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Summary of thesis contents

The study of learning and memory in zebrafish

Learning and memory are important for animals to perform activities skillfully
and to cope with the changing environment. Learning is the process of acquisition of
new knowledge, and memory is the encoding, storage and retrieval of learned
information. Aversive emotion fear is conserved across vertebrate species and
fear-motivated learning has been a powerful tool to study the mechanism of learning
and memory. In mammals, forebrain structure amygdala plays a central role in
mediating fear-motivated learning. Amygdala receives and integrates sensory inputs
from Dbrain structures such as hippocampal formation, neocortex and thalamus and
hence it is a plausible site for associative emotional learning. Divergent projections
from amygdala to hypothalamus and brainstem have been shown to mediate fear
response and projection from amygdala to striatum possibly controls operant behavior
such as aversive response. These studies have demonstrated the structure-function
relationships of mammalian brain for behavioral output during fear-motivated learning
but the functional neural circuits modulating aversive learning are still under
investigation. Here, | aimed to study neural circuits essential for aversive learning
using a model vertebrate zebrafish.

Zebrafish is a freshwater teleost fish and has been used as a model because of
high fecundity, rapid growth, transparent body during embryonic stage and the ease of
maintenance. Zebrafish exhibits rich repertoire of learning behaviors. The
well-developed forward genetic tools make it an attractive vertebrate model to study
brain function. Our understanding of the adult zebrafish brain is mainly limited to
comparative neuroanatomy, histological and gene expression analysis. The
structure-function relationships of fish brain have been described using surgical
ablation studies. The surgical ablation studies in goldfish have demonstrated that
medial telencephalon is essential for retention of aversive memory and lateral
telencephalon is essential for retention of temporal, relational and spatial memory.
Thus, fish medial and lateral pallium may correspond to mammalian amygdala and
hippocampus, respectively. Recent ablation study using zebrafish demonstrated that
the central zone of dorsal telencephalic area (Dc) in zebrafish brain is essential for
retrieval of long-term aversive memory and Dc has been suggested to be functional
equivalent of mammalian neocortex. The above surgical ablation studies are useful to
understand the relationship between the structure and the function of the brain, but to
decipher the neural circuits mediating learning, it is important to be able to selectively
manipulate specific brain structures or neuronal types. Hence, in this study, |



(AR 2)
(Separate Form 2)

employed genetic approaches to selectively label specific brain regions and
manipulate their function to understand their role in emotional learning.

First, I performed genetic screens using Tol2 transposon mediated gene trap and
enhancer trap methods and obtained transgenic fish lines that expressed
Gal4-transactivator in specific tissues. In these lines, the Gal4 expression is visualized
with upstream activating sequence (UAS) linked GFP transgene. To identify
transgenic lines expressing Gal4 in sub-regions in the adult brain, | observed the
heads of adult fish of 349 transgenic fish lines and identified 108 Gal4 lines that had
GFP fluorescence inside the head. | isolated the brains of these 108 fish lines and
confirmed the GFP expression in the brain in all of these lines. From these Gal4 lines,
| selected 77 lines that showed strong and localized GFP expression, and analyzed

them by making 100 pm serial coronal slices. | found various unique GFP
fluorescence patterns such as lateral telencephalon, medial telencephalon,
hypothalamus, habenula, cerebellum, hindbrain and etc. | annotated the Gal4

expressing regions of these 77 transgenic lines and based on Gal4 expression pattern,
| classified them into three groups: forebrain, midbrain, and hindbrain groups.

Next, to study emotional learning in zebrafish, | adopted the previously reported
active avoidance response system for goldfish and established two-way active
avoidance response assay for zebrafish. In this assay, | used a shuttle box divided into
two equal compartment by an opaque wedge, green light as conditional stimulus (CS)
and electric shock as unconditional stimulus (US). Fish were trained to escape from
CS in order to avoid US. My results demonstrated robust avoidance response to CS in
zebrafish. Thus, | established a behavioral assay system to study emotional learning in
zebrafish.

Finally, | selected 48 Gal4 lines that showed strong Gal4 expression in the
forebrain for behavioral analysis. | crossed these lines with the UAS:BoTx-GFP
effector fish and inhibited the function of Gal4 expressing neurons by expressing
botulinum neurotoxin. Out of these 48 Gal4 double transgenic fish, 9 fish lines could
not survive to adulthood. | selected 30 double transgenic fish lines out of 39 lines that
showed strong GFP fluorescence in the forebrain and analyzed them for active
avoidance learning and found that 18 lines exhibited abnormalities in the active
avoidance response. Most of these fish showed Gal4 expression in multiple brain
regions including forebrain, midbrain and hindbrain structure. By observing the Gal4
expression in these 18 lines, | identified two transgenic lines, named gt-70A and
gt-120A, that had Gal4 expression specific to a subpopulation of neurons in the
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medial zone of dorsal telencephalic area or dorsomedial telencephalon (Dm) in the
brain suggesting that these Gal4 expression neurons in Dm are essential for this
behavior. In mammals, forebrain structure amygdala mediates active avoidance
response behavior. From thisThe study and previous anatomical and developmental
studies, teleost Dm may be functional equivalent of mammalian amygdala.

Furthermore, | analyzed the connectivity of the Gal4 expressing neurons in these
two transgenic lines and found that Dm neurons have well-organized connections with
dorsal nucleus of ventral telencephalic areas (Vd), entopeduncular nucleus (EN) and
hypothalamus. Zebrafish Vd has been proposed to be putative striatum. In mammals,
amygdala-striatum neural circuit possibly mediates operant behavior such as escape
response from harmful stimulus and hence Dm-Vd neural circuit in zebrafish may
have similar role. In mammals, hypothalamus is involved in fear response including
modulation of heart rate, blood pressure and release of glucocorticoids. Hence, the
neural circuit between Dm and hypothalamus may modulate these behaviors during
avoidance response behavior. In zebrafish, entopeduncular nucleus has axonal
projection to habenula (Hb) and habenula has been shown to mediate experience
dependent modification of fear response. Hence, the neural circuit involving Dm, EN
and Hb may play a crucial role in fear response during active avoidance response.
Thus, | have identified possible functional neural circuits mediating active avoidance
response behavior in zebrafish.

Active avoidance response behavior involves learned aversion to conditional
stimulus (CS). In mammals, amygdala mediates both learned and innate fear. To
analyze the role of neurons in Dm in innate fear, | studied alarm response behavior
using skin extract of zebrafish and found that gt-70A;UASBoTx-GFP and
gt-120A;UASBoTx-GFP fish showed normal alarm response behavior. This suggests
that Gal4 expressing neurons in these lines may not be involved in regulating innate
fear response only mediate learned fear response.

Mammalian amygdala has also been shown to mediate anxiety. In zebrafish,
dark-light preference assay has been used to measure anxiety-like behavior. Wild type
adult zebrafish has innate preference to darker region. | analyzed the
gt-70A;UASBOTX-GFP and gt-120A;UASBoTx-GFP fish in dark-light preference
assay and found that these fish show no change in preference compared to wild type
fish. Hence, the Gal4 expressing neurons in Dm of these lines may not modulate
anxiety-like behavior and are specifically involved in aversive learning.



(AR 2)
(Separate Form 2)

In summary, by employing a genetic approach, | created a repertoire of Gal4
transgenic lines that express Gal4 in specific brain regions and thus successfully
subdivided the zebrafish brain into various Gal4 expressing regions. Using the
isolated transgenic lines and the active avoidance response assay, | identified a
subpopulation of neurons in dorsomedial telencephalon (Dm) essential for avoidance
response behavior. Previous surgical ablation study has shown that Dc was essential
for retrieval of long-term active avoidance memory and Dc was suggested to be
functional equivalent of mammalian neocortex. Our finding show that Dm is essential
for acquisition of aversive memory and Dm may have similar function as that of
mammalian amygdala. Furthermore, Dm has well-organized projections to other
forebrain structures such as dorsal nucleus of ventral telencephalic areas (Vd),
entopeduncular nucleus (EN) and hypothalamus and these neural circuits may play
crucial role in mediating aversive learning in zebrafish.
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B EHITEMOEFICHADITEITHY . ZTNETY Y AREMAEELET L &
LRI SN CTE R, ZORE LR 2MREROBMILIELE+5 TR,
Lal &, #RRERF PRI W T REREREZ L OHLWVWETAAEY THLET T 7
4y Vo O THESER T b 5 ke O IE 21T > 72,

MREDELDOENET T T 4y 2T, vV RAFELLET 5L, BlRA TR~
RN = ADEWN A+ THDH, T Tlal Bk, ¥ X a X TCoRITHEE
ZEICLTC, HEFHICESSERROMB LR AT, ZO/KR, B a v s (FF
AR LRI (SRR 2MAEDETEZADL L TR OARTET T 7
4y v aPNEEEITEI 2 & 5 X 9127 % TREERYEEETTE) (active avoidance behavior) |
RN T B Selb & B0, ZORBITEOREZ EBENICHNTT 5 AT AOHE%
1T-o7-,

R Z O EEEATENC EE D & 2 MO Z [ E 9 5 72 912 Lal BidFrj&E kgt = Tl
BD Tol2 7 ARy U EEHWTHEESNTL, 2R Gald N F AV 2=y 7
Ay afmEEHT LI EE2E X, Lal BIZET, 39 ZHMDO N T v AV 2= 7
T4y aDRIZEIT D Gald FEHOEMFFE ML UAS-GFP LA R—4 — L ZXELT 5
LRI, ZOT DL EMADMNT Gald R < BT L 48 Rt ok
MTEe MNT, ZNHLORMEHNTARY U XA NF U 2B S, Gald FBLHEIK
MOBEFNINDIMBHEK R TCOTFT A EIMHE LIz, TNU6DOET I3 7 4 v 2T
R OREEN R ELEEITENVEBR ATV, 18 R CHRIBTEIICEF RN 52 L 27" T 5
FERAESZ, Lal BiX 18 RO H 25 Gald OB /K — 2 DK o #3525 PN AR B
(dorsomedial telencephalon) I[ZER/AT 5 2 ZHMICKFICHERH L, TNHDORMITEDL
B b e A B N R R ER T CH D Emx3 RIS N T VAR Y UBRHA SR T
WHZEERLMNT LT, UL EDORRITHESEHITEH O — > TdH 2 aEHAY[ELEEATH) IC
BULIENMKEMOBESEA RET DD TH D, S5 Lal ik Gald F& 5L fa ik
DR % GFP TH M LT 2 2 & 1T Xk o T, #4057 P9 RIS o0 A % 0 A 23 N B2
(entopeduncular nucleus) & 2K T (hypothalamus) IZ#H 92 2 £ &2 B2 Lz,
S DA I R PN RS oD A R B 20> & K& b A A8 B 75 58 (dorsal zone of ventral
telencephalon) ~7 o0 2ARNHORTWNEZ EERWEL, 26 OMBREROE KO
EEZ R LTc, v U A7 EFLE CIIHE 7 H 2B W CRPEIR D L a7 5 E 2 41
FIZENHOLENTWVAN, Lal BT BT 77 4 vy o TIEENBKIMA~ 7 %0 KBk
RIZHB T HEEZLTWVD,

BT 77 4y valdWAETHOL~Y VAL LR T D EEHNIC Tl E D o
TW5, o, TFERBUICESRL TWVWAEAS AV UV THITEMAEDEDL Z ELE
ST, BETBHORB L 2 MREKO2KGZ2HMET 5 ET, ~ U R EWILEE
BRTRERT KA T =V 2 b0 THEY, RERFRELET 5, LalB OBFZEIE,
77749 a THREDITHEZEEMNICHANLERROBELZIToLZ L, BLO,
7774y va@BBFORAY v a2 KRICEMN L CREEYAY[ERETT B) 4 K5 & O ik i
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LB SIT 722 & S BITR RIS T THEE 78 O R B & PR 5 720 O FEBR
HEBEEOL ST EVWIBATEEN THVEELEZEZOND, LEOBEHENL
Pradeep Lal& O fiFmm XIIE L5 50 E 2T FEBE 2B B THK L7,

FALH G O ENEICET 2AMBERICENT, LalBF 1L, WEREEREZITVEMIC
KLU THERIGEZIT T, £, TO®BGIEHEATONLEIHFAFEFEEICE N TH RIS
IR 7R B IEE AT oT2, ZNHONEMND, LalBE RN B0 B & OB 558 X OVE L 0%
BT 2+ acmiaa L, BRI P OB ZZITLTCEL I ERHLNTHD
LalBE owfseH & L CoBERTRFEN RINT, £, LalBIX B FIICHGEZ H W Tifst
EIToTEBY, FANPHERXOAMREFETEINL TS, AHEBRB LOELFHFED
HREERIGCEDOT X TEIEFETITLONTE Y, RERIICE L TIEH Laku,

UbozZ b aBAMNICER T, Pradeep LalB NN 2 BUGT DI+ ek UHEIZE#E L T
WhHE, BEBESE -BCTHML,



