plate. Four CCD cameras were set just above the feeder to record
pecking behavior of the chicks were video recorded. The following
four parameters were measured: (1) number of pecks, (2) number
of gained grains, (3) running distance and (4) velocity. Velocity
(cm/s) was measured in the runway except for the areas near the
feeders (<10 cm from the walls).

DATA ANALYSIS

Recording and analyzing approaching behavior

Experiments were videotaped and coded later at rate of 30 frames
per second using a Handycam recorder. The Handycam was located
directly above the I-maze during testing, providing an aerial view
of the subjects and apparatus. Chicks were individually marked
by a rectangular piece of fluorescent-colored tape (Yamato Co.,
Ltd., Japan) affixed to their heads. The position of the fluores-
cent markers was analyzed by using Move-tr/2D 7.0 software
(Library Co., Japan) and the trajectories and running distances
were thus calculated.

Statistical analysis of generalized linear mixed model

The following five types of behavioral parameters were analyzed by
using R for the platform of statistic calculation: running distance,
synchrony index, number of pecks, number of gained grains and
velocity. See Appendix for details.

RESULTS

Once habituated, chicks began to actively run between the terminal
feeders as soon as they were put in the maze, even without any visual
cues. Furthermore, the runs were not in response to the timing
of food delivery. Singly tested chicks stopped running within ca.
1 min of the final delivery of food items. We therefore assumed
that running distance of the runs represented “approaching effort”
and pecks at the feeders represented “handling effort,” rather than
reflexive responses to food, and examined food-approaching behav-
iors in a series of experiments.

EXPERIMENT 1: PAIRED FORAGING INCREASED RUNNING DISTANCE
Paired chicks ran more than single chicks did. Figure 2A shows rep-
resentative running trajectories of single (top and second records)
and paired chicks (third and fourth records) at tests. Runs by single
chicks were irregular on day 1 (top record), but they were more
regular and more active on day 5 (second record). Runs by paired
chicks were highly synchronized on day 1 (third record), but they
were unsynchronized on day 5 (fourth record). Superimposed tra-
jectories (Figure 2B), however, showed that the runs were not in
response to the timing of food delivery.

Paired foraging in the maze, but not in the cage, increased run-
ning distance and synchrony index. A comparison of running by
the four groups of chicks (n = 10 in each groups) is shown in
Figure 3B. Based on running distance, AICs were calculated for
each of the eight models in which the variables of day (1-5), maze
(paired or single), and cage (paired or single) were considered (See
Table A1 in Appendix for details). Of these models, the day-maze
model yielded the smallest AIC. The day-maze-cage model yielded
the same-AIC, but the cage term was not reliable for its coefficient
(p=0.197). Similarly, based on the synchrony index, AIC calcula-
tions revealed a facilitating effect of paired foraging in the maze, but
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FIGURE 2 | Representative running trajectories in the 1-lane condition
(Experiment 1). (A) Two minutes records of running trajectories. Purple and green
lines represent the trajectory of individuals along the long axis of the maze;
upward indicates the direction to the red feeder. Red and blue arrows indicate the
time at which a grain(s) was delivered. The top and second records (1-lane, single)
were obtained from the same chick on different days (days 1 and 5). The third and
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fourth records (1-lane, paired) were obtained from a pair of individuals. Comparison
of the trajectories on day 1 (top vs. third) and day 5 (second vs. fourth) clearly
shows that the paired chicks ran at a higher frequency. (B) Thirty superimposed
trajectories aligned at the time of grain delivery from the red feeder (downward
arrow at the top). An example obtained from a chick tested in the single condition
in the maze. Note that the runs were not in response to the food delivery.
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not those of paired foraging in the cage (Table A2 in Appendix). We
therefore concluded that the presence of other chicks and/or food
competition among paired chicks could have caused the increase in
approaching effort. It is not clear whether synchronization might
be directly (and causally) linked to the increased effort.

EXPERIMENT 2: VISUAL PERCEPTION OF THE OTHER CHICK, BUT NOT

FOOD COMPETITION, EXCESSIVELY INCREASED RUNNING DISTANCE

To reveal the cause of the increased running distance, we separated
the maze into two lanes by a transparent/opaque wall (see Figure 1B),
and we found that visual perception increased both running and syn-
chrony indexes. Figure 4 shows representative trajectories obtained
from one pair in each group. When separated by an opaque wall,
chicks in the 2-lane maze (therefore with no food competition)
ran back and forth between feeders independently (top record in
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FIGURE 3 | Paired foraging in the maze, but not in the cage, influenced
running (Experiment 1). (A) Chicks were divided into four experimental
groups according to 2 x 2 block placement. “In the maze” means chicks were
single or paired in the I-shaped maze during the tests, whereas “in the cage”
means that chicks foraged in single or paired condition in their home cage.
Note that chicks were housed in pairs in all conditions except foraging. (B)
Means (+SEM) of running distance (upper) and synchrony index (lower) during
feeding time (ca. 8 min) are plotted against the day of the experiment. Open
and filled symbols denote paired and single foraging in the maze, whereas
circles and rhombi denote paired and single foraging in the cage, respectively,
in this and the following figures.

Figure 4). When visually interacting via a transparent wall, chicks
ran back and forth in high synchronization (second record). Direct
foraging competition at shared feeders (see Figure 1B, bottom) did
not result in difference from when the transparent wall separating the
feeders was present (compare second and bottom record in Figure 4).
Itis notable that a high degree of synchrony was maintained until day
5, in contrast to the unsynchronized running seen in Experiment 1
(see Figure 2A, fourth record, and Figure 3B, bottom).

Based on the running distance and synchrony index (Figure 5),
AICs were calculated for eight models. As variables, day (1-5), wall
(whether the wall was transparent or opaque), and feeder (whether
the feeders were separated or shared) were considered (Table A3 in
Appendix). For running distance, the day-wall model yielded the
smallest AIC (16191). The day-wall-feeder model gave rise to the
second-smallest-AIC (16192), but the feeder term was not reliable
for its coefficient (p = 0.2921). For synchrony index (Table A4 in
Appendix), the day-wallmodel yielded the smallest AIC, but the day
term was not reliable for its coefficient (p = 0.0844); thus, the result
is different from the synchrony index in Experiment 1, in which
the coefficient of the day was negative. We therefore tentatively
conclude that the running distance and synchrony index are not
linearly linked. Increased effort is not brought about by changes
in synchronized running.

PAIRING IMMEDIATELY INCREASED RUNNING DISTANCE

In both Experiments 1 and 2, difference in running distance
between the groups appeared from day 1 of the experiment. In
order to determine whether paired foraging could immediately
increase the approaching effort, we examined running distances
by an intra-individual comparison. As shown in a typical example
(Figure 6A), pairing immediately increased running. The aver-
age running distance for each condition (mean * SEM, n = 14)
is shown in Figure 6B. The Wilcoxon signed-rank test revealed a
significant difference between paired phase and mean of the first
and last phases (T = 2, p-value = 0.0003662).

EXPERIMENT 3: PAIRING INCREASED PECKS WITHOUT IMPROVED FOOD
GAIN

In order to determine whether paired chicks also increased their
handling effort (i.e., efforts to collect food), we examined rates
of pecking for food by using a series of trays that modified the

2 lanes, opaque separated feeder
nmﬁ roh AN M A A Y
T V.S VAVILYRVIW YR ZAVES SA VAV A/ BRVAVEAW
2 Ianes transparent separated feeder
f\“mf\m"\n”\h AT ATIVE AT LATTITY
VUM VVVRUY \/11, VLUV Uy VRV U
2 lanes, transparent shared feeder

LA A NAR AR LA R A TAAAMANAAN AN
U TGV VUV VU U U T U WUV Vi U

105

FIGURE 4 | Representative running trajectories in the 2-lane condition
(Experiment 2). \When separated by an opaque wall, running trajectories were
not synchronized (top). When separated by a transparent wall, runs were more
frequent and synchronized regardless of whether the feeder was separated
(middle) or shared (bottom). All records were obtained on experimental day 5.
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difficulty for food collection (Figure 1C). Paired chicks increased
the number of pecks, particularly in the difficult food condition
(in a range from 1.8 to 2.3 mm; Figure 7A). The number of grains
decreased in accordance with increased difficulty of food tray, but
the number of grains was not different between the single and
paired groups (Figure 7B). Running distance was greater for paired
chicks as found in Experiments 1 and 2, but the difference gradually
diminished in the difficult food condition (Figure 7C). However,
the velocity at which paired chicks ran remained consistently higher

—@— tranparent wall,
separated feeder n=12

opaque wall,
separated feeder n=20

<

transparent wall,
~ shared feeder n=10

90

running distance

50

1.0 -
0.9 -
08 -
07 -
06 -
05 -
0.4 —

@

synchrony index

o«
day

FIGURE 5 | Social interactions via the transparent wall caused a high
degree of synchrony regardless of foraging competition (Experiment 2).
Means (+SEM) of running distance (upper) and synchrony index (lower) are
plotted against the day of the experiment. Open and filled symbols denote
data in the opaque wall and the transparent wall, respectively. Gray symbols
denote the data obtained from another group in which the feeders were
shared and the wall was transparent.

than in the single chicks (Figure 7D). The running distance of
paired chicks decreased not because they ran slowly but because
they stayed at the feeders for a longer time.

For all of the data shown in Figures 7A-D, AICs were calculated
for five models in which the variables of feeder (food tray difficulty,
five steps ranging from sponge to 2.3 mm), maze (paired or single),
and their interaction were considered (Tables A5—-A8 in Appendix).
For the number of pecks, the feeder—maze-interactionmodel yielded
the smallest AIC (Table A5 in Appendix), indicating that the effects
of pairing emerged on handling effort only when the food was
difficult to obtain. For the number of grains, on the other hand,
the maze term was not included in the chosen model (Table A6 in
Appendix), indicating that the paired and single chicks had similar
gains. For running distance, the feeder—maze-interaction model was
chosen (Table A7 in Appendix). The interaction term suggested that
the difference between the paired and the single chicks were smaller
for the more difficult food trays. For velocity, the maze model was
chosen (Table A8 in Appendix).

DISCUSSION
ECOLOGICAL ACCOUNTS OF THE EXCESSIVE FORAGING EFFORTS
In this study, we found that visual perception of other individuals,
rather than direct foraging competition, increased foraging efforts
for approaching food (running distance) as well as for handling
food (number of pecks). Increased foraging efforts in this study
appear to be a result of social facilitation. Zajonc (1965) argued
that social facilitation affects “dominant responses,” meaning that
dominant (or well-developed) action patterns are most likely to be
socially enhanced. Both running and pecking are well-developed
behaviors in actively foraging domestic chicks. It should be noted,
however, that chicks never exhibit running or pecking behavior
when food is not available (data not shown), indicating that direct
inter-individual interactions alone failed to cause social facilitation.
It should also be noted that the term “social facilitation” is a psycho-
logical label, never specifying its functions in terms of economics/
ecology. The idea of social facilitation is therefore not mutually
exclusive with the idea of work investment under competition.
Our results suggest that currencies (or value functions) other
than the food benefit are critical in social facilitation, in accordance
with social foraging theory. According to Koops and Giraldeau
(1996), starlings adopt foraging tactics that minimize the prob-
ability of energetic shortfall rather than maximize mean intake rate
(or the benefit). Chicks may also make use of other individuals’

A

single — €— paired —>
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\

50cm]

FIGURE 6 | The run was facilitated as soon as a companion chick was
introduced (Experiments 1 and 2). (A) Representative running trajectories
of a pair of chicks. Subject chick (purple) received 30 deliveries of food,
divided into three phases. In the first phase, the subject was tested in
single condition. In the second phase, a companion chick (green) was

B (m
. 50 (n=14)
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E 45
R
T 40
2
€35
— S
50s 30 +
single paired single

introduced into the maze. In the third phase, the subject was again tested in
single condition. Each phase lasted for ca. 3 min. (B) Means (+SEM) of
running distance recorded in the first and third phases of the single
condition (open symbols) and in the second phase of the paired condition
(filled symbol).
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FIGURE 7 | Social interactions of pairing were also found in the number
of pecks (handling effort), particularly in the difficult food condition
(Experiment 3). Means (+SEM) of two groups of chicks [paired (filled
symbols) and single conditions (open symbols)] are plotted against the phases
of different food tray difficulty (from the sponge to the plate with deep holes).
Each individual chick was repeatedly tested on three successive days, and the
values were averaged to yield individual data. Number of pecks (A), total gain
of grains (B), running distance (C), and mean velocity (D) are plotted. Note
that the chicks spent a shorter time for running but ran at higher velocity in the
paired condition, even in the difficult condition.

information at food sites to avoid the risk of starvation, given
that chicks have been shown to be risk-averse to food quantities
(Kawamori and Matsushima, 2010). However, much remains to be
discussed about whether excessive running and pecking was really
“inefficient,” since we were not able to calculate the energetic cost
of running and pecking in terms of joules/calories. It is still pos-
sible that running and pecks are energetically very cheap and that
the overt investments found in this study do not cause a negative
energetic budget. Precise measurements of physical expenditures
for running and pecking actions are needed.

Excessive foraging efforts found in this study might also lead to
impulsive choices. Amita et al. (2010) reported that repeated expe-
rience of competitive foraging for a few days resulted in a higher
level of choice impulsivity, though the chicks were solitarily tested
in an inter-temporal choice paradigm. On the other hand, the

impulsivity did not change instantaneously when the chicks were
tested in competition (Amita and Matsushima, unpublished); the
increase in impulsivity was observed even when there was no actual
food competition, similar to our results. It remains to be determined
whether the visual perception of competitive individuals directly
caused the impulsivity or whether the excessive work investments
secondarily caused the impulsivity. Further studies are required.

ECOLOGICAL ACCOUNTS OF SYNCHRONIZED RUNNING

The synchronized running observed in this study (Experiments 1
and 2) may be explained by “scramble kleptoparasitism” in behav-
ioral ecology. Kleptoparasitism refers to parasitical exploitation of
food that other foragers’ efforts have made available (Giraldeau
and Caraco, 2000). Of several variations, scramble kleptoparasitism
specifically refers to the simultaneous exploitation of a sharable
resource by multiple competitors with little or no aggression. This
foraging behavior has also been called “social facilitation” (Curio,
1976). Barnard and Sibly (1981) regarded interactions between
kleptoparasitically foraging individuals as “producer/scrounger”
relationships, or a pair of alternative strategies.

It is possible that chicks running together acted as producer
and scrounger, the one leading acted as a producer and the other
following acted as a scrounger. In this study, we found that some
individuals behaved predominantly as followers; e.g., in the bot-
tom record of Figure 4, the purple-colored chick tended to fol-
low the green-colored chick. However, the tactics were not always
fixed, and chicks often changed their position in reference to the
other. Foraging competition did not influence the synchrony of
running (Experiment 2, Figure 5, bottom), indicating that chicks
did scramble kleptoparasitism due to some innate or developmen-
tal factors, rather than to immediate competition over food. In
accordance with this, we often observed that a chick was attracted
to its pair mate and stayed at the feeder, even though the subject
chick had already gained a grain at that feeder (e.g., bottom traces
in Figure 4). To reveal the direct cause of synchronization, more
elaborate analysis of running synchrony is needed.

The synchronization may also be an adaptive response to preda-
tion risk. Hamilton (1971) points out that predation could lead to
the evolution of gregarious behavior by considering that predators
habitually approach from outside of the herd. Furthermore, gregar-
iousness itself “dilutes” predation risk for any particular individuals
(Foster and Treherne, 1981). Highly synchronized runs observed in
our study may have resulted from the gregarious instincts in chicks.
It is therefore quite interesting to examine if chicks under preda-
tion pressure could run in even higher level of synchronization.

IMPLICATIONS FOR NEURAL MECHANISMS OF SOCIAL FACILITATION

In the neuroscience of decision-making, relevant brain regions
and neurotransmitters/neuromodulators critical for “effort cost”
(such as pressing a lever or climbing a mesh barrier to obtain
food pellets) have been intensively explored (Walton et al., 2006;
Floresco et al.,2008a). Several brain regions are reported to cause
awork cost aversion, meaning a bias away from the costly option
(e.g., climbing mesh barrier) to obtain a larger food; i.e., the
anterior cingulate cortex (Rudebeck et al., 2006a), the neural
pathways between the anterior cingulate cortex and amygdala,
and the amygdala itself (Floresco and Ghods-Sharifi, 2007).
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Systemic administration of dopamine antagonists (Denk et al.,
2005; Floresco et al., 2008b) also induced the same effect. Since
the anterior cingulate cortex and amygdala are thought to be
involved in social behaviors (Rosvold et al., 1954; Rudebeck et al.,
2006b), these regions might play a critical role in social influ-
ences of behavior by conspecifics. However, no studies have so
far integrated the neuroscience of economical decision-making
and the behavioral ecology of social foraging. Our next goal is
therefore to clarify the neural mechanisms that underlie the social
influences on work investments.

CONCLUSION

When viewed from behavioral economics and ecology, social
facilitation can be characterized by increased foraging efforts and
synchronization among individuals. The facilitation occurs imme-
diately by visual perception of other individuals, rather than the

accompanying food competition. The increased efforts occur not
only in the approaching to food resource (running) but also in the
handling food (pecking). Other factors than the gain rate should be
considered, such as minimizing the starvation risk or adaptation
to predation pressure.
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APPENDIX

STATISTICAL ANALYSIS USING GENERALIZED LINEAR MIXED MODEL

In Experiment 1 and 2, we focused on running distance and
total time in which both chicks stayed in the same end of the
maze (i.e., numerator of synchrony index) as response vari-
ables. In Experiment 3, we focused on number of pecks, number
of gained grains, running distance, and velocity as response
variables.

We assumed a Poisson distribution for the error structure of
the data of running distance, number of pecks, and number of
gained grains, considering that they were all non-negative values.
A(X) (>0) was thus approximated by a Poisson function (log link
function) as

AX)=exp(X) (1)

On the other hand, we assumed a binomial distribution for
the error structure of the data of total time in which both chicks
stayed in the same end of the maze, since the time was calculated by
the number of video frames and all frames were fallen into either
“same end” or “different end” category. Synchrony index = Q(X)
(e [0,1]) was thus approximated by a logistic function (logit link
function) as

Q(X)=1/(1+exp(-X)) (2)

in which a predictor X was linearly given as a weighed sum of
explanatory variables.

Experiment 1

X=[30+(|31+ris)*day+[32*maze+B3*cage+rﬁ (3)

Day (variable = 1, 2, 3, 4, or 5) denotes experimental days.
Coefficient B, indicates how the day contributes to running dis-
tance or synchrony index. A positive value of estimated [3, thus
suggests that the running distance increases as the days elapses.

Maze (categorical variable) denotes foraging condition in the
maze (i.e., single or paired). Coefficient B3, indicates how paired
foraging in the maze contributes to the response variables. A nega-
tive value of estimated [3, suggests that single chicks in the maze
ran/synchronized less than paired chicks in the maze.

Cage (categorical variable) denotes foraging condition in the
cage when the main diet food was supplied (i.e., single or paired).
Coefficient 3, indicates how paired foraging in the cage contributes
to the response variables. A negative value of estimated [3, suggests
that runs by single chicks in the cage ran/synchronized less than
paired chicks in the cage.

Experiment 2
X =7v,+(y, +1,)*day +7y, *maze+ 7, *feeder +r, (4)

Maze (categorical variable) denotes the type of wall in the maze
(i.e., transparent or opaque). Coefficient v, indicates how visual
perception contributes to the response variables. A negative value
of estimated y, suggests that chicks mutually invisible ran/synchro-
nized less than chicks mutually visible.

Feeder (categorical variable) denotes whether the feeders were
separated or shared. Coefficient v, indicates how the actual com-
petition over food intake contributes to the response variables. A

negative value of estimated vy, suggests that the actual competition
over food intake decreased running distance/synchrony less than
chicks with no competition.

Experiment 3

X =9, +9, *maze+ (5, +r,)*feeder + §, * maze * feeder +r, (5)

Maze (categorical variable) denotes foraging condition in the
maze (i.e., single or paired).

Feeder (numeric variable; 1, 2, 3, 4, and 5) denotes difficulty
of food trays. Coefficient §, indicates how increasing difficulty of
food trays contributes to the response variables. A positive value
of estimated 0, suggests that the more difficult the food tray was,
the larger the response variable was.

Coefficient 8, indicates how maze and feeder interact.

The intercepts (B, ¥,, and §,) denote bias at the population
level. The random intercept and the random slope (against day
and feeder in Experiment 1, 2, and 3, respectively) for each indi-
vidual (i) was denoted by r, and r,, representing noise that was not
experimentally controlled; Gaussian distribution with mean =0
was assumed.

In Experiment 1, AICs were compared among eight models with
different combination of parameters; (i) null model (B), (ii) day
model (B, B,), (iii) maze model (B, B,), (iv) cage model (B, B,), (v)
day-maze model (B, B,, B,), (vi) day-cage model (B, B,, B,), (vii)
maze-cage model (B, B,, B,) and (viii) day-maze-cage model (B,
BB, B,

Similarly in Experiment 2, AICs were compared among the fol-
lowing eight models; (i) null model (y,), (ii) day model (y,,v,), (iii)
maze model (,,7,), (iv) feeder model (y,, v,), (v) day—maze model
(Y Yo V,)> (Vi) day—feeder model (y,,,,,), (Vii) maze—feeder model
(Y Yp Y)> and (viii) day—maze-feeder model (Y, Y, > Y,)-

In Experiment 3, AICs were compared among the following five
models; (i) null model (8), (ii) maze model (8,9,), (iii) feeder model
(3,,9,), (iv) maze—feeder model (8,8 ,0,), and (v) maze—feeder-and-
interaction model (8, 8,,0,, 6,).

Most likely values of the intercepts and coefficients (B, B, B,,
By Yy Yo Yy ¥y and 8,8, 6., 8,) were estimated on the basis of the
choice data by using R (version 2.12.0; R Development Core Team,
2010) and the Ime4 package (version 0.999375-37; Bates and Sarkar,
2010). AICs were given as a sum of the deviance plus two times
the number of parameters. The AICs and the parameter estimates
are shown in Tables A1-A8 in Appendix for Experiment 1, 2, and
3, respectively. For interpretations of the statistic computations,
see the main text.

In all tables, models are sorted in the order of AICs. Hyphen
means that the model does not include the parameter. Coefficients
in parentheses represents that the 95% confidence interval (CI) of
the estimate included 0. CI was not considered for the intercepts

(By Y, and 8,).
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Table A1 |The day-maze model yielded the smallest AIC.

Models AIC Estimated coefficients of variables

B, (Intercept) B, (Day) B, (Maze) B, (Cage)
1 By By B, 14794 9.475460 0.033304 -0.347460 -
2 B, B,. B, Byl 14794 9.442871 0.033308 —-0.347421 (0.065203)
3 B, B, 14812 9.47573 - -0.34738 -
4 By By By 14813 9.44303 - -0.34736 (0.06539)
5 By B, 14822 9.301773 0.033290 - -
6 By By B, 14823 9.269186 0.033299 - (0.065212)
7 (B, 14841 9.30201 - - -
8 By B, 14842 9.26935 - - (0.06536)

AlCs for running distance (Experiment 1). AICs and estimated coefficients of variables were calculated for 8 models designed for running distance in Experiment 1.
The models are sorted in ascending order of AIC. Coefficients in parentheses represents that the 95% confidence interval (Cl) of the estimate included 0. The model
[B,, B,, B,l indicates that both day and maze had significant effects, whereas the same-AIC. Model [B,, B,, B, B,] indicates that cage was not reliable for its coefficient.
Most-likely fitting formulas are indicated below:

Single foraging in the maze: X = 9.128 + (0.033304 + r,) x day + r.

Paired foraging in the maze: X = 9.475460 + (0.033304 + r ) x day + r,.

Table A2 | The day-maze model yielded the smallest AIC.

Models AlC Estimated coefficients of variables
B, (Intercept) B, (Day) B, (Maze) B, (Cage)
1 By B, B, 4834 0.85135 —0.05698 —0.83931 -
2 By B, By Byl 4835 0.89544 —0.05698 -0.83924 (-0.08825)
3 B, B, 4839 0.85106 - —-0.83970 -
4 By By B 4840 0.89519 - —0.83963 (-0.08833)
5 B, B,] 4862 0.43171 -0.05700 - -
6 By By B 4864 0.47585 —0.05698 - (-0.08837)
7 B, 4867 0.4311 - - -
8 By B, 4869 0.47541 - - (-0.08846)

AlCs for synchrony index (Experiment 1). AICs and estimated coefficients of variables were calculated for 8 models designed for synchrony index (proportion of the
number of video flames in which chicks were in the same end of the maze) in Experiment 1. The model [B,, B, B, indicates that both day and maze had significant
effects, whereas the second-smallest-AIC model [B,, B,, B, B,] indicates that cage was not reliable for its coefficient.

Single foraging in the maze: X = 0.01204 + (-0.05698 + r.) x day + 1.

Paired foraging in the maze: X = 0.85135 + (-0.05698 + r,) x day + r,.
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Table A3 | The day-maze model yielded the smallest AIC.

Models AIC Estimated coefficients of variables
Y, (Intercept) v, (Day) v, (Maze) Y, (Feeder)
1 AR 16191 9.320326 0.060972 —-0.276690 -
2 Wy Yo Yor Vs 16192 9.270098 0.060971 —-0.226365 (0.110372)
3 Wy Y0 V3! 16196 9.128636 0.060968 - 0.251822
4 Yy 1] 16201 9.188624 0.060951 - -
5 A 16228 9.32036 - -0.27610 -
6 Wy Yo Vs 16229 9.27008 - -0.22573 (0.11048)
7 A 16233 9.12902 - - 0.25154
8 [,) 16237 9.18896 - - -

AlCs for running distance (Experiment 2). AlCs and estimated coefficients of variables were calculated for 8 models designed for running distance in Experiment 2.
The model [y, v, v, indicates that both day and maze had significant effects, whereas the second-smallest-AIC model ly,, v, v, v, indicates that feeder was not
reliable for its coefficient.

Opaque wall: X = 9.043636 + (0.060972 + r,) x day +r,.

Transparent wall: X = 9.320326 + (0.060972 + r,) x day + r,.

Table A4 | The day-maze model yielded the smallest AIC, but the effect of day was not reliable for its coefficient.

Models AIC Estimated coefficients of variables
Y, (Intercept) v, (Day) v, (Maze) v, (Feeder)

1 Wy Y30 Y] 14088 1.54956 (0.04025) —-1.29326 -
2 A 14089 1.56501 - —1.2934 -
3 Wy Yo Yor Vs 14089 142322 (0.04025) -1.16667 (0.27757)
4 o Yor Vs 14090 1.4236 - -1.1667 (0.2782)
5 Wy ) 14105 0.6943 - - 1.0073
6 Wy Yy V) 14105 0.69392 (0.04026) - 1.00706
7 A 14110 0.93383 (0.04022) - -
8 l,) 1411 0.9340 - - -

AlCs for synchrony index (Experiment 2). AICs and estimated coefficients of variables were calculated for 8 models designed for synchrony index in Experiment 2.
The model Iy, v,, v,] indicates that day had insignificant effects.

Opaque wall: X = 0.2567 + (0.04025 + 1) x day + r,.

Transparent wall: X = 1.5501 + (0.04025 + r,) x day + .

Table A5 | The maze-feeder-and-interaction model yielded the smallest AIC.

Models AIC Estimated coefficients of variables
8, (Intercept) 8, (Maze) 8, (Feeder) 8, (Maze:feeder)
1 18, 8, 8, 8,1 434.8 2.67886 (0.04795) 0.39100 -0.07668
2 13, 8,1 4377 2.69015 - 0.35387 -
3 18, 8, 8,1 439.4 2.74001 (-0.09332) 0.35381 -
4 13,1 490.3 2.6991 - - -
5 [8,, 8.1 492.3 2.67413 (0.04772) - -

0

AlCs for the number of pecks (Experiment 3). AICs and estimated coefficients of variables were calculated for 5 models designed for number of pecks in Experiment
3. The model [5,, &, 8,, 8,] indicates that maze per se had no effects in the absence of feeder.

Single: X = 2.72681 + (0.31432 + r,) x feeder +r,.

Paired: X = 2.67886 + (0.39100 + r,) x feeder +r,.

www.frontiersin.org July 2011 | Volume 5 | Article 91 | 11


http://www.frontiersin.org/decision_neuroscience/archive

Ogura and Matsushima Social facilitation and foraging efforts

Table A6 | The feeder model yielded the smallest AIC.

Models AlC Estimated coefficients of variables
8, (Intercept) 8, (Maze) 3, (Feeder) 8, (Maze:feeder)
1 (8, 3,] 42.02 2.48704 - -0.07750
2 18, 8, 8,1 44.01 2.483046 (0.007534) -0.077502
3 18, 6, 8, 8,] 45.98 2.494080 (-0.013251) -0.081384 (0.007306)
4 13,1 49.77 2.26054 - -
5 18, 8,1 51.76 2.25654 (0.00753) -

0"

AlCs for the number of gained grains (Experiment 3). AICs and estimated coefficients of variables were calculated for 5 models designed for total gain of grains in
Experiment 3. The model [5,, 8] indicates that only feeder had significant effects.
X =2.48704+ (-0.07750 + r,) x feeder + r.

Table A7 |The maze—feeder-interaction model yielded the smallest AIC.

Models AlC Estimated coefficients of variables
3, (Intercept) 8, (Maze) 9, (Feeder) 3, (Maze:feeder)
1 18, 6,8, 8,] 1640 8.41344 -0.34862 -0.07784 0.04685
2 13, 6, 8,1 1643 8.41253 -0.34666 —0.05309 -
3 [50, 3] 1650 8.22898 - —0.05308 -
4 [50, 4,1 1655 8.41218 —-0.34806 - -
5 [5,) 1662 8.22792 - - -

AICs for running distance (Experiment 3). AICs and estimated coefficients of variables were calculated for five models designed for running distance in Experiment
3. The model 5, 8, 8, 8,] indicates that maze, feeder and their interaction had significant effects.

Single: X = 8.06482 + (-0.03099 + r,) x feeder + r,.

Paired: X = 8.41344 + (-0.07784 + r,) x feeder + r,.

Table A8 [ The maze model yielded the smallest AIC.

Models AlC Estimated coefficients of variables
9, (Intercept) d, (Maze) 9, (Feeder) 8, (Maze:feeder)
1 [50, 4,1 7745 3.65249 -0.45497 - -
2 [50, 3,8, 7758 3.70838 —0.45496 (-0.01875) -
3 [50, 4,8, 53] 78.84 3.73782 —0.52555 (-0.02872) (0.02379)
4 [5,) 93.85 3.41092 - - _
5 [8, 8,] 93.98 3.46683 - (—-0.01875) -

AICs for velocity (Experiment 3). AICs and estimated coefficients of variables were calculated for 5 models designed for running velocity in Experiment 3. The model
[8,, 8,1 indicates that only maze had significant effects.

Single: X = 3.19762 + r_ x feeder + r,.

Paired: X = 3.65249 + 1, x feeder + ..
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HIGHLIGHTS

» SSRI makes chicks stay longer at a gradually depleting food patch.

» SSRI makes chicks commit less impulsive choices.

» SSRI makes chicks invest smaller efforts for food.

» SSRI makes chicks emit distress calls less frequently.

» SSRIincreases 5-HT and DA levels in the medial striatum/nucleus accumbens.

ARTICLE INFO ABSTRACT
Article history: Behavioural effects of fluvoxamine (FLV, selective serotonin reuptake inhibitor) were examined in 1-2
Received 5 March 2012 week old domestic chicks. Chicks were tested in an I-shaped maze equipped with a feeder (ON feeder)
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that served 1 or 2 grains of millet at gradually increasing intervals, so that a depleting food patch was
mimicked. By leaving the feeder, the food delivery program was reset, and chicks gained food at short
intervals only after a travel to adummy feeder (OFF feeder) placed on the opposite side of the maze. Chicks
quickly learned to actively shuttle between the ON and the OFF feeders. FLV (intra-peritoneal injection,

gg (‘)’Zg:ﬁ; 20 mg/kg BW) acutely caused chicks to stay longer at the gradually depleting ON feeder. Inter-temporal
Dopamine choices were also tested, whereby two coloured beads were simultaneously presented, each associated
Optimal foraging behaviour with a small/short-delay reward or a large/long-delay alternative. FLV suppressed the choice of the short-
Impulsiveness delay option. It is suggested that an enhanced level of serotonin (5-HT) makes chicks more tolerant of
Effort the delayed food item in both behavioural paradigms. Furthermore, the decision to leave a depleting
Medial striatum patch cannot be equated to choosing the long-delay option of the choice paradigm. Furthermore, FLV
Nucleus accumbens suppressed work efforts (velocity and running distance) in uncued shuttle and number of distress calls.

Decision making In vivo microdialysis experiments revealed that FLV enhanced the extracellular concentration of 5-HT as

well as dopamine (DA) locally in the medial striatum/nucleus accumbens. Underlying neuromodulatory
mechanisms of behavioural control are examined in relation to locomotion, behavioural tolerance and
interval timing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction food density of a patch gradually declines, the energy intake rate
should inevitably decrease. Foragers should thus leave the deplet-

Because food items are unevenly distributed in nature, animals ing patch at an appropriate point, even though some food items
often forage by sequentially visiting one patch after another. As the are remaining. By adopting marginal value theorem, Charnov [1]
argued that optimal foragers leave a patch at the point when the

instantaneous gain rate matches the average gain rate available in

the environment. The optimal patch-use model, as formulated by

* Corresponding author. Tel.: +81 11 706 3523; fax: +81 11 706 3523. Stephens and Krebs [2], gained strong empirical support through
E-mgl GQ?reéslfSi del'/czz?@zagoucmp (Sil\’é}am{lnaffllil)'k daiacio (H. Amit studies of diverse animals in the wild. For example, wasps [3] and
T Vomka, sarlings 4] have been shown o behave optimally so that the
long-term gain rate was maximized in the central-place resource
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Some studies have tried to examine patch-use behaviours as
psychological tasks performed in the laboratory. Agetsuma [5]
simulated a depleting food patch by gradually decreasing reinforce-
ments, and found that the subject monkeys stopped responding
in a manner that matched the optimal patch-use model. On the
other hand, Hayden et al. [6] simulated a patch-use condition and
analysed neural activities of the dorsal anterior cingulate cortex.
In Hayden'’s protocol, monkeys made choices between an option
after a fixed short delay (gradually smaller drops of juice, mim-
icking next food in the patch) and an alternative option after a
variable “travel time” (reset of the diminished return, mimick-
ing new patch). In that study, however, the prospective “travel
time” was explicitly presented, and the monkeys could make deci-
sions in a manner similar to the inter-temporal choice paradigm.
In the concurrent choices, animals generally adopt a short-sighted
strategy such as maximization of instantaneous gain rate [7]
or profitability [8], in contrast with the paradigm of patch-use
behaviour.

The discrepancy between these two paradigms was clearly
pointed out by Stephens and Anderson [9], who examined captive
blue jays under two different conditions, one mimicking patch-use
behaviour (“stay or leave” choices on single options), and the other
inter-temporal choice (concurrent choices of “small-immediate”
and “large-delayed” options). Even though the economic conse-
quences of these two conditions were set as identical, the jays
behaved differently and showed a considerable far-sightedness in
the patch-use task. The authors thus argued that behavioural data
obtained in the inter-temporal choice paradigm are not an “accu-
rate guide” for understanding patch-use behaviour. However, it
remains unanswered whether the neural substrates are distinct or
shared between these two paradigms of behaviour.

In the present study, we examined if these paradigms
could share serotonin (5-HT) as a common neuro-modulator.
In inter-temporal choices tested in rats, antidepressant drugs
(imipramine-like drugs and serotonin reuptake inhibitors) have
been shown to acutely improve impulse control, suggesting
the involvement of noradrenergic/serotonergic neuro-modulation
[10,11]; null results [12,13] should also be noticed. However, 5-
HT depletion by 5,7-dihydroxytryptamine infusion to raphe nuclei
caused rats to commit more impulsive choices than controls
[14,15], supporting the critical role of 5-HT. Functional involvement
of 5-HT has also been shown by Denk et al. [16], where a block-
ade of 5-HT synthesis caused rats to choose an immediate reward
more frequently without effects on effort-based choices. Taking
these experimental findings into account, Doya [17] proposes an
integrated framework in which neuromodulators (5-HT, dopamine
and noradrenalin) affect economical decision making. However,
the involvement of modulators has not been studied in patch-use
behaviour, except for a recent genetic study in Caenorhabditis ele-
gans [18].

Fluvoxamine maleate (FLV) was used as the selective serotonin
reuptake inhibitor (SSRI) in this study, because FLV binds to a
chicken’s 5-HT transporter (SERT) at a high affinity, comparable
with the human SERT [19]. If 5-HT level is increased by FLV applica-
tion and if choice impulsiveness is suppressed by FLV, then FLV may
also influence patch-use behaviour. FLV-treated chicks may leave
a depleting food patch earlier, so that they gain a larger amount of
food after a longer delay (or a new patch after a long travel time) as
illustrated in Fig. 1. In addition, the effects of FLV on work efforts
and distress calls were also measured.

Pharmacological effects of FLV on the striatal 5-HT level were
examined by in vivo microdialysis. Striatal nuclei (neostriatum and
nucleus accumbens [NAc] in particular) have been shown to play
a critical role in inter-temporal choices, because localized lesions
caused impulsive choices in rats [20] and in domestic chicks [21].
Dense 5-HT innervation of the caudate putamen by the dorsal raphe

inter-temporal choice patch-use behaviour

large and delayed reward

|<_—>.

leave for the next patch
L e

- Iﬁ

ﬂg FLV?

g FLV?
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small and immediate reward

je
° [
wait for the next grain

Fig. 1. Predicted effects of the fluvoxamine (FLV) on inter-temporal choice and
patch-use behaviour. If the common self-control mechanism underlies the inter-
temporal choice and the patch-use behaviour, the FLV-treated chicks will leave a
depleting patch earlier (or, a shorter residence time; right diagram) to gain food
from the next patch. This prediction comes from the assumed effect of FLV on the
inter-temporal choice (left diagram), suggesting that the FLV-treated chicks will
prefer a large and delayed reward to a small and immediate reward.

isreported in rats [22]. In chicks, similarly, NAc and the surrounding
striatum are similarly innervated by 5-HT positive fibres [23].

2. Materials and methods
2.1. Animals

A total of 193 male domestic chicks (Gallus domesticus, white leghorns) were
used. Each chick was used once and never reused in other experiments. Thirteen
chicks were discarded because they heavily emitted distress calls, therefore the
present study was based on data obtained from the remaining 180 individuals; 36
chicks (experiment-1), 70 (-2), 20 (-3), 16 (-4), 18 (-5), 12 (-6), and 8 (-7), respec-
tively. Five additional chicks served as companion individuals in the study of distress
calling. New hatchlings (post-hatch day 1) were purchased from a local supplier
(Hokuren Central Hatchery, Iwamizawa, Hokkaido) and were communally housed
in transparent plastic cages (15 cm x 28 cm x 12 cm) that were thermo-controlled at
ca. 30°C under illumination by white light bulbs (12L:12D, the light period starting
at 08:00). On days 2-4, chicks were fed with 1-3 g of food (per day per chick; mixture
of millet and chick mash food). On day 5 and afterwards, chicks were supplied with
adaily 4 g ration in addition to 0.5-1.0 g of millet gained during experiments. Water
was freely available. Body weight steadily increased, maintaining ca. 80% of the freely
fed body weight. After the end of the experiments, chicks were sacrificed by carbon
dioxide if not processed for brain histology. Experiments were conducted under the
guidelines and approval of the Committee of Animal Experiments of Hokkaido Uni-
versity. The guidelines are based on the national regulations for animal welfare in
Japan (Law for the Humane Treatment and Management of Animals; after a partial
amendment No. 68, 2005).

2.2. Apparatuses and drugs

2.2.1. I-shaped maze for measurement of patch residence time

An I-shaped maze was used for recording the residence time (experiment-1 and
-2, Fig. 2A). The maze was composed of a pair of feeders connected by a runway
(60 cm long and 13 cm wide). Each feeder was equipped with a mechanical sensor
and a coloured door that was painted in blue or red. One of the feeders served as
ON feeder that supplied grains of millet. Colour assignment was counter-balanced
among individuals in each group. The sensor detected the arrival of a chick and
triggered the door to open for the chick to approach the food tray. The ON feeder
delivered food (1 or 2 grains of millet at a time) at pre-programmed intervals shown
up to 25 times. Fig. 2B (a and b) illustrates the patterns of gradually diminishing
food supply by plotting the cumulative gain (number of millet pellets) against the
residence time (s) during which the chick stayed at the ON feeder. Open and filled
circles denote the time at which food of 1 (a) or 2 (b) grains was delivered. For further
explanation of the procedures of behavioural tasks, see Section 2.3.1.

The opposite (OFF) feeder did not deliver food. Visits to the OFF feeder terminated
the food supply at the ON feeder, and caused the interval between grain deliveries at
the ON feeder to be reset to the minimum value. Programmed food supply at the ON
feeder was restarted when the chick revisited the ON feeder (Fig. 2C). Chicks quickly
learned to forage food by shuttling between the two feeders. The I-maze was placed
in a dark room, illuminated by white light bulbs, and kept at ca. 26-30°C. Behaviour
was monitored by a video camera placed above the maze, so that experimenters
observed chicks without being seen.

2.2.2. Operant chamber for binary choice tests

An operant chamber was used for recording behaviours in the inter-temporal
choice paradigm (experiment-3). A thermo-controlled box (21 cm x 19 cm x 25 cm,
kept at ca. 27-30°C and illuminated by light bulbs) was used [24-26]. One of the
surrounding walls was equipped with a pair of holes placed side by side (separated
by 3 cm, 4 cm above floor level), through which one or two coloured beads (white,
blue or red) were presented for 1s. When a chick pecked one bead, both beads were
withdrawn and millet food (1 or 6 grains) was supplied to the central food tray after
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Fig. 2. Apparatus and timing of food delivery for the study of patch-use behaviours.
(A) Schematic illustration of the apparatus. An I-shaped maze was composed of two
feeders; ON feeder (red in this figure) served as a food patch, and OFF feeder (blue)
did not supply food. As the chick arrives, the ON feeder starts to deliver food (1 or 2
grains of millet for each delivery) in a programmed manner as shown in (B). The OFF
feeder similarly responds to the chick and terminates the food delivery at the ON
feeder on the opposite side, but food is not delivered. (B) Cumulative gain (number
of grains of millet) is plotted against the residence time at the ON feeder. Figures
in parentheses {«, x 8} indicate the initial interval « (s), and the increment rate f.
Four patterns of depletion were programmed up to a total of 25 (a) or 50 (b) grains.
Two other patterns of a constant rate (8 =1.0) were also examined at short (2.0s) or
long (14.0 s) intervals. (C) Time course of food deliveries and chick’s behaviour. Each
ball represents delivery of a grain of millet; note the gradually increasing intervals.
ON and OFF denotes the ON feeder and the OFF feeder, respectively. Leaving the ON
feeder stopped the food deliveries, and visiting the opposite OFF feeder reset the
interval of the ON feeder to the minimum value (0.5s or 2.0s).

a delay (0 or 1.5 s). Assignment of colours to small/short-delay food (red for 1 grain
after 0s; SS) and large/long-delay food (blue for 6 grains after 1.5s; LL) was fixed
among individuals. A white bead was always assigned to a non-rewarding option.

2.2.3. I-shaped maze for studying work efforts

An I-shaped maze (88 cm long and 12 cm wide) was used for testing each chick’s
foraging efforts (experiment-4); see [27] for details. Briefly, the maze was equipped
with a pair of terminal feeders, each of which supplied a grain of millet at variable
intervals (mean =15, uniformly ranging 10-20s) for 30 times (therefore 60 grains
in total). Note the low reinforcement rate, which did not deplete during the trial
that lasted for 8-9 min. The maze was not equipped with doors, and chicks freely
shuttled between the two feeders and gained food if available. No visual cues were
delivered but distracting motor sounds were given so that chicks were unable to
associate any sensory cues with food delivery. Behaviour was recorded by a video
camera placed above the maze, and trajectories of the shuttling chick were analysed

off-line by using Move-tr/2D (ver 7.0) software (Library Co., Japan) according to the
position of a fluorescent marker attached to the head.

Other behavioural tests (distress calls; experiment-5) and in vivo microdialysis
(experiment-6 and -7) were conducted in the operant chamber, but chicks did not
perform any specific behavioural tasks.

2.24. Drugs

Fluvoxamine maleate (FLV) was kindly supplied by Abbott Japan Co., Ltd. (former
Solvay Pharmaceuticals B.V.)/Meiji Seika Pharma Co., Ltd. FLV was dissolved in a
0.01 M phosphate-buffered saline (pH 7.2) at concentration of 1.5 mg or 3.0 mg/ml,
and intra-peritoneally administered at 1 ml/15g body weight (BW), yielding 10 or
20 mg/kg BW, respectively. For in vivo microdialysis experiments (experiment-6
and -7), we used an artificial cerebrospinal fluid (aCSF) composed of: KCl 2.7 mM,
NaCl 140 mM, CaCl, 1.2 mM, MgCl, 1.0 mM, NaH,PO4 0.03 mM, Na;HPO4 1.7 mM,
pH 7.2. In the reverse microdialysis (experiment-7), FLV was added to the aCSF at
concentrations of 2 or 20 WM.

2.3. Procedures of behavioural tasks

2.3.1. Patch residence time (experiment-1 and -2)

On post-hatch day 8, chicks were initially given 3 consecutive blocks of habit-
uation to the I-maze. In each block, a communal group of 3 individuals was placed
in the maze with 25 grains of scattered millet for 15 min. On days 9-11, individ-
ual chicks were tested in a block of behavioural sessions per day, and a block was
composed of 20 cycles of shuttling between the ON and OFF feeders. Chicks were
discarded if they stopped midway continually emitting distress calls for a period
longer than 15 min.

We recorded behaviours under 6 different patterns of food supply (Fig. 2B).
To avoid effects of preceding experiments, each chick was examined under one
condition and not reused. In 4 patterns, the ON feeder delivered 1 grain of millet
at a time, and up to 25 grains were supplied. In 2 other conditions, 2 grains were
delivered at a time, so that the gain was 50 grains in total.

Intervals between delivery was either kept constant ({2.0, x1.0} and {14.0, x 1.0}
conditions) or gradually increased ({2.0, x1.1} and {0.5, x1.2} conditions). Figures
in parentheses {«, xf} indicate that the initial interval (between the 1st and 2nd
delivery) was «'s, and increment rate was . The last interval (between the 24th
and the 25th) of the depleting conditions was therefore 16 and 22 s for {2.0, x1.1}
and {0.5, x1.2}, respectively. Predictions of these experiments are schematically
illustrated in Fig. 3A and B.

Four parameters (periods of time) were measured based on the sensor signals
recorded by a PC using the LabView system (National Instruments Co., USA). (1) Res-
idence time in the ON feeder: period from the arrival at the ON feeder until the arrival
at the OFF feeder. (2) Leave-point interval: interval between the last two deliveries at
the point when the chick left the ON feeder (Fig. 4C). (3) Travel time: period from the
arrival at the OFF feeder until the arrival at the ON feeder. (4) Waiting time: period
from the leave point until the point of time at which the next grain should have been
delivered in the ON feeder (Fig. 4D).

As the first step, behaviours were recorded without any pharmacological treat-
ments in 6 groups of chicks (experiment-1; under 4 diminishing conditions and 2
constant interval conditions, as described above). Behavioural tasks were conducted
for 3 days from post-hatch day 9 to day 11. Chicks were examined in one block (20
shuttles) per day.

As the second step, the effects of FLV on residence time were examined in 6 other
groups of chicks (experiment-2); vehicle control, 10 and 20 mg/kg BW in each of the
2 diminishing conditions. Behavioural tasks were conducted for 4 days from post-
hatch day 9 to day 12. On day 9, one block (composed of 30 shuttles) was given, and
chicks were pseudo-randomly allocated into 3 groups (vehicle, 10 and 20 mg/kg
BW); 3 groups were thus counter-balanced based on the recorded residence time.
On days 10-12, chicks received one block (composed of 20 shuttles) per day, 1h
after the FLV or vehicle solution was intra-peritoneally injected.

2.3.2. Inter-temporal choices

Effects of FLV on inter-temporal choices (experiment-3) were examined accord-
ing to the procedure described previously [25]. Briefly, after initial habituation to the
operant chamber on day 5, chicks were individually trained to associate colour cues
with food rewards as described above. One block of single-cue training consisted
of 12 pseudo-randomly arranged trials for SS (small/short-delay reward; red), 12
trials for LL (large/long-delay reward; blue), and 24 trials for no reward (white),
respectively. Chicks received 2 blocks of training on day 6. On days 7-9, chicks
were thereafter trained in binary choices between a rewarding bead (red or blue)
and a non-rewarding white bead in one block per day. One block consisted of 12
pseudo-randomly arranged trials for SS (red) paired with white, 12 trials for LL (blue)
paired with white, and 24 trials for a pair of non-rewarding white beads. The side
of presentations was randomised in each trial. On day 10, the remaining chicks
were allocated to two groups in a counter-balanced manner based on body weight;
one group for FLV and another for vehicle treatment. At 60 min after the injection,
chicks were tested in one block composed of 10 test trials of choices between SS
(red) and LL (blue), which were pseudo-randomly arranged with trials for a pair of
non-rewarding white beads (10 trials), a pair of SS (red; 10 trials) and a pair of LL
(blue; 10 trials).
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Fig. 3. Patch-use behaviour and inter-temporal choice. If chicks behave optimally,
we will find that the residence time is shorter in {0.5, x1.2} than that in {2.0,
x1.1}(A), and shorter in 2 grains than in 1 grain (B), depending on the travel time
that is assumed to be 305 in these graphs.

2.3.3. Work efforts in uncued shuttle tests

Effects of FLV on work efforts (running for feeders) were examined (experiment-
4) according to the procedure described elsewhere [27]. Briefly, chicks were
habituated to the [-maze on days 7 and 8, and then allocated to two groups in a
counter-balanced manner based on body weight; one group for FLV and another for
vehicle treatment. On days 9-11, chicks were individually tested 75 min after the
FLV or vehicle solution was intra-peritoneally injected. In each test session, the two
terminal feeders supplied millet grains according to the programmed food delivery
that lasted for 8-9 min in total. After the food supply was terminated and all grains
were consumed, chicks were left in the maze for an additional 2 min before the test
session of the day was terminated.

Five parameters were measured. (1) Total residence time (s) in each feeder (i.e.,
areas <10 cm from the terminal walls). (2) Number of visits (times) to each feeder.
(3) Residence time per visit (s/times) (i.e., the residence time divided by the number of
visits). (4) Running distance (cm) and (5) velocity (cm/s) during the 8 min period of
food delivery. Velocity was measured in the midway after excluding the areas near
(<10 cm) the feeders.

2.3.4. Distress calls

Effects of FLV on distress calls were examined at 3 doses (vehicle, 10, and
20 mg/kg BW, experiment-5). To induce distress calls, the subject chick was socially
isolated from companion chicks for 3 min, as reported previously [28], and the
number of distress calls was counted. Calls were also counted before and after the
isolation period (the average yielded baseline level, each for 3 min), and the differ-
ence (A distress calls) was calculated. Calls were counted 20 min after the FLV or
vehicle injection. FLV or the vehicle was injected every day from day 8 to day 10,
and calls were measured on days 8 and 10.

2.3.5. Statistical analysis

For the data obtained in experiments 1-4, generalized linear mixed models
(GLMMs) were constructed to estimate the effects of behavioural factors and the
drug application by using R (ver. 2.6.0 [29]) for the platform of statistical calcu-
lations. See Tables 1-3 and supplementary tables for details. For the distress calls
(experiment-5), ANOVA was used after Bartlett’s test for homogeneity of variance
with the significance level set at p<0.05.

Table 1
Generalized liner mixed models (GLMMs) developed for the mean residence time
(experiment 1).

Models AIC Estimated coefficients of variables

o (intercept) a1 (pattern) o (grain)
1 (oo, 1) 72.95 3.7629 0.6190 -
2 (ao, a1, a2) 73.44 3.5270 0.6182 (0.1577)
3 (ao) 86.88 4.0725 - -
4 (o0, 0r2) 88.12 3.8376 - (0.1567)

AICs (Akaike Information Criteria) and estimated coefficients of variables were cal-
culated for 4 models, which are sorted in ascending order of AIC. The chosen model
(a0, 1) with the smallest AIC indicates that pattern alone was involved, whereas
the number of grain was not. Coefficients shown in parentheses (those for o) indi-
cate that the 95% confidence interval (CI) of the estimate included 0, thus the grain
variable is not supposed significant.

Table 2
GLMMs developed for the residence time ({0.5, x1.2} condition in experiment 2).

Models AIC Estimated coefficients of variables

Bo (intercept) B1 (drug) B2 (day)
1 (Bo, B1, B2) 375.9 3.7430 0.0244 —0.1527
2 (Bo, B2) 380.3 3.9877 - —0.1530
3 (Bo, B1) 390.8 3.6552 0.0264 -
4(Bo) 394.7 3.9218 - -

The drug-day model yielded the smallest AIC. The chosen model (8o, 81, B2) indicates
that both drug and day had significant effects.

2.4. Microdialysis

2.4.1. Surgical operation for chronic implantation of cannulae

Effects of systemic injection of FLV on centrally released serotonin (5-HT) and
dopamine (DA) were examined in experiment-6 by microdialysis. To confirm its
direct effects on the central nervous system, the effects of locally infused FLV through
the dialysis microprobe (reverse microdialysis) was examined in experiment-7.

A guide cannula was chronically implanted on the day before the microdialysis
experiment. Chicks were anaesthetized by intra-muscular injection of ketamine and
xylazine (0.24 ml of a 1:1 mixture of 10 mg/ml ketamine (Sankyo Co., Japan)) and
2 mg/ml xylazine hydrochloride (Sigma, USA). Supplementary injections (0.05 ml
each) were given to maintain a stable anaesthesia if necessary. Chicks were then
fixed on a stereotaxic apparatus. Skin over the skull was incised, and the skull
bone and dura matter were cut out to expose the brain surface. A guide can-
nula (AG-8, Eicom Co., Japan) was inserted into the medial striatum (mSt) of the
left hemisphere. Coordinates of the probe tip were; 1.20-1.75 mm anterior from
the bregma, 1.2-1.5 mm lateral from midline, and 4.3-5.3 mm from brain surface.
Incised skull was covered with cotton, and the cannula was secured to the skull
with dental cement. In experiment-6, a polyethylene tubing (1.0 mm o.d.) was fur-
ther inserted into the peritoneal body cavity for systemic injection of FLV. The tubing
was implanted under the skin and connected to a 1 ml syringe.

2.4.2. Sampling perfusate and high performance liquid chromatography (HPLC)
measurement of 5-HT and DA

On the next day, an in vivo microdialysis experiment was conducted in a freely
behaving condition without any behavioural tasks. A dialysis probe (A-1-8-02, Eicom
Co.) was inserted into the brain through the guide cannula, and sampling started
immediately. The active membrane of the probe (0.22 mm o.d., 2mm long) was
exposed to brain tissue. The internal space of the probe was perfused with aCSF
at a rate of 1 wl/min using a syringe pump (ESP-32, Eicom Co.). Contents of 5-HT
and DA in the perfusate were measured by HPLC with a reverse-phase column (PP-
ODS, Eicom Co.) and an electrochemical detector (ECD-300, Eicom Co.). The mobile
phase consisted of: 2.1 mM sodium 1-decansulfonate, 0.1 mM EDTA-2 Na, 0.1 M

Table 3
GLMMs developed for the residence time ({2.0, x1.1} condition in experiment 2).

Models AIC Estimated coefficients of variables

Bo (intercept) Bi (drug) B2 (day)
1(Bo, B1. B2) 630.1 4.0951 0.0364 -0.2020
2 (Bo, B2) 633.3 4.4799 - —0.2017
3 (Bo, 1) 641.9 4.0489 0.0377 -
4(Bo) 645.0 4.4475 - -

The drug-day model yielded the smallest AIC. The chosen model (8o, 81, B2) indicates
that both drug and day had significant effects.



S. Matsunami et al. / Behavioural Brain Research 233 (2012) 577-586

A

1 grain / delivery

{0.5,x1.2} {2.0, x1.1}
10 ' 10

count

00 100 200 300 00
residence time (sec)

100 200 300

{2.0, x1.0}
107

0
OO 100 200 300 O

581

(n =120 counts in 6 chicks)

375, {14.0, x1.0}

10

100 200 300

2 grainS/deliveW g 120 q (n = 6 chicks for each)
{05, x1.2} {2.0,x1.1} =
5}
B
w
2
S
=
(v}
Q
£
{0.5, x1.2} {2.0, x1.1}
C 104
I eee e o T
£_ 8
' E3
— I o 69
>
» ° ° e 3
leave-point interval p S
{0.5, 1.2} {2.0, x1.1}
D 1 grain 2 grains
ooe-e=® _°1 g5 i)} ’ 2
O o ’
. 2.0, x1.1
o travel time 8 Of Of ! 8 /'
] L4
= o Ea S~ d fo) _OEJ" e
: .Hwaltlng time T (i,l : o] e ""b " :Szuh;ukur;ts
In 6 chiCKS,
» . o £ | H iz B |0 eem

o . 4 8
waiting time (sec)

o

0 4 8
waiting time (sec)
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the chick could have gained if it stayed at the feeder); symbols represent individuals.

phosphate buffer and 1% (v/v) methanol (pH 6.0). A working electrode was main-
tained at +400 mV, and the flow pump rate was set at 0.5 ml/min. A typical example
of HPLC chromatogram is shown in supplementary Fig. S1; dopamine and 5-HT
were clearly separated without overlapping. Standard curve (supplementary Fig.
S2) indicated that the measured signal (AUC; area under cover, in min nA) was pro-
portionate to the concentration of dopamine and 5-HT in a range of 0.01-1 ng/ml,
which covered the range of perfusate samples obtained in this study. For statistical
comparisons, non-parametric tests were used at a significance level set at p <0.05.

2.4.3. Histological verification

After the microdialysis experiment, the probe location was marked by inject-
ing dye (0.1% pontamine sky blue, ca. 10 wl). The dialysis probe was replaced with
another probe with a small hole at the tip, and the dye was injected by pressure.
Chicks were anaesthetized by an injection of ketamine-xylazine cocktail (0.5 ml of
a 1:1 mixture), and transcardially perfused with a fixative (4% paraformaldehyde in
0.1 mM PB, pH 7.2, 50 ml). Brains were dissected out of the surrounding tissue, post-
fixed at 4°C for 1-7 days, embedded in egg yolk, and cut into 50 wm thick frontal
sections by using a vibrating microslicer (DTK-1000, Dosaka EM, Japan). Sections
were mounted on aminopropylsilane (APS)-coated slide glasses, dried, stained with
cresyl violet and imaged by a digital scanner.

3. Results

3.1. Behavioural effects of FLV

3.1.1. Residence time in naive chicks (experiment-1)

The mean residence time was shorter in {0.5, x1.2} than that
recorded in {2.0, x1.1} irrespective of the food amount (1 grain or
2 grains) (Fig. 4A, B). Without interval increments, chicks left the ON
feeder after the food supply was completed (vertical dashed line,
{2.0, x1.0}) or immediately after the first or second grain ({14.0,
x1.0}). Statistical analyses were thus performed for the other 4
groups of chicks, namely {0.5, x1.2} and {2.0, x1.1} for 1 and 2
grains per delivery. Based on mean residence time, AICs (Akaike
Information Criteria) were compared among the 4 models in which
the variables of pattern ({0.5, x1.2} or {2.0, x1.1}) and food amount
(1 or 2 grains) were considered (Table 1). The model with the pat-
tern variable was chosen for its smallest AIC (72.95), and the model
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Fig. 5. Behavioural effects of FLV (fluvoxamine) on residence time (A), inter-temporal choices (B), work efforts (C), and distress calls (D). (A) Systemic injection of FLV resulted
in a longer residence time. (B) FLV suppressed impulsiveness in the inter-temporal choices, but the difference was only suggestive (see text for statistics). (C) FLV decreased
running distance and running velocity, but residence time per visit, total residence time and number of visits were not influenced. Means (+S.E.M.s) are plotted for the day
of experiment. (D) Increase in the number of distress calls (per 3 min) elicited by social isolation.

with the second smallest AIC (73.44) contained both pattern and
grain variables, although the coefficient of grain (as indicated in
parentheses) could contain 0 value at considerably high probability
(p>0.05), thus the variable grain was not supposed to be significant.
The null model gave rise to the 3rd smallest AIC (86.88), and the
model with the variable grain yielded an even larger AIC (88.12),
indicating that the variable grain should not be considered. The
present results are therefore compatible with one prediction of the
optimal patch-use model (Fig. 3A), that the chicks leave earlier in
the higher increment rate (x1.2 rather than x1.1). However, the
results did not match with another prediction (Fig. 3B), that chicks
leave earlier in the larger gain rate (2 grains rather than 1 grain).
In accordance with mean residence time (Fig. 4B), the mean leave-
point interval (Fig. 4C) was shorter in {0.5, x1.2} than in {2.0, x1.1}
irrespective of the food amount.

The mean travel time (or the time spent in the OFF feeder) was
also compared with the respective waiting time (or the time to the
next delivery at the ON feeder) (Fig. 4D); symbols denote mean

values in individuals. In both 1 grain and 2 grain trials, the waiting
time tended to be longer than the travel time, even though the more
profitable option (the food available by revisit after a travel time)
was temporally more proximate. Chicks waited longer for the next
grain particularly in the condition of {0.5, x1.2}. Most probably,
chicks behaved retrospectively based on the time after the last grain
was delivered, rather than based on prospective food gains.

3.1.2. Effects of FLV on residence time (experiment-2)

To examine if the enhancement of endogenous 5-HT level could
acutely or chronically affect patch-use behaviour, we examined
FLV effects for 3 successive days. A FLV solution (or vehicle) was
injected (i.p.) 1h before the test of each day. We found that FLV
elongated the mean residence time in both conditions acutely from
the first day, but only at a high dose (20 mg/kg BW) (Fig. 5A). At a
low dose (10 mg), however, significant effects were not found. We
did not examine higher doses (40 mg or higher), because pilot tri-
als revealed that higher FLV doses often caused chicks to sleep. In
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the following experiments, we therefore examined the effects of
20 mg FLV. Based on residence time, AICs were compared among
the 4 models in which the variables of drug (vehicle, 10 or 20 mg/kg
BW) and day (10-12) were considered (Tables 2 and 3). Of these
models, the full model yielded the smallest AIC (375.9 and 630.1
for the {0.5, x1.2} and {2.0, x1.1} conditions, respectively), and
the coefficients of both variables (drug and day) included 0 value
at probability p <0.05, thus the drug effect was supposed to be sig-
nificant. On the other hand, the models composed only with the
day variables yielded a larger AIC (380.3 and 633.3, respectively),
and AICs of the null models were even larger (394.7 and 645.0,
respectively); significant drug effects were thus confirmed in both
conditions of {0.5, x1.2} and {2.0, x1.1}.

3.1.3. Effects of FLV on inter-temporal choices (experiment-3)

FLV suppressed choice impulsiveness (Fig. 5B), as the number
of choices of the large reward (LL) was higher in the 20 mg group
than in the vehicle control group. Based on the number of choices
of the large reward, AICs were compared between the two models
in which the variable drug (vehicle or 20 mg) was included or not
(Table S1). The drug model had an AIC (46.74) that was smaller than
the null model (49.09), and the drug coefficient included 0 value at
p<0.05, thus the drug effect was supposed to be significant.

3.1.4. Effects of FLV on work efforts in shuttles (experiment-4)

FLV decreased running distance and running velocity, but the
number of visits, total residence time and residence time per visit
were not influenced (Fig. 5C). For each parameter, AICs were com-
pared among the 4 models in which the variables drug (vehicle or
20 mg/kg BW) and day (9-11) were considered (Tables S2-S6). For
total residence time, the null model was chosen for its smallest AIC.
For residence time per visit, the model with the day variable was cho-
sen. On the other hand, for running distance and velocity, full models
were chosen with significant coefficients for the drug variable. For
the number of visits, the full model was chosen. Taking all of these
estimations into account, it is concluded that FLV suppressed the
total running distance by mainly slowing down the velocity, but the
decision to leave the uncued food patches was not influenced, in
a clear contrast to FLV effects on residence time at the diminishing
patch (experiment-2).

3.1.5. Effects of FLV on distress calls (experiment-5)

FLV suppressed the number of distress calls, suggesting a general
soothing effect. Two-way ANOVAs revealed significant effects on
A distress calls (Fig. 5D) of dose (Fgyse(2, 30)=15.11, p<0.0001),
but not of day of experiment (Fgqy(1, 30)=3.47, p>0.05) without
interaction (Fgosexday(2, 30)=0.27, p>0.05).

3.2. Pharmacological effects of FLV on 5-HT and DA in the
striatum

3.2.1. Location of the microdialysis probes

Histological reconstruction of tracks revealed that the micro-
dialysis probes were located in the mSt and surrounding tissues in
all of the chicks studied (Fig. 6). These locations extended over the
core and shell regions of the nucleus accumbens [30,31]. In some
chicks, the stained track was found in the lateral part of the bed
nucleus of the stria terminalis and the ventral pallidum sub-regions
of the basal ganglia ventromedial to the mSt [32]. These regions in
the basal ganglia are densely innervated by 5-HT positive fibres
[23].

3.2.2. Microdialysis and systemic application of FLV
(experiment-6)

Intra-peritoneal injection of FLV (20 mg/kg BW) elevated con-
centrations of both 5-HT and DA in the perfusate. Samples were

Fig. 6. Location of microdialysis probes in the striatum. (A) Representative pho-
tomicrograph of a track on a Nissl-stained section. Arrow heads point to dorsal and
ventral edge of the probe stained by post-experimental injection of dye (0.1% pon-
tamine sky blue). (B, C) Superimposed locations of probes are shown on frontal
sections of telencephalon. N: nidopallium; ISt: lateral striatum; GP: globus pallidus;
mSt: medial striatum.

collected from chicks housed in an illuminated chamber not
equipped with feeders. Notice that the subject chicks did not forage
food, nor did they actively walk around. Fig. 7Aa and Ac indi-
cates the time-course of relative concentrations measured as %
of the reference level (sample #0 indicated by an arrowhead).
AUCs did not significantly differ between groups (Fig. 7Ab and Ad);
U=17,p>0.05 for 5-HT; U=13, p>0.05 for DA (Mann-Whitney’s U-
test, nq =ny, =6). After the injection (samples #1-#4), on the other
hand, significant differences were found; U=0, p <0.005 for 5-HT;
U=0, p<0.005 for DA. It is thus suggested that FLV could have an
inhibitory effect on 5-HT re-uptake, but the effect was not specific,
as the DA level was also elevated. The injected FLV could indirectly
increase the DA level via unspecified pathways, or otherwise FLV
(or the elevated 5-HT) directly enhanced DA release (or re-uptake
mechanisms) in the striatum. We therefore conducted a reverse
dialysis experiment, in which FLV was applied to the perfusing aCSF
solution.

3.2.3. Reverse microdialysis and local application of FLV
(experiment-7)

Similar effects were found in the reverse microdialysis. FLV was
added to the perfusate twice at 2 different doses (2 and 20 uM at
samples #1 and #5, respectively), and considerable increases were
found in 5-HT and DA after 20 M (Fig. 7Ba and Bc). AUCs were com-
pared among 3 phases of sampling, namely, samples #—4 to #—1
(aCSF), #1 to #4 (2 wM), and #5 to#8 (20 wM) by using Friedmann’s
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Fig.7. Pharmacological effects of FLV on 5-HT and DA in the striatum. (A) Systemic injection of FLV (20 mg/kg BW) elevated the level of (a) 5-HT and (c) DA. Values are expressed
as percent change relative to baseline (sample #0) as mean 4 S.E.M. FLV (or vehicle) was intra-peritoneally injected at the beginning of the sample period #1 (arrowhead).
The percent concentrations in 4 consecutive samples (namely 80 min) were summated to yield the area under curves (AUC) in b and d (mean + S.E.M.); horizontal dashed
lines indicate the baseline. AUCs were significantly different between FLV and vehicle only after the injection. (B) Local application of FLV through the probe revealed similar
effects on extracellular 5-HT DA, suggesting direct action in the striatum. Time course and AUC of extracellular 5-HT and DA levels are similarly shown. AUCs were compared

among three different phases of samples; samples #—4 to #—1 (aCSF), #1 to #4 (2 wM), #5 to #8 for (20 wM), and significant differences were found among these phases.
Note also that the effects on DA were reproduced.
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tests (k=3 blocks of treatments, m =8 individuals); S=86 (p<0.01)
for 5-HT, and S=78 (p<0.01) for DA, respectively. We therefore
conclude that FLV elevated 5-HT and DA locally in the striatum.

4. Discussion

We designed the present experiments to mimic optimal patch-
use behaviourin the field. The residence time was dependent on the
pattern of food supply (pattern) as expected, but not on the amount
(grain) (experiment-1; Fig. 4A-C). Furthermore, the travel time was
generally shorter than the waiting time at the feeder (Fig. 4D);
clearly, chicks did not consider the larger gratification obtainable
by leaving the patch as an alternative option. We therefore agree
with Stephens and Anderson [9] that inter-temporal choice data do
not give a good account for understanding patch-use behaviour.

We expected to find that chicks with a systemic FLV application
would leave the depleting feeder earlier than chicks with a vehicle
control (Fig. 1), under the premise that the decision to leave a food
patch is identical to the choice of the large/long-delay option in
the inter-temporal choices. FLV actually suppressed choice impul-
siveness (experiment-3; Fig. 5B), confirming previous studies (see
below for further discussion). However it is to be noticed that
the effect of FLV on choices might be ascribed to altered sensi-
tivity to delay or to amount of the food reward. We should have
examined whether FLV modified the choices solely based on food
amount, while the delay was identical. Further experiments should
be added in future. FLV elongated residence time, contrary to our
initial expectation (experiment-2; Fig. 5A). FLV also suppressed the
running distance and velocity in the work effort test, as well as
the distress calls induced by social isolation (experiment-4 and -5;
Fig. 5C, D), suggesting a spectrum of soothing effects. In vivo micro-
dialysis revealed an increase in both 5-HT and DA by systemic and
local application of FLV (experiment-6 and -7; Figs. 6 and 7), sug-
gesting the possibility that the systemic FLV directly affected the
medial striatum. It is notable however that the dialysis experiments
were performed without any tasks, whereas the behavioural effects
of FLV were examined in chicks that were actively foraging in the
maze. The increases in 5-HT and DA by FLV may appear differently
under the behavioural conditions.

It is therefore concluded that (1) the present behavioural exper-
iments only partially reproduced optimal patch-use behaviour. (2)
FLV suppressed impulsiveness in the inter-temporal choices, and
(3) it also made chicks tolerant of the delay in the next food gained
in the patch. Finally, (4) these behavioural effects of FLV might be
mediated by enhanced action of either or both of 5-HT and DA in
the medial striatum.

4.1. 5-HTergic control of motor activities and residence time

FLV suppressed running distance and velocity in this study
(Fig. 5C), suggesting that acutely enhanced 5-HT level decreases
motor activities. In accordance with this finding, a previous report
showed that a 5HT; and 5HT, agonist (lysergic acid diethylamide)
decreased the exploratory locomotor activity of rats (see review by
Geyer [33]). However, behavioural effects of 5-HT may be depen-
dent on the context. SSRI induced hyperlocomotion in mice when
tested in a novel environment, but not in a habituated environment
[34]. In chicks, FLV effects should be examined in other contexts
such as spontaneous motor activity in an open field without food.

On the other hand, FLV effects on residence time and the inter-
temporal choices (Fig. 5A and B) may be explained differently,
whereby 5-HT enhances the tolerance for delay of the forthcoming
reward. The present findings are in concert with previous stud-
ies of behavioural pharmacology ([10,11] for acute effects of 5-HT
uptake inhibitor, [11,14,15] for 5,7-DHT infusion to dorsal raphe)

and a recent neurophysiological analysis of raphe neurons ([35];
also see [36] for a microdialysis study in the dorsal raphe nucleus).
It must however be noticed that the acute effects of SSRIs have not
been reproduced in inter-temporal choice tests using rats, in which
subjects made choices by lever-pressing [12,13]. In these studies,
the discrepancy with Bizot et al. [10] has been ascribed to different
task conditions.

Acute effects of SSRIs have also been questioned in a study using
pigeons[37]. They adopted behavioural titration for inter-temporal
choices and examined a series of SSRIs (fluoxetine, citalopram and
paroxetine; systemic application), but found only chronic effects
that appeared after consecutive application for 17 days. The present
results, on the other hand, revealed acute effects of FLV in chicks
(Fig. 5B). The discrepancy may be ascribed to the different affinities
of these SSRIs to the avian SERT [19]. While FLV strongly inhibits the
chicken SERT (1.2 times in terms of K; compared to human SERT),
the SSRIs used [37] had lower levels of inhibition (fluoxetine 5.6,
citalopram 41 and paroxetine 41, respectively).

4.2. 5-HT and interval timing (or retrospective/immediate sense
of time)

Involvement of DA in the control of the internal clock has gained
substantial experimental support (see reviews by Meck [38,39]).
Haloperidol, a D, receptor antagonist, is reported to delay the
internal clock [40]. It is assumed that the corticostriatal circuit
responsible for the internal clock is under speed-control by DA
actions from the substantia nigra. However, significant action of
5-HT on the timing mechanism is questioned. Ho et al. [41] review
recent studies of 5-HT actions on interval timing. It is notable
that 5-HT depletion by 5,7-DHT application increases the Weber
fraction of the timing behaviour. However, they argue that 5-HT
does not change the speed of the internal clock, but is involved in
behavioural switching. Ho et al. [42] actually report that systemic
FLV does not influence indices of behavioural timing tested by a
fixed-interval peak procedure.

It might be argued that the FLV effect on residence time (Fig. 5A)
is explained by its action on interval timing, particularly through
the unexpected increase in DA level by FLV (Fig. 7). However, the
enhanced DA level should shorten the residence time by over-
estimation of the perception of time, if its action is similar to
amphetamine [39]. It is thus not plausible that the observed effects
are due to the accompanying DA increase. In conclusion, we may
suppose that the perception of interval timing was not influenced
by FLV in the present study.

4.3. DA release through 5-HT enhanced by FLV

Systemic application of FLV increased not only the 5-HT but also
the DA level in the striatum (Fig. 7A), which was reproduced in the
reverse dialysis experiment (Fig. 7B), indicating that FLV increased
DA locally in the striatum. As reviewed by Navailles and De Deur-
waerdeére [43], it is possible that the enhanced 5-HT could directly
act on the dopaminergic terminals, making the DA transporter
(DAT) reverse the direction of dopamine release. A similar mech-
anism may underlie the DA increase by FLV found in the present
study. Alternatively, it is possible that FLV directly acted on the
DAT and inhibited the DA uptake. Although data are not available
on the avian DAT, a biochemical study has revealed that binding of
FLV to human DAT is negligibly small [44]. The cellular mechanisms
underlying the DA release by FLV need further investigation.

Co-release of 5-HT and DA by a 5-HT reuptake blocker (alapro-
clate) has already been reported in an in vivo experiment [45] and
also in in vitro preparations of striatum using an SSRI (fluoxetine,
[46]), but the functional significance remains unknown. Further
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detailed experiments are needed to reveal the functional signifi-
cance of the cross talks between 5-HT and DA.

5. Conclusions

Systemic application of FLV caused chicks to stay longer at a
gradually depleting food patch. FLV also suppressed impulsive-
ness in inter-temporal choices, suggesting that an enhanced 5-HT
level made chicks more tolerant of the delayed food reward in
both behavioural paradigms. On the other hand, the decision to
leave a depleting patch cannot be equated to the choice of the
large/long delay option of the inter-temporal choice paradigm. The
microdialysis study revealed that FLV enhanced the extracellular
concentration of 5-HT as well as DA in the medial striatum/nucleus
accumbens. In addition to 5-HT, DA in the striatum may be involved
in tolerance control.
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