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ABSTRACT Daily behaviors are strongly dominated by
internally generated circadian rhythms, but the underlying
mechanisms remain unclear. In mammals, photoentrain-
ment of behaviors to light-dark cycles involves signaling
from both intrinsically photosensitive retinal ganglion
cells and classic photoreceptor pathways to the suprachi-
asmatic nucleus (SCN). How classic photoreceptor path-
ways work with the photosensitive ganglion cells, however,
is not fully understood. Although cholecystokinin (CCK)
peptide has been shown to be present in a variety of
vertebrate retinas, its function at a systems level is also
unknown. In the present study we examined a possible
role of CCK-A receptors in photoentrainment using
CCE-A receptor knockout mice. The lacZ reporter gene
within a geneknockout cassette revealed precise localiza-
tion of CCK-A receptors in the circadian clock system. We
demonstrated that CCK-A receptors were located pre-
dominately on glycinergic amacrine fells but were rarely
found on SCN neurons. Moreover, Ca®* imaging analysis
demonstrated that the CCK-A agonist, CCK8 sulfate
(CCK-8s), mobilized intracellular Ca** in amacrine cells
but not glutamate-receptive SCN neurons. Furthermore,
light pulse-induced mPerl/mPer2 gene expression in SCN,
behavioral phase shifts, and the pupillary reflex were
significantly reduced in CCK-A receptor knockout mice.
These data indicate a novel function of CCK-A receptors
in the nonimage-forming photoreception presumably via
amacrine cell-mediated signal transduction pathways.—
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DAILY BEHAVIORAL RIYTHMS are strictly controlled by
the hypothalamic suprachiasmatic nucleus (SCN), the
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mammahan circadian pacemaker (1, 2). Although these
rhythms persist under ume cue-free conditions, they are
usually synchronized to the envirommental light-dark oy
cles, a process called phowenrainment. The classic pho-
toreceptor cells, rods and cones, are not the only cells
involved in this process, however, because photoentrain-
ment still oceurs in mutant (rdfa/ecf) mice lacking all rods
and cones (3). It has been shown that intrinsically photo-
sensitive retinal ganglion cells, which contain the pigment
melanopsin (4), respond directly to light and send mono-
synaptic projections to the SCN and the olivary pretectal
nuclei, as part of nonimage-forming visual functons in-
clhiding photoentrainment and the pupillay light reflex
(5, 6). Photoentruinment is sill possible, however, in
melanopsindeficient (Opnd /") mice and only becomes
absent with the subtraction of both the photosensitivity of
retinal ganglion cells and classic photoreceptors in dou-
ble mutant melanopsin-deficient and retinal degenera-
ton (Opnd "7 rd/rd) mice (7). These results suggest that
classic photoreceptors and intrinsically photosensitve ret-
mal ganglion cells represent compensatory photorecep-
tion mechanisms for circadian photoentrainment. In
mice, intrinsically photosensitive retinal ganglion cell den-
drites in the inner ON region of the inner plexiform layer
receive both bipolar and amacrine cell terminals, whereas
intrinsically photosensitive retinal ganglion cell dendnites
almuf\'mg in the outer OFF re gum of the inner pluuf(mn
layer receive only amacrine cell terminals (8). The cir-
cuitry between photoreceptor pathways, retinal ganglion
cells, and amacrine cells underlying photoentrainment,
however, is not fully understood.

In SCN neurons, some subcellular responses have
been identified that may be involved in photoentrain-
ment. After photic stimulation at night, retino-recipient
SCN neurons respond to glhiamate release from reu-
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nohypothalamic tract termmals with an activation of
Mmethyl-p-aspartate ghuamate receptors, an increase
in cytosolic Ca™" concentration. and immediate expres-
sion of clock genes, such as mPerl and mPer2 (9-11).
Several uther signaling mechanisms also appear 1o be
involved. For example, pituitary adenvlate cyclase-acti-
vating polypeptice is released from retinohypothalamic
tract terminals in addition o glutamate (12), and
serotonin-1B receptors (13) and GABA-B receptors
(1) on retinohypothalumic tract werminals may syner-
gistically control neurotransmitter release on SCN
pacemaker neurons, The interconnections of these
elements remain unclear, however.

Cholecystokinin (CCK) is one of the most abundant
newropeptides in the central nervous system, but its
function in many pathways has not been identified.
CCK immunoreactive cell bodies and axons have been
shown to be sparsely dispersed throughout the SCN of
rats, mice, and hamsters (6, 15=17). In addition, CCK
peptide has been shown to be present in a variety of
vertebrate retinas (18-21). In rat retinas, it is located
predominantly in amacrine cells (22) and may function
for local signal transduction pathways, as expression of
CCK-A and CCK-B receptor mRNAs has been reported
for retinal homogenates (23). The funciion of CCK
within this circadian clock circuitry has not been eluci-
dated, but it is a reasonable hypothesis that CCK
peptides have a role in the SCN clock work iself
and/or photic input pathways to the SCN. Indeed, we
have reported that photoentrainment of locomotor
rhythms and immediate early gene (c-fos) expression in
SCN neurons in response to light are significantly
reduced in Owsuka Long Evans Tokushima Fauy
(OLETF) rats, a strain ol obese mutant rats, that lack
CCK-A receptor genes (24-27). Although these data
are highly suggestive, multple other genes are also
lucking in OLETF rats; thus, further experiments are
needed to identify the specific gene responsible for the
circadian photoentrainment (28, 20),

To examine the specific function of CCK-A receptors
in the circadian clock system, in the present study we used
mutant mice lacking CCK-A receptors (CCKAR ) that
carty the lacZ reporter gene within a geneknockout
cassette (30), which allowed precise study of the localiza-
tion of CCK-A receptors, We also examined the function
of these receptors at the gene expression, intracellular
signaling, and behavioral levels. Based on these data, we
propose that CCK-A receptors on a subpopulation of
retinal amacrine cells may have an important role in
nonimage-forming visual functions,

MATERIALS AND METHODS

Mice

Male CCKAR™ "™ mice and their wild-type control littermates
were generated as described previously (30). In short, the
targeting vector was designed to replace the Sell-Bgdl | .9-kb
genomic fragment of the mouse CCK-A recepior gene with a
NLS-acZ and pGK-neo cassette. The homologous recombina-
tion deleted the first 122 amino acids, including the first
membrane-spanning region of the CCK-A recepton. J1 embry-
onic stem (ES) cells were electroporated with the targeting
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vector and selected with G418 on embryonic fibroblast feeder
cells. After Southern blot analysis sereening, the successful ES
clones were micromjected into blastocysts of C37BL/ 6] fe-
males, Finally, two independent ES clones generated genn-
line chimeras, The chimeras were bred with C37BLE] mice 1o
generate CCRAR "7 mutant Fl mice. CCKAR™™ mice were
finally generated by mating CCRAR' ™ mice followed by
sufficient backeross 1o C57BL/6] wild-type mice. The expeni-
mens below were approved by the Committee of Animal
Care of Kyusyu University and University of Tovama.

Locomotor activity recording

Wildktype and CCKAR ™™ mice were housed in temperauire
contralled (23+2°C) rooms, with a 12:12-h lightdark cycle.
Food and water were provided ad lbitwm To observe locomaotor
acuvity rhythms, mice were transterred o transparent plastic
vages (M0X53X1T em), and their locomotor actvity was mes-
sured using an infrared area sensor (F5B; Omron, Kyoto, Japan)
Iocated 30 cm above the surface of the cage. Locomotor activity
was contimuously recorded in G-min epochs wa a 48<channel
parallel interface installed in a personal computer. To ohserve
the freesrunning locomotor activity rhythm in constant dark-
ness, wild-type (n=8) and CCKAR ™™ (#=8) mice were housed
in constant darkness for 2=3 whk, The free-running period during
the first 2wk was caleulated using a x* periodogram. For animals
hovsed in constant dikoess, civcadian time 12 was defined as
the onset of locomotor activities. To evaluate the response to
phote stmudi, mice were maintained in constant darkness [or 9
days and then exposed to a fullspecoum light pulse (13 min ar
10=300 hux) at circadian time 16, The activiyonser delays in
frec-running rhythms were calculated on the basis of the dis
tance between the two regression lines drawn from daily onset of
locomotor acury for 7 days before and after the light pulse.

Pupillometry

Consensual pupillary constriction was measured in response 1o
an adivectional light stimulus. Light was exposed for 60 s by a
fexiblesim 100-W halogen lamp house (LAT00USW; Hayashi
Watch-Works Co. LTD., Tokyo, [apan), by which intensity was
adjusted (20 or 100 lux at the animal levels) or maximized
(= 1000 ux). UV wavelength (<400 nm) was eliminated by a UV
cutfilter mstalled in the lamp house. Adult male wild-type mice
(n=3) and CCKAR™"~ mice (n=4) were dark adapted for 1-2
h and placed on a custorm-built stereotactic apparatus, by which
animal movement wis resincted by a 27 mmd polyvethvlene
wbe. Pupillary constriction was monitoved with an infrared
video system (BBCAMI30 Night Vision-I1: Timely Computer,
Inc.. Tokyo, Japan), which is composed of a digial charge-
coupled device (CCD) camera centering on eight coaxial infrar
red (2850 nm) lightemitting diode arays. At the end of the
experiment, 1% aropine sulfate (Wiko Pure Chemicals, Tokyo,
Japan) disolved in saline was dropped on the eye to esumate
maximal puptl dimensions, Pupil dimensions were measured
from the video images using Video Studio version 6.0 software
(Ulead System, Tnc,, Tokyo, Japan). All expenmenis were con-
ducted dunng the light period of 12:12-hour light-dark cycles.

5-Bromo-t-chloro-%-indoy)-f-p-galactopyranoside
(X-gal) staining

Adult wild-type and CCEAR™ ™ mice (6 wh old) were used for
the Xegal staining experiments, These animals were deeply
anesthetized with an inuaperitoneal injection of sodium
pentobarhital (50 mg/kg body weight) and transcardially
perfused with PBS for 5 min and then with icexold 2%
paraformaldehyde in 0.1 M phosphate butfer for 15 min. Eyes

SHIMAZOE FT Al

—102—



and the whole brain were removed and further fixed in the
same fixative (4°C, 2 h), Then the vitreous and connective
tissues were carefully removed from the eve, and the cerebel-
Twm and olfactory bulb were cut off from the brain in ice-cold
PBS. The eyecups and brain tissue were immersed in 20%
sucrose PBS and stored overnight. Frozen sections of 20 pm
thickness were cut using a cryostat microtome and mounted
on glass slides. These samples were then stained for 3 h ar
37°C with a Prgalactosidase (frgal) staining kit (K1465-01;
Invirrogen, Carlshad, CA, USA) according to the manufactur-
er's instmiction. As a negative control, samples from wild-type
mice were also stained, but no staining was observed with a
3-h reaction period. These samples were imaged using a color
CCD camera (Ds-5me: Nikon, Tokyo, Japan) mounted on an
inverted microscope (Axiovert 135TV with a Plan-Neofluar
%10 objective; Carl Zeiss, Thaornwood, NY, USA),

1 1y h +

y

Reninal frozen sections prepared as above were also used for
immunofluorescence double-labeling studies. After three
PBS rinses, the fixed samples were incubated in 10% donkey
serum (Jackson ImmunoRescarch Laboratories, West Grove,
PA, USA) dissolved in 0.01% Triton X-100 (Sigma-Aldrich
Corp., St Louis, MO, USA) in PBS for 2 h at room temper-
aure (22-26°C). As a first step, samples were incubated with
1:2000 mouse anti-f-galactosidase (Sigma-Aldrich Corp.) dis-
solved in 10% donkey serum in PBS for 24 h at 41°C. Aflter
three 20-min PBS rinses, samples were incubated in 1:200
Cy3conjugated donkey anti-mouse IgG (Jackson ImmunoRe-
search Laboratories), As an additional staining step, 1:50 goar
anti-Chx10 (Sana Cruz Biotechnology, Santa Cruz, CA,
USA), 12000 goat antisglycine transporter 1 (Chemicon
International Inc.. Temecula, CA, USA), 1:1000 goat anti-
calretinin (Chemicon International Inc.), or 1:1000 rabbit
anti-calbindin D28k (Chemicon International Ine.) was tsed
as a primary antibody, and 1:200 fluorescein isothiocyanate
(FITC) <onjugated donkey antisgoat IgG (Jackson Tmme
noResearch Laboratories) or 1:200 FITCconjugated donkey
anti-rabbit 1gG (Jackson ImmunoResearch Laboratonies) was
used s a secondary antibody. Double-labeled samples were
embedded with Vectashield conmining 4,6-diamidino-2-phe-
wylindole (DAPI) (Vector Laboratories, Burlingame, CA,
USA). The fluorescent images were acquired using a confocal
laser-scanning unit (LSM510; Carl Zeiss) mounted on an
inverted microscope (Axiovert 200M with an oil immersion
objective lens, Plan-Apochromat £63/1.40; Carl Zeiss).

Organotypic cultures

Wild-type and CCKAR™ ™~ mouse pups (2-3 days old) were
wsed 1o make organotypic cultures of retina and SCN. For
retinal cultures, eyeballs were removed from the body after
deep pentobarbital anesthesia and inmediately immersed in
ice-cold PBS. Under a stereomicroscope, the sclera and
cornea were carefully 1orm and peeled off using fine forceps.
and the neural retina was isolated. Afier removal of pigment
epithelium and lens, the neural retina was rimmed using
microscissors and placed in a 0.40-um filter cup (Millicell-
CM; Millipore, Bedford, MA, USA) with the ganglion cell
Taver being on the surface. The neural retinas on fAlter cups
were transferved to standard six-well culture plates and cul-
wired with 1 ml of low-glucose Dulbecco’s modified Eagle's
medium supplemented with 1:30 B-27 (Invitrogen), 5 gM
forskolin (Sigma-Aldrich Corp.), 20 ng/ml brain=lerived new
rotrophic factor (Invitrogen), and 50 pg/ml gentamicin
(Invinogen), The medium was changed every other day until
recording (7-14 days in culture). This procedure enables the
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siwvival of the outer and inner nuclear layers and the gan-
glion cell layer in the in vitro slice cultures (31),

SCN cultures were prepared as described previously (32),
Briefly, coronal hypothalamic slices containing the SCN were
cut using a vibrating-blade microtome in artificial cerebrospi-
nal fluid containing 138.6 mM NaCl, 3.35 mM K(1, 21 mM
NallCO,, 0.6 mM NaH,PO, 99 mM pglucose, 0.5 mM
CaCl,, and 3 mM MgCl, and bubbled with 95% O, and 5%
CO,. These slices were rimmed 1o an —4-mm square con-
taining the ventral end of the hyvpothalamus centered on the
third ventricle. The slices were placed in Millicel-OM filier
cups and culared with 1 ml of medium consisting of 50%
Eagle’s basal medium, 25% Earle's balanced salt solution, and
25% heat-inactivated horse serum, supplemented with glu-
cose and Glutamax (Invitrogen). The slice containing the
rostrocaudal center of the SCN was used for further experi-
ments. The SCN and retinal cultures were maintained in a
CO, incubator at 355 = 0.5°C and 5% CO,.

Ca”" imaging in retinal cultures

The retnal cultures on a membrane filter were incubated for 30
min in culture medium containing 10 pM Fura-2 AM (Molecu-
lar Probes, Eugene, OR, USA) in a CO, incubator ar 355 =
0.5°C and 5% COy and nnsed 3% with buffered sale solution
(BSS) consisting of 128 mM NaCl, 5 mM RC1, 2.7 mM CaCl,, 1.2
mM MgCly, 1 mM NaldlPO,, 10 mM ghicose, and 10 mM
HEPES/NaOH (pH 7.3). Then the retinal cultures were gently
removed from membrane filters using a fine brush and trans
ferred 10 a recording chamber on the microscope. Fluorescent
images were obtained with an upright microscope (Axioskop FS;
Carl Zeiss) with a water immersion objective (Achroplan x40
NAD,75; Carl Zeiss), The wavelength of the excitation UV light
(340 or 380 nm pulse; 100 ms) was switched using a filter wheel
(Lambda 10-2: Sutter Instruments, Novato, CA, USA), The UV
light was generated by a fullspectium 1753W xenon bulb
{(Lambda LS; Suter) conducted to the microscope through a
liguid hight guide and reflected wsing a dichroie mimror (FT 395
mim; Carl Zeiss), The pair of fluorescent images were processed
using @ band-pass [ilier (BP 4855315 nm; Carl Zess) and
exposed o a mulipleformat cooled CCD camera (CoolSnap-
FS: Photometrics, Tokyo, Japan) at 6-s intervals. The filier wheel
and the CCD camera were contolled using digital imaging
software (MetaFluor version 6.0; Japan Molecular Devices, To-
kyo, Japan). The background fluorescence was also subrracted
using the software. During recording, slices were placed in a
0.5ml bath chamber and perfused with BSS supplemented with
tetrodotoxin (0.5 pM) at a flow rate of 25 ml/min. CCRS
sulfate (CCK-Ss), lorghunide, thapsigangn (all purchased from
SigmirAldrich Corp.), Ca”*4ree BSS, and 60 mM potassium
(high K™} BSS were applicd by switching the perfusate

Ca** imaging in SCN cultures

Isolation of neuronal and glial images is difficult in SCN slices
using conventional Fura-2 AM staining methods; therefore,
neuronspecific Ca** imaging was performed using a yellow
cameleon 2.1 sensor linked to a neuron-specific enolase
promoter (32). The cameleon-expressing SCN slice was cut
from a filter cup and transferred into the microscope cham-
ber together with the membrane filter. The Ca*™ response
was observed as above using an upnight microscope with an
#40 water-immersion objective. The SCN neurons were ex-
posed to 440 = 5 nm light using a liquid light guide lamp
house (Lambda LS) with a band-pass filter (410NBD10;
Omega Optical Inc.,, Brattleboro, VT, USA). The resultant
fluorescence image was separated using a dichroic miror
(453DRLP; Omega Optical Inc.) and fed into doubleview

1481

— 103 —



optics (A4313 Hamamatsu Corporation. Bridgewater, NJ,
USA). in which one image was split into bilateral images via
mtermnal reflection murors and processed using two dichroic
mirrors (5315 DRLPXR; Omega Optical Ine.) and band-pass
fAlters (IB0DF30 and 535DF25 flers). The lamp house,
shutter, and CCD camera were controlled as above using
digital imaging software

Quanritative reverse transcriptase-polymerase chain
reaction (PCR)

Total RNA was extracied from mouse dssue nsing RNAzolB
reagent (TekTest Inc, Friendswood, TX, USA). Mice were
deeply anesthetized with cther, and their brains were quickly
removed. Coronal brain slices (I mm) were prepared using a
rodent brain magix (RBM-2000C; ASI Instruments, Warren, MI,
USA), and the SCN was punched out bilaterally from the brain
slices. The «DNAs of mPerl (GenBank accession mumber
AF022092, sense, 5'-CCAGGOCCGGAGAACCTTTTTS, ant-
sense, S CGAAGTTTGAGCTOCCGAAGTGS'), mPar2 (GenBank
accession number  AFO35830; sense, 5-ACACCACCCCTTA-
CAAGCTTCY, antisense, 5 COCTGGATGATGTCTGGCTCS ),
CORA recepor (GenBank accession number ARGM730; sense,
S ACAGEAGTGAGCCATTCACCAGC-3'; annsense, 53-GATGTT-
GGTOACAGTCCGOATOCS'), and mouse ghveeraldehyde-Sphos
phate delwdrogenase (GAPDH)  (GenBank accession number
MAZ, sense, S-GGOAAGCTTOTCATCAAY, antisense, 5=
TGCTTCACCACCTTCTTGS') were amplified Using a progeim
temperature control system PCG700 (ASTEC, Fukuoka, Japan). The
reaction solution consisted of 2.5 wl of 10% PCR buffer (Bochr-
inger Mannheim, Mannheim, Genmany), 2.5 pl of 25 mM dNTP,
L25 pl of 10 pM sense, 1.25 pl of 10 uM antsense, 17.0 wl of
distilled water, 0.25 ! of Tagpolanerase (Boehringer Mannheim),
and 0.2 pl of 20 pG [“PldCTP (Amersham Pharmicia Biotech,
Lul, Linle Chalfont, Buckinghamshire, UK). The PCR product was
mn on a 5% acrylamide gel. Images were visualized using an
imaging plate (BASIP MS 2040; Fujifilm, Tokyo, Japan) and
analyzed wsing Image Gange (Fujifilm). The exponential phase of
GAPDH amplificaton in all experimental conditions was located
between oycles 22 and 24, and the exponential phase of nl%r! and
mber2 was located between cycles 29 and 31, The amplified effi-
cieney of GAPDH and mPerl or mPe2 was quantified at eyele 30
The ratio of the amplified targer 1o the amphfied intermal conuol
was compared.

In situ hybridization

Mice were deeply anesthetized with ether and intracardially
perfused with chilled saline (25 ml) followed by 0.1 M
phosphate buffer (pH=7.1) containing 4% paraformalde-
hyde (25 ml). Brains were removed, postfixed in 0.1 M
phospliate buffer containing 4% paraformaldehyde for 24 b
at 4°C, and wansferred into 20% sucrose in 0.1 M phosphite
bufler for 72 hoan 4°C, Slices (40 wm thick) that included the
SCN were cut using a cryostat and divided into three equal
groups from rostral to caudal regions for the measurement of
mPerl and mPer2 mRNAs. The mPerl and mPer2 cRNA probes
were a gift from Dr. Hitoshi Okamura at Kobe University
(nucleotide positions: mPerl, 538-1752; mPer2, 1-638) for
use in these i st hvbridization studies. Slices were placed in
2% standard sodium citrate (S8C) and were treated with |
pg/ml proteinase K in 10 mM Trs-HCl buffer (pH=7.5)
containing 10 mM EDTA for 10 min at 37°C, followed by
treatment with 0.25% acetic anhydride in 0.1 M triethanol-
amine and 0.9% NaCl for [0 min. The slices were then
incubated in hybridization buffer [60% formamide, 10%
dextran salfate, 10 mM Tris-HCL (pH=7.1), | mM EDTA, 0.6
M NaCl, Denhardt's solution (0.02% Ficoll, 0.02% polvwvinyl
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pyvirolidone, and 0.02% bovine serum albumin), 0.2 mg/mnl
t(RNA, and 0.25% sodium dodeayl sulfate] containing *'P-
labeled ¢RNA probes for 16 h at 60°C. Radioisotope (afo-
“PIUTP; PerkinElmer Life and Analytical Sciences, Boston,
MA, USA) -labeled antisense ¢RNA probes were made from
restriction engymedinearized ¢DNA templates. After high-
stringency posthvhridization washes with 2x SSC/50% form-
amide, slices were treated with RNaseA (10 pg/ml) for 30
win at 37°C. Images were prepaved as antoradiograms using
BioMax MR filim (Eastman Kodak, Rochester, NY, USA). After
conversion into optical density by "*Cautoradiographic mi-
croscales (Amersham Biosciences Corp., Piscataway, NJ,
USA), they were analyzed using an image analysis system
(MCID: Imaging Research, St. Catharines, ON, Canada).
Further, mounted slices after exposwre 10 Xeray film were
dipped into emulsion (NTB2, diluted 1:1 with disulled water;
Eastman-Kodak), air-dried for 3 h, and stored in light-tight
shde boxes at 4°C for 4 wk. The shides were developed with a
D19 developer (Easuman Kodak), fixed with Fujifix (Fujifilin),
and counterstained with cresvl violet (Sigma-Aldrich Corp.).

Statistical analysis

All data are presented as means with se. Unless otherwise noted,
oneway ANOVA followed by Duncan’s multiple-range tests was
used for the stuistical comparisons across multiple means,
Twortled Student’s f1est was used for the pairwise comparisons,
A 95% confidence level was considered to indicate statistical
significance. The inadiance dependency for the pupillary light
reflex was analyred using tworway ANOVA. The irmdiance
response curve for circadian phase shifts was analyzed using a
four-parameter 1ill funcion using SigmaPlot software (version
7.1; SPSS Inc., Chicago, 1L, USA).

RESULTS

Robust expression of CCK-A receptors in glycinergic
amacrine cells in the photic input pathways to the
circadian clock

To visualize CCK-A recepiors in the photic input path-
ways (o the SCN clock, we examined X-gal staining
using serial sections of retina and brain of heterozygous
mutant (CCKAR'" ) mice. In the retina, staining was
robust throughout the inner nuclear layer (Fig. 14).
Within the SCN, only scattered staining was observed in
the core region, whereas the shell boundary zone
(peri-SCN) and periventricular zone contained a rela-
tively larger number of stined cells (Fig. 18). The
number of stained cells in the SCN was less than that in
contral hypothalamic regions, such as in the arcuate
nuclei (number of X-gal stained cells=23.826.6/SCN
slice and 15376194/ rostral arcuate nucleus slice,
number of slices=5, P<0.01 by Student's ttest; Fig. 10).

To determine the cell types in the retina that express
CCK-A receptors, we examined double immunofluores-
cent staining of retina with antibodies against B-gal and
several different neural markers (Fig. 2). Staining with
the amacrine cell marker, glycme transporter-1, was
strongly colocalized with B-gal sining (74.6=3.5%,
number of slices=5). Neither calretinin-positive ama-
crine cells nor calbindin-D28k-positive amacrine cells
exhibited B-gal staining (number of slices=5). Also,
neither horizontal cells visualized using calbindin-D28k
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Figure 1. Xl stuining of lacZ reporters
expressed in  heterozygous  (CCKAR™7)
mouse retina and brain sections. A) Blue stain
was denscly distributed within the inner o
clear layer (IN) of the retina. G, ganglion cell
layer; 1P, inner plexiform layer, E, pigment
epithelium. B) A coronal hypothalamic section
containing the SCN. Approximate boundaries
of the SCN (8) and the periventricular nucleus
(P) are indicated by the dotted line. Arrows
indicate X-galpositive cells at the pen-SCN
region. 3v, third venrricle; Oc, optic chiasm,
Note that only a few cells were stained within
the SCN core, The peri-SCN and periventricu-
lar portion contained a relatively larger num-
ber of stuned cells. €) Posterior hypothalamic
slices conuining the arcuate nucler and paras
ventricular nuclei were stained as positive con-
trols. a and ¢ are the dorsal paris of b and 4,
respectively, Scale bars = 100 pm. PaPo, pos

terior paraventriculiar nucleus; ARCr, rostral arcuate nucleus; ARCe, caudal arcuate nucleus, Me, median eminence, DMH,
dorsal medial hypothalamus; VMH, ventral medial hypothalamus,

staining nor bipolar cells visualized using Chx10 stain-
ing exhibited B-gal staining (number of slices=5).
These results clearly indicate that CCK-A receptors
were expressed specitically on amacrine cells, most of
which also expressed glycine transporters.

Stimulation of CCK-A receptors mobilized
intracellular Ca** in retinal amacrine cells but not in
SCN neurons

We used Ca®" imaging of organotypic cultures of retina
and SCN to analyze the functonal expression of CCK-A
receptors within the photic input pathways o the
circadian clock. First, Fura-2 AM-stained retinal cul-
mres of wild-type (n=8), CCKAR''™ (n=8), and
CCEAR™ "™ (#n=8) mice were stimulated using the
CCK-A receptor agonisl, CCR-8s (300 nM, 1 min).
CCK-8s cvoked Ca™" transients in 7.1 = 1L.8% of the
Fura-2 AM-=stained cells (total number of cells=234) in
wild-type retina and 57 = 1.9% of the cells (1otal
number of cells=228) in CCKAR®” ™ retina (Fig. 34,
C). These responding cells were idennified as amacrine
cells by the postexperimental X-gal staining of
CCKAR""~ retina (Fig. 3€). The CCE-3s-induced Ca®”

CCK-A RECEPTORS REGULATE PHOTOENTRAINMENT

transient but not the high K -induced Ca®" flux was
absent in CCKAR™'™  retina (1ol number of
cells=230) (Fig. 34, €). The CCK-8s-induced Ca*"
transient observed in wild-type retina was significantly
inhibited using the CCK-A antagonist, lorglumide (300
nM, application 5 min before the CCK-8s application;
F, ,u=T7.08, P<0.01 by oneway ANOVA followed by
Duncan’s multiple-range tests) (Fig. 3€). The CCK-8s
induced Ca®* transients observed in wild-type retinas
were resistant to the replacement of normal extracellu-
lar buffer with Ca®'free bulfer (responding cell pop-
ulation=7 8+2 2% total number of cells=215), CCK-
Bs-induced Ca®* wansients were completely eliminated,
however, after thapsigargin=depletion of internal Ca®”
stores (F, ;o=7.08, P<0.01 by one-way ANOVA followed
by Duncan's multiple-range tests) (Fig. 38, ().
Second, organotypic slice cultures of SCN expressing a
yellow cameleon 2.1 sensor linked to a neuron-specific
enolase promoter were used 1o examine the effects of
exposure 1o either CCK8s or ghutamate (Fig. 4). Within
the core region, ~75% of cultured SCN neurons (55 of 73
neurons, number of slices=11) exhibited a significant
increase in cytosolic Ca*’ in response to exposure to
glutamate (300 uM, 1 min), but exhibited no response to
CCK-8s (300 nM, 1 min) (Fig. 44). A similar response o
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glutamate was observed in slice cultures of CCKAR
mouse SCN (14 of 20 neurons, number of slices=3%). Of a
total of 73 neurons analyzed in the wild-ype slice, one
neuron in the dorsomedial periventricular region exhib>
ited a sustained increase in cytosolic Ca** in response o
CCR8s, and this effect was completely inhibited in the
presence of lorglumide (300 nM) (Fig. 4B). The ampli-
mude of the glutamate response after exposure to CCK-8s
was similar to thar in the presence of lorglumide in this
particular neuron.

Light pulse-induced mPerl and mPer2 gene expression
was reduced in the SCN of CCKAR™'™ mice

To examine the effects of CCKAR™™ on lightinduced
responses of SCN neurons, we examined quantitative
PCR for mPer] and mPer2 mRNAs in SCN grafis, Under
constant darkness conditions, the levels of mPer] and
mPer2 mRNAs oscillated in a circadian fashion both in
the wild-type and CCKAR™™ SCN (Fig. 5A, B). The
approximate peaks of mPel and mPe2 ocourred at
identical times in the wild-type and CCKAR ™~ SCN: at
circadian time 6 for ml’r! and at circadian time 9 for
mPer2 (Fig. 5B8). Brief light pulse exposure (70 lux, 15
min) applied 4 b after the activity-onset time (circadian
time 16), significantly increased the expression of
mPerl (3.2-fold of unexposed control; P<0.01 by Stu-
dent’s ftest) and mPea2 (3.6-fold of unexposed control:
P<0.01 by Student’s { test) in the wild-type SCN (Fig.
5€). The light pulse-induced mPerl expression (1.6-fold
of unexposed control; P=0.16 by Student's ¢ test) and
mPer2 expression  (L7-fold of unexposed control;
P=0.09 by Student’s 1 test) were less evident in the SCN
grafis of CCKAR™"™ mice (Fig. 5C). The light pulse-
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induced increase in mPerl and mPer2 mRNAs in wild-
type SCN and the reduction in the responsiveness in
the CCKAR™/™ SCN were also visualized using in sifu
hybridization in SCN secuons (Fig. 5D).

Light pulse-induced behavioral phase shifts and
pupillary reflex were reduced in CCKAR™' ™ mice

Infrared sensor detection of activity/rest patterns across
24-h light-dark cycles (data not shown) and freetunning
periods of behavioral rhythms in constant darkness
(Fig. 64) were almost identical between wild-type mice
(1=23.820.06 h, n=8) and CCKAR™™ mice (7=23.9+
0.04 h, n=8), The magnitmde of behavioral phase delays
caused by a light pulse exposure (10-500 lux for 15 min)
at circadian time 16 was analyzed in wild-type and
CCKAR ™"~ mice. Both types exhibited activity-onset de-
lays depending on the intensity of light exposure (Fig.
6B). The magnitude of the phase delays caused by 50 lux
or larger, however, was significantly smaller in CCKAR™"~
mice than in wild-type mice. The maximal reduction in
responsiveness was observed at 50 Jux, at which
CCKAR /" mice exhibited a 42% smaller magnimide in
phase shift than that of wild-type mice (P<0.05 by Sw-
dent’s Ltest, n=8 for both types). The maximal response
at 500 lox was still 35% smaller in CCKAR 7 mice
(P<0.01 by Smudent’s  test, n=8 for both types) (Fig. 65).

To examine the effects of CCKAR™ ~ on nonimage-
forming visual functons, we further analyzed the consen-
sual pupillary reflex using infrared video systems. The
dark-adapted aperture areas were not significantly differ-
ent between the wildtype mice (24320.07 mind, n=5)
and CCEKAR ™'~ mice (2.4820.03 mmd, n=4). Also,
atropine-induced aperture areas observed at the end

Figure 4. CCK-A receptors were not expressed
in retinorecipient SCN neurons. Yellow cam-
eleon 2.1 imaging of organorypic SCN cultures
wis used 1o investigate CCK-A receptor function
in SON newrons. A total of 7% newrons in
wild-type SCN were exposed to CCK-8s (300
nM) lollowed by glutamate (Gla) (300 uM). A)
Example cytosolic Ca** levels in four neurons.
The cytnsolic Ca** concentration increased in
response to exposure to glutamate in three of
four neurons shown. B) Approximate distnbu-
tion of recorded neurons in the SCN (8) and
the periventricular nucleus (P). Glutamate-in-
duced Ca** responses were observed in neurons
distributed throughout the SCN. CCE-8s did not
mobilized cytosolic Ca** in 72 cells. 3v, third
ventricle. ) One exception was found in the
dorsomedial periventricular area (shown as a
gray square in B), in which the cytosolic Ca**
concentration increased in arn[‘m:mr 1o either
CCK-8s or glutamate. The Ca™" response w
CCK-8s was inhihited by larglumide (L.GM) (300
nM).
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Figure 5. Light pulsesinduced mPer] and mPer2 gene expression was reduced in CCKAR™'~ mice. A) Example blotting of mPel and
mPer2 using wild-type SCN (+/+) and CCK-A receptor knockout SCN (= /=), both of which were sampled from mice maintained
in constant darkness. B) mPerl and mPer2 mRNA levels were quantified in terms of GAPDH mRNA levels. Circadian rhythms in mPer]
and mPer2 mRNA levels were observed in the SCN regardless of the genotypes. €) A light pulse (15 min, 70 lux) at circadian time 16
clevated mPerl and mPer2 mRNA levels in the wild-type SCN sampled 60 min later, **P < 0.0] by Student’s t test. The light

pulsesinduced mPer] and mPer2 mRNA expression was less evident in CCKAR™ ™

mice. n = 4 for each group. D) Topographical

analysis of mPerl and mPer2 mRNA expression in the SCN was also examined using in situ hybridization. The light pulse was applied
as ahove to estimate the lightinduced mPerl and mPer2 mRNA expression in the SCN. Scale bar = 500 pm.

of experiments were not significantly different be-
tween the wild-type mice (2.602=0.08 mmd, n=5) and
CCKAR™ /" mice (2.67+0.09 mmd, n=4), The irra-
diance-dependent pupillary constrictions caused by
20, 100, or >1000 lux light were also observed both
for the wild-type mice (F, 4,=440.2, P<0.01 by two-
way ANOVA) and CCKAR™/~ mice (F,4,=183.9,
P<0.01 by two-way ANOVA for the wild-type group)
(Fig. 7A). However, the minimal pupillary dimen-
sions followed by exposures of 100-lux light
(+64.7%; P<0.05 by Student's f test) or >1000-lux
light (+154.3%; P<0.05 by Student's ( test) were
significantly larger in CCKAR™'™ mice (Fig. 78, €).

DISCUSSION

The results of the present study demonstrate that in
mice there is robust expression of CCK-A receptors on
retinal glycinergic amacrine cells, with relatively little
expression on SCN neurons that receive projections
from the retina. Also, a CCK-A agonist induced intra-
cellular Ca*" mobilization in amacrine cells and not
SCN neurons, Moreover, mutant mice deficient in
CCK-A receptors exhibited reduced light pulse-induced
mPerl/mPer2 gene expression in the SCN. Furthermore,
light pulse-induced behavioral phase shifts and pupil-
lary reflex were also significantly reduced in
CCKAR™’" mice. Taken together, these data indicate
that functional CCK-A receptors located primarily on
amacrine cells are the most significant cause for circa-
dian modulation of mPerl/mPer2 gene expression in the
SCN and can modulate nonimage-forming visual func-
tions. Thus, we suggest a novel function of CCK-A
receptors in retinal signal processing.
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Little CCK function in retino-recipient SCN neurons

CCK peptides have previously been reported 1o be
expressed to some degree in SCN neurons (6, 15-17),
so we carefully analyzed the possible functionality of
CCR-A receptors in SCN neurons, X-gal stained only
sparsely scattered cells in the SCN, with a rather denser
distribution in the peri-SCN and periventricular zones.
Consistent with this result, our Ca®" imaging studies in
organotypic SCN cultures demonstrated that core SCON
neurons did not respond to the CCK-A receptor ago-
nist, CCK-8s. An increase in cytosolic Ca®" evoked by
cither CCK-8¢ or glutamate was observed in only one
neuron located in the penventricular region, where
retino-recipient neurons are absent or rare (16). Al-
though lack of CCK-8s effects on glutamate receptive
SCN neurons may be due to limitations of samples in
our Ca*" imaging studies, this result is consistent with
the reported distribution of CCK peptides in the
mouse, because dorsal efferent fibers from the SCN but
not retinchypothalamic tracts are CCK-immunoreac-
uve in mice (16). Therefore, CCK peptides may have a
role in the efferent transmission from SCN neurons
and/or transmission between intra-SCN neurons but
not for transmission to retino-recipient SCN neurons.

Because CCK is one of the most abundant neuropep-
tides in the brain, and several brain loci responsible for
visual input, such as the dorsal lateral geniculate,
express CCK-A receptors (33), careful discussion is
needed to identify the localization of CCK-A receptors
responsible for the modulation of nonimage-forming
visual functions. The SCN receive geniculohypotha-
lamic tracts (GHT) from the intergeniculate leaflet
(IGL) of the thalamus (6). It has been shown that the
GHT uses neuropeptideY and GABA as neurotransmit-
ters to the SCN, and this pathway is involved in the
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Figure 6. Light pulsesinduced behavioral phase shifts were

reduced in CCKAR™'™ mice. A) Representative double-plot
actograms showing aircadian phase delays in response to a light
pulse (15 min, 50 lux) in a wildtype mouse (+/+) and a
CCKAR™ " mouse (—/—). Double circles denote the uming of
the light pulse exposure at circadian time 16, The approximate
actvity-onset ume is indicated on the lefi-hand actograms (lines
fitted by eye). B) Irradiation response curve for the drcadian
phase shifts evoked by a 15-min light pulse applied at circadian
time 16. Although both genotypes exhibited an intensity-depen-
dent increase in the magnitude of the phase shifts, CCKAR™" ™
mice exhibited shorter circadian phase delays when the light
pulse was more intense than 50 lux. n = 4=11 in each group.
*P< 0.05 and **P< 0.01 in comparison with the corresponding
wild-type group by Student's ¢ test

behavioral phase shifts via nonphotic inputs, such as
that wma activity elevations and triazolam administra-
tions (6). Also, it has been shown that a free running
period during constant light is reduced by IGL lesions,
and thus the GHT pathway may be involved in the tonic
cffects of light (6). However, o our knowledge, there
have been no reports showing that light pulse-induced
phase shifts are significantly modulated by IGL lesions
in mice. Whether CCK-A receptors are expressed on
any of the GHT pathways to the SCN is currently not
known; therefore, it is reasonable to consider that
significant reduction of photoentrainment in CCKAR™"~
mice is due to the modulation of reticulohypothalamic
(RHT) pathways not of GHT pathways. Within the RHT
pathways, the results of the lacZ reporter assays and
Ca’" imaging in the present study suggest that the
principal site of CCK-A receptor actions for circadian

CUK-A RECEPTORS REGULATE PHOTOENTRAINMENT

photoentrainment is confined within the retina not in
SCN neurons.

Possible function of CCK-A receptors in mouse
amacrine cells

Approximately 30 different types of amacrine cells have
been identified in the mammalian retina (34). About half
of the amacrine cells contain GABA and the other half
contain glycme as inhibitory neurotransmitters, and both
of these types of amacrine cells express ionotropic glata-
mate receptors to receive glutamatergic input from bipo-
lar cells (35). Despite the abundant knowledge about the
morphological diversity of amacrine cells, their physiolog-
ical functions are poorly understood, especially at a sys-
tems level. One of the best characterized functions is
inhibitory neurotransmission on the synapse between
bipolar cells and retinal ganglion cells (36). This ama-
crine cell function contributes to the transient firing
pattern of retinal ganglion cells, which is required for
background control for motion perception (37, 38). The
present results suggest that amacrine cells have a novel
role in circadian photoentrainment, because J) CCK-A
receptors were concentrated on glycine transporter-posi-
tive amacrine cells but not on retino-recipient SCN neu-
rons, 2) a CCK-A receptor agonist evoked calcium re-
sponses in amacrine cells of wild-type but not of
CCKAR™/™ mice nor in the SCN of wild-type mice, 3)
CCKAR™™ mice exhibited reduced light pulse-induced
mPerl /mPer2 expression in the SCN, and 4) CCKAR ™/~
mice exhibited reduced light pulse-induced behavioral
phase shifts. Notably, these results suggest that CCK-A
receptor activation results in an excitatory effect on retinal
ganglion cells that project to the SCN, because the photic
response of the SCN was significantly reduced in
CCKAR™™ mice.

The present results showed that the cytosolic Ca*"
concentration was increased by CCK-8s in cultured
amacrine cells. Activation of phospholipase C with
generation of inositol 1,4,5-trisphosphate and dim:;fll
glycerol, subsequent Ca®" release from internal Ca®*
stores, and activation of protein kinase C is the pro-
posed intracellular signaling common Lo a wide varicty
of cells after CCK-A receptor activation (39-41). Ac-
cordingly, the CCK-8sinduced Ca*" response in cul-
tured amacrine cells remained in Ca**-free extracellu-
lar medium but was abolished by the depletion of
internal Ca*" stores by thapsigargin. In chick retinal
cultures, protein kinase Cy colocalizes with a-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)
-type glutamate receptors, and phosphorylation of
AMPA receptors by protein kinase C causes transloca-
tion of AMPA receptors to the plasma membrane and
increases excitatory synaptic transmission (42). Axons
from glycinergic amacrine cells have been reported 10
terminate on neighboring GABAergic amacrine cells,
which terminate on the synapse between bipolar cells
and retinal ganglion cells (38). Therefore, one possible
explanation of the excitatory action of CCK-A receptor
activation on the ON bipolarganglion cell synapse is
that activation of CCK-A receptors excites glycinergic
amacrine cells, which inhibit GABAergic amacrine
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Figure 7. Mice lacking CCK-A receptors exhibit an incomplete pupillary light
reflex. A) Time course changes in the normalized pupil area during light
exposure at different intensities (20, 100, or >1000 lux). All of these light
exposures were followed by 1-2 h dark adaptaton during the daytime. The
dark-adapted aperture area just before light exposure was regarded as 1.0
The maximal aperture area was estimated by an atropine insullation at the
end of experiments. Note that irradiation-dependent pupillary reflex was
observed for both genotypes, but CCKAR
pupillary constriction compared with the wild-type mice. B) Example video
frames taken in the session of 100Hux irradiation. Pupil diameters (1) were
estimated as arrows, Relatve size of pupillary area was calculated based on @

mice displayed reduced

of dark-adapted pupil image. €) The minimal pupil area during 1 min of
light exposure was significantly larger in CCKAR™'™ mice than in the wild-type mice when they were exposed at 100 lux
or =1000 lix. n = 4=5 in each group. *P < 0.05 by Smudent's 1 test,

cells. Inhibition of GABAergic amacrine cells would
then disinhibit the bipolar ganglion cell synapse. Reti-
nal ganglion cells, which project to the SCN, could then
be activated by ON bipolar cell activity (Fig. 8). Itis also
possible that the excitation of glycinergic amacrine
cells by activation of CCK-A receptors may inhibit OFF
bipolar terminals, which may also allow activation of
retinal ganglion cells. It has been suggested, however,
that intrinsically photosensitive retinal ganglion cells,
which are the predominant type (~75%) of SCN-
projecting retinal ganglion cells (43) only receive ON
bipolar terminals and amacrine cell terminals (8),
Rhythmic mPer] expression has been reported to occur in
the majority of GABAergic amacrine cells but not glycinergic
amacrine cells (44). Also, the All amacrine cells exhibit
circadian rhythms in parvalbumin expression in constant
darkness (45). Therefore, a subpopulation of amacrine cells
may confain an intrinsic molecular clock mechanism. It has
not been shown previously, however, that amacrine cell-
mediated pathways have a critical role in circadian photoen-
trainment. The present results showed that CCKAR™ ™~ mice
exhibited significantly reduced bright lightinduced behaw
ioral phase shifts; thus, we propose that the CCK-A receptor-
mediated amacrine cell pathway has an important role in
circadian photoentrainment ma cone photareceptor path-
vays, although we cannot exclude the possible involvemnent
of rods in this signaling pathway only with the results of
behavioral phase shifts. In specific photoreceptor-deficient
mutants, such as midwavelength coneless mice (46), expo-
sure o fullspectrum light or saturating bright light (>100
hax) masks their deficiency in circadian photoentrainment.

1488 Vol 22 May 2008

The FASEB Journal

In the present study, however, CCKAR™~ mice exhibited a
significantly reduced samrating bright light response, sug-
gesting that multiple cone-mediated pathways may be pro-
cessed via amacrine cells that express CCK-A receptors. This
hypothesis is consistent with the dense lateral distribution of
CCKA receptors within the inner nuclear layer that we
observed in the present study using X-gal staining.

CCK-A receptors may control outputs and inputs of
the circadian clock

The present data show that CCK-A receptors are involved
in the photic input to the SCN for photoentrainment.
This finding raises the possibility that CCK receptors in
related structures may have additional functions in other
aspects of circadian conwol of behaviors. For example,
the CCK peptide is known as an important regulator for
feeding behaviors, and CCK-A receplors may participate
in control of satiety both via central and gastrointestinal
systems (47). As described above, efferent fibers from the
SCN contain CCK peptides (16), and they may terminate
on satietycontrolling hypothalamic nuclei such as the
paraventricular nucleus and dorsal medial hypothalamus
that express CCK-A receptors (47), observable also in our
results (Fig. 1). This suggestion raises the possibility that
CCK outputs from the SCN contribute to the circadian
rhythms in feeding behaviors. If so, the CCK-A receptor-
mediated pathway could not be the sole output from the
SCN because CCKAR™™ mice maintain normal noctur-
nal feeding rhythms (48). Consistent with this hypothesis,
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Figure 8. Diagram of the possible retinal circuitry underlying
the role of amacrine cells and CCK-A receptors in photoen-
trainment of the circadian clock. Activation of CCK-A recep-
tors excites glycinergic amacrine cells [AC (Glycine)]. These
cells may then inhibit activauon of GABAergic amacrine cells
[AC (GABA)], which would disinhibit ON bipolar-ganglion
cell synapses, allowing activation of intrinsically photosensi-
tive retinal ganglion cells (ipRGC) and then SCN neurons.
We propose that glycinergic amacrine cells modulate cone-
mediated pathways because CCKAR™™ mice exhibited sig-
nificantly reduced phase shifts in response to bright light
pulses and functional CCK-A receptors were located primarily
on glycinergic amacrine cells, Sine waves indicate cell types in
which intrinsic intracellular clock gene oscillations have been
described (GABAergic amacrine cells and SCN neurons). IN,
inner nuclear layer; IP, inner plexiform layer; G, ganglion cell
layer; RHT, retinohypothalamic tract. (+) denotes excitatory
synaptic transmission, and (—) denotes inhibitory synaptic
transmission in the presence of light

our locomotor activity recordings also showed sirong
circadian rhythms in CCKAR™" ™ mice.

We have previously observed that light pulse-induced
phase shifts and c-fos expression in the SCN were
reduced in obese mutant OLETF rats (26, 27), which
lack multiple genes, including genes encoding CCK-A
receptors (28, 29). The present study further demon-
strated that CCKAR™'™ mice exhibited impaired circa-
dian photoentrainability similar o that observed in
OLETF rats. The CCKAR '~ mice are not obese,
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presumably due to the basal energy balance of mice,
although food intake activity is up-regulated in mutant
mice (30, 48, 49). Therefore, a lack of CCK-A receptors,
but not an obese phenotype, underlies impaired circa-
dian photoentrainability. The present study demon-
strated thatin CCKAR™" ™ mice a key cause of impaired
photoentrainability is a deficiency in CCK-A receptor
expression in amacrine cells.

As in cerebral CCKreceptive neurons, amacrine cells
may receive CCK peptides from neighboring retinal neu-
rons, because CCK pepudes have been found in retina
(18-22), and blood-retinal barriers may prevent peptide
transport from the gastrointestinal systemn. It has recently
been suggested, however, that there may be direct regu-
lation of satiety control centers by peripheral nutritional
signals, such as CCK, ghrelin, and leptin, via “leaky”
portions of the blood-brain barrier and circumventricular
organs (47, 50). This suggestion raises the possibility that
peripheral CCK harmonistically activates cerebral and
retinal CCK-A receptors, adding an interesting aspect to
possible circadian clock mechanisms, especially at a sys-
tems level and in relation to metabolic control.

In conclusion, our data suggest a novel function for
retinal CCK in nonimage-forming visual functions, in-
cluding circadian photoentrainment and pupillary
light reflex. CCK-A receptors on glycinergic amacrine
cells may have a key role in the process of photoen-
trainment, probably modulating retinal ganglion cell
activation of the SCN.
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Abgtr:

t—The olfactory y acquired during the eary
postnatal period is known to be maintained for a long period,
however, its neural mechanism remains to be clarified. In the
present study, we examined the effect of olfactory condition-
ing during the early postnatal period on neurogenesis in the
olfactory bulb of rats. Using the bromodeoxyuridine—pulse
chase method, we found that the olfactory conditioning,
which was a paired presentation of citral odor (conditioned
stimulus) and foot shock (unconditioned stimulus) in rat
pups on postnatal day 11, stimulated the proliferation of
neural stem/progenitor cells in the anterior subventricular
zone (aSVZ), but not in the olfactory bulb, at 24 h after the
conditioning. However, the number of newbomn cells in the
olfactory bulb was Increased at 2 weeks, but not 8 weeks,
after such conditioning. Neither the exposure of a citral
odor alone nor foot shock alone affected the proliferation
of neural stem/progenitor cells in the aSVZ at 24 h after and
the number of newborn cells in the olfactory bulb at 2
weeks after. The majority of newborn cells in the olfactory
bulb of sither the conditioned rats or the unconditioned rats
expressed the neural marker NeuN, thus indicating that the
olfactory conditioning stimulated neurogenesis in the olfac-
tory bulb. These results suggest that olfactory conditioning
during the early p | period porally stimulates neu-
rogenesis in the olfactory bulb of rats. © 2008 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.

Key words: neural stem cells, proliferation, SVZ, bromode-
oxyuridine, olfactory memory.

The olfactory function is well known to play an important
role in the survival of newborn animals as well as in hu-
mans. The long-term olfactory memory acquired during the
early postnatal period is involved in these olfactory func-

*Corresponding author, Tel, +81-95-819-7033; fax: +81-95-819-7036.
E-mail address: kazuyuki@net.nagasakl-u.ac.jp (K. Shinohara),
Abbraviations: aSVZ, anterior subventricular zone; BrdU, bromode-
oxyuridine; CS, conditioned stimulus; PB, phosphate buffer; PBS,
phosphate-buffered saline; PBSGT, phosphate-buffered saline con-
taining 1% normal goat serum and 0.3% Triton X-100; PD, postnatal
day: RMS, rostral migratory stream; US, unconditioned stimulus.

tions, and therefore they are able to learn their mother's
odor and successfully approach her nipple without any
visual information (Teicher and Blass, 1976). In general,
the paired presentation of odor and somatosensory stim-
ulation is known to be crucial in establishing olfactory leam-
ing. In rat pups, the pairing of odor and foot shock Is able to
establish olfactory leaming (Okutani et al., 1999; Sullivan et
al., 2000). Okutani et al. (1999) have reported that ratl pups
that had been exposed to citral odor associated with shock
reatment on postnatal day (PD) 11, showed an aversive
response lo that odor. At present, the mechanism underlying
the olfactory leaming in early postnatal rats is considered to
Involve the modulation and plasticity of the synapse in the
olfactory bulb (Wilson and Sullivan, 1994, Sullivan and Wil-
son, 2003), which invalves either GABA (Okutani et al,, 1999,
2003), noradrenaline (Sullivan et al,, 1989, 1992; Yuan et al.,
2003) or serotonin (Yuan et al., 2003).

On the other hand, recent studies have revealed that
the neural stem/progenitor cells, which possess the ability
of proliferation and differentiation into neurons and glial
cells (Ono et al., 2001), are located not only in the embry-
onic brain but also in the postnatal brain, including the
anterior subventricular zone (aSVZ), subgranular zone of
the hippocampal dentate gyrus (Gage, 2002) and the ol-
factory bulb (Fukushima et al., 2002; Gritti et al., 2002).
The neural stem/progenitor cells in the aSVZ have been
proven to migrate via the rostral migratory stream (RMS)
and finally differentiate into interneurons, such as granule
cells and periglomerular cells in the olfactory bulb, and it
takes approximately 2 weeks for neural stem/progenitor
cells to migrate and differentiate in the olfactory bulb (Alt-
man, 1969, Luskin, 1993; Lois and Alvarez-Buylla, 1994,
Kato et al., 2001; Coskun and Luskin, 2002). Furthermare,
the proliferative and differentiative activities of the neural
stem/progenitor cells in the aSVZ dynamically change un-
der various physiological conditions such as pregnancy
(Shingo et al., 2003) and enriched odor exposure (Roch-
efort et al,, 2002).

Interestingly, a number of studies have reported hip-
pocampus-dependent learning to enhance adull neuro-
genesis in the hippocampal dentate gyrus and the new-
born neurons integrated in the hippocampal network ex-
hibit synaptic plasticity and are also involved in memory
formation (Gould et al., 1999a.b; Shors et al., 2001, Shors,
2004; Pham et al., 2005). These reports suggest that the
certain types of learning and memory might be formed by
the replacement of newborn neurons derived from the

0306-4522/08832.00 + 0.00 ® 2008 IBRO. Published by Elsevier Ltd. All nghts reserved.
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neural stem/progenitor cells in the postnatal brain. From
these lines of evidence, it is possible that early olfactory
learning involves newborn neurons in the olfactory bulb
which originates from neural stem/progenitor cells, which
develop in the aSVZ and thereafter migrate via the RMS to
the olfactory bulb. Te explore this possibility, we therefore
investigated whether the olfactory conditioning during the
early postnatal period affects the neurcgenesis in the ol
factory bulb of the rats, using the bromodeoxyuridine
(BrdU) -pulse chase method.

EXPERIMENTAL PROCEDURES
Animals

Male and female pups of Long-Evans rats (SLC, Shizuoka, Japan)
were used. Dams were housed in polypropylene cages (41x
25x19 cm) with wood shavings, and were kept in an environment
with controlled temperature (23 “C) and light (12-h light/dark).
Food and waler were available ad libitum. The litters were culled to
11 on PD 1 (PD 0 is defined as day of birth). All procedures were
conducted in accordance with the guidelines of the Institution for
Animal Care and the Use Committee of the Nagasaki University.
All expeniments conformed to international guidelines on the eth-
Ical use of animals. All efforts were made to minimize the number
of animals used and their suffering.

Olfactory conditioning and sampling schedule

Offactory conditioning was performed on PD11. During a 30 min
training session, the conditioned subjects received continuous
exposure of citral odor [conditioned stimulus (CS)] with concurrent
electrical foot shock [unconditioned stimulus (US)] (CS/US group).
For odor exposure, absorbent cotton (2x2 cm) with 1 ul of citral
(Wako, Osaka, Japan) was attached to the ceiling of the training
chamber. The foot shock consisted of 15 presentations of a 55
electnical shock (0.5 mA) which were given at 2 min intervals. For
controls, unconditioned subjects received only citral odor (CS/-
group). Additional unconditioned subjects that were naive sub-
jects (—/- group) and shock-only subjects (—/US group), naive
subjects received neither citral odor nor foot-shock and shock-only
subjects received only foot shock. The pups were trained in trans-
lucent Plexiglas training chamber with a stainless steel grid floor.
Immediately after the training, pups were Intraperitoneally injected
with Bral (100 mg/kg). Twenty-four hours after the olfactory con-
ditioning, half the pups were deeply anesthetized with diethyl ether
and then were perfused intracardially with 25 mi of chilled saline
followed by 25 ml of 4% paraformaldehyde in 0.1 M phasphate
buffer (PB) and thereafter their brains were quickly removed. The
remaining pups were returned to their dams and they were main-
tained for 2 weeks. Two weeks after such olfactory conditioning,
the pups were anesthetized and perfused as described above and
their brains were quickly removed. To investigate the survival of
newly generated cells during the olfactory conditioning, a group of
pups was allowed 1o survive 8 weeks after the odor conditioning.
They were anesthetized with diethyl ether and then were perfused
Intracardially with 100 mi of chilled saline followed by 100 micf 4%
paraformaldehyde In 0.1 M PB and thereafter their brains were
quickly removed.

Immunohistochemistry

The brains were post-fixed in 4% paraformaldehyde in 0.1 M PB
ovemnight at 4 "C, followed by immersion in 20% sucrose in 0.1 M
PB for 48 h. The brain sections that were processed for immuno-
ristochemistry were sampled at four distinct antero-posterior lev-
els. The frozen coronal sections with a thickness of 30 um were

114

121

made with a cryostat (Leica, Nussloch, Germany) at the oifactory
bulb, aSVZ, dentate gyrus and basolateral amygdala levels. The
sections were incubated in 2« 5SCHormamide at 65 *C for 2 h,
and then were treated with 1 N HCI at 37 *C for 20 min, followed
by neutralization with 0.15 M sedium borate (pH B.5) at roam
temperature for 10 min. After three washes with phosphate-buff-
ered saline (PBS), the sections were incubated with rat anti-BrdU
antibody (1'100; Oxford Biotechnology, Oxford, UK) diluted with
phosphate-buffered saline containing 1% normal goat serum and
0.3% Triton X-100 (PBSGT) at 4 "C ovemight, followed by Alexa-
Fluers68-conjugated goat anti-rat IgG (1:200, Malecular Probes,
Eugene, OR, USA) and 0.1 ug/ml of Hoechst33258 for a nuclear
counterstaining, diluted with PBSGT at room temperature for 2 h,
For the double-labeling of the offactory bulb, the sections were
processed for BrdU-immunostaining and then were incubated in
pnmary antibodies at the following dilutions: mouse anti-NeuN anti-
body 1.500 (Chemicon, Temecula, CA, USA), mouse ant-GFAP
antibody 1:150 (Sigma-Aldrich, St. Louis, MO, USA). The sections
were incubated with AlexaFluor488-conjugated goat anti-mouse
1gG (1:200; Molecular Probes), and 0.1 ug/ml of Hoechst33258 far
nuclear counterstaining. Afler washing with PBS, the sections
were mounted, dried and coverslipped with Gel/MountTM, ague-
ous mounting gel (Biomeda Corporation, Foster City, CA, USA).

Quantification of the number of BrdU-positive cells
and the proportion of BrdU-positive cells that
co-express neural marker or astroglial marker

Three to five sections in each anatomical region were analyzed. The
Images were photographed by a digital fluorescent microscope cam-
era (DP70. Olympus, Tokyo, Japan) equipped with a fluorescent
microscope (ECLIPSE E600, Nikon, Tokyo, Japan). The number of
BrdU-pasitive cedls in the subgranular zone of the dentate gyrus and
basolateral amygdala was counted by an cbserver without any
knowledge of the groups. In the olfactory bulb, the number of BrdU-

tive cells in the granule cell layer, internal plexiform layer, and
mnaloeﬂlawwasoounmdasdesa‘bedabcve In the case of
aSVZ 24 h after olfactory conditioning, the number of BrdU-positive
cells was counted using the Scion image software (Scion Corpora-
tion, Frederick, MD, USA) as previously reported (Aida et al., 2002).
Double-labeling experiments were analyzed by confocal scanning
microscopy (LSM510, Car Zeiss, Jena, Germany).

Statistical analysis
The data in the present study were statistically analyzed by one-

way ANOVA followed by either Fisher's protected LSD post hoc
test or unpaired Student's f-test.

RESULTS

The effect of olfactory conditioning on the
proliferation of the neural stem/progenitor cells

To determine whether the olfactory conditioning affects the
proliferation of the neural stem/progenitor cells in the ol-
factory bulb, we guantified the number of BrdU-positive
cells in the olfactory bulb of the conditioned (CS/US group)
and unconditioned (CS/— groups) pups 24 h after the
olfactory conditioning followed by BrdU injection. Fig. 1A
shows the representative immunofiuorescence images of
BrdU-positive cells in the olfactory bulb of CS/— and
CS/US pups. There was no statistical difference in the
number of BrdU-positive cells in the olfactory bulb between
CS/US and CS/- groups (Fig. 1B). We examined whether
olfactory conditioning affects the proliferation of the neural
stem/progenitor cells in the aSVZ. We counted the number
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of BrdU-positive cells in the aSVZ of the conditioned
(CS/US group) and unconditioned (CS/—, —/- and —/US
groups) pups al 24 h after the olfactory conditioning fol-
lowed by BrdU injection, Fig. 2A shows the representative
immunoflucrescence images of BrdU-positive cells in the
aSVZ of CS/— and CS/US pups. The number of BrdU-
positive cells within the aSVZ in the CS/US group was
significantly more abundant in comparison to those in the
CS/— control groups (Fig. 2B). In the other groups, no
statistical difference was observed in the number of BrdU-
positive cells in the aSVZ between the —/— group [758.6>
66.50 (n=4)] and —/US group [816.4+97.31 (n=3)], or
between the —/— group [758.6=66.50 (n=4)] and CS/

group [744.7=76.59 (n=T7)]. In the subgranular zone of the
hippocampal dentate gyrus, there was no statistical differ-
ence in the number of BrdU-positive cells between the
CS/— group [68.3+3.16 (n=4)] and CS/US group [72.2
2.45 (n=4)]. Since basclateral amygdala is reported to
contain BrdU-positive cells in adult rodents (Wennstrom et
al., 2004), we examined the effects of olfactory condition-
ing on the number of BrdU-positive cells in the basolateral

layer; MCL, 1
ry bulb. The number in parentheses

nd CSAJS pups 24 h afler the
il layer enclosed by dashed rectar
yer, EPL, & 18] plexi layer;, GLL, glomerular layer. (B) The
licates the number of pups

amygdala. However, no significant difference was found in
the number of BrdU-positive cells in the basolateral amyg-
dala between the CS/— group [19.4+0.65 (n=4)] and the
CS/JS group [18.321.45 (n=4)].

The effect of olfactory conditioning on the
differentiation of neural stem/progenitor cells

We examined whether the olfactory conditioning has any
effect on the differentiation of the neural stem/progenitor
cells. Therefore, we quantified the number of BrdU-positive
cells in the olfactory bulb of conditioned (CS/US group)
and unconditioned (CS/—, —/— and —/US groups) pups at
2 weeks after the olfactory conditioning followed BrdU
injection, since it takes approximately 2 weeks for neural
stem/progenitor cells to migrate and differentiate in the
olfactory bulb (Lois and Alvarez-Buylla, 1934). Fig. 3A
shows the representative immunofluorescence images of
BrdU-positive cells in the olfactory bulb in CS/— and
CS/US pups 2 weeks after the conditioning and BrdU
Injection, The number of BrdU-positive cells in the olfactory
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bulb of C5/US group [578.7=39.62 (n=14)] was signifi-
cantly more abundant in comparison to those in CS/

control groups [477.8=26.12 (p=18B)] (Fig. 3B). In the
other groups, no statistical difference was observed in the
number of BrdU-positive cells in the olfactory bulb between
the —/— group [485.5+34.54 (n=9)] and the —/US group
[515.4=8.63 (n=3)], or between the —/— group [485.5=
34,54 (n=9)] and the CS/— group [477.8+26.12 (n=18)]
The number of BrdU-positive cells in the olfactory bulb of
CS/US group [578.7+39.62 (n=14]] tended lo increase in
comparison to those in control group [485.5=34.54

neural stem/proge

US pups 24 h after

mmunofluorescence

(n=9)] (P=0,078), though this difference did not reach a
significant level,

We also counted the number of BrdU-positive cells in the
aSVZ of conditioned (CSUS group) and unconditioned
(CS/— groups) pups 2 weeks after the olfactory conditioning
and BrdU injection. There was no statistical difference in the
number of BrdU-positive cells between the CS/— group
[30.64 6,27 (n=4)] and the CS/US group [38.1928.03 (n=4)).

We next examined the effect of olfactory conditioning on
the fate of the neural stem/progenitor cells. Therefore, we
quantified the proportion of BrdU-positive cells that co-ex-
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pressed the neuronal marker NeuN or the astroglial marker
GFAP in the granule cell layer of the olfactory bulb in the
conditioned (CS/US group) and unconditioned (CS/— group)
pups 2 weeks after the olfactory conditioning and BrdU injec-
tion. Fig. 4A and 4B exhibit the representative confocal im-
ages double-labeled with BrdU-positive cells and NeuN or
GFAP in the olfactory bulb. The majority of the BrdU-positive
cells co-expressed NeuN, while the BrdU-positive cells with
GFAP expression were only sparsely observed. Fig. 4C
shows the proportion of the cells double-labeled with either
NeuN or GFAP in the olfactory bulb. No difference was
observed in the proportion of the BrdU-positive cells co-
expressing either NeuN or GFAP between the conditioned
(CS/US) group and the unconditioned (CS/—) group.

To investigate the survival of cells newly generated
during the olfactory conditioning, we quantified the number
of BrdU-positive cells and the proportion of BrdU-positive
cells that co-expressed the neuronal marker NeuN or the
astroglial marker GFAP in the granule cell layer of the
olfactory bulb in the conditioned (CS/US group) and un-

conditioned (CS/— group) pups B weeks after the olfactory
conditioning and BrdU injection. Even 8 weeks after the
olfactory conditioning followed by BrdU injection, newly
generated cells which incorporated BrdU during the olfac-
lory conditioning was observed in the olfactory bulb. There
was, however, no statistical difference in the number of
BrdU-positive cells between the CS/— [21542x15.56
(n=4)] and the CS/US group [203.4=6.89 (n=4)]. In re-
gard to the proportion of the BrdU-positive cells co-ex-
pressing NeuN, no difference was observed between the
CS/- [83.1%£1.1% (n=4)] and the CS/US group [B4.6+
1.2% (n=4)]. Likewise, we could not detect any difference
in the proportion of the BrdU-positive cells co-expressing
GFAP between the CS/— [14.3+=0,6% (n=4)] and the
CS/US groups [15.921.0% (n=4)].

DISCUSSION

The present study was designed to investigate whether the
olfactory conditioning during the early postnatal period
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Jsing the BrdU-pulse chase method, we found early
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itor cells might migrate rostrally thereby inducing an increase
in neurogenesis in the olfactory bulb. To our knowledge, this
1s the first report to show that olfactory conditioning during the
early postnatal period temporally stimulates neurogenesis in
the olfactory bulb of rats.

It is well known that the olfactory bulb plays a critical
role in odor learning (Wilson and Sullivan, 1994; Sullivan
and Wilson, 2003). Since a number of studies have re-
vealed neurogenesis to occur in the postnatal olfactory
bulb (Altman, 1969, Luskin, 1993; Lois and Alvarez-Buylla,
1994; Coskun and Luskin, 2002), it is therefore possible
that neurogenesis could be involved in the neural plasticity
in the olfactory bulb. To explore this possibility, we exam-
ined whether the olfactory conditioning in early postnatal
rats stimulates the neurogenesis of the neural stem/pro-
genitor cells in the olfactory bulb. As a result, early olfac-
tory conditioning was proven to increase neurogenesis in
the olfactory bulb temporally,

We determined where the newborn neurons in the
olfactory bulb came from. Since recent studies have re-
vealed that neural stem/pragenitor cells exist in the olfac-
tory bulb (Fukushima et al., 2002; Gritti et al., 2002), we
examined whether olfactory conditioning in early postnatal
rats stimulates the proliferation of neural stem/progenitor
cells in the olfactory bulb 24 h after such olfactory condi-
tioning. However, such olfactory conditioning failed to af-
fect the proliferation of neural stem/progenitor cells in the
olfactory bulb. Next, we Investigated the effect of olfactory
conditioning on the proliferation of neural stem/progenitor
cells in the aSVZ, in which neural stem/progenitor cells are
known to migrate along the RMS and differentiate into
interneurons in the olfactory bulb (Altman, 1969, Luskin,
1993, Lois and Alvarez-Buylla, 1994; Kato et al., 2001). As
a result, the neural stem/progenitor cells were observed to
remarkably proliferate in the aSVZ 24 h after olfactory
conditioning, thus suggesting that neurogenesis in the ol-
factory bulb originated from the neural stem/progenitor
cells in the aSVZ.

It is possible that the CS (citral odor) alone or the US
(foot shock) alone influenced the proliferation of these
neural stem/progenitor cells. However, this possibility is
unlikely because we found neither the CS alone nor the US
alone to affect the proliferation of neural stem/progenitor
cells in the aSVZ.

It has been reported that a considerable number of
newbomn neural stem/progenitor cells die during migration
from SVZ to olfactory bulb (Brunjes and Armstrong, 1996)
and a small portion of newborn cells in the SVZ could
reach cerebral cortex (Gould et al., 2001; Gould and
Gross, 2002). Kato et al. (2001) indicated that two-thirds of
newly generated neurons in the granule cell layer of the
olfactory bulb were lost during the short survival time (6
weeks). In our present study, it should be noted that the
difference in the number of BrdU-positive cells in the aSVZ
24 h after the olfactory conditioning between the CS/—
group and CS/US group was more apparatus than that in
the olfactory bulb 2 weeks after the olfactory conditioning.
Furthermore, we demonstrated that a part of newly gener-
ated neurons in the olfactory bulb survived 8 weeks after

the olfactory conditioning, but a number of BrdU-positive
cells were less than a half of those 2 weeks after the
olfactory conditioning and there was no significant differ-
ence in the number of BrdU-positive cells between the
CS/- group and the CS/US group. Based on baoth the
findings of previous reports and our present results, a part
of newly generated cells in the aSVZ during the olfactory
conditioning might arrive and survive for a long time in
the olfactory bulb, leading the decrease in the difference in
the number of BrdU-positive cells 2 and 8 weeks after the
conditioning.

Hippocampus-dependent learning, such as water
maze leamning, trace eyeblink conditioning and contextual
fear-conditioning, modulates the neurogenesis in the den-
tate gyrus, but not in the aSVZ (Gould et al., 1999a; Pham
et al., 2005). Shors et al. (2001) demonstrated the neuro-
genesis in the adult dentate gyrus to be causally involved
in the formation of trace eyeblink conditioning using a
reagent to diminish the number of adult-generated cells.
On the other hand, olfactory conditioning was found to
affect the proliferation of neural stem/progenitor cells in the
aSVZ, but not in the dentate gyrus in the present study.
Thus, the neural stem/progenitor cells in the aSVZ and the
dentate gyrus are considered to be independently regu-
lated according to individual learning tasks.

In the present study, we showed early olfactory condi-
tioning to be associated with increases in the proliferation
of the neural stem/progenitor cells within the aSVZ fol-
lowed by increases in neurogenesis in the olfactory bulb at
2 weeks after olfactory conditioning, but its precise mech-
anism remains unknown. In rats that undergo an olfactory
bulbectomy, the neural stem/progenitor cells in the aSVZ
continued to proliferate and migrate rostrally (Kirschen-
baum et al., 1999). In other studies, olfactory deprivation
by naris closure did not affect the proliferation or migration
of the majority of neural progenitor cells in the SVZ and
RMS (Frazier-Cierpial and Brunjes, 1983; Corotto et al.,
1994), Our present study demonstrated that the exposure
of the citral odor (CS) alone failed to affect the proliferation
of neural progenitor cells in the aSVZ. Based on both the
findings of previous reports and our present results, the
neural activation in the olfactory bulb by odor stimulation is
thus suggested to not be sufficient for the increased neu-
rogenesis caused by olfactory conditioning and olfactory
conditioning Is suggested to necessarily appear to be as-
sociated with odor. Since a number of factors such as
growth factors and neuropeptides have been shown o
regulate the proliferation of neural stem/progenitor cells in
the aSVZ (Gritti et al., 1993; Wagner et al., 1989; Shingo et
al., 2003), these factors might associate CS with US in
order to regulate the proliferation of neural stem/progenitor
cells.

It is known that the neural stem/progenitor cells in the
aSVZ migrate long distances and differentiate into inter-
neurons, namely granule cells and periglomerular cells in
the olfactory bulb (Altman, 1969, Luskin, 1993; Lois and
Alvarez-Buylla, 1994; Zigova et al., 1996). However, it
remains to be clarified exactly how newborn neurans are
invalved in the neural networks of the olfactory bulb. The
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granule cells form GABAergic inhibitory synapse to the
mitral cells which are the main output neurons from the
olfactory bulb. Mutant mice lacking neural cell adhesion
molecule have been reported to be deficient in the migra-
tion of neural stem/progenitor cells, thus resulting in an
impairment of odor discrimination (Gheusi et al., 2000).
Similarly, Rochefort et al. (2002) reported an enriched odor
environment to increase the number of the newborn gran-
ule cells in the olfactory bulb, thereby improving olfactory
memory in adult mice. In the present study, we demon-
strated the number of newborn neurons in the olfactory
bulb to increase by the olfactory conditioning at 2 weeks
after, but not B weeks after the olfactory conditioning.
Further experiments will be required to clarify the role of
the temporal stimulation of the neurogenesis by the olfac-
tory conditioning in the brain functions such as offactory
learning and memory.
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