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The role of osteocrin in memory formation during early
learning, as revealed by visual imprinting in chicks

Tomoharu Nakamori,1,6,* Izumi Komatsuzawa,1 Umi Iwata,1 Ami Makita,1 Go Kagiya,2 Kazuko Fujitani,3

Tetsuya Kitaguchi,4 Takashi Tsuboi,5 and Hiroko Ohki-Hamazaki1,*
SUMMARY

Osteocrin (OSTN) is structurally associatedwith natriuretic peptides. Its expression in the brain, which has
only been recognized in anthropoid primates, is induced by sensory stimuli and regulates the activity-
dependent dendritic growth of neurons. However, details on the signaling mechanisms of OSTN and its
function in plastic changes during learning and memory have yet to be elucidated. We found that OSTN
was expressed in the cortical region of the chicken brain. The injection of chicken OSTN (chOSTN) after
imprinting training prolonged the memory retention for the imprinting stimulus. Conversely, a reduction
in the OSTN receptor chNPR3 inhibited memory retention. The memory retention was positively corre-
lated with a high level of chOSTN and fewer neurites in the cortical region. In conclusion, OSTN-NPR3
signaling promoted memory consolidation and/or retention by regulating neurite branching during child-
hood.

INTRODUCTION

The construction and reorganization of neural circuits in the central nervous system (CNS) during early childhood is essential for the devel-

opment of brain function. Newly hatched precocial bird chicks quickly learn the characteristics of their mothers and follow them. This learning

behavior called imprinting,1 which can be elicited by an object to which they are exposed, occurs only in the short period after hatching, and

robust memory is maintained for a long time. We have previously demonstrated that the neural pathway in the telencephalon is crucial for

visual imprinting in chicks.2 This pathway connects two regions that are important for imprinting behavior: the visual Wulst (VW) and the in-

termediate medial mesopallium (IMM), which correspond to the mammalian visual and association cortices, respectively. The establishment

of visual imprinting increases the activity of neurons in the ventral region of the VW in response to visual stimuli3 while suppressing the activity

of cells in the dorsal region of the VW,4 resulting in restricted neural activity within the neural pathway.5,6 However, the known effect of

imprinting on neural morphology is that training has a positive effect on the dendritic spine volume in the apical hyperpallium (HA) and

the length of postsynaptic density of spine synapses in the left IMM.7,8 The elucidation of the molecular mechanism underlying the change

in neural activity requires additional analysis of the structural changes in the neural circuit.

We previously demonstrated that high expression of C-type natriuretic peptide 3 (CNP3) was observed in the VW region of chicks during

the critical period of imprinting behavior9 and that CNP3 was thought to be involved in the establishment of imprinting. In addition, we de-

tected osteocrin (OSTN) expression in the VW of posthatching chicks.

OSTN, also known as musclin, is a small, secreted protein. In mammals, OSTNmRNA is mainly expressed in osteoblasts and skeletal mus-

cles.10,11 The precursor OSTN protein is thought to be cleaved at two sites (KKKR and KRR) and the resulting mature OSTN peptides show

partial homology with natriuretic peptides (NPs).12 In mice, three receptors (NPRs) with an affinity for NP are known: NPR1, NPR2, and NPR3.

Mouse OSTN binds selectively to NPR3 but not to NPR1 or NPR2.12,13 Both NPR1 and NPR2 contain a guanylyl cyclase (GC) domain that syn-

thesizes cyclic guanosine monophosphate (cGMP) when stimulated with NP.14–17 NPR3, which has a short intracellular region lacking the GC

domain, is considered to act only as a clearance receptor without a signal-transducing function.18,19 Indeed, transgenic mice overexpressing

OSTN have elongated bones and elevated cGMP levels, suggesting that OSTNmodulates the actions of CNP3 in the bone by inhibiting the

clearance activity of NPR3 by CNP3.12,20 However, evidence indicates that NPR3 is coupled to a pertussis toxin-sensitive inhibitory G protein

(Gi) and reduces adenylyl cyclase activity and intracellular cyclic adenosine monophosphate (cAMP) levels,21–23 suggesting the existence of

signal transduction elicited by OSTN via NPR3.
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Figure 1. Structure of chOSTN and NPR3, and the ability of OSTN to mediate signaling through the reduction of cAMP production in NPR3-expressing

cells

(A) The amino acid sequences of chOSTN peptide. Two predicted receptor-binding domains (RBDs) are present in chOSTN.

(B) Comparison of the amino acid sequences ofmature chickenNP and the partial sequences of chOSTN containing RBD. Amino acid residues that are conserved

among chicken NP are marked with gray filling.

(C) Structures of chNPR3v1 and v3 transcripts, and the amino acid sequence of the intracellular domain. ChNPR3v1 contains an intracellular Gi activator and a Gi-

binding domain, whereas chNPR3v3 has no transmembrane domain (TM). ECD, extracellular domain.

(D) AP-OSTN binding to NPR3v1-expressing cells (left) and its inhibition by the addition of 1 mM OSTN (right). Scale bar, 10 mm.

(E) Schematic representation of the extracellular and intracellular domains of chNPR3v1. When OSTN binds to chNPR3v1, a decrease in intracellular cAMP

production is expected.

(F) Experimental schedules and sequential images of chNPR3v1 cells expressing Pink Flamindo after exposure to 0.1 nM OSTN. Scale bar, 10 mm.

(G) Time course of fluorescence intensity of chNPR3v1 cells expressing Pink Flamindo (n = 120 cells from six experiments). The addition of OSTN reduced the

fluorescence intensity.

(H) Time course of fluorescence intensity of HEK293 cells expressing Pink Flamindo (n = 120 cells from six experiments). No change in fluorescence intensity was

observed with the exposure to OSTN. Data are represented as meanG SEM. **, p < 0.01; n.s., not significant. See also Figures S1 and S2, and Tables S1 and S2.

ll
OPEN ACCESS

iScience
Article
The expression and function of OSTN in the CNS has only been reported by Ataman et al.24 They showed that in the primate neocortex,

OSTN is expressed in glutamatergic neurons of layer 4C and restricts activity-dependent dendritic growth in cultured human fetal neurons,

although it remains unclear which receptor is involved. The expression of OSTN in the brain has not yet been confirmed in species other than

primates, which limits the functional analysis of OSTN in the CNS.

In this study, we demonstrated the function of OSTN in learning-induced neural plastic changes by exploiting its expression in chick VW,

which is critical for visual imprinting. We showed that OSTN and the NPR3 were expressed in the telencephalon of chicks after hatching.

Behavioral experiments and histological analyses revealed that OSTN-NPR3 signaling plays an important role in the restriction of neurite

branching that occurs during the consolidation process of memory for the imprinting stimulus.
RESULTS
Structure of chicken OSTN and NPR3, and the ability of OSTN to mediate signaling through the reduction of cAMP

production in NPR3-expressing cells

The chickenOSTN (chOSTN) gene is located on chromosome 9 and has at least four transcript variants: themajor transcript variant (vm), Gen-

Bank: NM_001098608, variant 1 (v1), GenBank: XM_025153364, v2, GenBank: XM_025153365, and v4, GenBank: XM_015291403. Each tran-

script variant had two commondomains, the receptor-binding domain (RBD), similar toOSTN in other species (Figure 1A).12,13 The sequences

in the N- and C-terminal regions differed between the transcript variants. The two RBDs had sequences highly similar to the predicted recep-

tor-binding regions of chicken NP: chRNP (GenBank: NM_001198747), chBNP (GenBank: NM_204925), chCNP1 (GenBank: NM_001193616),

chCNP3 (GenBank: NM_001111259), and chCNP4 (GenBank: XM_015291500) (Figure 1B).

In mammals, OSTN binds to NPR3.12,13 The v1 gene transcript of chicken NPR3 (chNPR3, GenBank: XM_046936337) is similar to that of

mammalian NPR3, which has a Gi activator sequence and a Gi-binding domain in the intracellular region23,25 and is considered a Gi-binding

receptor (Figure 1C).

To confirm the binding of chOSTN to the chNPR3, chOSTN fused with secreted alkaline phosphatase (AP-OSTN) or unfused AP protein

(Figure S1) was prepared12 and reacted with chNPR3v1-expressing HEK293 cells (chNPR3v1 cells, Figure S2). AP activity was detected exclu-

sively in the chNPR3v1 cells that reacted with AP-OSTN. No AP activity was detected when the reaction was performed in the presence of the

synthetic chOSTNpeptide, indicating that the chOSTNpeptide containing RBD2 bound to chNPR3 (Figure 1D). In mammals, NPR3 is consid-

ered to be a dimer with a Gi-binding domain in the intracellular region,26 and ligand binding is thought to suppress the activity of adenylate

cyclase and reduce cAMP production from ATP (Figure 1E).21–23 To investigate whether chOSTN regulates intracellular cAMP levels via

chNPR3v1 in living cells, we used chNPR3v1 cells expressing the red fluorescent protein-based cAMP indicator Pink Flamindo.27 The

cAMP levels were reduced by the addition of 0.1 nM chOSTN peptide and were then recovered to the initial levels after washing out the

chOSTN (Figures 1F and 1G; Table S1). In HEK293 cells expressing Pink Flamindo, the addition of chOSTN did not affect the levels of

cAMP (Figure 1H; Table S2).
Prominent expression of OSTN in the left HA and constant expression of NPR3 in the left dorsal telencephalon of

posthatching chicks

The expression of chOSTN vm and v4 transcripts in the chick left rostral HA in the VW region, which is essential for visual imprinting,2,5 and in

the left dorsal telencephalon of the chick embryo, was examined using reverse-transcription PCR (RT-PCR) at E8, E12, E16, P1, and P7. The

expression levels of the chOSTN vm and v4 transcripts were higher after hatching than at the embryonic stage (Figure 2A; Figure S3). In

contrast, v1 and v2 gene transcripts were detected at E8 but not at P1 and P7 (data not shown). Next, we examined the expression of

OSTN transcripts in the left telencephalon of P1 chicks using in situ hybridization. Cells expressing OSTN were localized in the HA in the

VW and dorsal areas of the amygdala/arcopallium (Figures 2B and 2C; Figures S4 and S5). OSTN-expressing cells were observed in the lateral

area of the nidopallial caudal island field (NCIF), superficial part of the ventral mesopallium (MVS), and superficial part of the dorsal
iScience 27, 111195, November 15, 2024 3



Figure 2. Prominent expression of OSTN in the HA and constant expression of NPR3 in the left dorsal telencephalon of posthatching chicks

(A) Schema showing the sampling area in the sagittal section (L 1 mm) of the left telencephalon. The expression of chOSTN transcripts in the brain (the

dorsocaudal region of the left telencephalon at embryonic stages and the left rostral HA at posthatching stages as shown in the schema), as revealed by RT-

PCR analysis. Control reactions using chGAPDH gene primers for each sample are presented in Figure S3.

(B) Schematic diagram of the distribution of cells expressing chOSTN mRNA in the P1 telencephalon (sagittal section). The number (mm) at the bottom right of

each diagram shows the corresponding position (distance from the midline) indicated in the sagittal figures of the chick brain atlas.28.

(C) Representative photographs of chOSTNmRNA expression in the HA (left) and Amyg/Arco (center), and an image of the section reacted with the sense probes

(right). Scale bar, 20 mm. Amyg/Arco, amygdala/arcopallium; HA, hyperpallium apicale; HI/HD, the hyperpallium intercalatum and hyperpallium densocellulare
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Figure 2. Continued

layer in the VW; Hip, hippocampus; L, lateral; M, mesopallium; MDS, superficial part of the dorsal mesopallium; MVS, superficial part of the ventral mesopallium;

N, nidopallium; NCIF, the nidopallial caudal island field; S, subpallium.

(D) Expression of chNPR3 transcripts in the brain, as revealed by RT-PCR analysis. The samples used are the same as in Figure 2A.

(E) Representative photographs of NPR3 mRNA expression in the P1 VW (upper; scale bar, 500 mm). A high magnification image of mRNA expressed cells in the

areas surrounded by lines (lower left), and an image of the section reacted with the sense probes (lower right; scale bar, 20 mm).

(F) AP staining of AP-OSTN or AP reacted with the brain slices of P1 chicks (left, scale bar, 200 mm), and enlarged images of the area surrounded by lines (right,

scale bar, 20 mm). Positive staining is observed with AP-OSTN, not with AP. See also Figures S3–S5.

ll
OPEN ACCESS

iScience
Article
mesopallium (MDS). NCIF corresponds to the mammalian prefrontal cortex; MVS afferently projects to the IMM, while MDS also projects to

the IMM.

In the left rostral HA of posthatching chicks, and in the left dorsal telencephalon of the chick embryos, NPR3v1 expression was confirmed as

early as E8 and continued until P7 (Figure 2D). At P1, many NPR3mRNA-positive cells were uniformly present in the HAwhereOSTN-express-

ing cells were observed (Figure 2E). Furthermore, when the distribution of cells that could bindOSTNwas examined using AP-OSTN in frozen

brain sections of P1 chicks, cells showing AP activity were observed in the HA, where the NPR3 mRNA was expressed (Figure 2F).

Expression of chOSTN increased 6 h after imprinting training, and chOSTN together with chNPR3 promoted consolidation

of memory for the imprinting stimulus

The critical period during which the chicks could be visually imprinted was from P0 to P4 (Figure 3A).2 When the development-dependent

change in the posthatching period of OSTN expression in the left rostral HA was investigated by real-time PCR, we found that the expression

level after the end of the critical period (P7, 0.27G 0.04, n = 12) was significantly higher than during the critical period (P1, 0.13G 0.02, n = 12;

Figure 3B, t test, p < 0.01).

To investigate the effect of imprinting training onOSTNexpression levels, the change inOSTNmRNA levels in the left rostral HA over time

from the 30-min imprinting training at P1 was clarified. The expression level of OSTN significantly increased 6 h after the end of training (T(6h)),

and this high expression level compared to the control was maintained even after 6 days (T(6d)). There was no difference in the expression

levels of OSTNbetween the control and T(3h) or P2 chick without imprinting training (D(P2)) (Figure 3C; Table S3; n= 12 for each). Because the

expression level of OSTN increased after training, OSTN was supposed to play a role after imprinting training was completed. Therefore, we

investigated the function of the OSTN in consolidating acquired memory.

When 20 min of training (20m T) was performed instead of 30 min (30m T), the preference score (PS) for the imprinting stimulus was signif-

icantly higher than the chance level (PS = 0.5) at T(3h), although the PSwas at the chance level at T(24h) (Figures 3D and 3E; T(3h), 0.67G 0.03, t

test, p < 0.01; T(24h), 0.53 G 0.01, t test, p = 0.22; n = 12 for each). When training was performed for 30 min (30m T), the chicks showed a

significantly higher PS than the chance level at T(3h) and T(24h) (Figures 3D and 3E; T(3h), 0.71 G 0.05, t test, p < 0.01; T(24h), 0.74 G

0.04, t test, p < 0.01; n = 12 for each). A significant difference was observed between PS at T(3h) and T(24h) in the 20m T (paired t test,

p < 0.05) but not in the 30m T (paired t test, p = 0.21). The expression levels of OSTN and NPR3 mRNA in the indicated area of the left rostral

HA (Figure 3B inset) immediately after T(24h) were examined for each condition. OSTNmRNA expression in the 20m T was lower than that in

the 30m T (Figure 3F; 20m T, 0.14 G 0.01; T(24h), 0.24 G 0.01; t test, p < 0.05, n = 12 for each). The expression level of NPR3 mRNA did not

differ between the two groups (Figure 3G; 20m T, 0.43 G 0.01; 30m T, 0.43 G 0.01; t test, p = 0.95, n = 12 for each). The number of wheel

rotations toward the screen per minute during training was higher in the 30m T than in the 20m T (Figure S6 left). This difference was due

to a rapid increase in the number of wheel rotations 17 min after the start of training (Figure S6 right).

We then exploited weak training (20m T) to observe the facilitative effect of OSTN addition and standard training (30m T) to observe the

inhibitory effect of NPR3 reduction. Three hours after 20m T, 2 mL of phosphate buffer (PB) containing 1 nM chOSTN peptide or PB was in-

jected into the left HA region of chicks, and the PS was examined at T(24h). OSTN-injected group showed PS significantly higher than the

chance level even at T(24h), but the group injected with PB did not (Figures 3H, 3I, and 3J; OSTN, 0.66 G 0.04, t test, p < 0.01; PB, 0.55 G

0.03, t test, p = 0.17; n = 10 for each).

To confirm the involvement of NPR3 in the process of memory consolidation, chicks in which the expression level of the NPR3 in the left HA

was reduced were generated using short hairpin RNA interference (shRNAi). The efficiency of suppression by NPR3-RNAi vectors was eval-

uated in a chNPR3-expressing HEK293 cell line, and a reduction of approximately 83%was detected (Figure S7). We confirmed that when the

control EGFP vectors (pEGFP-N2) were injected at ventral portion of the rostral HA and this brain area was subjected to in vivo electropora-

tion, the EGFP-expressing cells were clustered in the targeted site in the ventral portion of the OSTN expression site in the rostral HA

(Figure S8).

When shRNAi for NPR3 was performed 24 h before 30m T, these chicks (30m T-NPR3i) showed a significantly higher PS than the chance

level at T(3h) but did not at T(24h) (Figures 3K and 3L; T(3h), 0.73 G 0.05, t test, p < 0.01; T(24h), 0.54 G 0.03, t test, p = 0.41; paired t test,

p < 0.01; n = 12 for each). Chicks transfected with the scrambled shRNA vector (30m T-SCi) showed significantly higher PS than the chance

level even at T(24h) (Figures 3K and 3L; T(3h), 0.71 G 0.04, t test, p < 0.01; T(24h), 0.75 G 0.03, t test, p < 0.01; paired t test, p = 0.13; n = 12

for each).

The expression levels of OSTN and the NPR3 mRNA in the indicated area of the left rostral HA (Figure 3B inset) immediately after T(24h)

were examined for each condition. OSTNmRNA expression in the 30m T-NPR3i was comparable to the 30m T-SCi (Figure 3M; 30m T-NPR3i,

0.27G 0.01; 30 mT-SCi, 0.22G 0.01; t test, p = 0.32, n = 12 for each). In addition, the expression level of the NPR3 mRNA in the 30m T-NPR3i
iScience 27, 111195, November 15, 2024 5



Figure 3. Expression of chOSTN increased 6 h after imprinting training, and chOSTN

together with chNPR3 promoted consolidation of memory for the imprinting stimulus

(A) Visual imprinting in chicks only occurs during 4 days after hatching.

(B) Schema showing the sampling area in the sagittal section (L 1 mm) of the left telencephalon.

Real-time PCR revealed that the expression level of OSTN mRNA in the rostral HA (indicated in

the schema) was higher at P7 than at P1 in male chicks (n = 12 for each).

(C) Sampling schedule and comparison of the expression levels of OSTNmRNA (n= 12 for each).

The expression level of OSTN significantly increased after 6 h of the training (T(6h)), and

remained higher than control at 24 h (T(24h)) and 6 days (T(6d)) after training.

(D) Schedule for 20-min training (20m T) and 30-min training (30m T) and evaluations.

(E) Preference score at T(3h) and T(24h) of each group (n = 12 for each). At T(24h), only the 30m T

chicks showed the score significantly higher than the chance level.

(F) The expression level of OSTN mRNA after T(24h) in the area indicated in Figure 3B inset was

higher in the 30m T than 20m T chicks (n = 12 for each).

(G) The expression level of NPR3 mRNA after T(24h) in the area indicated in Figure 3B inset was

comparable in the two groups. (n = 12 for each).

(H) Schedule of microinjection of OSTN or PB and behavioral experiments.

(I) Representative photograph showing a brain section from a chick injected with a solution

containing 0.1% Evans blue dye in the HA; the injected site is recognized by blue staining. Scale

bar, 1 mm.

(J) Preference score at T(24h) of each group (n= 10 for each). The preference score at T(24h) in the

OSTN group was significantly higher than the chance level. Injection of OSTN into the HA

significantly prolonged the retention time of memory.

(K) Schedule of inhibition of NPR3 expression using RNAi technique and behavioral experiments.

(L) Preference score at T(3h) and T(24h) of each group (n = 12 for each). The preference score at

T(24h) in the NPR3i group was significantly lower than the chance level even after 30m T.

Reducing NPR3 expression in the HA inhibited 24-h retention of memory.

(M) The expression level of OSTN mRNA after T(24h) in the area indicated in Figure 3B inset was

comparable in the two groups (n = 12 for each).

(N) The expression level of NPR3 mRNA after T(24h) in the same area was lower in the NPR3i

group than in SCi group (n = 12 for each). Data are represented as meanG SEM. *, p < 0.05; **,

##, p < 0.01. See also Figures S6–S9 and Table S3.
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was lower than the 30m T-SCi (Figure 3N; 30 mT-NPR3i, 0.23G 0.01; 30m T-SCi, 0.40G 0.02; t test, p < 0.01, n = 12 for each). The number of

wheel rotations toward the screen per minute during training was comparable between the 30m T-NPR3i and the 30m T-SCi (Figure S9).

This showed that the knockdown of the chNPR3 gene in the left HA lowered the imprinting performance at T(24h), even when the level of

OSTN transcripts was sufficiently high.

OSTN reduced the number of neurites in the embryonic brain, and long-termmemory for the imprinting stimulus correlated

with increased OSTN levels and reduced neurite branching in the left HA

OSTN is expressed in the primate neocortex and restricts the activity-dependent dendritic growth of human neurons.24 Therefore, we inves-

tigated whether the memory-consolidating effect of OSTN is related to morphological changes in brain neurons caused by OSTN.

First,weusedembryonicchickbrainculturesbecause the inhibitory roleofOSTNonneuritegrowthhasonlybeendemonstrated inhuman fetal

brain neurons. In the E8 (13 days before hatching) chick brain, the NPR3was already expressed, butOSTNwas not (Figures 2A–2D). Using the E8

chick left brain, the effect of exogenousOSTNonneurite outgrowthwas investigated in telencephalic slice culture.When neurons in theHAwere

labeledwith EGFP by electroporating pEGFP-N2 vectors, and the number of neurites crossing concentric circles from the center of the cell body

wasmeasured, the numberof neurites significantlydecreased in thepresenceof 1 nMOSTN (Figures4Aand4B; TableS4).Moredetailedanalysis

revealed that although the effect of OSTN on neither the number and mean length of the main shaft (neurites germinating from the nerve cell

body) nor the mean neurite branch length was significant (Figure 4C; number of main shafts, 0 nM OSTN, 13.1 G 1.5, 1 nM OSTN, 10.1 G

0.87, t test, p = 0.09; length of main shafts [mm], 0 nM OSTN, 23.2 G 3.2, 1 nM OSTN, 25.7 G 2.2, t test, p = 0.52; length of neurite branch

[mm], 0 nMOSTN, 7.3G 0.70, 1 nM OSTN, 8.6G 0.61, t test, p = 0.18), the number of neurite branch was significantly reduced by the addition

ofOSTN (Figure 4C;0nMOSTN,31.6G 5.0, 1nMOSTN, 17.5G 2.6, t test,p<0.05).Moreover,whenNPR3expressionwas suppressedby shRNAi

in the presence ofOSTN, the number of neurites in chick embryonic brain cells significantly increased (Figures 4D and4E; Table S5). These results

show that OSTN, in combination with NPR3, inhibited the increase in the number of neurites during the embryonic period.

Next, we performed Golgi staining of HA neurons in P3 chicks to investigate whether changes in the number of neurites generated by

OSTN-NPR3 signaling were involved in the process of memory consolidation that occurs after hatching.

First, the effects of the training time or expression level of NPR3 on the number of neurites were studied. At 24 h after training (T(24h)), the

number of neurites in HA neurons was higher in the 20m T than in the 30m T (Figures 4F and 4G; Table S6). Suppression of NPR3 expression

with shRNAi before 30-min training rescued the reduction in the number of neurites in HA neurons 24 h after training (Figure 4H; Table S7).

Then, taking advantage of the individual differences in imprinting performance, chicks showing high PS (PS > 0.70) at T(3h) and T(24h) were

designated as good learners (PS = 0.87G 0.03 at T(3h) and 0.88G 0.02 at T(24h), n= 8), and chicks showing high PS (PS > 0.70) at T(3h), but low

PS (PS < 0.60) at T(24h) (PS = 0.83G 0.03 at T(3h) and 0.53G 0.01 at T(24h), n = 8) were designated as poor learners (Figures 4I and 4J; T(3h),

t test, p = 0.38; T(24h), t test, p < 0.01). The number of wheel rotations toward the screen per minute during training was higher for the good

learners than for the poor learners (Figures S10 and S11).

The brains were removed immediately after T(24h), and we investigated whether learning performancewas related to brainOSTN levels as

well as the number of neurites in HA neurons. When the OSTN concentration in the indicated area of the left rostral HA (Figure 3B inset) was

quantified, it was higher in the brain of the good learners than that of the poor learners (Figure 4K; good learners, 5.9 G 0.92 pg/mg tissue;

poor learners, 3.6G 0.32 pg/mg tissue; t test, p < 0.05). We performed Golgi staining using eight brains from each group and compared the

number of neuronal protrusions in the left HA of good and poor learners. The number of neurites per neuron in the HA was significantly lower

in the good learners than in the poor learners (Figure 4L; Table S8).

DISCUSSION

In the present study, we clarified the function of OSTN in early learning. In chicks, OSTN-expressing cells localized in the rostral HA, a telen-

cephalic region indispensable for imprinting behavior, acted critically on the retention ofmemory for the imprinting stimulus via the activation

of the NPR3. In addition, it was suggested that the reduction in neurite branching mediated by OSTN-NPR3 signaling in the left HA plays a

pivotal role in memory retention. Visual imprinting affects the area of the left VW activated by a specific stimulus5 and modifies neuronal ac-

tivity in the left VW, resulting in the allocation of different cells to respond to imprinting or novel stimulus.4 The inhibition of neurite branching

by OSTN may prevent the formation of new connections and promote the fixation of preexisting connections between neurons, thus

completing the neural pathway crucial for responding to the imprinting stimulus.

In this study, we did not attempt to distinguish between the effects of memory for the imprinting stimulus and predisposed preference. How-

ever, because the untrained chicks do not show a following response to the red square image on the monitor,3 and for the reasons explained

further, our behavioral experiment focused on memory for the imprinting stimulus rather than on predisposed preference. First, we observed

an increased number of rotations per minute toward the screen during training in the 30mT group compared to the 20m T group, due to a rapid

increase in the following response with time. This indicated that the following response was stronger in the 30m T than in the 20m T (Figure S6).

Second, the following responses during the training were stronger in the good learners than in the poor learners (Figure S10). In addition, for the

good learners, we observed a sharp increase in the following response approximately 17 min after the beginning of training, which led to a dif-

ference in the cumulativenumberof rotationsafter 27min (FigureS11; 27min, good learners, 89.8G 11.3; poor learners, 54.6G 7.7; Tukey-Kramer

test, p < 0.05). If predisposition had dominated memory for the imprinting stimulus, then these phenomena would not have been observed.

Brain asymmetry in birds, as in other vertebrate species, is well known, and the dominance of the left hemisphere in chick imprinting has

been reported.29–31 It has been suggested that NMDA receptors in the left hemisphere play an important part in imprinting.32,33 Consistent
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Figure 4. OSTN reduced the number of neurites in the embryonic brain, and long-term

memory for the imprinting stimulus correlated with increased OSTN levels and reduced

neurite branching in the left HA

(A) Micrographs of fluorescently labeled neurons in E8 brain slices. Circles are drawn every

10 mm from the center of the cell body. Scale bar, 10 mm.

(B) Sholl analysis showing numbers of dendritic intersections at each distance from the soma.

The presence of 1 nMOSTN significantly reduced the number of neurites (0 nMOSTN, 22 cells

from nine chicks, 1 nM OSTN, 28 cells from nine chicks).

(C) The effect of OSTN on the number and mean length of main shaft and neurite branch. The

number of neurite branching was significantly reduced in the presence of 1 nM OSTN.

(D) Micrographs of fluorescently labeled neurons in E8 brain slices exposed to OSTN after

NPR3-RNAi (upper) or scrambled RNAi (SC-RNAi) as a negative control (bottom). Scale bar,

20 mm.

(E) Sholl analysis showing numbers of dendritic intersections at each distance from the soma.

Downregulation of NPR3 expression by RNAi rescued the inhibition of neurite outgrowth

caused by the addition of OSTN (NPR3-RNAi, 51 cells from 14 chicks, SC-RNAi, 79 cells from

14 chicks).

(F) Representative micrographs of neurons with Golgi staining from 20m T to 30m T groups.

Scale bar, 20 mm.

(G) Sholl analysis showing the number of dendritic crossovers every 25 mm from the soma. The

number of neurites in 30m T was lower than that in 20m T (20m T, 120 cells from 12 chicks, 30m

T, 120 cells from 12 chicks).

(H) Sholl analysis showing the number of dendritic intersections at each distance from the

soma. Downregulation of NPR3 expression by RNAi rescued the inhibition of neurite

outgrowth in 30m T group (NPR3-RNAi, 120 cells from 12 chicks, SC-RNAi, 120 cells from 12

chicks).

(I) Schedule of behavioral experiments.

(J) In 30m T group, chicks which showed high PS at T(3h) (PS > 0.70) were divided into two

groups according to their T(24h) performance (good learners, PS > 0.70; poor leaners,

PS < 0.60; n = 8 for each).

(K) The amount of OSTN peptide in the HA of chicks immediately after the evaluation at T(24h)

was significantly higher in good learners than in poor learners.

(L) Sholl analysis showing the number of dendritic crossovers every 25 mm from the soma. The

number of neurites in good learners was significantly lower than that in poor learners (good

learners, 159 cells from 8 chicks; poor learners, 147 cells from 8 chicks). Data are represented

as mean G SEM. *, p < 0.05; **, p < 0.01. See also Figures S10and S11, and Tables S4–S8.
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with these reports, we found that restricted ablation of the left hyperpalliumdensocellulare (HD) and the inhibition of theNMDA receptor, Trk,

or A-type GABA receptor in the left dorsal telencephalon lead to impairment of imprinting.2–4,34 Therefore, through in vivo studies and ex-

periments using the chick telencephalon, we targeted or exclusively used the left telencephalon. The interhemispheric connections between

HA and its role in imprinting should be the subject of further studies.

Loss-of-function mutations in NPR3 in mice indicate that the major function of NPR3 is to act as a clearance receptor for NP.35–37 Some

studies aimed at clarifying the action of OSTN in mammalian bones, and muscles have indicated that OSTN binding to NPR3 indirectly pro-

motes the binding of CNP to NPR2, resulting in enhanced NPR2 action and bone and muscle growth.12,20,38 However, in the HA of the chick

telencephalon, OSTN and NPR3 were expressed (Figures 2B, 2C, and 2E), but not CNP39; therefore, we focused on the effect of OSTN on

NPR3. Injection of OSTN into HA resulted in the consolidation of acquired memory (Figures 3H–3J), and the knockdown of the NPR3 using

shRNAi in HA inhibited the consolidation of memory (Figures 3K–3N). If OSTN enhanced the action of the CNP3-NPR2 or CNP3-NPR1 by

reducing the binding of CNP3 to NPR3, the inhibitory effect of NPR3 shRNAi would not have been observed. From this evidence, we can

conclude that OSTN-NPR3 signaling in HA neuronsmay be directly involved in the consolidation of memory for the imprinting stimulus rather

than a secondary action of the NPR1 or NPR2.

A selective agonist of mammalian NPR3, c-ANF(C-ANP4-23) reduces adenylyl cyclase activity in membranes and intracellular concentrations

of cAMP.21 This phenomenon is inhibited by blocking the activity of Gi- or Go-proteins with pertussis toxin or by treating NPR3 with antisera

raised against small peptide fragments of the NPR3 intracellular domain.39,40 These reports indicate that NPR3 is not just a clearance receptor

but also has intracellular signaling and physiological functions. Similarly, our results showed a decrease in the intracellular cAMP concentration in

the NPR3-expressingHEK293 cells stimulatedwithOSTN (Figures 1F and 1G). An increase in intracellular cAMP concentration promotes neurite

growth in various types of neurons. cAMP-dependent protein kinase A phosphorylates one of the small G proteins, Rho, which in turn inactivates

Rho-ROCK signaling, resulting in neurite growth.41–43 Therefore, when cellular cAMP levels are low, the active Rho-ROCK pathway may inhibit

neurite growth. Studies on spatial or fearmemory in rodents have revealed the involvement of the Rho-ROCKpathway in long-termmemory.44,45

Further studies are required to elucidate the precise mechanism by which OSTN suppresses neurite outgrowth.
Limitations of the study

With our injection and electroporation methods, we cannot target large areas in the HA. We found that OSTN injections or NPR3 RNAi were

effective in the left ventral HA, near the border with the hyperpallium intercalatum/HD region. Therefore, our study suggests that a population

of cells in the left ventral HA responded toOSTN. However, we cannot exclude the possibility that different cell populations in theHA respond

to OSTN. Unfortunately, the detailed structure of the HA region, i.e., how and which population of neurons is distributed, remains unknown.

Further detailed experiments, such as cell-specific knockdowns, will be necessary to specify which NPR3-positive cells in the HA are respon-

sible for OSTN signaling.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-DIG antibody Roche Applied Science Cat# 11093274910; RRID: AB_514497

Anti-AP antibody GenHunter Corporation Cat# Q301

Anti-HA antibody Roche Applied Science Cat# 11583816001; RRID: AB_514505

Anti-GFP antibody Thermo Fisher Scientific Cat# A11122; RRID: AB_221569

Anti-b-actin antibody Santa Cruz Biotechnology Cat# sc47778; RRID: AB_626632

Anti-rabbit IgG antibody Cell Signaling Technology Cat# 7074S; RRID: AB_2099233

Anti-mouse IgG antibody Cell Signaling Technology Cat# 7076S; RRID: AB_330924

Chemicals, peptides, and recombinant proteins

RNeasy Plus Micro Kit QIAGEN Cat# 74034

PrimeScript II 1st Strand cDNA Synthesis Kit Takara Bio Inc. Cat# 6210A

KOD FX Neo TOYOBO Cat# KFX201

SsoAdvanced Universal SYBR Green Supermix Bio-Rad Laboratories Cat# 1725271

Tissue-Tek O.T.C. Compound Sakura Finetek Cat# 831824

RNA labeling kit Roche Applied Science Cat# 11277073910

T3 RNA Polymerase Roche Applied Science Cat# 11031171001

T7 RNA Polymerase Roche Applied Science Cat# 10881775001

Blocking reagent Roche Applied Science Cat# 11112589001

NBT/BCIP Roche Applied Science Cat# 11681451001

Hemo-De FALMA Cat# CS1001

PARAmount-N FALMA Cat# 308401

Platinum SuperFi DNA polymerase Thermo Fisher Scientific Cat# 12351010

DMEM Wako Cat# 04129775

Fetal bovine serum Biowest Cat# S1810

Penicillin-streptomycin Sigma-Aldrich Cat# 4333

CAPHOS Sigma-Aldrich Cat# 2331408

Lipofectamine3000 Invitrogen Cat# L3000008

G418 Nacalai Tesque Cat# 09380-86

Isobutylmethylxanthine Sigma-Aldrich Cat# 28822584

AP-OSTN This paper Cat# N/A

chOSTN(24) peptide PH Japan Cat# N/A

Neurobasal Medium Thermo Fisher Scientific Cat# 21103049

B27 Thermo Fisher Scientific Cat# 17504044

BLOCK-itTM Pol II miR Expression Kit with EmGFP Thermo Fisher Scientific Cat# K493600

FD Rapid GolgiStain Kit FD NeuroTechnologies Cat# PK401

Phosphatase inhibitor cocktails Sigma-Aldrich Cat# PPC1010

DNase I Roche Applied Science Cat# 4716728001

Transfer membranes Merck Millipore Cat# IPVH07850

ImmunoBlock Solution KAC Cat# CTKN001

Can Get Signal Solution 1 TOYOBO Cat# NKB201

Can Get Signal Solution 2 TOYOBO Cat# NKB301

Pierce Western Blotting Substrate Thermo Fisher Scientific Cat# 10005943

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Human: HEK293 cells Riken BRC RBRC-RCB1637

Human: HEK293T cells Riken BRC RBRC-RCB2202

Oligonucleotides

Primers, and designed oligonucleotides for shRNAi This paper See Table S9

Recombinant DNA

pcDNA3-chNPR3-HA This paper Cat# N/A

pEGFP-N2 Clontech Cat# 6081-1

pcDNA3-EGFP This paper Cat# N/A

Software and algorithms

BellCurve for Excel Social Survey Research Information Co., Ltd. RRID: SCR_017294

VSG Cambridge Research Systems Ltd. Cat# N/A

SOFTmax Pro 4.0 Molecular Devices RRID: SCR_014240

Other

Syringe Hamilton Company Cat# 4015-12001

Histological Slides Matsunami Cat# SMAS-01

6-well plate Thermo Fisher Scientific Cat# 140675

35 mm dish with a glass base Corning Cat# 430165

35 mm dish Iwaki Cat# 3000-035

Insert membrane Millipore Cat# PICM0RG50

Raw data This paper Mendeley Data: https://data.mendeley.com/

preview/2d4xsph6jn?a=260cab86-47b9-

4290-8509-9a57b24591a5
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Fertilized eggs fromWhite Leghorn chickens of the Julialite strain (Gallus gallus domesticus) were obtained from local suppliers (Nihon Layer,

Gifu, Japan) and allowed to develop in an incubator at 37.7�C with moderate moisture and quasi-constant darkness. After hatching, chicks of

both sexes were maintained in groups in the same incubator. This study was conducted in accordance with the Regulations for the Care and

Use of Laboratory Animals of Kitasato University. Experimental protocols described in this paper were approved by the Institutional Animal

Care and Use Committee of Kitasato University.
METHOD DETAILS

Reverse-transcription PCR

Sagittal sections with a thickness of 2 mm were produced by cutting 1 mm and 3 mm laterally from the midline of the left telencephalon of

chicks at 1 or 7 days after hatching, and the rostral region of the HA (approximately 8mm3) was dissected from these sections (Figure 2A inset).

Additionally, the dorsal-caudal region of the telencephalon (approximately 8 mm3) was excised from the embryonic stage of the chicks. Total

RNAwas extracted using the RNeasy PlusMicro Kit (QIAGEN, Hilden, Germany) and cDNAwas synthesized using the PrimeScript II 1st Strand

cDNA Synthesis Kit with oligo dT primers (Takara Bio Inc., Shiga, Japan). RT-PCRwas performedwith the primers listed in Table S9 using KOD

FX Neo (TOYOBO, Osaka, Japan). The reaction program included 30 or 40 cycles of 30 s at 98�C, 10 s at 62�C, and 10 s at 68�C.
In situ hybridization

In situ hybridization was performed using free-floating sections according to procedures previously described.2,34,46 Whole brains were fixed

with 4% paraformaldehyde for about 16 h at 4�C, cryoprotected by immersing in 30% sucrose for 48 h, embedded in the Tissue-Tek O.T.C.

Compound (Sakura Finetek Japan, Tokyo, Japan), and frozen in powdered dry ice. Using a cryostat (CM1520, Leica Microsystems, Wetzlar,

Germany), sagittal sections (50-mm thickness) were prepared. The sections were stored at �80�C in 25 mM phosphate buffer (PB) containing

50% glycerol, 8.6% sucrose, 0.4% sodium chloride (NaCl) and 3.2 mM magnesium chloride (MgCl2).
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Chicken OSTN (XM_025153364) and NPR3 (XM_046936337) gene fragments with the sequences of T3 (50-ATTAACCCTCACTAAAGGGA-30)
or T7 promoter (50-TAATACGACTCACTATAGGG-30) were amplified from chick brain cDNAs using the primers described in Table S9. Gene-

specific sense and antisense digoxigenin (DIG)-labeled cRNAprobes were generated using the Roche RNA labeling kit (Roche Applied Science,

IN, USA).

For floating sections, in situ hybridization was performed as follows: After fixation with 4% paraformaldehyde in 50 mM PB, the sections

were washed twice with 10mMPB, treated with proteinase K (1 mg/mL) in Tris-ethylenediaminetetraacetic acid (EDTA) buffer (pH 8.0) at room

temperature (25�C) for 10 min, and acetylated with 0.25% acetic anhydride in 100 mM triethanolamine for 10 min. Hybridization was per-

formed at 60�C for 14–16 h in a solution containing 50% formamide, 2% blocking reagent (Roche Applied Science), 53 saline sodium citrate

(53 SSC; 750 mM NaCl, 75 mM trisodium citrate dehydrate), 0.1% N-lauroylsarcosine, 0.1% sodium lauryl sulfate, and DIG-labeled cRNA

probe. The sections were washed sequentially at 60�C with a solution containing 50% formamide and 23 SSC for 30 min, 23 SSC for

30 min, and 0.23 SSC for 30 min, followed by treatment with DIG-1 buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20). The sec-

tions were incubated in blocking buffer (5% bovine serum albumin [BSA] in DIG-1 buffer) for 2 h at room temperature. After blocking, the

sections were transferred to alkaline phosphatase-conjugated anti-DIG antibody (1:2000 dilution; Roche Applied Science) in blocking buffer

and incubated overnight at 4�C. After incubation, the sections were washed three times with DIG-1 buffer for 15 min, rinsed with DIG-3 buffer

(inmM: 100 Tris–HCl pH 9.5, 100NaCl, 50MgCl2), and incubated in nitro blue tetrazolium chloride plus 5-bromo-4-chloro-3-indolyl phosphate

(NBT/BCIP; 1:50 in DIG-3 buffer; Roche Applied Science) for 2–10 h at 25�C. Sections were washed with Tris-EDTA buffer (pH 8.0) and

mounted on slides in 50 mM PB containing 20% ethanol. After drying, samples were dehydrated in ethanol, immersed in Hemo-De

(FALMA, Tokyo, Japan), and mounted in PARAmount-N (FALMA).

Real-time PCR

To examine the expression level of OSTN and NPR3, sagittal sections with a thickness of 1 mm were produced by cutting 1 mm and 2 mm

laterally from themidline of the left telencephalon of chicks, and the rostral region of the HA (approximately 1 mm3) was dissected from these

sections (Figure 3B inset). Total RNA was extracted and cDNA was synthesized as above. Then, real-time PCR was performed using gene-

specific primers (Table S9) and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA). The fluorescence

signal was detected using CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories). The reaction program comprised 40 cycles

of 10 s at 95�C and 10 s at 55�C. The expression level of each gene was calculated relative to that of chicken glucuronidase-beta gene (GUSB,

NM_001039316.2). Cloning of chNPR3v1-2.

Complementary DNA prepared from P1 and P7 chick VW was used as a template to obtain a fragment of the predicted chNPR3v1-2 gene

corresponding to the entire coding region by PCR with Platinum SuperFi DNA polymerase (Thermo Fisher Scientific, MA, USA) using forward

(EcoRI-NPR3-Fw) and reverse (XhoI-NPR3-1-2-Rv) primers (Table S9). Amplified fragment was cloned into pBluescriptIIsk(�) and the sequence

was verified.

Preparation of stable cell lines

The HA-tagged chNPR3 fragment containing the entire coding region was obtained by PCR with primers EcoRI-NPR3-Fw and XhoI-HA-NPR3

(2)-Rv (Table S9) using cloned chNPR3v1-2 (#15) as a template. The amplified products were then subcloned into pcDNA3 and the sequence

was verified. The pcDNA3/chNPR3v1-2-HA plasmid encoding the correct amino acid sequence (#13) was used for transfection. As a control,

the EGFP fragment was excised from pEGFP-N2 (Clontech, CA, USA) using EcoRI and NotI and cloned into pcDNA3 to yield pcDNA3/EGFP.

HEK293 cells maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, MO, USA) supplemented with 10% fetal bovine

serum (Biowest, Nuaille, France), 100 U/mL penicillin and 100 mg/mL streptomycin (Sigma-Aldrich) were seeded in a 6-well plate (6 3 105

cells/well). Twenty-four hours later, cells were transfected either with pcDNA3/chNPR3v1-2-HA vector, or pcDNA3/EGFP vector (5 mg/well)

by calcium phosphate methods (CAPHOS, Sigma-Aldrich). One day after transfection, cells were plated in 90 mm plates. After 3-week selec-

tion with 500 mg/mL G418 (Nakalai Tesque, Kyoto, Japan), colonies were picked up and cells were frozen. Proteins extracted from the

chNPR3v1-2-HA expressing clones were subjected to western blot analysis, and the presence of chNPR3v1-2-HA was verified using an

anti-HA antibody. EGFP expression was verified by observing the fluorescence under a microscope. Clones that highly expressed EGFP

or HA were selected as the stable cell lines.

Preparation of chOSTN-alkaline phosphatase fusion protein (AP-chOSTN)

A fragment of chOSTN containing the coding region was amplified by PCR with Platinum SuperFi DNA polymerase (Thermo Fisher Scientific,

MA, USA) using forward (XhoI-chOSTN(82)-Fw) and reverse (XbaI-chOSTN(399)-Rv) primers (Table S9). Complementary DNA prepared from

P7 chick VW was used as template. The amplified fragment was cloned into pAPtag-5 (GenHunter, TN, USA), and the sequence of the result-

ing plasmid pAPtag-5/chOSTN was verified.11 HEK293T cells were seeded in a 6-well plate for transfection as HEK293 cells described above.

Transfection was performed with the pAPtag-5/chOSTN vector or pAPtag vector without an insert (2.5 mg/well) using Lipofectamine3000 (In-

vitrogen, MA, USA). Six days after the transfection, mediumwas collected and stored at 4�C. The collectedmediumwas subjected to western

blot analysis and the presence of AP or AP-OSTN protein was verified using an anti-AP antibody (Figure S1).
14 iScience 27, 111195, November 15, 2024
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Staining of AP-OSTN for cultured cells

Cells were pre-washed in phosphate-buffered saline (PBS) and equilibrated with HBH (Hank’s balanced salt buffer with 0.5 mg/mL BSA and

HEPES [20 mM], pH 7.0) for 5 min. After treatment for 15 min with DMEM containing 10% fetal bovine serum and 100 IU/mL penicillin-strep-

tomycin (DMEM/FBS), cells were incubated with collected AP-OSTNmedium or collected AP-OSTNmedium containing 1mMOSTN peptide

for 2 h. Cells were washedwith ice-cold HBH 6 times for 3min each, and fixedwith 4% PFA in HBH for 15min. Cells were washed twice with HH

buffer (Hank’s balanced salt buffer and 20 mMHEPES, pH 7.0) for 3 min each and incubated in HH at 65�C for 120 min to inactivate heat-sen-

sitive endogenous alkaline phosphatases. Then, cells were incubated in NBT/BCIP (1:50 in DIG-3 buffer) for 24 h at 4�C, and washed with Tris-

EDTA buffer (pH 8.0).
Staining of AP-chOSTN for tissue sections

Staining of AP-OSTNprotein in tissue sectionswas performedwith reference to Takahashi et al. (1997).47 Brains of P1 chicks were frozen on dry

ice, and 50-mm-thick sections were cut on a cryostat and mounted onto slides. Sections were fixed with 100% methanol at �80�C for 10 min.

The fixed sections were rehydrated in PBS, equilibrated with HBH for 5 min, and treated with HBH containing 20% fetal bovine serum for 1 h.

The sections were then incubated for 2 h with AP-OSTN fusion protein or AP protein diluted in HBH containing 20% fetal bovine serum. Sec-

tions were washed once with HBH for 5 min, with Tris-buffered saline (20 mM Tris-HCl and 135 mM NaCl, pH 7.5) three times for 5 min each,

with PBS for 5min, and fixed with 4% formaldehyde in PBS for 15min. The fixed sections were incubated in PBS at 65�C for 50min to inactivate

heat-sensitive endogenous alkaline phosphatases. Then, they were incubated in NBT/BCIP (1:50 in DIG-3 buffer) for 4 h at 25�C. The sections

were then washedwith Tris-EDTAbuffer (pH 8.0). After drying, the samples were dehydrated in ethanol, immersed in Hemo-De, andmounted

in PARAmount-N.
Detection of the effect of chOSTN on cyclic AMP concentration in NPR3v1-2 expressing cells

HEK293 cells stably expressing theNPR3v1-2 or non-transfectedHEK293 cells were seeded in 35mmdishwith a glass base (Corning, AZ, USA)

at a density of 63 105 cells/dish. Twenty-four hours later, cells were transfected with Pink Flamindo expression vector27 (2.5 mg/dish) by using

Lipofectamine3000 (Invitrogen). Two days later, the cells were washed twice with 2 mL DMEM and incubated in 2 mL DMEM before imaging.

Fluorescence images were acquired using a confocal laser microscope (LSM710; Carl Zeiss, Oberkochen, Germany). Images were acquired

every 2 min for 40 min using 565 nm excitation and 590 nm emission filters. Tenminutes after the start of imaging, OSTNwas added to DMEM

at a final concentration of 0.1 nM, and after 30 min from the start OSTN was washed away with fresh DMEM. Data analysis of the acquired

images was performed using the NIH-Image software, and the fluorescence intensity of the cells was quantified. After subtracting the back-

ground, the fluorescence intensity of each cell in the first image was used as baseline intensity. This value was normalized to 100%. Fluores-

cence images of the NPR3v1-2-expressing and non-transfected HEK293 cells were obtained on six plates, and the relative fluorescence in-

tensity of 20 cells per plate was calculated.
Imprinting device

We used a visual imprinting device, as described previously2–5,46 with slight modifications. Two running wheels connected to a custom-made

computer system were used to record the movements of the chicks toward or away from the display (Muromachi Kikai, Tokyo, Japan). Two

wheels (diameter 40 cm) were placed side by side in the center of a vinyl box (D 50 cm3W70 cm3H 50 cm). Because one of the sidewalls of

each wheel facing the other wheel was made of a transparent acrylic board, an opaque plastic board was placed between the wheels. A 21.3-

inch (Flex Scan S2133-H; EIZO, Ishikawa, Japan) liquid crystal screen was placed outside the vinyl box 20 cm from the end of the wheel, and an

image was displayed on the screen with a black background. The vinyl box had a transparent roof, and all walls were black, except for the wall

through which the screen could be seen. The apparatus was illuminatedwith an LED lamp and the inside of the wheels was 280 lx. The images

were generated using a visual stimulus generator system (VSG; Cambridge Research Systems Ltd., Kent, UK). A square had 8.6 cm-long sides

(12� visual field of the chick at the bottom of the wheel) and bounced left and right horizontally on the screen at a rate of 7.3 cm/s (10.4�/s). The
RGB values for red and blue were 255, 0, 0, and 0, 0, 255, respectively.
Presentation of visual stimulus and evaluation of visual imprinting

The chicks were placed individually on the runningwheel. The chicks were exposed to amoving red square on the screen for 20 or 30min, and

then returned to the dark incubator. Three or 24 h after training, the chicks were placed in the imprinting apparatus again. After a 5-min adap-

tation period (black screen, no presentation of the image), the red square (training image) and blue square (new image) were presented

sequentially every 5 min on the screen. The direction and number of wheel rotations were recorded. We calculated the preference score

(PS)2,48 using the following formula as an index of the success of visual imprinting: PS = SUM (training image)/{SUM (training image) +

SUM (new image)}, where SUM (training image) is the number of wheel rotations toward the screen during the presentation of the training

stimulus, and SUM (new image) is the number of wheel rotations toward the screen during the presentation of the new image. Chicks that

rotated the wheel by < 22.5 rotations during the 15-min evaluation period were excluded from the analysis.34
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Peptide

ChOSTN (24) was custom-made and purchased from PH Japan Co., Ltd. (Hiroshima, Japan). The amino acid sequence of the chOSTN(24)

peptide is ELPKRRFGVPLDRIGVSRLGNTKG.

Microinjection into the left HA region

Microinjections were performed as previously described.2,4 ChOSTN(24) solution (1 nM chOSTN, 0.1% Evans blue dye, in 10 mM PBS, 2 mL)

was injected with a syringe (701RN 10 mL SYR; Hamilton Company, Reno, NV, USA) into the left HA of anesthetized chicks. The chick head was

held in a horizontal position, and the injection was positioned 8mm rostral from the bregma, 1mm left from themidline and 1-mmdepth from

the skull surface. A tube was attached to the outside of the needle to control the needle tip depth. The solution was injected slowly (approx-

imately 2 mL/min), and approximately 1 min after the injection was complete, the needle was withdrawn.

Knockdown vector of NPR3

For NPR3 knockdown experiments, we used the BLOCK-it Pol II miR Expression Kit with EmGFP (Invitrogen). The target sequence selected for

NPR3 knockdown was 50-ATGAGCAGCCAACATGATGTT-30 and two complementary oligonucleotides (the top and bottom strands) were

designed according to the manufacturer’s indication, except for the sequence of the hairpin loop, which was 50-AACATCATTGGCTGCT

CAT-30 (NPR3-RNAi). Oligonucleotides were annealed and ligated into the vector. For a control plasmid vector, a scrambled mismatched

sequence, 50-AATAGAGACTGTCGATGTACC-30 was used (SC-RNAi).

NPR3-RNAi in vivo

A freehand injection into the left HA (10 mm rostral from the bregma, 1 mm left from the midline and 1-mm depth from the skull surface) was

administered to anesthetized P1 chicks. Either NPR3-RNAi vector (2 mM, 2 mL) or SC-RNAi vector (2 mM, 2 mL), containing 0.1% Evans blue dye

was injected with the syringe as described in ‘‘Microinjection into the left HA region’’. After 10 min, the chicks were held by hand, a platinum

plate tweezer electrode (CUY 650 P3; Protech,Monroe, NC, USA) was placed on the head coveredwith glycerol, and five square pulses (100 V,

50 ms) at 1 Hz were applied using an ElectroSquarePorator (ECM830; Harvard Apparatus, Holliston, MA, USA).

Slice culture

Brains from E8 chicks were embedded in 3% low melting temperature agarose gel and sliced into 200-mm-thick coronal sections in ice-cold

PBS using amicroslicer (DTK-3000W; Dousaka, Kyoto, Japan). The slices containing HA region were placed on an insert membrane (Millipore)

andmaintained in dishes (Iwaki) filled with Neurobasal Medium (Thermo Fisher Scientific) containing 1% B27 (Invitrogen, San Diego, CA), and

incubated in a CO2 incubator (5% CO2 at 37
�C).49

Electroporation on slice culture

Each plasmid was mixed to 2 mg/mL solution in distilled water containing 50% glycerol. Two microliters of the mixed solution were placed on

the HA region of the prepared slices, and three square pulses (10 V, 50 ms) at 1 Hz were applied using the ElectroSquarePorator with a plat-

inum plate electrode and a needle-shaped electrode made of platinum wire (diameter, 0.25 mm; PT-351285, Nilaco, Tokyo, Japan).

Fluorescent image quantification of cultured cells

Individual EGFP-positive neurons used for analyses were selected and imaged using a confocal laser microscope (LSM710) with a 203 objec-

tive in a blinded manner. The number of dendritic intersections at 10-mm intervals from the center of the cell body was counted. The number

and mean length of the main shaft and neurite branches were measured.

Golgi staining

The Golgi silver impregnation was done according to the protocol of a commercially available kit (FD Rapid GolgiStain Kit, FD

NeuroTechnologies, MD, USA). Brain sagittal sections at 200 mm thickness were obtained with a microslicer (DTK-3000W), mounted on

the slide glass, and imaged. Golgi-stained cells, morphologically identified as neurons, were photographed in a blinded manner using a mi-

croscope (CX41, Olympus, Tokyo, Japan) and a Nikon 1 J1 camera (Nikon, Tokyo, Japan) with an NY-1S adaptor (Micronet, Saitama, Japan).

Five to ten neurons in the HA were imaged from at least three slices per chick (Figures 4G and 4H, n = 12/group; Figure 4L, n = 8/group). The

number of dendritic intersections at 25-mm intervals from the center of the cell body was counted.

Protein extraction from HEK293 cells for western blotting

The cells were homogenized in ice-cold cell lysis buffer (150 mM NaCl, 1 mM EDTA, 100 mM sodium fluoride [NaF], 0.1 mM phenylarsine

oxide, 10mMpyrophosphoric acid, and 20mMTris-HCl; pH 7.4, including 1%Triton X-) supplementedwith 1%protease and 1%phosphatase

inhibitor cocktails (Sigma-Aldrich), incubated on ice for 20 min, and sonicated using an ultrasonic disruptor (UD-200; TOMY, Tokyo, Japan).

After reacting with 4 units of DNase I (Roche Applied Science) per 1 mL of the protein extract at 37�C for 30 min, EDTA was added to a con-

centration of 0.02 M and heated at 80�C for 2 min. The suspension was centrifuged at 16,000 3 g for 5 min at 4�C, and the supernatant was
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collected and used as the total protein extract. The content of the extracted protein was determined by Bio-Rad protein assay (Bio-Rad Lab-

oratories) with BSA as a standard using a microplate reader (VERSAmax; Molecular Devices) with a SOFTmax Pro 4.0 software (Molecular

Devices).
Western blot analysis

Protein samples (5 mg per lane) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing condi-

tions, and the proteins in the gel were electroblotted onto nitrocellulose membranes (Merck Millipore, NJ, USA). The membranes were

soaked in ImmunoBlock Solution (DS pharma biomedical, Osaka, Japan) and incubated with primary antibody, that was anti-HA (12CA5,

Roche Applied Science), anti-GFP (A11122, Thermo Fisher Scientific) or anti-b-actin (sc-47778, Santa Cruz Biotechnology, TX, USA),

(1:1000) in Can Get Signal Solution 1 (TOYOBO) at 4�C overnight. The blots were reacted with a secondary antibody, which was anti-rabbit

IgG (7074S, Cell Signaling Technology) or anti-mouse IgG (7076S, Cell Signaling Technology) conjugated with horseradish peroxidase

(1:1000) in Can Get Signal Solution 2 (TOYOBO) for 2 h at room temperature (25�C). Signals were visualized using Pierce Western Blotting

Substrate (Thermo Fisher Scientific). Images were acquired using a Luminograph I detector (ATTA).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using a statistical software (BellCurve for Excel; Social Survey Research Information Co., Ltd., Tokyo, Japan).

All data in this study are expressed as meansG SEM. The numbers of animals or samples used are indicated in the figure legends. We used

one-way ANOVA, followed by the Tukey-Kramer test to compare the values between conditions (Figures 1G and 1H), and Dunnett’s test to

compare with the control value (Figure 3C). two-way ANOVA, followed by the Tukey-Kramer test, was used to compare the groups for two

different categorical variables (Figure S11). The differences between the two experimental groups were analyzed using Student’s t-test

(Figures 3B, 3F, 3G, 3M, 3N, 4B, 4C, 4E, 4G, 4H, 4J, 4K, and 4L, S6, S9 and S10). To examine whether the PS values differed significantly

from chance (0.5), a one-sample t-test was used (Figures 3E, 3J, and 3L). The difference in PS between the T(3h) and T(24h) was examined

using a paired t-test (Figures 3E and 3L). Differences were considered statistically significant at p < 0.05 (* and #, p < 0.05; ** and ##,

p < 0.01). The exact p-values are shown in the results (Figures 3B, 3E, 3F, 3G, 3J, 3L, 3M, 3N, 4C, 4J, 4K, S6, S9, S10, and S11) or

Tables S1–S8 (Figures 1G, 1H, 3C, 4B, 4E, 4G, 4H, and 4L).
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