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Maturation, Behavioral Activation,
and Connectivity of Adult-Born
Medium Spiny Neurons in a Striatal
Song Nucleus

Jennifer Kosubek-Langer *, Lydia Schulze and Constance Scharff

Animal Behavior, Freie Universitat Berlin, Berlin, Germany

Neurogenesis continues in the adult songbird brain. Many telencephalic song control
regions incorporate new neurons into their existing circuits in adulthood. One song
nucleus that receives many new neurons is Area X. Because this striatal region is crucial
for song learning and song maintenance the recruitment of new neurons into Area
X could in uence these processes. As an entry point into addressing this possibility,
we investigated the maturation and connectivity within the song circuit and behavioral
activation of newly generated Area X neurons. Using BrdU birth dating and virally
mediated GFP expression we followed adult-generated neurons from their place of
birth in the ventricle to their place of incorporation into Area X. We show that newborn
neurons receive glutamatergic input from pallial/cortical song nuclei. Additionally, back Ils
revealed that the new neurons connect to pallidal-like projection neurons that innervate
the thalamus. Usingin situ hybridization, we found that new neurons express the
mRNA for D1- and D2-type dopamine receptors. Employing DARPP-32 (dopamine and
cAMP-regulated phosphoprotein of 32 kDa) and EGR-1 (early growth response protein
1) as markers for neural maturation and activation, we established that at 42 days after
labeling approximately 80% of new neurons were mature medium spiny neurons (MSNS)
and could be activated by singing behavior. Finally, we compared the MSN density in Area
X of birds up to seven years of age and found a signi cant increase with age, indicating
that new neurons are constantly added to the nucleus. In summary, we provide evidence
that newborn MSNs in Area X constantly functionally integrate into the circuit and are
thus likely to play a role in the maintenance and regulation of adult song.

Keywords: adult neurogenesis, songbird, basal ganglia, Area X, EGR-1, DARPP-32, dopamine

INTRODUCTION

Adult neurogenesis is an enigmatic trait. Only some neurons continue to be generated in adulthood
whereas the majority are born during development and persist throughout the animal's life.
Why these dierences exist is still not known but much progress has been made elucidating
the mechanism and function of adult neurogenesis during the past dec&des) (et al., 20)6
Neurons born in adulthood originate in regions adjacent to the ventricles that also give rise to
neurons during development. From these neurogenic niches, neural precursors delaminate and
then migrate through the dense parenchyma, incorporate into functional circuits and in uence
behavior Paredes et al., 20)L6
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Considerable di erences exist with respect to the extent of Because new HVC neurons seem to replace older ones in
adult neurogenesis in dierent species. As a rule of thumbgcanaries Kirn and Nottebohm, 1998 whereas in zebra nches
adult-born new neurons are recruited to many brain regions inconstant neuronal addition was observed/dlton et al., 201p
vertebrates like teleost sh, amphibians, and reptiles, whereage also addressed the issue of replacement vs. addition. We
in birds the extent is still widespread but more restricted toquanti ed neuron numbers in adult zebra nches of varying
the forebrain Kaslin et al., 2008 In mammals, there are even age and found that the density of MSNs in Area X increased
fewer regions that continue to recruit new neurons in adulthoodwith age, supporting the idea of neuron addition rather than
principally the dentate gyrus (DG) of the hippocampal formationreplacement. Overall, our results suggest that Area X receives a
(Kempermann et al., 20)%and the olfactory bulb I(im and  constant addition of functional new GABAergic MSNSs.
Alvarez-Buylla, 200)6Interestingly, in rats, rabbits, monkeys and
humans but not in mice, adult-generated neurons have also been
observed in the striatumBedard et al., 2002; Dayer et al., ZOOSMATERIALS AND METHODS
Tonchev et al., 2005; Luzzati et al., 2006; Ernst et al.,)2014 Animals
these cases, the n'evyly generated neurons belpng primarily to t!aﬁult male zebra nches Taeniopygia guttajawere bred
class of C_EABAerglc interneurons, which constitute less than S%’nd housed at the Department of Animal Behavior at Freie
of Fhe striatal neuronsT(epper et _al., ZOJ?OThe most abundant  yniversitat Berlin. The colony was kept under a 12:12 h
striatal cell type are medium spiny projection neurons (MSNS)jo+-4ark-cycle and food and water were availaate libitum.

(Gerfen and Wilson, 1996In adult rodents, generation of MSNs 5, procedures were reviewed and approved by the veterinary

has 0“'Y been_reported_ in response to experimentally inducegepartment of the Freie Universitat Berlin and by the ethics
stroke, ischemia, or lesiong\(vidsson et al., 2002; Tatters eld j - oiian of the Regional O ce for Health and Social A airs

etal., 2004; Hou etal., 200 contrast, in songbirds adult MSNs g jin (LAGeSo). The permit numbers are G0116/13 and
keep immigrating in substantial numbers into the striatum underG0296/15. In total. we used 53 adult male zebra nches. For
natural conditions glvarez-Buylla et al., 199(Striatal newborn o expression analysis of the early growth response protein

neurons originate from the progenitor containing subpf_illi_al1 (EGR-1) and the dopamine- and cAMP-regulated neuronal
region in the lateral ventricle that expresses the transeription sphoprotein (DARPP-32) in newborn cells we used 29 birds
factors ISL-1/2, NKX2.1, and DLX but not TBRAdott and Lois, (356 462 158 days, mean standard deviation, SD). Dopamine
2007). Of particular interest is the recruitment of MSNs into Area DA) receptor expression was studied in 5 birds (age 172 days
X (Nor_deen and No_rdeen,_ 1988; Roche_fort et al., 2007; Sc %days, mean SD). Five birds received lentiviral injections (age
and Lois, 200)a region unique to songbirds relevant for song3g7 days 109 days, mean SD). Density measures in Area X

plasticity in juveniles and adultsSphrabji et al., 1990; Schar ere performed in 14 birds (age ranging from 372 to 2,526 days).
and Nottebohm, 1991; Jarvis et al., 1998; Hessler and Doupe,

1999; Woolley et al., 20).4n songbirds, new neurons destined BrdU Iniecti
for Area X migrate between 1,000 and 2,6®0 to their nal _r njections ) )
destination. Birds for EGR-1 and DA receptor analysis received BrdU

The dynamics of neural recruitment are best understood if°0Md/g) via intramuscular injections in the mornings for 5
the DG and the olfactory bulb. In the former, new neuronsConsecutive days. Birds were assigned to three groups with

are added, whereas in the latter, they replace older neurorfd €rentsurvival times after BrdU injection (21, 31, and 42 days).
that undergo apoptosisrespo et al., 1986: Imayoshi et a|_,We choose the rst survival time to be 21 days, because BrdU

2009. In both cases, the time it takes for new neurons tg€Urons in Area X.welre previou;ly shown to express immediate
incorporate into preexisting circuits is similabgshpande et al., €arly genes after singing at that timeofarev et al., 206
2013. In songbirds, the dynamics of neural recruitment have
only been studied in the pallial/cortical song control regionSong Monitoring
HVC (proper namefigure 1A), where glutamatergic projection For subsequent EGR-1 analysis, birds were kept in sound
neurons undergo neurogenesi§iin et al., 1999; Scott and Lois, attenuated chambers for three nights and were perfused in
2007; Tokarev et al., 20116 the morning of the 4th day 1.5 h after the lights went on.
To gain insight into the integration of GABAergic MSNs into Vocalizations were continuously monitored via Sound Analysis
existing circuits, we studied their di erentiation, connectivity Pro (Tchernichovski et al., 200(During those 1.5 h birds had to
and activation by singing in Area X. To do so we tracedsing at least 150 motifs to be included in the subsequent analysis
new neurons by injections of green uorescent protein (GFP)-of EGR-1 expression.
expressing lentivirus into the lateral wall of the lateral ventricle Birds that received lentiviral injections and retrograde tracer
and with systemic injections of the cell birth marker 5-brom®-2 were isolated in sound attenuated chambers for one night before
deoxyuridine (BrdU). We also injected retrograde tracer into onesacri ce. Birds were kept from singing by the experimenter sitting
of the target regions of Area X, and used immuno- anditu- nearby for 1.5 h after lights went on in the morning and then
histochemistry to characterize the new neurons. We report thakilled. This was necessary because we used some of the brain
adult born MSNss receive glutamatergic and dopaminergic inputsections in another experiment to be reported elsewhere.
connect to pallidal-like projection neurons and are activated Birds used for DA receptor analysis were decapitated without
during singing like older, resident MSNs. previous song monitoring and their brains were quickly dissected
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FIGURE 1 | The song system and connectivity within Area X(A) The song motor pathway (shown in black) controls the vocal organ (syrinx) via HRA-> nXllts.
The anterior forebrain pathway (AFP, shown in red) forms a cortico-basal ganglia-thalamic-cortical loop, connecting HVC and RA via AreaDl-M-> LMAN.

(B) Neurons in Area X receive glutamatergic innervations from HVC and LMAN. MSNs in Area X inhibit direct and indirect pallidal-like neurons (dPN, iPN). Both types
can project to MSNs, but only dPNs project to the thalamic nucleus DLM that connects to RA via LMANFérries et al., 2005; Goldberg et al., 2010 RA directly
innervates the AFP via DLM. RA, Robust nucleus of the arcopallium; LMAN, Lateral magnocellular nucleus of the anterior nidopallium; XII, Nucleus; NXIts,
tracheosyringeal part; DLM, Dorsal lateral nucleus of the medial thalamus.

1.5 h after the lights went on. All birds were killed by iso uranewere used; primary: anti EGR-1 (rabbit, Santa Cruz sc-

overdose. 189), anti DARPP-32 (mouse, kindly provided by H.C.
o _ ) Hemmings, Jr., Weill Cornell Medical College, New York),
Lentiviral Vector Injection and Back |l anti DARPP-32 (rabbit, abcam ab40801), anti BrdU (rat, Bio-

To label progenitors in the lateral wall of the ventricle,Rad MCA2060), anti VGLUT2 (mouse, abcam ab79157), anti
the lentiviral expression vector pFUGWLdis et al., 2002 GFP (rabbit, abcam ab290). Fluorescent Secondary: anti-rabbit-
containing a GFP reporter gene was stereotactically injectelexa-Fluor-568 (life technologies, A10042), anti-mouse-Alexa-
into the ventricular zone under iso uorane anesthesia. Birdg-lour-568 (Life technologies, A10037), anti-rat-Alexa-Fluor-488
were xed in a stereotaxic head holder, with the beak in(Life Technologies, A21208), anti-rabbit-Alexa-Fluor-488 (Life
a 45 angle from the vertical axis. In each hemisphere, wd&echnologies, A21206). Biotinylated dextran signal was ampli ed
injected four sites with approximately 269 of viral construct using Streptavidin-Alexa-Fluor-568 (Life Technologies, S11226).
using the following coordinates relative to the bifurcation ofSections were counterstained witA&Diamidin-2-phenylindol
the midsagittal sinus: anterior-posterior 3.8-4.1, medial-latergIDAPI, Serva). Z-Stacks were obtained with a SP8 confocal
1.3/C1.3, dorsal-ventral 5.0, injection angle AP 10 To microscope (Leica) and processed using the Fiji software package
label pallidal-like projection neurons, we injected approximatelySchindelin et al., 20)2Colors of images were adjusted (“false-
600m tetramethylrhodamine coupled with biotin (BDA, 3,000 colored”) to improve visibility, particularly for readers with red-
MW, Molecular Probes) into DLM 4-5 days before sacri ce atgreen blindness. Axons were traced using the Simple Neurite
day 42. We used the following coordinates: anterior-posterior 1.Z;racer plugin in Fiji Schindelin et al., 20)2 starting at the
medial-lateral 1.3/C1.3, dorsal-ventral 4.5. After surgeries soma and using the smooth axonal morphology (in contrast to
birds were transferred to their home cages. To con rm that thespiny dendrites) as a criterion. MSN density was analyzed in
virus infected proliferating cells, some birds were injected witllOmm sagittal sections containing Area X. For each bird, we

BrdU (50mg/g) on the day of surgery. analyzed two to four dierent sections of both hemispheres.
_ _ _ Within those we counted the number of labeled neurons in at
Immunohistochemistry and Image Analysis least eight stacks, each with the measures 10000  8mm

For immunohistochemistry birds were overdosed with iso uraneand used the average of those to calculate density. We counted
and then perfused transcardially with phosphate-bu ered salinall nuclei (DAPIC) and all DARPP-32 cells using the cell
(PBS) followed by 4% paraformaldehyde (PFA) in PBS. Aftetounter plugin in the Fiji software packag&dhindelin et al.,
dissection, brains were post-xed for one night, washed?01).

for another night in PBS and cut sagitally or coronally

into 50mm sections using a vibrating microtome (VT1000S,In situ Hybridization

Leica). For BrdU antigen retrieval, sections were incubatetlemispheres of birds used fon situ hybridization were

in 2 N HCI for 30 min at 37C and neutralized with separately frozen in Tissue-Tek O.T.C. Compound medium
borate buer. All other immunostainings were performed (Sakura) and stored at 80 C. Hemispheres were cut in
according to standard protocols. The following antibodiesl2mm sagittal sections using a cryostat (Cryo-Star HM 560
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Cryostat, MICROM). Sections were xed with 4% PFA for
10 min and then acetylated with 0.25% acetic anhydride i
triethanolamine for 10 min. Sections were rinsed in 2x in
saline sodium citrate (SSC) bu er, dehydrated (75% EtOH
95% EtOH, and 100% EtOH, each for 2 min) and air
dried. Sections were prehybridized for 1 h at 60in a

hybridization mix consisting of 50% deionized formamide, 5x

SSC (pH 4.5), 2% blocking reagent (Roche, 11096176001)|i

1x maleic acid bu er, 2% sodium dodecyl sulfate, yeast tRNA

(Invitrogen, 0.25 mg/ml), and heparin (Polysciences, 0.1 mg/ml).

Sections were hybridized overnight with 1% digoxigenin o
uorescin labeled RNA probe in hybridization mix at 60 in

a mineral oil bath. The next day, slides were rinsed twice wit
chloroform followed by 2x SSC and 1x SSC. A series of pos
hybridization washes followed: 30 min in 1x SSC containing
50% formamide at hybridization temperature (€5). Then,
sections were washed once in 2x SSC and twice in 0.2x S
20 min each at hybridization temperature. After the post-
hybridization washing steps, sections were washed twice in
MABT (pH 7.5), consisting of 100 mM maleic acid, 150 mM
NaCl and 0.1% Tween-20. Afterwards, sections were incubat
in 1x Roti-ImmunoBlock (Carl Roth) in 1x MABT for 30
min, then with either alkaline phosphatase (AP)-conjugatec
sheep anti-DIG antibody (Roche) or AP-conjugated sheep ant
uorescein antibody (Roche), that were diluted 1:200 in 1x Roti
ImmunoBlock in 1x MABT. Slices were incubated overnight
at 4 C in a humidity chamber. After antibody incubation,
slides were washed with 1x MABT 4 times for 5 min and

Ped

=)

J

SC
1x

-

ed
FIGURE 2 | Labeling of striatal progenitors(A) Lentiviral vector injections were

)| surgically targeted at the wall of the lateral ventricle adjacent to the medial
striatum (MSt). The area outlined is depicted in BB) Many cells in the

" ventricular zone (VZ) were infected, as shown by virally mediated GFP
expression in a coronal section. The ventricle is on the left side of the image.
(C-E) GFPC neuron in the striatum recently divided and incorporated BrdU
(arrows). Dashed linegE) indicate the planes used to generate orthogonal
views of the Z-stack {YZ, X2. Scale bars: 25mm (B), 10 mm (C-E).

equilibrated in alkaline phosphatase bu er NTMT, consisting

of 100 mM NaCl, 100 mM Tris hydrochloride pH 9.5, 50 mM

MgCl, and 0.1% Tween-20 for 10 min. AP-labeled probes were

detected colorimetrically via the nitro blue tetrazolium/5-Bromo- RESULTS

4-chloro-3-indolyl phosphate substrate system (NBT/BCIP; . .

Roche). NBT ( nal concentration: 337rBy/ml) and BCIP ( nal Newborn MSNs Receive _(3|Utamaterglc

concentration: 178g/ml) were diluted in NTMT and slices INPuUt and Connect to Pallidal Output

were covered with this solution. Slices were incubated for 6Neurons

8 h, then fresh NBT/BCIP solution was added and section$o investigate whether and when newborn neurons in Area X are

were incubated overnight. The reaction was stopped by 10 miimtegrated into existing circuits, we used a lentivirally mediated

of incubation in a stop solution consisting of 10 mM Tris approach to label progenitor cells in the striatal ventricular zone

hydrochloride pH 8.0 and 1 mM EDTA. Afterwards, slidesof adult male zebra nchesHgures 2A,B. By 31 days post

were washed three times with 1x PBS for 5 min. Sectionsjection (dpi), newly generated neurons in Area X exhibited

were further used for immunohistochemical BrdU detection (see¢he typical MSN morphology with relatively small nuclei (5-9

Immunohistochemistry) and examined with a Zeiss Axiovert 200mm) and spiny dendrites. Co-labeling with BrdU con rmed that

uorescent microscope. GFRC cells in Area X recently divided and originated from the
progenitor pool Figures 2C—f.

Analysis and Statistics Newly generated granule neurons in the adult murine DG

Data were analyzed with the data analysis softwareRR (rstreceive long-range cortical inputs at 3 weeks of age, whereas

Development Core Team, 2013and GraphPad Prism granule cells in the olfactory bulb connect already at 2 weeks

version 5.00 (GraphPad Software, San Diego Californiaf age to presynaptic cortical neuronsgshpande et al., 20)L.3

USA). Data for EGR-1, DARPP-32 and DA receptorWe wanted to know if and when newborn MSNs in Area X

expression passed the D'Agostinok? test for normal receive glutamatergic inputs from a erent cortical song nuclei.

distribution and were then evaluated with an analysis oflUsing VGLUT2 (vesicular glutamate transporter Eiqure 3A)

variance (ANOVA) followed by gost hocTukey's Honestly as a marker we found glutamatergic synapses at spines of newly

Signi cant Dierence test (HSD). To test the correlation generated MSNs at 31 dgrigures 3B—B. These glutamatergic

between DARPP-32 density and age, we performed a lineamervations are likely to originate from the pallial song nuclei

regression analysis. Signi cance level was< 0.05 for all HVC and LMAN (Figure I). We also noticed spines without

tests. VGLUTZ2 immunoreactivity Figures 3B,F—H.
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FIGURE 3 | Adult generated MSNs in Area X receive glutamatergic inpufA) VGLUT2 is expressed in a punctate pattern in the neuropil, corresponding to presynapti¢
glutamatergic terminals in Area X(B) High-resolution scan of an adult generated MSN dendrite (GRP, red). The Z-scan was collapsed. The focus planes of spines in
dashed boxes are shown inC—H. (C—E) Arrow points to a dendritic spine of an adult generated MSN that colocalized with VGLUT2—H) Arrow points to a spine of
new MSN that did not colocalize with VGLUT2. Dashed line¢E,H) indicate the planes used to generate orthogonal views of the Z-stack/¢Z, X2. Scale bars: 2.5mm
(B-H), 25 mm (A).

After con rming glutamatergic input onto new MSNs, we of 0.73 of pallidal-like neurons, new MSN axons contacted their
tested if they contribute to signal transmission via pallidal-dendrites. In a fraction of 0.27 of pallidal-like neurons, both their
like output neurons. In the adult HVC, newborn projection somata and dendrites received contacts by new MSNs axons (in
neurons were found to be connected to their target nucleus abtal 22 pallidal-like neurons, 2 animals). At 42 dpi, we found that
3 weeks of ageTpkarev et al., 20)6 We therefore predicted in a fraction of 0.69 of pallidal-like neurons, new MSN axons
that newborn MSNs connected to their target cells in a similacontacted their dendrites. In a fraction of 0.31 of pallidal-like
way. Additional to GFP-labeling of progenitors in the VZ, weneurons, both their somata and dendrites received contacts by
retrogradely labeled one class of pallidal-like neurons that projectew MSNs axons (in total 26 pallidal-like neurons, 2 animals).
directly from Area X to the thalamic nucleus DLMFigures 1,
4A,B; Goldberg et al., 20)3 his neuron type is considered to . . .
be homologous to primate internal pallidal neurongldberg Newborn MSNs Receive Dopaminergic
and Fee, 200)0Retrogradely labeled neurons had big somata andnnervation
smooth, aspiny dendrites; consistent with this cell tyBeifer Besides glutamatergic input from the song nuclei HVC and
et al., 2004Figure 40. We found connections from newborn LMAN, MSNs in Area X also receive dopaminergic innervations
MSNs to pallidal-like neurons at 31 dpi and 42 dpi. We observefrom the ventral tegmental area (VTA) and the substantia nigra
connections between axons and axonal boutons of new MSNErs compacta (SNc)Léwis et al., 1981; Bottjer, 1993; Gale
and dendrites of pallidal-like neurons; in that case, axons ofteat al., 200§. DA signaling via D1 receptors modulates social
wrapped around pallidal-like neuronal dendritdsgures 4G—J.  context dependent song variability; DA concentration in Area X
Additionally, their axons were often found in close appositionis higher during female directed courtship song than when birds
to the somata of pallidal-like neuronsFigures 4D—F. We sing by themselvesS@saki et al., 2006; Leblois et al., 30DA
speci cally searched for back lled pallidal-like neurons with newsignaling can either be activating or inhibiting, depending on
MSNs (GFR) nearby. At 31 dpi, we observed that in a fractionthe receptor it is binding toGerfen and Surmeier (20L1DA
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FIGURE 4 | New MSNs have axosomatic and axodendritic contacts to pallidal-like projection neurons in Area ¢) Pallidal-like projection neurons in Area X were
labeled via retrograde tracing. BDA was injected into thalamic nucleus DLM, the target of pallidal-like projection neurons in AregBj.Additionally, progenitors were
labeled in the VZ via lentivirally mediated GFP expression. The area outlined is depictein(C) Newborn MSNs (GFRC) and pallidal-like neurons were both present
in sections of Area X.(D) The axon of a newborn MSN passed the soma of a pallidal-like projection neuron (BDA). The pallidal-like neuron in the dashed box is
magni ed in E,F. (E,F) Axosomatic contacts (arrows) of new MSN on pallidal-like neuron somatG) The axon a newborn MSN wrapped around dendrites of a
pallidal-like neuron. The area in the dashed box is magni ed iRl. (H-J) Axodendritic contacts (arrows) of newborn MSN onto pallidal-like neurons. Dashed lines
(E,F,H-J) indicate the planes used to generate orthogonal views of the Z-stack/Z, X2. Scale bars: 5rmm (H,1), 10 mm (E,FJ), 25 mm (G), 50 nm (C,D).

binding to D1-like receptors rises the resting potential and hencexpression at that point. We found that a fraction of 0.89.03
increases the chance of an action potential, whereas DA bindirgf new neurons expressed D1A, 0.94.02 D1B, and 0.69 0.03

to D2-like receptors has the opposite e ect. Neurons in the aviam2 receptor mRNA Figure 5H).

striatum express four types of dopamine receptors. Dierent These results did not dier statistically from DA receptor
from mice, up to 50% of MSNs in songbirds express both DINRNA expression values we found in non-BrdU labeled cells
and D2 receptor types{ubikova et al., 200To test if newborn (0.9 0.08 D1A, 0.95 0.05 D1B, and 0.66 0.08 D2). The
neurons di er from older, resident neurons in Area X in their averages of single-labeled D1A and D2 cells added up to more
expression of DA receptors, we combinaditu hybridizationto  than 1, indicating that at least a fraction of 0.58 of B@dells
detect DA receptor mRNA with BrdU labelindg-igures 5A—Q.  co-expressed both receptor types. The averages of single-labeled
Because the majority of new neurons were mature at 42 days afted B and D2 indicate that at least a fraction of 0.63 of B&ltklls
BrdU labeling Figure 6L), we decided to analyze DA receptor co-expressed D1B and D2 receptors.
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FIGURE 5 | Newborn MSNs do not differ from mature MSNs in their DA receptor expressiorfA) Dopamine receptors were highly expressed in the MSt and Area X
shown here for D1A in a non- uorescentin situ hybridization (blue precipitate)(B—D) New MSNs (BrdUC, arrow, uorescent green label) expressed dopamine
receptor D1A (dark precipitate) (E-G) New MSNs (BrdUC, arrow) expressed DA receptor D2(H) There was no signi cant difference in the expression of dopamine
receptor types between older neurons (BrdU-) and 42-day-old neurons (BrdC). One data point represents one animal. Shown are mean and SD. Scale bars: Tim
(B-F), 500 mm (A).

Age Dependent Activation of Newborn of MSNs in zebra nches at dierent ages. MSN density
MSNSs during Singing Behavior in Area X increased signi cantly between 1 and 6 years of
Having conrmed that newborn MSNs receive both @ge (linear regressior D 0.679p D 0.0003,Figure 7G).
glutamatergic and dopaminergic input and are connected!SN packing density increased from 78 10" cells/mn? in
to output neurons, we tested if they participate in signalAréa X of a 1-year-old zebra nchFgures 7A-Q to 163
transduction during singing. We used the immediate early104 cells/mn? in as 6-year-old zebra nch Rigures 7D-F.
gene EGR-1 as an indicator for neuronal activignépska and Assuming an Area X size of 1.532 mriNixdorf-Bergweiler,
Kaczmarek, 2004n Area X and quanti ed its expression after 1999 the total number of MSNs in Area X more than
singing in new neurons at di erent survival time§igure 6A). doubled from 1.2 to 2.5 million within 5 years. The fraction
Undirected singing resulted in elevated EGR-1 expression iff MSNs out of all DAPC cells also increased signi cantly
Area X (Figure 6B), as expectedl@rvis et al., 1998; Mello and With MSN density (linear regressio®® D 0.34p D 0.0286,
Ribeiro, 1998 Figure 7H).

The fraction of singing-activated, newborn neurons in Area
X (BrdUC/EGR-1C, Figures 6C—F cells increased from 0.18

0.17 at 21 dpi to 0.72 0.07 at 42 dpi £ D 13.05,p DISCUSSION
D 0.00038Figure 6K). There was no signi cant di erence in
activation of new neurons between 21 and 31 dpif 13.05, [n the present study, we investigated key features of adult-
p D 0.149), but between 31 and 42 djsi P 13.05,p D 0.019, generated MSN that integrate into the avian striatal song
Figure 6K). Additionally, we evaluated the maturation coursehucleus Area X. Area X receives long-range cortical glutamatergic
and quanti ed the expression of the MSN marker DARPP-innervations from premotor nuclei HYC and LMANKottjer
32 in newborn neurons (BrdG/DARPP-3Z, Figures 6G—)l and Johnson, 1997 We tested whether newborn MSNs in
DARPP-32 expression signi cantly increased from 0.0075 Area X receive this input by searching for glutamatergic
0.015at 21 dpito 0.44 0.09 at 31 dpif D 180.8pD 6.3 10 6)  presynaptic terminals on GFP-labeled newborn neurons after

t00.9 0.01at42dpifF D 180.8pD 8.3 10 6, Figure 6L). their migration from the ventricular zone. We found those
o contacts as early as 31 dpi. This time frame of being contacted
Age Dependent MSN Density in Area X by long-range excitatory input is similar to that reported for

When studying adult neurogenesis, it is always of concernewborn hippocampal granule cells in micegshpande et al.,
whether newly-generated neurons are added continuously to az013, even though the migration distance of new MSNs from
existing circuit or if they replace older neurons. Both strategiethe VZ to Area X is considerably longer. This suggests that
can occur in the same organism: newly generated granule cefiutamatergic innervation of adult-born neurons is more a
in the mouse DG are added to the existing cell pool, whereas iquestion of absolute age than a question of time of arrival at
the olfactory bulb new granule cells replace old neuranxeépo their nal destination. We did not nd presynaptic terminals
et al., 1986; Imayoshi et al., 2008 on all dendritic spines, perhaps because those were in the
In the canary song control nucleus HVC, newly generategrocess of being contacted or eliminateea(niro-Cortes et al.,
projection neurons are replaced seasonally, while in the zeb£019.
nch HVC, new neurons are continuously added to the existing Besides glutamate, dopaminergic innervation from VTA and
circuit (Walton et al., 201 To investigate which strategy SNc is the second main input to Area Xedwis et al., 1981;
applies in Area X of zebra nches, we quanti ed the densityBottjer, 1993; Gale et al., 2008y combining BrdU birth
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FIGURE 6 | Newborn MSNs are activated during singing in an age-dependent mannefA) Experimental design: Adult male zebra nchesr(D 6 per age group)
received BrdU injections and were sacri ced at 21, 31, or 42 dpi after singing(B) Region speci c EGR-1 expression in Area X but not in the surrounding striatum afte
singing. (C—F) Newborn neuron (31 dpi, arrow) expressed EGR-1 after singindG—J) Newborn neuron (31 dpi arrow) expressed DARPP-32K) The fraction of new
cells (BrdUC) that were activated after singing (EGR-Q) increased signi cantly between 21 and 42 dpi and between 31 and 42 dpi (shown are mean and SD(L) The
fraction of new cells (BrdlC) that express DARPP-32 increased signi cantly from 21 to 42 dpi (shown are mean and SDP* 0.05; ***P  0.001. Scale bars: 10nm
(C-J), 100 mm (B).

dating within situ hybridization for DA receptors we established old MSN expressed EGR-1 after singing, but DARPP-32 was
that 6-weeks old MSNs in Area X expressed mRNA for D1not detected in any MSN at that age. By 42 days of age, the
and D2-type receptors in the same fractions as older, residemajority of newborn MSNs expressed both proteins, raising the
neurons. This suggests that newborn Area X neurons participa@ossibility that new MSNs may have to be physiologically active
in dopaminergic signaling in the same way as older neurons dao trigger their further maturation. This is consistent with the
It would be interesting to test if a time-dependent dopaminefact that in mammals EGR-1 acts as a transcriptional activator
receptor expression in new neurons was crucial for speci of DARPP-32 Keilani et al., 2012 One interpretation of our
stages of neurogenesis. For example, dopaminergic innervatidata is that singing-driven EGR-1 triggers maturation of newborn
via D3 receptors stimulates the very early process of progenitddSNs. This idea is supported indirectly; in mammals, the brain-
proliferation in mammals and birds Goronas et al., 2004; derived neurotrophic factor (BDNF) enhances EGR-1 binding
Lukacova et al., 20)@nd in new murine granular cells, D1- to the Darpp-32gene Keilani et al., 201 In canaries, BDNF
type receptor expression is found earlier than D2-type receptdevels are positively correlated with singing and enhance the
expressionl(iu et al., 201). survival of newly recruited HVC neuronsR@sika et al., 1999;

Having established the inputs onto new MSNs we weréi et al., 20000 Similar mechanisms were shown in rodents;
interested in their connection to pallidal-like projection neuronsvoluntary running exercise increases BDNF levEistlo et al.,
inside Area X. Direct pallidal-like neurons project to thalamic201) and individual running activity positively correlates with
nucleus DLM and exhibit di erent ring patterns than indirect rates of neurogenesis in the D&ddali et al., 2016 If overall
pallidal-like neurons Goldberg and Fee, 2010; Woolley et al.individual singing activity in uenced neuronal maturation via
2019. We observed terminal boutons of newborn MSNs in clos&a BDNF/EGR-1/DARPP-32 pathway, it could explain the high
proximity to somata and dendrites of direct pallidal-like neurons.variance in the fraction of activated new MSN during the early
This suggests that newborn Area X neurons participate in signahaturation phase (31 dpi) in contrast to the later maturation
transduction via the pallidal-like projection neurons. Futurephase (42 dpi). New neurons that survived by then might have
studies might address whether the innervation and connectivityeached a stable state, whereas others that were not reliably EGR-
to output neurons occurs even earlier than by 31 days aftet activated by behavior were eliminated, similar to mechanisms
generation in the VZ, the time point we chose. found in the DG of mice {eyrac et al., 2093

Given that newborn MSN have the morphological hallmarks Are new neurons in Area X added to existing circuits as
to receive and transmit signals within Area X, we tested whethea replacement of neurons that have died or are they added
they are active during production of undirected song, whichto the existing cell pool? In the songbird HVC both strategies
is known to induce EGR-1 protein expressiobafvis et al., exist:in canary HVC, seasonal uctuations in projection neuron
1998; Mello and Ribeiro, 19R8We found that 20% of 21 day death and the recruitment of new neurons are correlated and
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FIGURE 7 | MSN density in Area X increases with agglA—C) MSNs
(DARPP-3ZC) in Area X of a 1-year-old zebra nch male(D-F) MSN
(DARPP-3Z) in Area X of a 6-year-old zebra nch male(G) The density of
MSNs (Darpp-32C) increased signi cantly with age.(H) The fraction of MSNs
(DARPP-3Z) of all DAPC nuclei increased with MSN density. I{G,H) one
data point represents one animal (mean of both hemispheres). Scale bars:
20 mm (A-F).

resulting in an increasing density within the nucleug/glton
etal., 201p. Correlative evidence suggests that the age-dependent
decline of new neuron addition in HVC is associated with
increasing song stereotypyytte et al., 2007 Together, these
data are best explained by an addition strategy. In the present
dataset, we show that the density of DARPP-32 positive MSNs
in Area X increased signi cantly with age, implying that new
MSNs were constantly added to the circuit. This does not
exclude the possibility that some new neurons replaced apoptotic
cells. In fact, experimentally induced apoptosis correlates with
replacement by new neurons in zebra nch HVGdhar et al.,
2000Q. Further, we found that the fraction of cells that were
DARPP-3Z relative to all Area X cells also increased with age.
Since the DARPP-32 neurons constitute the majority of cells
that undergo adult neurogenesis, this nding emphasizes that
increased cell density in Area X is a consequence of continued
recruitment of newly born MSN during the course of aging.

Our ndings suggest that, once matured, newborn MSNs
fulll the same function as older, resident MSNs, at least
concerning the features we analyzed. MSNs function via feed
forward inhibition, e.g. sparsely spiking MSNs inhibit tonically
active pallidal-like projection neurons. Their high frequency
bursts can evoke spiking of DLM neurons via inhibitory rebound
(Person and Perkel, 2005, 2007; Kojima and Doupe, 20bis
process in modulated by dopaminergic signals from VTA/SNc.
Dopaminergic neurons in VTA/SNc encode performance errors
in singing zebra nchesGadagkar et al., 20).6

We end on some speculations how constant addition of
new neurons might aect the AFP and in turn the motor
pathway. Constant MSN addition in face of an unchanged
number of pallidal-like neurons would be expected to cause
stronger inhibitory MSN action on pallidal-like neurons. In
turn, DLM would experience fewer inhibitory rebound spikes,
causing lower activation of LMAN neurons. Ultimately this
would result in reduced excitation of motor nucleus RA by
the AFP. If this hypothesis holds true, signaling through
the AFP would diminish, as birds get older. In adult birds,
the AFP mediates di erences in song variabilitylessler and
Doupe, 1999; Woolley et al., 201&ong variability, including
deterioration, can be induced experimentally by distorting
auditory feedback via deafening or tracheosyringeal nerve cut
(Williams and McKibben, 1992; Hough and Volman, 2002;
Nordeen and Nordeen, 20).0The AFP seems to mediate this
degradation process, since lesions of the AFP output nucleus
LMAN prevent song deterioration after auditory feedback
distortion (Brainard and Doupe, 2000 Interestingly, song
deterioration after deafening is less severe in old birds compared
to young birds, and song becomes more stereotyped with age,
consistent with our hypothesis_¢mbardino and Nottebohm,
2000; Brainard and Doupe, 2001; Pytte et al., 2007,)20h%s
scenario does not exclude the possibility that new MSNs initially
might undergo a narrow plastic phase, during which they can
be tuned and possibly counteract song drift. In summary, we

the peaks of neural recruitment coincide with the incorporationdemonstrate that within a month after their generation newly
of new song elements. Together these data are consistent wigenerated MSNs in Area X of adult zebra nches are connected

a replacement strategy<ifn et al., 1994 In the zebra nch

to other song nuclei and participate in neuronal ring during

HVC, new projection neurons are added constantly to HVC,song production. The net increase of Area X neurons with age
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e forkhead box P2 transcription factor (FOXP2) is linked to speech and language disorders. Hetamzygo
FOXP2mutations in humans a ect both the coordination of ne orofacial movemantslanguage percep
tion’=, Because songbirds — like humans — need to learn most of their communicative vocalizations, they o er
a unique model to study the role of FoxP2 (for nomenclature FOXP2/FoxP2 see Methods) for vocal learning
and for the maintenance of learned vocalizations as 4d8ttglying the relationship between FoxP2 and vocal
learning in songbirds may inform the neurogenetic mechanism underlying the speech de cits in patientg carryin
FOXP2 mutations for the following reasons. oxP2protein coding sequence is highly conserved between
humans and songbirds as are the brain expression patterns, notably in the cerebellum améSthreover,
genetic manipulations of FoxP2 expression levels in the striatal song nuglaué during the critical phase of
song learning lead to inaccurate and incomplete imitation of the tutor's sdng@ne variable vocal produc
tion3810 is phenotype bears similarities to the speci ¢ speech de cits called developmental verbal dyspraxia,
DVD (or childhood apraxia of speech), that patients carrfi@P2mutations su er from. e core-phenotype

of DVD consists of altered precision, consistency and sequencing of movements underlying speeckentéhe abs
of neuromuscular de citS. In addition, altered FoxP2 levels in adult Area X a ect the dopaminergic modulation
of corticostriatal signaling important to song variability and a ect song maintef&fcgtressing the fact that

tight regulation of FoxP2 expression is a prerequisite for correct neural transmission in di erentiated neural cir
cuits. Additional e ects of Foxp2 and its disruption on the embryonic development and the function of neural cir
cuits have been described in Mfc&. Further evidence for the biological relevance of tight regulation of FoxP2
expression levels comes from the following studies. FoxP2 expression levels in Area X transientlyuinicgease d
song learning but are lower in ad@fts Singing decreases overall FoxP2 levels in Area X but not in the surround
ing striatum and the degree of FoxP2 down regulation correlates with the amount of produced’sasg
relationship is missing in deafened birds, pointing to an important role of auditorydeleéor singing-driven
FoxP2 down regulatidh How does singing a ect FoxP2 expression at the cellular level? Medium spiny neurons

Department of Animal Behavior, Institute of Biology, Freie Universitét Berlin, Berlin, Germany. *&wstibekla@
eitf-a"—ea,$"Zceatt
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(MSNs), the most abundant cell type in the avian striatum, predominantly express FoxP2 at low levét§ (FoxP2
while a subset expresses FoxP2 at very high levels (P)xBath subtypes are not equally a ected by singing;
the density of FoxP2" MSNs is not measurably di erent a er singing, contrary to the decreasing density of
FoxP%" MSNg e authors hypothesized that the di erence might be due to the neuronal age. Adult Area X
constantly receives new MSNs that originate at the ventriculaf®Z8nEoxP29" MSNs colocalize more fre
quently with a marker for new neurons than FORPRISNg“. Recently we showed that new MSNs mature and
participate in singing activity — as measured by immediate early gene activation — within a timésame o
weekd*. Whether FoxP2 in uences not only the function but also the integration of new neurons into existing
circuits is still an open question. Based on the results of ompsioal (ref.?Y) we hypothesized that FoxP2
MSNs are newly recruited into Area X and need to become POXENs before they can participate in singing.
To test this, we labelled neuronal progenitors in adult zebra nches. At di erent time points a er these cells had
migrated into Area X, we quanti ed their expression levels of FoxP2 and whether they also expressed the imme-
diate early gene expression EGR-1 a er singing.

In rodents, Foxp2 expression is associated with neurite outgrosttomal morphology and synapse forma-
tion in cortico-striatal circuit$!%35%7, Foxp2 expression levels vary in striatal MNSs and these di erences may
be relevant for the morphology of striatal MSNs. Dopamine receptor 1 (D1) srgré4SNE express Foxp2
at higher levels than dopamine receptor 2 (D2) expressing ¥3Nsse di erences in Foxp2 levels may be
linked to anatomical di erences between D1 and D2 MSR$-urthermore, in mice carrying humanized Foxp2
alleles (Foxp2™hum mice), Foxp29" MSNs are more numerous in the dorsal striatum and their MSNs have
longer dendrites than wildtype mi&€’. Based on the latter results we hypothesized that FoxP2 levels of new
MSNs in adult songbirds correlate with their neural morphology. Tdties we virally labelled neural progen
itors and analyzed their FoxP2 expression, dendrite complexity and spine density a er migration into Area X.

:t [ QS Z —_

sefec.. '8 X Z1"fiZe <o of™ Fo assedsiFdxPHAprotein levels in individual newborn
neurons we labelled progenitor cells with Bromodeoxyuridine (BrdU) and detected BfdxP2 cells a er
21, 31 and 42 days post BrdU injection (dpi) in Area X of adult male zebra ncheka(BigWe found that
FoxP2 expression in Area X was very variable, with some neurons expressing FoxP2 at particularly high level
and some at low levels (Fig). At 21 dpi and at 31 dpi, the mean pixel intensities of all BI&#oxP2 cells
formed a bimodal distribution, whereas at 42 dpi the distribution was unimodal and shi ed toX&& Expres
sion (Fig.1d). We classi ed all neurons that had expression intensities within the top 30% of the measured pixel
intensity distribution as FoxP2" neurons. Neurons within the bottom 30% of the measured pixel intensity dis
tribution were considered as FoXP2Because we were interested in the two extremes of the expression levels in
this study, we did not analyze the new neurons with intermediate FoxP2 expression linezl§2fau3% 9.4,
SD, see Methods). At 21 dpi and at 31 dpi 36.1882 (SEM) and 34.91%2.53 (SEM) percent of all BrdU
cells were FoxP2" neurons, respectively. At 42 dpi the percentage of Fek&lls had signi cantly decreased to
12.95% 2.87 (SEM) on average (©.0077, Kruskal-Wallis test, Fig,g. e percentage of FoxP®2¥ neurons
increased signi cantly from 21 dpi (34.5%.86, SEM) and 31 dpi (34.08.35, SEM) to 42 dpi (59.191.02,
SEM, p 0.013, ANOVA, Fidle,g. We also noticed that BrdUcells varied in their nucleus size. Quanti cation
revealed that the distribution of the nucleus size was shi ed towaggdsrinuclei at 31 dpi (data not shown).
BrdU /FoxP2 cells at 31 dpi had signi cantly bigger nuclei (7137 0.94 (SD) than BrdU/FoxP2 cell at
21.dpi (6.88m 0.9 (SD), p 0.00025, chi-square75.358, df 2) or 42 dpi (6.74m 0.59 (SD),p 2 106,
chi-square 75.358, df 2, data not shown). Interestingly there was a signi cant positive relationship with a low
e ect size between nucleus size and FoxP2 expression levels in all three experimental group’ (D1084; r
p 0.017,31dpi?r 0.083,p 5.2 10-7,42dpi r> 0.039, p 0.0012, FidLh).

<*%o<o%o <ot— . Ft f...—<Tc=> T o™ o <o <o T4 &ault Zebra hthesS x Z
FoxP2 expression levels in Area X are behaviourally regulated. Undirected singing leads to downrefyulat
FoxP2 mRNA and proteffi?6. Undirected singing is also associated with expression of the immediate early gene
EGR-1in Area X, which is therefore 0 en used as a molecular readout of the neuronal activity absottiate
undirected sontf*4 We hypothesized that FoxP2 levels in new FXR2urons needed to be downregulated
before activation by singing could occur, resulting in EGR-1 expression. Consequently, we didatad exg
BrdU /FoxP2'9"/EGR-1 MSNSs in Area X. To test this, we analyzed BriEGR-1 /FoxP2 cells in birds
that had sung before sacri ce a er 21 dpi, 31 dpi and 42 dpi.

Contrary to our hypothesis we found BrdUFoxP2'9"EGR-1 cells in Area X (Fi@3) in all groups, with
large di erences between birds. At 31 dpi, on average 41.4B8#3 (SEM) of new neurons expressed F&RP2
and were also activated by singing (BrdBoxP2"9"/EGR-1 ) and 40.28% 13.34 (SEM) of the new neu
rons that expressed Fox®2were not activated by singing (BrdUFoxP2'9"EGR-1-) (Fig2b). At 42 dpi, the
more birds had sung the fewer FoXPhew neurons were found, resulting in a signi cant negative relation
ship between the number of BrdUFoxP2 /EGR-1 neurons and the number of motifs sung before sacri ce
(r? 0.753, p 0.025, Figzd) which was not the case at 21 dpi (0.168, p 0.493, data not shown) nor at 31
dpi (* 0.164, p 0.425, data not shown).

‘8§ X ZLt"tZe <o ot ™ o o8 —Fe F fTret"c—c... 7, Beedusxtithf et o’
relationship of FoxP2 levels and nucleus size we wanted to further characterize the morphology oonew neur
expressing di erent FoxP2 levels. We used a lentiviral approach to express Green Fluorescent Protein (GFP) ir
progenitor cells at their place of birth in the lateral wall of the lateral ventricl@&-ig.er 31 and 42 dpi we
found labeled neurons (GFP in Area X and the surrounding striatum (F&n). GFP neurons exhibited the
typical morphology of medium spiny neurons with small somata and spiny dendrite3dFagd expressed
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Figure 1. Dynamic FoxP2 expression levels in new MS#jlse ong motor pathway (main nuclei outlined

in black) controls the vocal organ (syrinx). e anterior forebrain pathway (shown in green) formsieccort
(HVCm, IMAN) -basal ganglia (Area X) —thalamo (DLM) —cortical (RA) lobpExperimental schedule: adult
male zebra nches received BrdU on ve consecutive days and were sacri ced 21, 31 or 42 days a er injections
(dpi). (c) Examples of FoxP¢" (top row, immunoreactivity shown in green) and FoPottom row) new

(BrdU immunoreactivity shown in white) MSNs in Area X at 31 dpi. Nuclear expression of FoxP2 and BrdU
coincides with DAPI label in blued)(Density plots of FoxP2 pixel intensities of individual new MSNs in Area

X at di erent time points a er BrdU injections. e color scheme indicates increasing pixel intensity from low
(blue) to high (yellow) intensity. Ticks at the bottom of each plot represent individual MERerdentage

of new FoxP'2¥ MSNSs signi cantly increases from 21/31 dpi to 42 dpPércentage of new FoXP2MSNs

signi cantly decreases from 21/31 dpi to 42 dgi.Empirical cumulative distribution function (ECDF) of

FoxP2 pixel intensities of individual new MSNs in Area X. FoxP2 pixel intensities are similar at 21 and 31 dpi
and are lower at 42 dph)(FoxP2 pixel intensities of new MSNs positively correlate with nucleus diameter. Each
dot represents one new MSNs. Sample size (d-h): 733 MSNs of 17 zebra pich®85, p 0.01. Scale

bar: 20 m (g). RA, Robust nucleus of the arcopallium; LMAN, Lateral magnocellular nucleus of the anterior
nidopallium; NXIllts, tracheosyringeal part of the hypoglossal nucleus; DLM, Dorsal lateral nucleus of the
medial thalamus.

FoxP2 (Fig3d,8. First, we traced FoxP? and FoxP'2¥ new neurons at 31 dpi (Fi¢g and found that FoxP2"
neurons had more primary dendrites (0.021, Mann Whitney test, Figp), a higher total branch length
(p 0.003, Mann Whitney test, Fi¢g) and thicker dendrites than FoxP2neurons (p 0.003, t-test, Figf).
Second, we analyzed the extent of dendritic arborization of G¥RP2 neurons using a Sholl analysis (see
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Figure 2. Singing-induced EGR-1 activation of new MSNs is independent of FoxP2 &velsatite

arrow in all 4 panels points to a new (Brdlimmunoreactivity, white) MSN that expresses FERIP2
(immunoreactivity, green) and also EGR-1 (immunoreactivity, purple) a er undirected singing.ue BIAPI

staining shows other cells that are not new, but express FoxP2 at low levels, some of which also express EGR-
1. Scale bar: 1@n. (b) At 31 dpi new neurons can either be activated by undirected singing (EGRtit

column) or not (EGR-1-, le column). In both cases, the new MSN can either expres$"FoxPaxP29". (c)

At 42 dpi the number of FoxP2/BrdUEGR-1 neurons negatively correlate with the number of motifs sung
during the 90 min before sacri ce. Sample sipe{08 MSNs of 6 zebra nches. Sample sjzd %6 MSNs of 6

zebra nches.

a

MSt

FoxP2

FoxP2

Figure 3. New MSNs that were GFP-labeled as progenitors at the ventricular zone and migrated to Area X
express FoxP2a)(Injections with a lentivirus into the ventricular zone resulted in GFP expression in the neural
progenitors of MSN.K) 31 dpi a er viral injections, many GFP-labelled neurons can be observed in Area X and
the surrounding striatum.df New GFP-expressing MSNs in Area X. Somata in the dashed boxes are magni ed
in (d) and €). (d,e) Virally labelled MSNs (GFP immunoreactivity, white) express FoxP2 (immunoreactivity,
green). Scale bars: 10 (d, e), 50m (c), 1 mm §).

SCIENTIFIQREPORTY (2020) 10:4783 ——"+4 T'<&4'"% wvawvy~ ezw{s~&VXVa|w}lzve]



www.nature.com/scientificreports/

Figure 4. FoxP2 expression levels are linked to distinct morphologies of new MSNs at &1Ekain{ples of
dendrite tracings of new FoxP2and FoxP?29" MSNs. e black dot marks the center of the somia). Number
of primary dendrites is signi cantly increased in Fo¥®2Zompared to FoxP2 new MSN. ¢) Maximal
number of intersections between dendrites and Sholl circles is signi cantly higher in'#dk@a in FoxP2¥
new MSN. d) Sholl analysis revealed that dendrites of new F§XRESNs had more complex arborizations
as indicated by more intersections at 20from the soma than new FoXP2MSNs. Shown are meanSEM.
Data points of FoxP2" neurons were slightly shi ed to the right for better visibilig).FoxP29" new MSNs
have a signi cantly higher total branch length than Fé&XR#&ew MSNs.fj At 31 dpi new FoxP2" MSNs have
thicker dendrites than new FoxXP2MSNs. Sample size (a-f): 52 MSNs of 4 zebra nches. Scale bars: 25
p 0.05; p 0.01.

Methods). At 31 dpi FoxP2" neurons had more intersections at Bdistance from the soma (p0.024, paired
t-test, Fig4a,d and a higher number of maximal intersections @.019, t-test, Figc) than FoxP2" neurons,

re ecting more extensive dendritic arborizations in Fo¥P2han FoxP®2" neurons. Second, ird, we used a
semi-automated quanti cation approach to assess the number of dendritic spines ifF&kP2 neurons at

31 dpi. FoxP®" neurons in Area X had more dendritic spines than F8%P2urons (p 0.034, paired t-test,
Fig.5a—Q. Overall, FoxP®" neurons had more mushroom spines than Fé%Reurons (p 0.0186, Mann
Whitney test, Fighd). ere was no di erence in the number of stubby spines (9.819, Mann Whitney test) or

thin spines (p 0.409, Mann Whitney test) between Fd¥2nd FoxP'2" neurons (Figsd). Because of the dif
ference in mushroom spine number, we assumed that FoxP2 expression levels might in uence mushroom spine
head size, too. However, quanti cation revealed no di erence in mushroom spine head size betwe®tt FoxP2
and FoxP®2" neurons (p 0.317, Mann Whitney test, Figg). In a last step we compared spine densities between
new MSNSs at 31 dpi and 42 dpi. Since at 42 dpi only few new neurons wer&@FagR@cluded only FoxP2

new neurons in this analysis (Fid). At 42 dpi, the spine density of Fo¥P2ew neurons was higher than in
FoxP2" neurons at 31 dpi (p 2.517 10 4 t-test, Fig5f). is elevated spine density was largely due to an
increase in thin spines (p8.422 10 4, Mann Whitney test) and not mushroom spines (p.39, t-test) or
stubby spines (p 0.119, Mann Whitney test).

(o . —eoec'e
In the present study we investigated the dynamics of FoyfP@ssion in adult-born MSNs in the striatal song
nucleus Area X of adult male zebra nches. We show that the new MSN sewpigigsed FoxP2 at their arrival
in Area X from the ventricular zone (VZ) where they were born 21 days puaandXhis stage and at interme
diate maturation stages (31 days) one third of new MSNs expressed FoxP2 at high levels. At the late maturatio
stage (42 days) most new MSNs expressed FoxP2 at low levé)s TBaether with our previous data we eon
clude that reaching low FoxP2 levels is a sign that adult-born born MSN in Area X have reached maturity by 6
weeks a er their generation in the ¥Z
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Figure 5. FoxP2 levels are associated with dendritic spine density of new MSNswy(FoxP29" MSNs
had signi cantly more dendritic spines than new Fd®PRISNs at 31 dpi (shown are mearSEM). Lines
connect data from the same anima). Confocal 12m projection showing an example of FoPAew MSN
dendrite with mushroom ( lled arrow), stubby (dashed arrow) and thin spines (un lled arreygx@mple of
FoxP29" new MSNs dendritedf New FoxP?9" MSNs have more mushroom spines than F§XP2w MSN
at 31 dpi. €) Mushroom spine head size is not di erent between MSNs with di erent FoxP2 |€yBlew(
FoxP2" MSNs at 42 dpi show overall more dendritic spines and more thin spines than neR*RASRE at
31 dpi. Sample siza,d,ef): 52 MSNs of 4 zebra nches. Sample $)z28 MSNs of 3 zebra ncheq 0.05;
p 0.001. Scale bars:ra (b,c).

Since our previous work demonstrated that new MSNs participate in singsugiated neural activity in
Area X*here we asked if this was linked to FoxP2 levels. A er singing FoxP2 mRNA and protein levels are lower
in Area X tissu&2’ than when birds were silent whereas the expression of the immediate early gene EGR-1
increases linearly the more birds sing undirected ¥6hgAnalyzing expression levels in individual neurons
revealed that only FoxP2MSNSs, but not Fox#2" MSNs seemed to be subject to singing induced FoxP2 down
regulatiorf*. We therefore hypothesized that FO¥®2MSNs were not yet connected into the circuit and therefore
not regulated by singing. Our data contradict this hypothesis. We show that the induction of the ieeetijat
gene EGR-1 in MSNs a er singing was equally likely in Fesk&ad FoxP'29" MSNs, suggesting that both were
functionally incorporated into the song circuit.

Previous work showed that the degree of FoxP2 downregulation correlates with thiy géiprdiduced song
and depends on auditory feedback, which is relayed to Arigatbewcortical song nucleus HYES. In our study,
the relationship between FoxP2 downregulation and song quantity wastpresew MSNs at 42 dpi but not
earlier and we therefore suggest that new MSNSs start to receive auditory feedback sigealSbetmd42 dpi.

What might cause the age-dependent FoxP2 downregulation in new MSNs? One possibility is that intrinsic
mechanisms, depending more on cell age than on extracellular inputs, downregulate FoxP2 during maturation.
Another possibility is that EGR-1 gradually decreases FoxP2 levels during every singing everar. Ssdatrio
is consistent with the ndings that texP2promoter contains EGR-1 binding sitésand that EGR-1 expres
sion is crucial for functional integration of new neurons in the adult rodent hippocdmpus

We also tested if varying FoxP2 levels a ect neuronal morphology in adult male zebra nches and analyze
dendrite complexity and spine density of virally labelled new P& FoxP?9" MSNs. We now show dif
ferences between the morphology of adult generated MSNs that express FoxP2 at high or low levels; high FoxF
levels were associated with greater dendrite complexity and higher dendritic spine density insoonipari
neurons with low FoxP2 levels (Fa)y.Concerning spine density, our results are consistent with previous studies
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Figure 6. Graphical summary of the main results. e fraction of adult generated FemasNs from zebra
nch Area X decreases with maturation. Fo¥®hew MSNs show higher spine densities, more mushroom
spines and a more complex dendritic arborization than P8%R&w MSNSs.

in juvenile zebra nches, since experimental FoxP2 knockdown decreased overall spine densities of new Area >
MSNs8 Moreover, our results are in line with ndings in mice that link Foxp2 to neuronal outgrowth and spine
density in striatal neurons and their progenitét#3>3’. Additionally, we nd similarities between mice and birds
on the level of spine types. We show that F8%R2w MSNs 31 dpi have fewer mushroom spines than FgxP2
new MSNSs. In mice, striatal spiny neurons of heterozygous Foxp2 knockdown mice show speci callg@ decrea
of mushroom and branched spines whereas stubby and thin spines are not'4 éctbilds and mammals,
dendritic spines of striatal MSNs receive both glutamatergic dopaminergic input from|fmatied regions and
the midbrain, respectively. In the case of new MSNs in Area X, we hypothesize thakRRjbxpression levels
during their maturation might increase their capacity for receiving both inputs.

What mechanisms might account for morphological di erences between PbaR& FoxP?9" MSNs? ey
may originate from di erential target gene activation in FoXPand FoxP?29" MSNs. FoxP2 has hundreds of
downstream target genes of which many are part of networks associated with neuritentEni@r2 One
speci ¢ candidate is the myocyte enhancer factor 2C (Mef2c), a negative regulator of synap'tbdgengss
speci cally promotes corticostriatal synaptogenesis via the repression of Mef2c. Whether a siofiar me
nism shapes the integration of new MSNs into the avian corticostriatal network remains to beeslunida
future studies. In zebra nch Area X, two direct FoxP2 targets are associdtatewional outgrowth; the
very-low-density-lipoprotein receptor (VLDLR) and thentactin-associated protein-like 2 (CNTNAP2). eir
expression correlates positively with FoxP2 in juveniles and in singing®&dults, in new Area X neurons,
VLDLR and CNTNAP2 would be expected to be highly activated during singing in"B&xF=2N but not in
FoxP2" MSNs and may thus generate the diverging MSNs morphology we found.

We would like to propose some speculations regarding possible functions of two MSNs kliopsthat
di er in FoxP2 expression levels. We found that these populations di ered in nucleus size, dendritic complexity
and spine density during an early time period of their integration into Area X. We do not know if the observed
morphological di erences persist long-term because of a lack of markers that could distinguish GofP#$"F
MSNs from former FoxP2 MSNSs in later maturation phases. If these two subpopulations persist long-term, they
might resemble striato-nigral and striato-pallidal MSNs of the direct and ingiatlstvay in mammals. ese
MSNs subtypes are morphologically and neurochemically di erent. Direct pathway MSNs expressthe dop
mine receptor D1 and their dendrites are more complex than indirect pathway MSNSs that express the dopamine
receptor D29%5, High Foxp2 levels in D1 MSNs and low Foxp2 in D2 MSNs have lmmsed to be linked to
this anatomical dichoton?y. e avian direct and indirect pathway through the basal ganglia however is not
characterized by di erent MSN projections but rather by direct and indirect pallidal-like outputmetirat
project from Area X to the thalamiisTo date, it is not known if MSN subtypes exclusively synapse on either
direct or indirect pallidal-like neuroA% Contrary to mammalian MSNs, more than half of the Area X MSNs
express multiple dopamine receptSiso that they cannot be used as markers for indirect versus direct pathway
neurons. Investigating potential avian MSNs subtypes and the developmental role FoxP2hmasgsaiiltbe of
interest for future studies.

What might be the function of new MSNs in Area X and how is it affected by FoxP2 expression lev
els? Our previous study showed that once matured, new MSNs have simikatehistics as older, res
ident MSNs and are active during singihgseneral MSNs function is feed forward inhibition within a
cortico-striatal-thalamo-cortical loop during singitigWe hypothesize that new MSNs in adult zebra nches are
entrained to produce a correct ring pattern in a plastic phase during their maturation and thus maractun
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song dri, as has been suggested bététe is process might be in in uenced by varying FoxP2 expression
levels and the resulting morphological di erences between putative subpopulati@vs BISNs. FoxP2" new
neurons with a higher dendrite complexity and more dendritic spines might be more receptive to tuning than
FoxP2" new neurons. For further interpretations of our ndings it will be crucial to gain additional knowledge
on the microcircuitry of Area X and on the role neurons play for its function.

In summary, FoxP2 expression levels vary in adult-born MSN at di erent maturation times a er they have
been recruited to Area X. We show that the di erent FoxP2 expression levels cortblagwgnal morphology
and spine density. Varying FoxP2 expression levels during a speci ¢ time window might permit di erent target
gene activation important for correct incorporation and function of new MSNs in Area X.

f-St.

‘S x e'efe .. Zf -\Wefolfdlv the nomenclature proposedPhFOXPrefers to the human gerféoxp
refers to the mouse gene drakPrefers to all other species. FOXP, Foxp2 and FoxP2 correspond to the protein
product.

e <o f Z ¢ & adult male zebra nche3deniopygia guttateage 120 days) were used in the present study,
bred and housed at the Department of Animal Behaviour at Freie Universitat Berlin. e colony was kept under a
12:12 h light:dark-cycle with food and water ad libitum. All experiments were reviewed and approved by the vet-
erinary department of the Freie Universitéat Berlin and by the ethics committee of the Regional O ce for Health
and Social A airs Berlin and were performed in accordance with relevant guidelines and regulations. e permit
numbers are G0116/13 and G0296/15.

§' 1" ce 1+ — W conduced three experiments. In the rst, we analyzed FoxP2 expression levels of new neu
rons (BrdU , see below) in Area X at three time points, e.g. at 21 days (5 birds, 166 neurons), 31 days (6 birds
295 neurons) or 42 days (6 birds, 272 neurons) a er BrdU injections (dpi). In the second experiment we analyzed
FoxP2 expression levels and the expression of the early growth response (&1} at 21 dpi (6 birds, 127
neurons), 31 dpi (6 birds, 108 neurons) and at 42 dpi (6 birds 156 neurons). In the third experiment we analyzed
FoxP2 expression levels, dendrite morphology and spine density of new neurares¢Habelled via lentiviral
infection. In total we analyzed 52 neurons of 4 zebra nches 8l8eurons/bird, mean SD) at 31 dpi and 23
neurons of 3 zebra nches at 42 dpi (7.6.5 neurons/bird, mean SD).

"t <o E ... Forthednalysis of FoxP2 levels and EGR-1 expression in newborn neurons 35 birds
received BrdU (50g/g) via intramuscular injections in the mornings for 5 consecutive days. Birds were assigned
to three groups with di erent survival times (21, 31, and 42 days a er BrdU injection, dpi).

‘e %0 *‘ec—"" <65 BoxP2 expression level analysis a er BrdU treatment or lentiviral injections, 17 birds
were isolated in sound attenuated chambers for one night before sacri ce. In the followiriggnloirds were
kept from singing by the experimenter sitting nearby for 1.5 h a er lights went on. For EGR-1 expression analysis
in new neurons a er singing, 18 birds were kept in sound attenuated chambers for three nights and veex perfu
in the morning of the 4th day 1.5 h a er the lights went on. During those 1.5 h birds had to sing at least 150 motifs
to be included in the subsequent analysis of EGRpEssion. Vocalizations were continuously monitovesd
Sound Analysis Pfé

Te—<"<"fZ t..-'" Je@#l progenitaficells at the lateral wall of the ventricle, the lentiviral expres
sion vector pFUGW? containing a GFP reporter gene was generated as describedénadl®isnd stereotac
tically injected into the ventricular zone of 7 birds under iso urane anesthesia. Titers rese?l f 1 and
3 10 viral particles/l. Birds were xed in a stereotaxic head holder, with the beak in a 48°femglthe
vertical axis. In each hemisphere, approximately PO0virus containing solution were injected into four sites.
Following coordinates relative to the bifurcation of the midsagittal sievs wsed: anterior-posterior 3.8—4.1,
medial-latera 1.3/ 1.3, dorsal-ventral 5.0, injection angle: 10° lateral.

ee—e'Sce—" ... ST Ferimmiainohistochemical staining birds were overdosed with iso urane and
immediately perfused transcardially with phosphate-bu ered saline (PBS) followed byafétmaldehyde
(PFA) in PBS. Brains were dissected, post- xed in 4% PFA for one night and washed for another night in PBS.
Brains were cut sagitally or frontally into 50 sections using a vibrating microtome (VT1000S, Leica). BrdU
antigen retrieval required incubation in 2N HCI for 30 min at 37 °C and neutralization with borate bu er. GFP
signal was enhanced via antibody staining. All immunostainings were performed according tagiestdar
cols. e following primary antibodies were used: anti FoxP2 (goat, Abcam ab1307, dilution:1:1000), anti EGR-1
(rabbit, Santa Cruz sc-189, dilution:1:600), anti BrdU (rat, Bio-Rad MCA2060, dilution: 1:200), anti GFP (rabbit,
Abcam ab290, dilution:1:1000). Fluorescent secondaityoalies were the following: anti-rat-Alexa-Fluor-488
(Life Technologies, A21208, dilution: 1:200), anti-rabbit-Alexa-Fluor-568 (Life Technologies, A10042, dilution:
1:200), anti-goat-Alaxa-Fluor-647 (Life Technologies, A21447, dilution: 1:200). To visualize nuclei, all sections
were counterstained with,4-Diamidin-2-phenylindol (DAPI, Serva).

‘et L fZ <of%oce%o fol <of%t '7' .. %eece%-Sfacks 6f-BrfU erGFR. fells ‘e &
in Area X were obtained with a SP8 confocal microscope (Leica). For FoxP2 scanning, all microscope setting
were kept constant. Scans of Brdduclei were performed using a 63x lens (digital zoom 2.0), an image size of
1024 1024 pixels and a z-stack size ah1Whole neurons (GFP) were imaged using a 63x lens, an image size
of 2042 2042 pixel and a z-stack size ainl Acquired images were processed using the Fiji so ware p&tkage
Only neurons with spiny long dendrites were included in the analysis. e Rolling Ball Background Sobtract
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plugin was used to subtract background. We measured the phediintensity of nuclear FoxP2 expression, by
positioning a circle of 4m in diameter (12.56m?) in the center of the BrdU nucleus. In total we analyzed the
intensity of the FoxP2 expression dependent uorescence of 166 Brell$ at 21 dpi (n 5), 295 BrdU cells

at 31 dpi (n 6) and 272 BrdU cells at 42 dpi (n 6). FoxP29" were de ned as cells that fell into the top 30% of
measured mean pixel intensities in one animal (i.e. if the highest mean pixel intensity in one animal was 240 we
counted all BrdU cells that had a FoxP2 mean pixel intensity between 168 and 240 d¥'Fox@@ns). We
decided on the 30% value because it covered theTbeR@ressing cells in the bimodal distribution of all FoxP2
intensities. We de ned the neurons that fell into the bottom 30% of measured mean pixel intensities'&s FoxP2
As for the FoxP®" cuto , the bottom 30% contained the low-intensity peak of the bimodal tgedistribution.
Because we particularly wanted to address the e ect of high and low FoxP2 expression levels on mgdronal p
erties, neurons with intermediate FoxP2 expression levels were not considered foafualysis. e Simple
Neurite Tracer plugin (Fiji) was used to trace individual neurons and vigzadaheir total branch length and
number of primary dendrites. e traces were thenagsby the Sholl analysis plugin in $ijiVe measured inter-
sections of dendrites with concentric circles that were placed evaryst@rting from the center of the soma.

e maximal number of intersections per neuron was extracted from the Sholl analysis dataset. Foridendrit
spine analysis images were deconvolved using the Tikhonov-Miller algorithm in the Detionizalo plugin

in Fiji%. Prior to deconvolution an individual point spread function was generated for each image usimg the Bo
and Wolf 3D optical model in the PSF Generator plugin if’F§iemiautomated dendritic spine counts were per
formed using the so ware NeuronStudfdhat uses a spine classi cation algorithm. For spine classi cation, the
default settings were used to classify spines as mushroom, stubby piméén a head-to-neck ratio threshold

of 1.1 m, a height-to-width ratio threshold of 2.8 and a minimum mushroom head size of 0.86 A spine is
considered mushroom if the head-to-neck ratio is above the threshold and its head is larger timan/Ospine

is considered stubby if its head-to-neck ratio and its heights-to-width ratio are below threshold. In all ether cas
spines were classi ed as thin. On average, we analyzed spirigeglensecondary dendrites along the length

of 118 m 1.92 (mean, SEM) per neuron. In total, we analyzed spines of 52 individual nedrangadils in
experimental group 31 dpi, and 23 neurons of 3 animals at 42 dpi. Additionally, we measured the damdrite di
eter of 44 new neurons in 4 animals (8—12 neurons per animal) using the line measuring tébl\WeFgjiok 5
measures on each of 3 secondary dendrites per neuron (in total 15 measures per neuron). e experimenter was
blind to FoxP2 levels of individual neurons during the whole quanti cation process, becausereedislected

for quanti cation based on their BrdU uorescence or their EGR-1 uorescence and FoxP2 uorescence in a
di erent channel was quanti ed last. e datasets generated and analysed during the current stuayadable

from the corresponding author on request.

— [ — <+ —<esoare R was used to analyze d&faSigni cance level was p0.05 for all tests. Plots were
generated using the ggplot package’Por the analysis of FoxXm®2neurons we used a Kruskal-Wallis test fol
lowed by a Dunn’s test for pairwise comparison. For the analysis of Pmdr2ons we used ANOVA followed
by a Bonferroni’s multiple comparison test. e relationship of (a) FoxP2 levels and nucleastdieas well as (b)
FoxP2 neurons and singing were determined using a linear regression analysis. Dendritic spine data (all spines)
and Sholl data were analyzed using the paired Student's t-test. Data from the spine type arshly®isnead
size, total dendrite length, number of primary dendrites and dendrite thickness were analyzed usangnithe M
Whitney test. Number of maximal intersections was analyzed using the Student's t-test. Choice of test was base
on previous analysis for normality using the Shapiro-Wilk-test and variance analysis adiaggsh or Levene’s
test.
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*HQHUDO 'LVFXVVLRQ

6RQJELUGYV RIIHU D PRGHO IRU VWXG\LQJ IXQFWLRBGDO DGX
IRU WKH PDLQWHQDQFH RI D OHDUQHG EHKDYLRU

,Q WKLV WKHVLVY , SUHVHQW HYLGHQFKHI RW ULQRMWDLR ¥R Q JD
$UHD ;: ZKLFK LV LPSOLFDWHG LQ RRQIWHUPURD QQ WHQDHDC
BRKUDEML HW DO 6FKDUIl DQG 1RWWHER®P $0L
.RMLPD HW DO ,Q 3XEOLFDWLRQ $ XDRKVLH G HIUREBXBL
KLVWRFKHPLFDOO\ DQDO\]HG WKHLU PDWXUYDWLRQ SBMNDVHC
YDU\LQJ VXUYLYDO WLPHV )XUWKHU , KH UDHDOIROBEHP @H.
DGMDFHQW WR WKH ODWHUDO YHQWHIGRXR DS GQLPOHXGRWY K |
LQ $UHD ; 7R HOXFLGDWH WKH FRQQHFWLE WKHR U G-V WBVI\\]
WDUJHW FHOOV ODEHOOHG SUHV\QDSWWHFRB® DLRV/G\L FID\
GRSDPLQHUJLF VLJQDOLQJ 3nKEHO UFHY\E ORYLE B HN HIQAMHHG H. QV
061V LQ $UHD ; PDWXUH ZLWKLQ DDW HPURIENDWW OR | DVELW ZYHHH 1B \X
7KHLU FRQQHFWLYLW\ ZLWKLQ WKH ORF O FLLGF @ LWWWA 1V H W
DQDO\]LQJ 061V GHQVLWLHV LQ ]JHEUD ILQFRXYGX® KDRV K
QHXURJHQHVLV LV D SURFHVV RI FRQV WHDLQWR DG GILWLIRIYL QRIR:
$UHD ; $OWRJIJHWKHU WKH GDWD SUHWYHQQRIZD HGJHXEDS VDI
WKH SURFHVVHV RI VWULDWDO D G XG0 W HRURY HHKWLR/Q B QLC
IXOILOO PDQ\ HVVHQWLDO SUHUHTXLVLWHY HRU D IXQFWLRC
%HFDXVH DGXOW QHXURJHQHVLV LQ +9& KDRX\WBHQHL
VLPLODULWLHY DQG GLIIHUHQFHV EHWSBHS$IQHDGX @2WHQHXVR
VLPLODULW\ LV WKDW LQ ERWK QXB&BMW RIHXURGH FH\DLO/ WL §
+9&s EXW QRWSUBMHFWLRQ QHXURQV DQG LQ $UHD ; RQO\
QHXURQV DUH UHFUXLWHG $OYDUH] %X\00D H\W FKG® IR UWD
HW DO 6FRWWR /RPDVVHVH HW DO/ RI WK RKLNQWOWGELLARA
9= WKDW JLYH ULVH WR SDOOLPDOPDRQ B G/WRLPWRIBX FH MOWSI
W\V\SH OLNH LQ WKH PDPPDOLDQ VXEYHQUNOLHF XOWDJRQH .G
HW DO RU WKDW ORFDO FXHV LQ +DW LIRIGLOUMD R RO Q
WV\SH 6LQEHOHE&RQV DUH PDLQO\ ERUQ SRV W HOOUWREKXY RKH
JHQHUDQNRBR®OYDUH] %X\00D HW DO D LW LV FRQFHL)
UHSUHVHQWY D SURORQJDWLRQ RI MXYBBXORJEBXYRY HLQH \
GHFUHDVHV ZLWK DJH VXSSRUWV WKLV @RWLRQ 3DW@W Hi\MVD
36
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6WULDWDO QHXURQV DUH ERUQ GXULQJ HIKU@WJ HPEU!
&RPSDUHG WR RWKHU WHOHQFHSKD O LKL UKV W QY X PAEKIH \RW
QHXURQV DIWHU KDWFKLQJ $OYDUH] %X\00D HW DW
KDWFK *DUFLD &DOHUR DQG 6FKDUII SHUVHKTP L QLIV VIDKQD WA
HIWHQVLRQ RI MXYHQLOH QHXURJHQHWIG/Z |\ RXOIG HPS N FIWL ¢
 QWHUHVWLQJO\ WKLV LV QRW WKH RDHRD DQ G RIQWHIVQRV I$:
3\WWH HW DO

$QRWKHU VLPLODULW\ LV WKDW ERWK QHZHZHH8ORQ W\
QHXURQV FRQQHFW WR WKHLU WDUJHW 5% HDIW B UHWHKHW
RULJLQDWHG LQ WKH SDOOLDO 9= .L3®EONADWK R DV $WRNDAU
QHZ 061V LQ $UHD ; ORFDOO\ FRQWDFWHG S BOOWL ®DW HILL NV
JHQHUDWLRQ LQ WKH VWULDWDO Y HMHDWMEXODYHARQRP WMHKRH
$UHD ; ZKHUHDV QHZ +9& QHXURQV RQO\ PLPUDWN LD SW R FL
ORQJHU PLJUDWLRQ WLPH RI QHZ 061V IURP S\COKIHX ¥ £ B/DRY WK
WLPH EHWZHHQ ELUWK GDWLQJ DQG FRIDUHEQ IQRHZ W R&WDHX!
DQG QHZ 061V

%RWK QHZ +9& DQG $UHD ; QHXURQV DUH DFWLRRQWHG E
RI LPPHGLDWH HDUO\ JHQH WUDQVFULSWLRQDGRNDUHYQHW
3XEOLFDWLBRQDP\]HG WKH SHUFHQWDJH Rl QHZL OGN MKW
JHQH ,(* (*5 DIWHU XQGLUHFWHG VLQVIMXG\ $ ®HAMIRIGIDOWR
H[SUHVVLRQ bQQ®KIROX DIWHU GLUHFWHG RU XQGLUHFWH{
&RPSDULQJ RQO\ WKH IUDFWLRQ RI QHXURQV W®&DMDZHUH
(* LW EHFRPHV FOHDU WKDW WK HMWWOS ZR $/RKU B/LHR Q$ LW IF U
ZHHNV EHWZHHQ RI QHZ QHXURQV ZHUH DFGVHEYRWHG |
UHVSHFWLYHO\ .RVXEHN /DQJHU HW DO DEGRNDDRW LHRD
QHZ QHXURQV ZDV ,(* ZLWKRXW EHLQJ UHWURJUDGHO\ IL
FRQQHFWHG 7RNDUHY HW DO ,Q QBIW 196 1VFMAL Y MVWQ ROM
RQ FRLQFLGHQW SRVWV\QDSWLF FRQQHFWLRQWZ)RUWHERQW |
DUH DFWLYH GXULQJ VLQJLQJ GHFUHDVHW RHWKOGXUYWXBO
QHXURQV EHFRPH WKH PRUH UREXVW LV WKO\N.U (DBFWLYD\
H[SUHVVLRQ LV FUXFLDO IRU WKH VXUYLYDOVRH QWX ¥YURIQW K
KLSSRFDPSDO IRUPDWLRQ O9H\UDF HW DO RQXRMWKHU
'$533 D PDUNHU IRU PDWXUH 061V LQ SUDRPDU\ VWULD MW
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WRJIJHWKHU VLQJLQJ LQGXFHG ,(* H[SUHVVLRQLRQVBMQGLN}
VXUYLYDO LQ QHZ +9& DQG $UHD ; QHXURQV

$QRWKHU IHDWXUH FRPPRQ EHWZHHQ DG XOMKQWXIWR LHVQDI \BL
RI DGGLWLRQ UDWKHU WKDQ RI UHSOD F HFHIGM G, @ I RWRKQV\N
LQFUHDVHV ZLWK DJH DQG WKHLU WRWDO QW XIQR Q9 Q XPEG L

$UHD ; UHVSHFWLYHO\ :DOWRQ HW DO U DR WX E NV HDIQVIR
EUHHGLQJ VRQJELUGYV OLNH FDQDULHV QHZ @& IQWHNXU R/GKWH
SUHFHGLQJ EUHHGLQJ VHDVRQ .LUQ HW DO 7KRPSVRC

DUH FRQVWDQWO\ DGGHG DV LV WKH EDDHQL ©D]W K DD\ | LODFHK
FKDOOHQJHV )LUVW DOO QHZ 061V KDYH WR EH&LRQG UYDW
/0$1 QHXURQV B6HFRQG WKH SDOOLGDO ONRU\ QSXRQM RP
LQFUHDVLQJ QXPEHU RI 061V 7KH VDPH ZRXOGWE N HQWXH
GRSDPLQHUJLF LQQHUYDWLRQ WR $UHD ;: WK UMKH FRQBHE
WLPHOLQH RI DOO LQQHUYDWLRQV RQ QHZ 06ID/GDSW KNFRZ
LQFUHDVLQJ QHXURQ QXPEHUV LQ $UHD ;

0DQ\ TXHVWLRQV DERXW WKH SURFHVV RI DGXIOM QHXU
WKH FXHV WKDW VWRS PLJUDWLRQ RI QHZ ORI XWKRHQW VG E LA
ILULQJ SDWWHUQ HVSHFLDOO\ GXULQJ VLQJLQLY WEXOW
PDPPDOLDQ KLSSRFDPSXV UHFHLYH LQSXW | GRIPDRIIDW XWULHP H.
ZLQGRZ RI WKHLU PDWXUDWLRQ $V WKHLRPHQBWWR QURP V
ORFDO LQSXWV IURP PDWXUH *&V GHF U\HDHHD WILR DS $IOUL B G
061V LQ $UHD ; WKH\ ZRXOG EH ILUVW H QARXIDLA H B FEH LK & G\
LQSXWV IURP +9& DQG /0$VXGCBRIW WY LVBKKKNSRWKHVLY WKLE
HQWUDLQHG E\ ORFDO PDWXUH QHXURQV WKH VR@GELQMG E
FOXVWHUV ZLWK GLUHFW VRPD VRPD RR@MKBFW PQXVQHIA Q@ H
1IRWWHERKP BHFRQG QHZ SRVW PLJUDWRU\ +9& QHXL
WKDQ VWLOO PLJUDWRU\ QHXURQV 6FRWWHIZWQBIGBURQV |IRK
FOXVWHUV RSHQV WKH SRVVLELOLW\ WKDW WRHS CPLLQ K W XK/ b
*DUFLD 6HJXUD $OYDUH] %X\00D DQG .LUGH LQYR,0® YHHX
LQ WKH PDWXUDWLRQ Rl QHZ +9& DQG $UHD,Q QUKXDRQV
GRSDPLQHUJLE VLIJQDOLQJ IURP 97$%$ HQFRG®.YV FRIHUURGR BWE |
DQG DFWXDO VRQJ SHUIRUPDQFH *DGDJNDU HWDIMM®RWKHU .H
PHFKDQLVP LQYROYHG LQ WKH HQWUDL GIRSIQNW R I' Q6 2 06U G ¢
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DQG 'UG GRSDPLQH UHFHSWRUV .RVXEHN /DQJHU HW DO
GRSDPLQHUJLF VLJQDOV LV OLNHO\

'Q WKH IROORZLQJ VHFWLRQ WKH SRVVLEOMQIX@B® LRQ
ZLOO EH GLVEXVVHG 7ZR OLQHV RI HYLGH QFfHWXURQWDWK
LQYROYHG LQ DGXOW VRQJ VWHUHRW\S\ 3\WWEBHXURQWM U\
LPSDLUV VRQJ VWUXFWXUH D QHXKIR @G GV WM/R RU DQWHHEGH 2 &

RI WKH VWHUHRW\SHG VRQJ G6FKDUIIl HW DO IWHHFRQC
SDUDO\VLV RI VIULQJHDO PXVFOHWRPEGHWNIRQ Q@Y FKRAUXIUHRID.
3S\WWH HW DO 3\WWH HW DO , QQ¥UVHEY DQVRIRER

WR NHHS DGXOW VRQJ IURP GULIWLQJ DEQBIVHKEDW LIVQKLDPWP W/«
HIITHFW DQG D ORQJ WHUP HIIHFW 1HZ QHXUR@NHPLOKWWK\S
FKDQJHV LQ VRQJ IHDWXUHV RULJLQDWLQJ HGRPUBRWAR GRIL
LQ WKH GHQWDWH J\UXV Rl PLFH XQGHUJR DKWVHRN MWKLEMKJ |
PDWXUDWLRQ LQ ZKLFK WKH\ H[KLELW H®QMNULHEX W HQ W & VELH
GULYHQ SODVWLFLW\ *H HW DO $FFRUGL\WUDN W DFEK
ZLQGRZ GXULQJ PDWXUDWLRQ LQ ZKLFK LMW FRQUHF\MQMXE
VRQJ FKDQJHV DQG XOWLPDBWHOLFDWHORZY SW KR @I YL WR X (
SUREDEO\ QRW IXOO\ PDWXUHG QHZ 061V ZHUH \IKRAZIQY W RS X
HQKDQFH QHZ QHXURQ VXUYLYDO /L HW W®&DW VL FKHUIHSR!
GXDO UROH IRU QHZ QHXURQV D WULJJHUN®F XWKH WSKIHRLG
VXUYLYDO DQG E HQWUDLQPHQW WR ILULQJISDUVH\OHY QYW
GXULQJ D VHQVLWLYH SHULRG RU LI LW DIVHRW H& KHH XHIRA
PDWXUDWLRQ DQG ZKHWKHU JDS MXQFWLRQ@/LEHWEHW G URXK
DZDLWV IXUWKHU VWXGLHV

$ ORQJ WHUP FRQVHTXHQFH RI DGXOW VW UJICDWLIR@ EK X |
SURJUHVVLYH 3VLOHQFLQJ RI WKH DQW HHQPW LR UMWKWMHDDG G
RI QHZ 061V ZRXOG LQFUHDVH LQKLELWLR Q; FDIMERX®MO® DD
OHDG WR IHZHU H[FLWDWRU\ RXWSXWVHWRGWRHAHP RWRIR 8D
K\SRWKHVLV )LUVW VSHFLILF ORVV RI 061VVMHDUR OMDDBY
GHFUHDVHG LQKLELWLRQ RQ SDOOLGDO OLNG ®@RIZQRWYY HIDJ
/0$1 7DQDND HW DO LQGLFDWLQJ BKBW W& R HW RRDINO/
IRU SURSHU VLJQDOLQJ LQ GRZQVWUHDP @XRGHLGRW MHK Hi I1$ )
ODFNLQJ DXGLWRU\ IHHGEDFN RQ VRQJ SURGXFWRRMDKSURY L
PRWRU SDWKZD\ GHFUHDVHV ZLWK DJH OKGL\G R VAHIHLHGEDE
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GHDIHQLQJ EXW WKLV SURFHVV FDQ EH %WBILYGIMWEH O (EG CRK

.RMLPD HW DO ,Q ROG DGXOWV G N B HQERRP SKODM B
WR \RXQJ DGXOWV LQGLFDWLQJ WKDW WEKEHOPD W RR R @ G (EXLGI
IHHGEDFN SUREDEO\ WR D ODUJH H[WH Q VR PEDADXMHR RD QR
1IRWWHERKP %UDLQDUG DQG 'RXSH %XW FRQVWDC
ZLWKLQ $UHD ; PLIJKW VHUYH DV DQ D GHHGELFN | B RWARUWKIK
SDWKZD\ ZLWK DJH ,QFUHDVHG IHHG IRUZDU®RQQXKILBH®LR
JUDQXOH QHXURQV ZLWKLQ WKH KLSSRFDPSEODKBHQWDWH J
.| WKH SUHGLFWLRQ DERXW WKH LPPHGLDWHHFD WRLDEG RO
QHXURJHQHVLV LQ $UHD ; KROGYV WUXH FDQ EH WHVWHG LC

%H\RQG LWV SXWDWLYH UROH LQ PDLQWDLQLQJ ELUC
QHXURJHQHVLY LQ ELUGV Rl LQWHUHWWG)LL/VWRWRWU LD
QHXURGHJHQHUDWLYH GLVRUGHUV OLNH +Q@QW HWWRQV D
1HOVRQ DQG .UHLW]HU 7ZR VWXGLH\W BW D WHG\ KXEBWI
SURWHLQ RQ DYLDQ EDVDO JDQJOLD IXQFWKR® H[ISVUKNY L
KXPDQ PXWDQW KXQWLQJWLQ SURWHLQ P+77 /LYW DO
KXQWLQJWLQ JHQH IUDJPHQW LQ $UHD ; RIQIMGMOWL RBEU DD C
HW DO 7KHVH VWXGLHV IRXQG DEHUUDRWLOR/QDEHY H
LQ DGXOWYV DQG ORVV RI 061V LQ $UHDELRR®PRRL\SD QLB
QHXURQV ,Q P+77 WUDQVJHQLF JHEUD ILQPIGHVWDKEH ¥V IRJ® & C

PRQWKVY RI DJH DQG WKLV ZDV SURSRVHGGWRGE®GS6 DV QN
ZLWK QHZ 061V /LX HW DO 6LQFH WKHD VUHFRYP WKWV H
QHXURWRI[LF OHVLRQV DQG LQFRUSRUDWH QHZ IXQFWLRQD
DO UHFRYHU\ IURP 061V ORVV LQ P+77 ENR@VZKHHPV
VWXG\LQJ VWULDWDO DGXOW QHXUR JHQH QDW XQ /&R Q BIBLHIUE
QHZ VWULDWDO 061V GRHV QRW RFRX$HWL MEX\W O PD ARIE0
VWURNH LVFKHPLD RU OHVLRQV EXW WXKH VXUYXYDBQUD WY

7DWWHUVILHOG HW DO <DPDVKLWPWHW QHXURQV
JHQHUDWHG XQGHU QDWXUDO FRQGLWLRQV DQG DMVHU EUL
PRQNH\V DQG KXPDQV %pGDUG HW DO 7R @EMEHKH HW D
HW DO /X]]DWL HW DO <DQJ HW DD 1 LXQI WY
DO ,Q URGHQWY WZR RWKHU SURPLQHQW QWHKXHURJHC
VXEYHQWULFXODU JRQH WKDW JLYHV ULV HQWRR JW R B XR0H OLK;
EXOE /OHGR DQG 9DOOH)\ DQG WKH VXE3URQXWKMHU R



*HQHUDO 'LVFXVVLR

KLSSREFDPSDO IRUPDWLRQ $OWPDQ DQG 'DV  WWWHWPSHDP
JUDQXOH FHOOV *&V DUH JHQHUDWHGNH RB WP G\LIDHD JAOLD
OD\HU Rl WKH '* ZKHUH WKH\ EHFRPH IXO/GRFDWRUHV* OO ZL
7KH\ DUH HPEHGGHG LQ WKH KLSSRFDPSDO HQWRQKW®BO |
IRUPDWLRQ Rl HSLVRGLF PHPRULHV 1HZ *& HBQIFQVERQ W B[\
GLVFULPLQDWLRQ PHPRU\ FRQVROLGDWLRQ IRUJGBWWLQ.
LOQKLELWLRQ LQ '* & OLOOHU DQG 6DKD\ S RAMKLMLILY H & F |
LQIOXHQFHG E\ H[HUFLVH DQG HQYLURQPHQWDQHQULFKPH:!
| QHXURJHQHVLV LQ WKH KLSSRFDPSXV SHFXJULKN@W OL QK MIK
GHEDWHG ZLWK GLIIHUHQFHV LQ KXPDQ WL\HQMWLRXD W IVR/Q
%ROGULQL HW DO &LSULDQL HW DO .HPSHUPDC
BRUUHOOV HW DO ORUHQR -LPHQH] HW RBU VR QUEEUG
SURYLGH D XQLTXH PRGHO IRU VWXG\LQJ WKH &DWOUDO J
UHOHYDQW IRU PRYHPHQW OHDUQLQJ DQG FRJQLWLRQ DQGC

JR[3 IXQFWLRQ LV HIWHQGHG E\ DQ LPSOLFDVDR® LLMODEDN\D
JDQJOLD WKDODPR SDOOLDO FLUFXLW

+RZ GR OHYHOV RI D WUDQVFULSWLRQ IDFWBSKIR® RQ\GDR Y GG
IXQFWLRQ" :LWK P\ WKHVLV ZRUN , WULHG W R D@ \DZHH @K R
JR[3 LQ QHZ 061V LQ $UHD ; 7KH PRWLYDWHB®AURUWKOM/ O
LQ $UHD ; H[SUHVVHG )R[3 DW HLWHKH®R WKL) RRIDQAE ORYGOHY
WKDW WKH GLVWULEXWLRQ RI H[SUHVVKR® ['& GFQHIQVR QN H \
GHFUHDVLQJ DV JHEUD ILQFKHV DJHG 7KRPSVRWY WMQ DIOQ J

RQO\ GHFUHDVHV W R/DERHQQRWA'IRHIRBQV 7KRPSVRQ HW D
K\SRWKHVL]HG WKDW )R[3 OHYHOV LQ \RXQJSDHWUWUR QYD Q/Hit
VLQJLQJ BRWOYEDWLRWK Y WKHVLYV LQGHHG LOOXVWUDWHYV
GHFUHDVH ZLWK DJH RI QHZ 061V DLW KUK OHMBOMVG
HDUO\ PDWXUDWLRQ VWDJHYV DQG G DD\F DLW &URD )R 8 (
061V GHFUHDVHG ZLWK PDWXUDWLRQ .RVXEHUW PD@QXUDWQR
VWDJH GD\V DIWHU %UG8 ODEHOOLQJ RQO)RDESHYR[LPDV
&RQWUDU\ WR P\ K\SRWKHVLV QHZ 061V SDWNEFLSDWHG L
H[SUHVVLRQ LQGHSHQGHQW RI VK BXHO)RAB WHRIRMIVNNLER QV K
JR[3 H[SUHVVLRQ OHYHOV RI LQGLYLGXDO *)®&KHBEUHWQQU L
PRUSKRORJ\ DQG VSLQH GHQVLW\ ,QWHUHVWLQUO®BGLV)R[3 H]

At
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FRUUHODWHG Zt"WKHEZROMHK V )RPE: PRUH HODERUDWH GHQGUL
RI GHQGULWLF V31 QMY MEBQ,IREBHWDLO WKH PDWXUH PXVK
QXPHURXV Y- WIRD® LB 061V LQGLFDWILQH 2WKEIW KR[BH
EXLOW VWURQJHU FRQQHFWLRQV ZLWK WKHR V\RDHEW DB §WQ
ZLWK D[RQV IURP +9& DQG /0%$1 .RUQIHOG HW DO 7K
IHDWXUHV Rl VRQJ /RQJ DQG )HH Z K M G QUKWL Q DMQ
.DR HW DO gOYHF]N\ HW DO .DR DQO& HAJPLEDWUG
DO 7KH PDMRULW\ Rl +9& D[RQV V\QDSVH ®RIWR 061
D[RQV SUHIHUHQWLDOO\ WHUPLQDWH RQ 0®IRGHRGHUW+LF&V k
VIQDSVHV RQWR 061 VSLQHVY DUH ODUJHMOWKDQ WKRNE WIKI
YR[FYVOHZ QHXURQV KDG PRUH RI WKH ODYRBH P XQHIURRPVV S
VSHFXODWH WKDW WKH\ UHFHLYH PRUHMWUIXNVWHGRWR YR D
| )R[BRQHZ QHXURQV RQ WKH RWKHU KDQG UHFHLYH PRUH
DQG WKXV D KLJKHU SURSRUWLRQ RI YDULDBOHNKG®HNVYV DV
GLIIHUHQFHV LQ GHQGULWEEDEE QR HD WBEWY HOXXUQQR[B QD
WLPH ZLQGRZ Rl WKHLU PDWXUDWLRQ PLSKW UWHD P NWRQ G QIXI
ZLWK RSSRVLQJ IXQFWLRQV

7KH UHVXOWV3SHABVADDMHCHARRVLVWHQW ZLWK SUHYLRX
R[S )R[3 H[SUHVVLRQ ZLWK QHXURQDO RXWJURZKXIODQG V

HW DO SHLPHUV .LSSLQJ HW DO 9 HWLCEHHV VHRAH DUAR O
RI )R[S GXULQJ GHYHORSPHQWDO QHXURJHQHVLYV DERXVVR
&R HW DO .DVW3NMEBOLO6DW RMKBEXMUVW UHSRUW WK

H[SUHVVLRQ WR WKH SURFHVV RI DGXOW QHXURJBQHVLYV
RXWJURZWK RI QHZO\ UHFUXLWHG VWULDWDO 061V

9bU\LQJ )R[S OHYHOV KDYH EHHQ SUHYLRXR® GHWH
HISUHVVLRQ LV HQULFKHG LQ 'UG 061V RHWKWGGIOBHYVWRISD
WKH LQGLUHFW SDWKZD\ H[SUHVV )RI[S S9HUQHW KHN HD O
LPPXQRKLVWRFKHPLFDO UHVXOWY DUKNIX@GEBERUWHKE BGXDW
VWULDWXP VKRZLQJ WKDW )R[S LQ RQO\ HQULPBKH\G )RPS'UG
H[SUHVVLRQ OHYHOV DUH DO VRYFRRSDUW PRHRQUWD Q X PHHGJ R)XR/
VWULRVRPH WKDQ LQ WKH PDWUL[ FRPSDINWKWMHNQ /O 7D N D K&K
HW DO 6FKUHLZHLY HW DO 7KH OVOWIERVRE W KR
VWUXFWXUH WKDW SHUPHDWHY WKH PDWURVRRIE FRE SAOWH
DUH QHXURFKHPLFDOO\ GLIITHUHQW EXW ERWRK KOOWVERZD 0 6
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%ULPEOHFRPEH DQG &UDJJ 'RSDPLQH OHYHOV DUH
VWULRVRPHVY 6DOLQDV HW DO , © DIHUQ HKAXLPTDQOLO M &1 Q B |
DOOHOHVP $PKH GHQVLKWHRIVR[SFUHDVHG LQ WKH VWULR\
VWULDWXP LQ FRPSDULVRQ WR ZL O GWX\E HK® ZW WHIW P\ WHH \G H,
JR[EX061V LQFUHDVHG LQ WKH PDWUL[ QRW FERLMKKH V\
GHYHORSPHQWDO SURFHVVHVW.E6DE8 VORWEKE ZREPK D6 HVLYQ
YR[S H[SUHVVLRQ LV & KPDWH G) XQWKRHE LW QHHGV WR E
LQFUHDVHG )R[S OHYHOV UHODWH WR WKH LIQF DB B VRS KGIHJ
QHXURQV RI WKH VWULDWDOKEDYWBIOF BID QQOUD FIW DXL W R )1
.LSSLQJ HW DO

 BXEOLFDWLRWHWHQW GDWD WKDW )R[3 H[SUHVVLRQ C
QHZ 061V LQ $UHD ; GXULQJ D VKRUW VSHRQ IO ®HBHPO\QK
061V FDQQRW EH GLVWLQJXLVKHG E\ WKHLW )R/[KBH VH{ SRIBIWVC
GLIIHUHQFHV LQ )R[3 H[SUHVVLRQ DQG FRQFRPLQW QRX G R U
QHZ 061V DQG JLYH ULVH WR GLIIHUH® WLEFGLV, ¥ PEWNS HVG D@
DQG 'UG LQGLUHFW SDWKZD\ VWULDWDO O0BQQRWHRQ)QVU Et
VHJUHIJDWHG E\ WKH H[SUHVVLRQ RlI GRSDPLQHLYWEHRSBWR
'RSDPLQH PRGXODWHY WKH UHVSRQVH R IUGBGOMH WRK i RLOMLE
H[EFLWDELOLW)\ Rl 061V ZKHUHDV 'UG& VEGBE WK RV HD BMK/H 6 QW
DO 'LUHFW SDWKZD\ DFWLYDWLRQ SURP RWW VYPRWLHR
VXSSUHVVHV PRWRU EHKDYLRUV .UDYLW] HWMIYGLIIHU DU
HOHFWURSK\VLRORJLFDO SURSHUWLHV &SKRHIEI \H WHIVOV O H L
DO VIQDSWLF SODVWLFLW\ .UHLW]HU B R GWOLOFODHQ N@S
:DOO HW DO DQG EUDLQ ZLGH UHVSRQVHV /HH HW DC

7KHUH LV QRWKLQJ NQRZQ DERXW WKH FRQQHFWLYLW\
LQ ELUGY DOWKRXJK WKHLU H[LVWHQFH KDSLBHRKQ MW HNVX

%XW JHQH H[SUHVVLRQ GDWD SURYLGHV KLQWWYHIRU V
QXFOHXV 51$% VHTXHQFLQJ LGHQWLILHG HMVHP BD® i GF QVKVHN BiH
H[SUHVVLRQ SURILOH Rl GLUHFW DQG LQ®RUMRMWDIB1V RI
+RZHYHU P51%$ DQG SURWHLQ DEXQGDQFH GR \WRW DOZD\V
DQG 51%$ SURILOHV UHIOHFW RQH VQDSVKRW @RI DOR@H RIVF
LQVXIILFLHQW WR GHWHUPLQH QHXURQDO VXEW\DHVYDRUU
LQGLUHFW 061V ZRXOG H[FOXVLYHO\ LQQHUYDWH IGQG HE WF \
SDOOLGDO SURMHFWLRQ QHXURQV )ROORZLQJ)RYRGHQFH

o
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H[SUHVVLRQ OHYHOV PD\ LQGLFDWH 061'W®&E &\ S FAS HOBLLN.
FRUUHVSRQGLQJ GLUHFW 061V LQ JHEUD ILQFKHWYHBRW K GH[S
LQGLUHFW 061V LQ PDPPDOV DQG ELUGV H[OHMWWRRO\ OR
YDQ 5KLMQ HW DO 'LDR HW D'®'QHZ 066VFRQ GH ERDV KL {)
DQG 'UG 061V LQ PLFH KDG D PRUH LQM/HUAKHFW LIRDG/L ER)
KLIJIKHU GHQGULWLF FRPSOH[LW\ E D KLJKHUW H XPXPDWLY I
GHQGULWHV FRPEDUIH® MK JRQPE 'UG 061V UHVSHFWLYHO\
.RVXEHN /DQJHU DQG 6FKDUII 7R WHVW M WXLWDKE\GR'
PDUNHUV WUDFLQJY DQG HOHFWURSK\VLRERDYEDQ O&IPRU
RIWHQ H[SUHVVHV PXOWLSOH GRSDPLQH UHFHSWRUNO .XEL
'LDR HW DO DQG WKHUHIRUH 061V LQ VRQ@JELUG )
GRSDPLQH UHFHSWRUV ZKLFK LV SRVVLEOMLEQ HURGHDOW
FRPELQDWLRQ RI VHYHUDO PDUNHU SURW HILLQAG \Z L @ Q RWHKYH:
FKDOOHQJH LQ WKH GHWHFWLRQ R IDBJHWWKE WV S HVGLLW MAWA T
SDOOLGDO OLNH SURMHFWLRQ QHXURQV WXIHL Z LGWHKN IQF BAL IR
UHWURJUDGH WUDFLQJV %XW VLQFH 061 VXE®@NDPHM PQJ PN
ZHOO DV LQ WKH PRGXODWLRQ RI YDULDEQO® LWK KXW IGHIWGIIE
DQG KRZ )R[3 H[SUHVVLRQ LV LQYROYHG LQ WKHYW VXEW\S
,Q VXPPDU\ SURSHU DPRXQWV Rl )R[S SURWHLQ DU
QHXURELRORJLFDO SURFHVVHV LQFOXGLQJ EUDLROGHYHO

JUHQFK HW DO )XMLWD HW DO *URBGHLW HHW DO
.LSSLQJ HW DO JUHQFK HW DO X UXV HHW b
&KHQ HW DO JUHQFK HW DO .DVWIKW DBJXODWLI

RI )R[3 SURWHLQ OHYHOV LV SDUWLFXODU®R QB SIRRUDABQ\Y JI |
MXYHQLOHV DQG IRU FRQWH[W GHSHQGHD®W VR QJ+DHWYIOHL ¢
DO OXUXJDQ HW DO +HVWRQ DQQ SKKIEVOH FD W L RIQ
, SUHVHQW WKH ILUVW HYLGHQFH \W KWW HR[3Q W URXNHIQY GVH
VWULDWDO DGXOW QHXURJHQHVLV .RVXEHN /D@®JBU DQG
IXQFWLRQ LQ DGXOW VRQJELUGV

=1}
=1}
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S5HIHUHQFHYV

SHIHUHQFHYV

$EGL $ ODOOHW 1 ORKDPHG )< 6KDURWW $ 'RGVRQ 3
SURWRW\SLF DQG DUN\SDOOLGDO QHXURQWLGXWKH GRSDPL(

IHXURVFL GRL -1(8526&,

$GDP , OHQGR]D ( .REDO] 8 :RKOJHPXWK 6 DQG 6FKDUII &
WKH UHHOLQ UHFHSWRU 9/'/5 GHYRIDR&HABPBOWBIAORDRIG E\ VL
GRL M PFQ

$OL ) 2WFK\ 70 3HKOHYDQ & )DQWDQD $/ %XUDN < DQ
JDQJOLD LV QHFHVVDU\ IRU OHDUQLQJ VYIBNEBHXIURCEXW QRW

GRL M QHXURQ

$OWPDQ - D $UH QHZ QHXURQV IRUP MG LHQWHKH EUDLQV RI
GRL VFLHQFH

$OWPDQ - E $XWRUDGLRJUDSKLF VWXGVYHUDGMLUIRQ HRUY W XYJHF

FHOOV ZLWK WUILWHMWMRB QWD PLGLXQUHR OB R\L

$OWPDQ - $XWRUDGLRJUDSKLF LQY HBWQYV DRV LLRIQNVR/| FOI® & L
$QDW 5HF GRL DU
$OWPDQ - $XWRUDGLRJUDSKLF DQGXKRYMW®RKDRLN F PO &KX |

SUROLIHUDWLRQ DQG PLJUDWLRQ LQ VHQHF B QWRHSH BV LNRW HEJ
QHXURJHQHVLV LQ WERPBOIBERWRO\ EXGRL
FQH

$OWPDQ - 7KH 'LVFRYHU\ Rl $G X O WHMOFPIHMUWQ M HL QU R KHC
%UDLQ , 1HXHBELROBHBWNL . 6DZDPRWR -0 3DUHRQWR $ $O
6SULQJHU -DSDQ

$OWPDQ - DQG 'DV * D $XWRUDGLRJSRYKNLGDDMBBOK LV WR
KLSSRFDPSDO QHXUYRFPGEHVHXURDUDWGRL
FQH
$OWPDQ - DQG 'DV * E 3RVW QDWDO RUDMRURI PLFURQF
GRL D



S5HIHUHQFHYV

$OWPDQ - DQG 'DV * ' 3RVWQDWDOD@KXWRIHQHVLY LQ W
GRL D
$OYDUH] %YRUGD % DQG 1RWWHERKP ) *RQDANQ DYQHZ VLQJ
QHXURQ UHFUXLWPHQW LBXNRYFW FDQDUIRLWDLQ
-1(85268&,
$OYDUH] %X\00OD $ DQG .LUQ -5 %LUWK PLJWIRWLRQ LOQ
QHXURQV LQ DG XI®\W WRELFEQ UGVGRL 6,8&,
$,° 1(8! &2
$OYDUH] %X\00D $ /LQJ & < DQG <X : 6 &RQWULEXWLR

MXYHQLOH DQG DGXOW OLIH WR WKHIERLDA.\QDRIGD G M O BA HF G L
QHXURQV LQ WKH VRQRFR QWXRROQ X F OGIR L

FQH
$OYDUH] %X\00OD $ DQG LRWWHERKP ) OLJUDWLRQ RI \R>
1DWXUH GRL D

$OYDUH] %X\0OOD $ 7KHHOHQ 0 DQG 1RWWHERKPH KLIJKHMUJ %L
YRFDO FHQWHU RI WKH FDQDU\ IRUHEUDLQURHIRDW OGHRLOL® J
6FL 8 6 $ GRL SQDV

$OYDUH] %X\00D $ 7KHHOHQ 0 DQG 1RWWHERKPQWHZ FHEO 0D
W\SH LQ DGXOW IFDXQIRMFEUDLQ GRL -1(8526&,

$OYDUH] %X\00D $ 7KHHOHQ 0 DQG 1RWWHERKPOW DYLD@UR
YHQWULFXODU JRQH UHYHXORIDGLDO GRIDO GLYLVLRQ
K

$UYLGVVRQ $ &ROOLQ 7 .LULN ' .RNDLD = DQGHALQGYDOO
HQGRJHQRXV SUHFXUVRUV LQIWWHIBGXOW E®PILQ DIWHU VW
QP

%DUQHD $ DQG 3UDYRVXGRY 9 %LUGV DV QIPRGHO WR V
HYROXWLRQDU\ FRPSDUDWLYH DQGUQHMHIMHWIKRORJILFDO D¢
GRL M [

=1}
(@)
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%pGDUG $ &RVVHWWH 0 /pYHVTXH 0 DQG 3DIUHQMQVELDWH L!
QHXURQV LQ WKH VWULDW XP RURVFLFDG HD GHWD W HRERRILN H \
\Y [

%ROGULQL 0 )XOPRUH & $ 7DUWW $1 6LPHRQ /XPDQ@DYORY
+LSSRFDPSDO 1HXURJHQHVLV ZHOWVOLEWHMPNKHREHKRXW $ILQL

GRL M VWHP
%ROKXLV - - 2NDQR\D . DQG 6FKDUII & 7ZIQVWHU HYRO
ELUGVRQJ DQG KEMDBRHYSHHFKRVFL GRL QUQ
%RWWMHU 6 : 7KH GLVWULEXWLRQ Rl WQURKH@EU B L@WRRIOH
DQG IHPDOH [HELHX URFLKRD/ GRL QHX

%RWWMHU 6 : OLHVQHU ($ DQG $UQROG $ 3 QW EXWIRWD L
PDLQWHQDQFH RI VRQGFLG GPWVHULQH ERUGYV
VFLHQFH

%RX\HU - - 3DUN '+ -RK 7 + DQG 3LFNHO 9 0V RI WKKHPLF
UHODWLRQ EHWZHHQ FRUWLFDO LQSXWVHRHLQ® OWMURNVUOQMW K\G
QHRVWBUIIDARPSHVHDUFK GRL

%UDLQDUG 06 DQG 'RXSH $ - ,OQWHU UK S WILW B BH DHEDWAD
SODVWLFLW\ RI OHDDYXGH RFDOL]DWRRQV

%UDLQDUG 06 DQG 'RXSH $ - 3RVWOHDUIQQD HIFRPW R CRUIC
DJH DQG DQWHULRUY 1IRMHRUBLQ OHVIGRQV
-1(85268&,
%UDLQDUG 06 DQG 'RXSH $ - "KDW URQDEULMW GV WHDFK X
GRL D
%UDLQDUG 06 DQG 'RXSH $ - 7UDQVODWRWQUFERQGVRQJ
DSSOLHG PH G L$RDIX WBHHIWH DHOFWKR V F IG R L DQQXUHY QHXUF
%UHQRZLW] ( $ 7UDQVV\QDSWLF WURSKLF R HOF W N OR3 X\\OMH

EUDLQ SODRQWFLMXURHIRARFULQRW \IUQH

%YULPEOHFRPEH .5 DQG &UDJJ 6 - 7TKH 6WULRVRPH DQG !
6WULDWXP $ 3IDWK WKURXJK WKH /DE\ULQW¥&BU&KRHIPHXURFKI
IHXURVFL GRL DFVFKHPQHXUR E

=1}
(@}
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%XUG *' DQG 1IRWWHERKP ) 8 O W U D V WWHLEQ\DXOAD CR B R Bl GD
RQ QHZO\ JHQHUDWHG QHXURQV LQ D VRQJ FR-Q8RPRSO QXFOH
1HXURO GRL FQH

%XUHN O - 1RUGHHQ .: DQG 1RUGHHQ ( - 2QWRJHQ\ RI
JHQHUDWHG QHXURQV RI WHBILQX5YHMQ LHOYH %D D@ GERAD L Q

&DODEUHVL 3 3LFFRQL % 7R]]JL $ *KLJOIFWJD QL LI®BGE UH FMO
SDWKzD\V RI EDVDO JDQJO1LDWDLIRXUWYFDO UHDRBISUDLVDO

QQ

&DPSEHOO 3 O5HHS 5/ 6WROO 0/ 2SKLU $* DQG 3KHOSV
GLYHUVLW\ RI )R[S H[SUHVVLRQ LQ PXURISRPRGEHQWRO IXQF

GRL FQH

&HSHGD & $QGUH 90 <DPD]JDNL , :X 1 .OHLPDQ :HLQHU 0
'LIITHUHQWLDO HOHFWURSK\VLRORJLFDO RURSRHQUWDR HYLRW GR!
VWULDWDO PHGLXP \(KH6 MBUDR WFH X U RR/L M

[

&KHQ < & .XR + < %RUQVFKHLQ 8 7DNDKDVKL + &KHQ 6 <
FRQWUROV VI\QDSWLF ZLULQJ RI FRUW LLPRRVRVQJ ED \R B & RRLLQFIX L
OHI ADW 1HXGRVFL QQ

&KLX < & /L 0 < [/LX < + 'LQJ - < <X - < DQG :DQJ 7 :
QHXURQDO GLIITHUHQWLDWLRQ DQMYQHXXNIUREL® O XEW\SH VSH

GRL GQHX
&LSULDQL 6 )HUUHU , $URQLFD ( .RYDFV * “L9SREMRSRO 1
5DGLDO *OLDO 6XEW\SHV DQG 7KHLU 1HXURJEQKK BRWHQWLI
$O]KHLPHU V 'L \BHDWHE $8ERAUOMHY GRL FHUFRU EK\
&LWUL $ DQG ODOHQND 5 & 6\QDSWRR S ODY & PFHAK\D @LX\OP
1HXURSV\FKRSKDUPDFR GRI VM QSS

&R O +LFNH\ 6/ .XONDUQL $ +DUSHU 0 DQG .RQRSND *
%HKDYLRUDO )OH[LELOLW\ DQG 'HYHORSPHG@WODBE RRARLIPH
GRL FHUFRU EK]

o
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&RRSHU % * DQG *ROOHU ) 3K\VLRO RV IGHSH QG WIQW \F¥K DQ
LQ WKH UK\WKP RI WKH-VIRXURBKWRURQRJIJUBGRL
MQ
'D\ 0 :RNRVLQ ' 30RWNLQ -/ 7LDQ ; DQG 6XUBHWNWDQG
PRGXODWLRQ RI VWULDWDO PHGHXR RSEQ\ QHXURGREHQG UL
-1(85268&,
'D\ 1) +REEV 7* +HVWRQ - % DQG :KLWH 6 $ %H\RQG
BWULDWDO )R[3 $IIHFWV WKH $FWLYBDWIDRQ@QW HQ 3G KD \K K RHRIS
H1IHXUR GRL (1(852

'D\HU $ * &OHDYHU .0 $ERXDQWRXQ 7 DQG &DPHURQ + $
LQWHUQHXURQV LQ WKH DGXOW QHRFRUWH[ D\R3J M ODDW X P

%LRO GRL MFE

'HPRQWLV ' :DOWHUV 5. ODUWLQ - ODWWKHLVHQ 0 $0OV 7
'LVFRYHU\ RI WKH ILUVW JHQRPH ZLGH MIFLQW K \FSIHQW FUN VKL O/
GLVRUBWUWHQHW GRL Vv

'HYDQQD 3 OLGGHOEHHN - DQG 9HUQHV 6 & )2:3 GULY]
LQWHUDFWLQJ ZLWK UHW L QRIRR IVF& B OQ. 1GID®RYFISDWKZD\V

IQFHO
'RHWVFK ) DQG 6FKDUII & &K D OO H@BROM @ H XD R QHQHHS/D

ELUGY DQG %®DPPQOMIKDY (YRO GRL '2,

(KQLQJHU ' /L : )R[ . BWU\NHU 03 DQG 6LOYD $ - 5
GLVRUGHUYHXUBGXOWV GRL M QHXURQ

(QDUG : )2:3 DQG WKH UROH RI FRUMAK R E® \ODX® JRRJIW LD
HYROXWURQ2SLQ 1HXURELRGERL M FRQE

(QDUG : *HKUH 6 +DPPHUVFKPLGW . +ROWHU &0 %ODVV
KXPDQL]JHG YHUVLRQ RI )R[S DIIHFWV FR&MQGR EDVDO JDQJ

GRL M FHOO
(UQVW $ $ONDVV . %HUQDUG 6 6DOHKSRXU MHYHVWQ@Q6 7L

WKH VWULDWXP RI WRH®G XOW KXPGBRLEUDLQ
M FHOO

o



S5HIHUHQFHYV

(VSRVLWR 06 3LDWWL 9 & /DSODJQH '$ ORUJHBWWHUQ 1 $
1HXURQDO GLIIHUHQWLDWLRQ LQ WKW QGKOW KLSSRFD
GHYHOR-SPHXQWRVFL GRL -1(85268&,

)DUULHV 0$ 'LQJ / DQG 3HUNHO ' - UHAPW GSIDWKZBW WKU
WKH VRQJ VI\VWHP ERPRS QHIOWROLD GRL FQH

)DUULHVY 0$ DQG 3HUNHO ' - (OHFW UR SB\Y.1@RICR QIHOOUR S
UHFRUGHG LBXWRBKRVLRO GRL MQ

)DUULHV 0$ DQG 3HUNHO ' - $ WHOHQRBEBRDQLF RGWDH K
QHXURQV ZLWK SK\WLRORJLFDO FKDUDFWH ULVMXFRVEIL ERWK
GRL

JHH 06 DQG 6FKDUII & 7KH 6RQJELUG DV D ORGHO IRU W
&RPSOH[ 6HTXHQWLIBO %HKDYGRUV LODU

JHUODQG 5 - &KHUU\ 7 - 3UHZDUH 3 2 ORUULVHWLKRQ BRG :I
JR[S DQG )R[S P51%$ DQG SURWHLQ LQ WKERPHBYHORBERQJ DQ
GRL FQH

JUHQFK & $ *URV]JHU 0 3UHHFH & &RXSH $ 0 5DMHZVN\
*HQHUDWLRQ RI PLFH ZLWK D FRROEHW.IVMR QDO )BRE QXOO DOC
GYJ

JUHQFK & $ -LQ ; &DPSEHOO 7 * *HUIHQ ( *URV]JHU 0 )LV
DHWLRORJLFDO R[S PXWDWLRQ FDXVNVSDBNWLEQW\ \GXUWLLD\
OHDU@R@ BV\FKLDWU\ GRL PS

JUHQFK & $ O9LQXH]D 9HOR] 0 ) =KRX . 3HWHU 6 )LVKHU 6
'LIIHUHQWLDO HIIHFWV RI )R[S GLVUOR®WANROKLOWUVWLQFW |
GRL Y% [

JUHXQG 7 ) 3RZHOO -) DQG 6PLWK $° 7\URQY QK K\GUR
VIQDSWLF FRQWDFW ZLWK LGHQWL I LOHIBU VWHU HD W& PH JWR G5 B @
VSLAHYXURVFLHQFH GRL [

JULVHQ - 1IHXURJHQHVLY DQG *OLRJHIGI$HS QDXIBMWYRXV 6
&HOO 'HY %LRO GRL DQQXUHY FHOOELR

)XMLWD ( 7DQDEH < 6KLRWD $ 8HGD 0 6XZD . ORPRL O -
YRFDOL]DWLRQ LPSDLUPHQW RI )R[S 5 + NQRRNIRQ@WEGHEH U

o1



S5HIHUHQFHYV

DQG DEQRUPDOLW)\3RIRFXUNW QM FG GEV 8 6 $ GRL
SQDV

*DGDJNDU 9 3X]JHUH\ 3 $ &KHQ 5 %DLUG 'DQLHO ( )DUKDQ.
'RSDPLQH QHXURQV HQFRGH SHUIRWFRBIQFH HUURU LQ VLQJLC
GRL VFLHQFH DDK

*DKU 0 DQG *DUFLD 6HJXUD / 0 7HVWRVW IQWRIQH +®KESHQG
QHXURQV RI DGXOWUBPRCGHH ¥ DQDGRH YV

*DOH 6 ' DQG 3HUNHO ' - $QDWRP\ RIVIH ¥ RQ DOL URU EYORADQ
OHDUQLQJ DQRISOMYWXBRWQDW GRL
M MFKHPQHX

*DOH 6 ' 3HUVRQ $/ DQG 3HUNHO ' - $ QRYBOLEDVDO J
D YRFDO OHDUQLQJ FLUFXLW7EKHWR XWYDGRBSIDPRPSNUDWLYIS >
GRL FQH

*DUFLD &DOHUR ( %RWHOOD /RSH] $ %DKDPRQ&H 2 3HUH] %
JR[3 SURWHLQ OHYHOV UHJXODWH FHOO PRUSKRORJ\ FKDQJ
YHUWHEUDWH GHYHORSLIOQQF SWHOXFNVF H X QB O R L

Vv
*DUFLD &DOHUR ( DQG B6FKDUII & &DOELRIGIHEHWPSUHVVLR
ILQFKHY DQG LWV UHODWLRQ&RRSNVKHXIIRRUPDWLEGRLRI DUHD
FQH
*H 6 3UDGKDQ '$ O0OLQJ */ DQG 6RQJ + SHYBCHEOWMN W k
DGXOW QHXURIHHYHYXURVF&RL M WLQV
*HUWOHU 7 6 &KDQ & 6 DQG 6XUPHLHU ' - GXTFWRWRPRX
VWULDWDO PHGLXPLNSURVRBIHXURQV GRL
-1(85268&,

*RNFH 2 6WDQOH\ *0 7UHXWOHLQ % 1HII 1) &DPS - * OI
7TD[RQRP\ RI WKH ORXVH 6WULDWXP DV 5&MEBDOCHI® E\ 6LQJOH
GRL M FHOUHS

*ROGEHUJ -+ $GOHU $ %HUJPDQ + DQG )HH 0 6 6LQJ
GLVWLQJXLVKHVY WZR SXWDWLYH SDQOIQGDOQDFHM®R® S\D'S HYRLQ



S5HIHUHQFHYV

SULPDWH LQWHUQDO DQG HIWMNURUDPLSDOOLGIRYL VHIPHQWYV
-1(85268&,

*ROGEHUJ -+ DQG )HH 0 6 6LQJLQJ UHODWHNGRQHXUDO D
SXWDWLYH VWULDWDO QHXURQYHXURKK\WIRRQJELUGRDVDO J
MQ

*ROGPDQ 6 $ DQG 1RWWHERKP ) 1HXURQDO SWRGXFWLRC
YRFDO FRQWURO QXFOHXV RI BUKRIFDIDYOW $IFHP® GALF® @ DBU\ E |
GRL SQDV

*RXOG ( +RZ ZLGHVSUHDG LV DG XDWXQ HXIHRYIHHZHN LM XULR ¥ |
GRL QUQ

*URV]IHU O .HD\V '"$ 'HDFRQ 50 GH %RQR -3 3UDVDG 0XO!
,PSDLUHG VI\QDSWLF SODVWLFLW\ DQG PRR® W FOSHDLFQ@MHGL ¢
KXPDQ VSHHRKKGUH IBHERWYV GRL M FXE

+DHVOHU 6 5RFKHIRUW & *HRUJL % J/LFJQHUVNL H3 2VWHQ
DQG LQDFFXUDWH YRFDO LPLWDWLRQ DIWHU NQRFNGRZQ RI

$UHD3/R6 %LROH GRL MRXUQDO SELR

+DHVOHU 6 :DGD . 1VKGHMDQ $ ORUULVH\ ( JR[BLQWV 7 -I
H[SUHVVLRQ LQ DYLDQ YRFDO THMXURYHUY DQG GRQ OHDUQH L

-1(8526&,

+HVWRQ - % DQG :KLWH 6 $ %HKDYLRU /LQRNKIGRRD® 5HJ
/HDUQLDHXURVFL GRL -1(8526&,

+R 90 /HH -$ DQG ODUWLQ . & 7KH FBFQO® GRRORJI\ RI V

GRL VFLHQFH
+XUOH\ 3 3\WWH & DQG .LUQ -5 1HVWQR UBWHM QG WHKEG

YRFDO FRQWURO V\V Wi PB DRIQW/KHIKIIHYE DRIQ GRK

-DQLN 90 DQG 6ODWHU 3 - % IREYDQFPVY QRQWKI) A\WNR B!
%HKDYH®W 3 - % 60DWHU -6 5RVHQEODWW & 7 6QRZGRQ

-DQLN 9 0 DQG 60DWHU 3 - % 7KH GLIIHRRXQN ADRMOIHROQRI|
$QLPDO %YHKDYLRX®GRL KWWSV GRL RUJ DQEH

00



S5HIHUHQFHYV

-DUYLV (' 6FKDUIl & *URVVPDQ 05 5DPRV -$ DIQG IRWWFE
VLQJV FRQWH[W GHSHQGHKQWQHQH H[GRHVVLRQV

.DHVWQHU .+ .QRFKHO : DQG ODUWLQH] ' ( ZLQJHBQLILHG QI
KHOL[ IRUNKHDG WUTHRQHWLBWLRQ IDFWRUV

DR 0+ DQG %UDLQDUG 0 6 /JHVLRQV RIQWQFRQDWDHYVED VD C
GHSHQGHQW FKDQJHV WHRXVRG K\WD BOD E L 0GR\
MQ
DR 0+ 'RXSH $- DQG %UDLQDUG 0 6 & R (RW B EEEDOW. QR Q \
FLUFXLW WR UHDO WLPBIWRGXODWLRQ GRLVRQJ
QDWXUH
DR 0 + :ULJKW % ' DQG 'RXSH $ - 1HXURQVRRDO IRUHE
SODVWLFLW\ UDSLGO\ VZLWFK EHWZHHQ SUHFRQHVIRELII DQ
FRQWHLMXURVFL GRL -1(8526&,

.DVwW 5 - /DQMHZDU $/ 6PLWK &' DQG /HYLWWURQ FODVY¥;3
VSHFLILF H[SUHVVLRQ EXW LV QRW UBTKIWWRIOHERMHFEFKQOWLSO

GRL H/LIH
.HDUQH\ 0 * :DUUHQ 7/ +LVH\ ( 4L - DQG ORBQG\ 5
3UHPRWRU &LUFXLWV (QDEOH 4RIKNGEFHDUQLQJ LQ 6RQJIELUC
M QHXURQ

.HLODQL 6 &KDQGzZDQL 6 'ROLRV * %RJXVK $ %HFN + +D
LQGXFHV '$533 H[SUHVVLRQ LQ VWULDWDO @®WGDIXRQLFLQ\ ¢

HOHPHOMKURVFL GRL -1(85268&,
.HOVFK : ORVOH\ &3 /LQ & : DQG /RLV & RUV $UMWLQFW C
&RPPLWWHG WR *HQHUDWH 1HXURQV ZLWK3/R6LD HRO'RDGUL W
H GRL MRXUQDO SELR
.HPSHUPDQQ * (QYLURQPHQWDO HQULFKPHQW QHZ QHXUR
LQGLYLGRIVOIMM 1HXURVFL GRL Y% [

.HPSHUPDQQ * *DJH ) + $LJQHU / 6RQJ + &XUWLV 0$ 7K
$GXOW 1HXURJIJHQHVLYV (YLGHQRHDQG WHIPD& QO QEGRAXHVWLR
M VWHP

o
=1}



S5HIHUHQFHYV

HPSHUPDQQ * 6RQJ + DQG *DJH ) + 1IHXURBBGHVLV LQ
6SULQJ +DUE 3HUVISHFW BRRO FVKSHUVSHFW D

LUQ - 2 /RXJKOLQ % .DVSDULDQ 6 DQG 1RWWHERK®W)
LQ WKH KLJK YRFDO FHQWHU RI DGXOW RDQMHHNDIS®RRIQV DU F
1DWO $FDG 6FL 86 $ GRL SQDV

.LUQ -5 )LVKPDQ < 6DVSRUWDV . $OYDUH] %X\00D $ DQG
QHXURQV LQ DGXOW FDQDU\ KLJK YRFDO FHQWBU&BRBLQJ W
1HXURO

LUQ -5 DQG 1RWWHERKP ) 'LUHFW H YRINGHHRF IHR IQR @ HDXRW/R/C

LQ DGXOW FDQ®DXUV EWLL Q

.RMLPD 6 .DR 0+ DQG 'RXSH $ - 7DVN UUHIODWBD® OF RN
EDVDO JDQJOLD LQSXW DQG IVWREGLIINHG WD G BFDAB SODVWLF
GRL SQDV
.RMLPD 6 .DR 0+ 'RXSH $- DQG %UDLQDUG 0 6 7KH §
6RXUFH RI 5DSLG %HKDYLRUDO 9DULDWLRQ- IKIDW RQBPIEOHYV 9
GRL -1(8526&,
.RUQIHOG - -DQXV]JHZVNL 0 G6FKXEHUW 3 -DLQ 9LFDBIQN : L

VXEVWUDWH RI FUHGLW DVVLJQEPHHROWRQ UHLQIRUFHPHQW Ol

.RVXEHN /DQJHU - DQG 6FKDUII & '"\QDPLF )R L3 NHEY WRV

PRUSKRORJ\ RI DGXOW ERUQ $UKBPLHPMGIXP 5HERUPWXURQV
Y%

.RVXEHN /DQJHU - B6FKXO]JH / DQG 6FKDUII & QG ODWXUDWI
&RQQHFWLYLW\ RI $GXOW %RUQ OHGLXP 6SLQARKHWXURQV LQ I
1IHXURVFL GRL IQLQV

.UDYLW] $9 )UHH]JH % 6 3DUNHU 35 .D\ . 7KZLQ 0 7 'HL\
5HIJXODWLRQ RI SDUNLQVRQLDQ PRWRU EHKDYLRKUWNXEWRSW
1DWXUH GRL QDWXUH

.UHLW]HU $ & DQG ODOHQND 5 & (QGRFWRQDELQRGG PHG
PRWRU GHILFLWV LQ 3DUNDWXRE V GLVHDGRLPRGHOV

QDWXUH



S5HIHUHQFHYV

. XELNRYD / %RVLNRYD ( &YLNRYD 0 /XNDFRYD . 6FKDUII
JDQJOLD IXQFWLRQ VWXWWHULQJ VHBRHGHSQJ @RLG UHSDL
VUHS
. XELNRYD / :DGD . DQG -DUYLV (' 'RSDPIARP IHFHSWR!
1HXURO GRL FQH
XUW 6 )LVKHU 6 ( DQG (KUHW * JR[S PXR@WLRQV LPS
OHDURRGJI2QH H GRL MRXUQDO SRQH

/IDL & 6 )LVKHU 6 ( +XUVW -$ O9DUJKD .KDGHP ) DQG ORQD
JHQH LV PXWDWHG LQ D VHYHUHLUBSEKKWHK DQG ODQGRXDJH GLV

IDUVRQ 7 $ :DQJ 7 : *DOH 6' OLOOHU . ( 7KDWUD 10 &D
3RVWV\QDSWLF QHXUDO DFWLYLW\ UHYXDQWRQ QARQWQBRO D

3URF 1DWO $FDG 6FL 8 6 $ GRL SQDV

/JHEORLV $ :HQGHO % - DQG 3HUNHO 'D-WHV EDSADOLDDIO LARE

DQG UHJXODWHV VRFLDO FRQWH[W GHSHQSWRWMEXKRWER UD
GRL -1(8526&,

IHH + - :HLW] $ - %HUQDO &DVDV ' 'XII\ % $ &KR\ 0 .UDY
$FWLYDWLRQ RI 'LUHFW DQG ,QGLUHFW 3DWR®WD% 0BGQXAPL 6 Sl
5HVSRQMMKVURQ GRL M QHXURQ

/IHZLV -: 5\DQ 60 $UQROG $3 DQG %XWFKHU // (YLC
SURMHFWLRQ WR DUHD&RIPG WHKURGEGUD | IGRAK

FQH

/L ;& -DUYLV (' $OYDUH] %RUGD % /LP '$ DQG 1RWWHER
EHWZHHQ EHKDYLRU QHXURWURSKLQ BURFHVIYWRQSFIDEG66 H 2
$ GRL SQDV

ILpPJHRLVY ) %DOGHZHJ 7 &RQQHOO\ $ *DGLDQ '* OLVKNLQ
/IDQJXDJH 105, DEQRUPDOLWLHY DVVRFLDWHI®E XURKFY2;:3 JHQ

GRL Q0
ILpPJHRLV ) - +LOGHEUDQG 06 %RQWKURQH $DJXUQHU 6 -
(DUO\ QHXURLPDJLQJ PDUNHUV R6AR;BHEQWGBRIHQLF GHOHW
VUHS



S5HIHUHQFHYV

) 5DGR 5 DQG %DUQHD O$RI 6RFI

JLSNLQG ' 1RWWHERKP
I R U HEHKDLYD %R U DIGX 6 MVVERRLIELU GV

QHZ QHXURQV LQ WKH

Y
HW DO LQWUL®BVDEQ

; I1LH < :HL %

/LX ) <RX < /L ; 0D 7
GLIIHUHQWLDWLRQ SRWH-QMWDORRFIDGXOW QRXUREODVWYV

-1(85268&,
- 6]ZHG 6 3DULVHU ( B6HSHQBPXWDWQ\EDO %

/ILX : & .RKQ
KXQWLQJWLQ GLVUXSWV YRFDO DHWD UBIXQPRYBLWUDQVJIHQLF

GRL QQ

/IOHGR 3 0 DQG 9DOOH\ O $CXOWLROI® BW R UQ o XMUEE 1 BEKW\F
FVKSHUVSHFW D

%LRO GRL
$JH DWQBEDIRQLQDC

DQG 1RWWHERKP )
MQHXURVFL

IRPEDUGLQR $ -
GRL

DGXOW PDOH JHEHHNOURWAKHYV

IRQGRQ 6 ( '"HYHORSPHQWDO VRQJ OHDUQLQUMPW DNRKBR®/HO
OLPLW DQG SURPRWH/MWKBYDEUWRE MY WHR ®IHD U Q

M EHSURF
8VLQJ WHPSHUDW X\NUKHWR QIEHLQ\FH

0$ DQG )HH 0 6
QDWXUH

IRQJ
PRWRU SDDM XDH

GRL

%DFLDN / 3DYXNRYD ( 3LFKRYD .DVSDURYD

IXNDFRYD .
,PDJLQJ RI VWULDWDO LQMXU3K\Y LR URYPIESK\GRUDLQ

JSEB
/X]]DWL ) 'H ODUFKLVY 6 )DVROR $ DQG 3HOMW@BMH Q) XFOHXM
WKH DGXOWHXDREIFW GRL -1(8526&,
( 6\NHV 1 &RXSH $ 0 /DL & 6 9HL

ODF'HUPRW .' %RQRUD
 GHQWLILFDWLRQ RI )2;3 WUXQFDWLRQ DX D QR OBQ@ POXMH |

GHILBEPWV+XP *HQHW GRL
OLFNOHP % 5 +HQQ\ 3 %URZQ 07 :LOOLDPV &

ODOOHW 1
'LFKRWRPRXV RUJDQL]DWLRQ RIWKHMROIWHUQDOGR®IREXYV SDC

M QHXURQ

o
(@)



S5HIHUHQFHYV

ODQGHOEODW &HUI < /DV / 'HQLVHQNR 1 DQGXGEHMWRUB
FRUWLFDO SURMHFWLRQV(DQIWR®LELUG YRFIDE8 OHDUQLQJ

OHGYHGHYD 93 5LHJHU 0% 9LHWK % ORPEHUHDX & =LHJH
$OWHUHG VRFLDO EHKDYLRU LQ PLFHXPUOBQQAB@HMRUWLFDO
GRL KPJ GG\

OHUNOH )7 )XHQWHDOED / & 6DQGHUV 7 $ ODMQR / .HVVD
$GXOW QHXUDO VWHP FHOOV LQ GLVWL@QFZQPLFURGRPI

LQW H U Q H XIWDRAQ IWIVSHRN F L GRL QQ
OHUNOH ) 7 OLU]JDGHK = DQG $OYDUH] %X\00DD $WHP FH®RYWDL
LQ WKH DGXOMQEWDLQ GRL VFLHQFH

OLOOHU - ( 6SLWHUL ( &RQGUR 0 & 'RVXPX -RKQVRQ 5 7 *|
%LUGVRQJ GHFUHDVHYVY SURWHLQ OHYHOW®HHBRK3 D PF

1IHXURSK\VLRO GRL M Q
OLOOHU 6 0 DQG 6DKD\ $ )XQFWLRQV RI DGXOW ERUQ QH
LQWHUIHUHQFH D\W A HXQWERN EQ J GRL Vv

ORUHQR -LPHQH] (3 )ORU *DUFLD 0 7HUUHUFRWYRQFDQUD 5D

1 HWDO $GXOW KLSSRFDPSDO QHXURJW®&MVLV LV DE
VXEMHFWY DQG GURSV VKDUSO\ LQ1®PDDWLBRWY ZLWK $O]KHL
Vv
ORUJDQ $ )LVKHU 6 ( 6FKHIIHU , DQG +LOGHEUDQG O

/IDQJXDJH 'LVRUGHBMYHIBZV O 3 $GDP + + $UGLQJHU 5 $ 3D
‘DOODFH / -+ %HDQ . 6WHSBHRWWGHS$PHPL\D

OXNDPHO = .RQRSND * :H[OHU ( 2VERUQ * ( 'RQJ + %HUJ
5HIXODWLRQ RI 0(7 E\ )2;3 JHQHV LPSOLFDWHXWQVKLIKHU
ULVNHXURVFL GRL -1(8526&,

OXUSK\ . -DPHV /6 6DNDWD -7 DQG 3UDWKHWWXGLHV LG
VRQJELUGY WR XQGHUVWDQG WKH QHXUBRURSBWK\VLROVHQVR!
GRL MQ

O0XUXJDQ 0 +DUZDUG 6 6FKDUIl & DQG ORRQH\ 5 "LPL
GRSDPLQHUJLF PRGXODWLRQ Rl FRUWLFRVWWIHDWR® VLIQDC
GRL M QHXURQ

o
(@]}



S5HIHUHQFHYV

1HOVRQ $ % DQG .UHLW]JHU $ & SHDVVHVVLQJ PRGHOV R
G\WIXQRBWORQ5HY 1HXURVFIGRL DQQXUHY QHXUR

1L[GRUI %HUJZHLOHU % ( 'LYHUJHQW D QGR B DVUHIDOH@H B SKHDYC
VRQJ QXFOHL LQ PDOH D QG&RPPDOHXJHEWD ILGRKHV
6,8&, $,' &1( ! &2

1RUGHHQ (- DQG 1RUGHHQ . : D 6H[ DQG WRHILRRQDO GLIIF
QHXURQV ERUQ GXULQJ VRQJ OHPOWRNML LQ JHERID ILQFKHV
-1(85268&,

1RUGHHQ .: DQG 1RUGHHQ ( - E 3URMHFWLRQ QHXURQV .
GXULQJ VRQJ OHDUQUOWKXQ@HHEUD ILQERHV D

IRWWHERKP ) 6WRNHV 7 0 DQRG /THRQDUG & O HURBRWUDOC
FDQDUEBRWS 1HXURO GRL FQH

2GRP . - +DOO 0/ OS5LHEHO . 2PODQG . ( DQG /IDQJPRUH 1
ZLGHVSUHDG DQG DQAPDW&IDRPKQ GRRQJELUGVQFRPPYV

gOYHFIN\ % 3 $QGDOPDQ $6 DQG )HH 0 6 LORFDO H[SHU
VRQJELUG UHTXLUHV D3IEDoV@HORI® QJOGAMRLFLUFXLW
MRXUQDO SELR

gOYHF]N\ % 3 2WFK\ 7 0 *ROGEHUJ -+ $URQRY ' DQG )HH
FRQWURO RI D FRPSOH[ PRWRYU IWHXTURBXAMLEROULQGRIHDUQLQ
MQ

3DUHGHYVY 0 ) 6RUUHOOV 6 ) &HEULDQ 6LOOMHW DGDQGRYDRH V.
$GXOW 1HXURJIJHQHVLYV 3HUVLVWHQONEW HIXRBIQ G LGBIRFDP SX
M VWHP

3DUHQW -0 9H[OHU =6 *RQJ & 'HUXJLQ 1 DQG )HUULHUR
QHXURJHQHVLY DQG VWULDWDO QHXU®RQHXURIDFHPHQW DIW

GRL DQD

3DWRQ -$ DQG IRWWHERKP ) 1 1IHXURQV LI@@HRUDWHG L
IXQFWLRQBG LAHQFK LWV GRL VFLHQFH

3LGRX[ 0 %ROOX 7 G5LFFHOOL 7 DQG *ROGEHUJ - + 2L

LQ VLQJLQJ MXVHQIURIS KWL KD GRL M Q



S5HIHUHQFHYV

3\WWH & <X </ :LOGVWHLQ 6 *HRUJH 6 DQGWIKHQHE®D
ILQFK VRQJ PRWRU SDWKZD\ FRUUHODW HM B LE\RWR K H QUEDXF i C
SDUDO\VLV RI WKHIHRRRY PIXVFOHV GRL
-1(85268&,

S\WWH & / $GXOW 1HXURJHQHVLYV LQ WKH 6RHQLUELUG 5HJLI
IHXURQV WR %HKDYLRUDGoB8ODQWAHK /Y DYREOGGVOLEL O LW\

3\WWH &/ *HRUJH 6 .RUPDQ 6 'DYLG ( %RJGDQ ' DQG .L

LV DVVRFLDWHG ZLWK WKH PDLQWHQD QR RIHX WRWHWUHRW\SFH
GRL -1(8526&,

3\WWH &/ *HUVRQ 0 OLOOHU - DQG .LUQ - EUD ILQRKUHDV
VRQJ FRUUHODWHYV ZLWK D GHFOHYLDHXUREHRRI DGXOW QH X
GRL GQHX

5DNLF 3 IHXURQV LQ 5KHVXV ORQNH\ S NWWR2BOH&R UMPH RE\V\
2ULJLQ DQG (YHQWSFR B QFWSRVLWGRQ VFLHQFH

5DPYyQ \ &DMDOHEHQHUDWLRQ DQG 5HJHQHUDMIQRERA| MKRUBHU Y |
8QLY 3UHVYV

SHLPHUV .LSSLQJ 6 +HYHUV : 3DDER 6 DQG (QDODG
DIIHFWV FRUWLFR EDWXQ RDBUKWQPHFEBEXLW YV
M QHXURVFLHQFH

5HLQHU $ 'UDJDWVLV , DQG 'LHWULFK 3 JWRI@MNWLFV DQ
GLVHDRDWH5HY 1HXURELRGRL %
5RFKHIRUW & +H ; 6FRWWR /RPDVVHVH 6 DQG[SBKNMVLQRX
QHXURQV WR DUHD ; YDULHV HoYX WH® U R/ERLQRIOG H YGIROLRSPHQ W
GQHX
5RGHQDV &XDGUDGR 3 0 OHQJHGH - %DDV / 'HMOQQD 3 6F

0DSSLQJ WKH GLVWULEXWLRQ RI ODQJXDJH UHODWHG .
EUDLQV RI YRFDO OHBR®SQUHKDWO/SHFLHRL
FQH

5RXVVR '/ 3HDUVRQ & $ *DEHU =% OLTXHODMMDXUHJXL $
JR[S PHGLDWHG VXSSUHVVLRQ RI' 1 FDGKHUDQ ®WHJXODYV



S5HIHUHQFHYV

SURJHQLWRU PDLQWIHHHXD@®RFH LQ WKIRE&16
M QHXURQ

6DOLQDV $ * 'DYLV 0, /RYLQJHU '0 DQG ODWHEDLQH 'R
VHQVLWLYLW\ GLIIHU EHWZHHQ VWULRUBPMHXPQG PDWUL[ FRF
1HXURSKDUPDFRORJ\GRL M QHXURSKDUP

6DWWHUVWURP ) . .RVPLFNL - $ :DQJ - %UMHHQ O 6€DUBH5XEF
6FDOH ([RPH 6HTXHQFLQJ 6WXG\ ,PSOLFDWHV @RMWK LB YHOR:
WKH 1IHXURELRO&KHORI $XWLVIP GRL M FHOO

6FKDUIl & .LUQ -5 *URVVPDQ 0O ODFNOLV -' XDRQGDIRWWHE
GHDWK DIIHFWV QHXURQDO UHSODFHPHQM OWRQYRFDO EHKD
GRL Y

6FKDUII & DQG 1RWWHERKP ) $ FRPSBPUWWLREBORZXQGY RI
OHVLRQV RI YDULRXV SDUWV RI WKH JHEUDOIOGHBEKUQRQJ V\VW
IHXURVFL GRL MQHXURVFL

BFKUHLZHLY & %RUQVFKHLQ 8 %XUJXLHUH ( .HWWPROOX &
+XPDQL]HG )R[S DFFHOHUDWHYV OHD U EFOIUDWH.Y KDWR L
SURFHGXUDO SHRFRILIPDQ BHDG 6FL 8 6 $ GRL
SQDV

6FKUHLZHLY & ,ULQRSRXORX 7 9LHWK % /DGGDGD / 2XU\
FDUU\LQJ D KXPDQL]JHG )R[S NQRFN LQ DOOWMD® MW{BZ UHJLR
H[SUHVVLR@® ODMMHOV GRL M FRUWH]

6FKXO] 6 % +DHVOHU 6 ©6FKDUII & DQG 5RFKHIRUW &

GHQVLW\ LQ $UHD ; RHQHKW JHUDUD I%ERB YGRL M
; [
6FRWW % % *DUGQHU 7 -L 1 )HH 06 DQG /RLYQ&WKH ‘D
SRVWQDWDO YHUWHEWRWHL RUHE UDRIQ -1(8526&,
6FRWW % % DQG /RLV & 'HYHORSPHQWDOVRERUIQQ DQG L

GXULQJ YRFDO OHDUQR®S$ UG XMRRIELUGRL FQH



S5HIHUHQFHYV

6FRWWR /RPDVVHVH 6 B5RFKHIRUW & 1VKGHMBIGURQ\D QG H XD
UHQHZHG LQ DGXOW (KDOHIHMEIRV FLQFKHBRL M

[

6KHQ : )ODMROHW 0 *UHHQJDUG 3 DQG 6XUPHLR@WURO
RI VWULDWDO V\EML.SWWQEF SODVW L RLR\L\ VFLHQFH

BRKUDEML ) 1RUGHHQ (- DQG 1RUGHHQ . :HDUQL®HOHFWLYF
IROORZLQJ OHVLRQV RI D IRUHEUD L QUUMHFOYH XN XLU®D @/ KA RIX Y +
GRL D

BRUUHOOV 6 ) 3DUHGHV 0) &HEULDQ 6LOODD® 6DQGRYDO
+XPDQ KLSSRFDPSDO QHXURJHQHVLYV GURSV WK DQUSB®X QAW VFK L
1DWXUH GRL QDWXUH

6RVVLQND 5 DQG %|KQHU - 6RQJ 7\SHV LQ W&KH =HEUD )L
7LHUSV\FKRO

6SLWHUL ( .RQRSND * &RSSROD * %RPDU - 20GKDP 0 2X
WKH WUDQVFULSWLRQDO WDUJHWYV RI )2;3 HYHORSLMUQNHG
KXPDQ BBDLOXP *HQHW GRL

6WDQOH\ * *RNFH 2 ODOHQND 5 & ©6XGKRI 7 & DQG 4XDNH
'LVFUHWH 1HXURQ 7\SHV Rl WKHX3GB®RW O0OXULQH 6WULDWXP

M QHXURQ

BWHQPDQ - 7RUHVVRQ + DQG &DPSEHOO . QLWRGHQWLILFD
SRSXODWLRQV LQ WKH ODWHUDO JDQ D®LRQ GFRHA DG WRFEN ELXR
QHXURJHQHXURVFL GRL MQHXURVFL

6XUPHLHU ' - 'LQJ - 'D\ 0 :DQJ = DQG 6KHQ : ' DQG
PRGXODWLRQ RI VWULDWDO JOXWDRBWOWUQHRHWRIEND OLQJ LQ
1IHXURVFL GRL M WLQV

6XUPHLHU ' - *UDYHV 6 0 DQG 6KHQ : 'R BZRIUNVUUIQF PF
KHDOWK DQG 3DU&XQV RS L\Q GIHHIRELRGRL

M FRQE
7DNDKDVKL . /LX ) & +LURNDZD . DQG 7DNDKDVKL + (

LQYROYHG LQ VSHHFK DQG ODQJXDJH +QHXKIR\GHYHOWRSLQJ
GRL MQU
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7DNDKDVKL . /LX ) & 2LVKL 7 ORUL 7 +LJRIVLRGIRIDVKL 0
)2:3 LQ WKH GHYHORSLQJ PRQNH\ IRUHEUDLQ FRPSDULVRQ
)2:3 3%; DQG O0&BPS 1HXURO GRL FQH

7DQDND O 6LQJK $OYDUDGR - OXUXJDQ 0 DQG ORRQH\ 5
KXQWLQJWLQ LQ WKH VRQJELUG EDVDO JDRQV MLPGCLREXSG W V
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1IHXURVFLHQFH GRL M QHXURVFLHQFH

7HUDPLWVX , 3RRSDWDQDSRQJ $ 7RUULVL 6DFWNQ&HB®LWH 6
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7RNDUHY . %RHQGHU $ - &ODVVHQ *$ DQG 6FKDWHG&
DGXOW ERUQ QHXURQV LQ WKH JHE U2 UDQ BK6BWHE PW VWX QB W H

GRL v \
7RQFKHY $ % <DPDVKLPD 7 6DZDPRWR . DQG 2NDQR +

SURJHQLWRU FHOOV LQ WKH VXEYHQWULEXQOW K H R/Q\HJ DG XPL
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M DQEHKDY

8vXL 1 &R 0 +DUSHU 0 5LHJHU 0 $ 'RXJKHUW\ -' DQG .R
)2;3 5HIXODWHY ORWRU )XQFWLRQ DQG 9RFDO &RPPXQLFDW
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YDQ GHU .RR\ ' DQG )LVKHOO * IHXURQDOWALILDMKEE® WH >
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YDQ 5KLMQ -5 )LVKHU 6 ( 9HUQHV 6 & DQG 1DGLI .DVUL 1
LQFUHDVHYVY VWULDWDO GLUHFW SDWKYBAUDQKYL BMWWUIXAEEW Y) XD K

GRL v
9DUJKD .KDGHP ) :DWNLQV . ( 3ULFH & - $VKEXUQHU - $OI
1HXUDO EDVLV RI DQ LQKHULW G R/FS # BWIO 3@ 0 GO BRLI 8 DX

GRL SQDV

9DWHV * ( %URRPH % 0 OHOOR & 9 DQG 1RWWBKRBOR )
WHOHQFHSKDORQ DQG WKHLU UHODWLR @ RHVARKRIS VRQJ V\VV
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UHJXODWHV JHQH QHWZRUNV LPSOLFDWH G LICBY R6H XHIQ MMM R X W
H GRL MRXUQDO SJHQ
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=XVDPPHQIDVVXQJ

=XVDPPHQIDVVXQJ

$GXOWH 1HXURJHQHVH LVW HLQ 3UR]JHVVQENXURGH® KM XH VIF
JHELOGHW ZHUGHQ XQG LQ EHVWLPPWH 5HJRREKRURHWRIDG
HUZDFKVHQHQ 6LQJY|JHOQ ZHUGHQ QHXH 1HUNH@HOQ OGIIQHL ¢
BURGXNWLRQ XQG GLH (UKDOWXQJ FGHOBL XFHWDSLOA DM MK
GRUQHQEHVHW]WH 1HUYHQ]JHOOHQ YRQ PLWW OBOHRK *UQ% -
GHQ VWULDWDOHQ %DVDOJDQJOLHQQEKMOBYYVEURD V IHL QX @i
LQ GLH YRUKDQGHQHQ 6FKDOWNUHLVH LQWRIUWHQU VK ZEH G|
9RUOIXIHUJHOOHQ PLW GHP FKHPLVFKHQ %DVHQDQDORJR
OHQWLYLUDO YHUPLWWHOWH ([SUHVVLRQVHLENM LOXR GBIV H
LQ $UHD ; ZXUGHQ QDFK XQWHUVFKLHGOLFKHQ =HLWVSDQ
QHXURQDOH $NWLYLWIW ZIKUHQG GHV *HVEE&QVQHLRK XEWHE
(QWVWHKHQ VLQG GLH PHLVWHQ QHXHQ ZHIWH® ]SO0 XD G
SRVWV\QDSWLVFKH 9HUELQGXQJHQ DX| XQG H[SULPIHUHQ
,QQHUYDWLRQ KLQZHLVHQ 8P ]X EHDQWZRHWWH® REOROQ DX
6LQJHQ DNWLYLHUW ZHUGHQ ZXUGH HEILWOE[SUR ¥ WIKR Q HVI$R
JHQXW]W ZHLO HV VFKRQ ZHQLJH OLQXWHQ M@FKUbBIHQY &
%HUHLWYV GUHL :RFKHQ QDFK LKUHU (QW VW H KMXQYH B[S OIOPH @
(*5 DOV )ROJH GHUHQ $NWLYLHUXQJ GXUFK 6LQWWGHKQG P
$QWHLO GHU GXUFK 6LQJHQ DNWLYLHUWHQ QU XMQ LBIW D BE
DGXOWHQ 1HXURJHQHVH ]X YHUVWHK® GHEXWDGHQ G HI® 'EEX W)
$OWHU YRQ VLHEHQ -DKUHQ XQWHUVXFKW H'\LH/ I{ BKHEHLL \G\H
VWULDWDOHQ DGXOWHQ 1HXURJHQHVH XRQHLBHQHI R PHOM/G
IHUYHQJHIOHFKW NRQVWDQW KLQ]XJHI+JW ZHUGHQ

061V GLH LQ $UHD ; HLQZDQGHUQ H[SULPLHUHQ GDV )R
'LHVHU 7UDQVNULSWLRQVIDNWRU KDW ZQF KEWLI H H)KIQNIWL R
6IXJHWLHUHQ XQG GHVVHQ OXWDWLRQ YHUXUVDBEWOHBHLP
(QWZLFNOXQJVG\VSUD[LH %HL =HEUDILQNHQ VLQG NRUUF
$UHD ;: HQWVFKHLGHQG I+U HUIROJUHLFKHV *HWRAOVQBUQ
YHUVFKLHGHQHQ VR]LDOHQ .RQWH[WHQ )R[3GHUSBKNVHR®H
*HVDQJVOHUQHQV KRFK MHGRFK QLHGULJ E®LVDTLUIBWE QH 7
JR[3 ([SUHVVLRQ VRJDU KHUXQWHUUHJXOLHURKHOBRN LQ $
([SUHVVLRQVQLYHDXV DXI 'LH +HUXQWHUUHJXOQKUXQY YR



=XVDPPHQIDVVXQJ

061V PLW QLHGULJHP )R[3 ([SUHVVLRQVQLYHDX XQG QLF
([SUHVVLRQVQLYHDX DXI 'DKHU SRVWXOLHI$W HVLVALKR GDQLW B
HUVW NsUJOLFK LQ $UHD ; HLQJHZDQGHUW VIQQ & W) @ HAHIHQ
PXVV EHYRU VLH GXUFK 6LQJHQ DNWLYLHUWHAHKNGMIQWN | DQG
GDV )R[3 ([SUHVVLRQVQLYHDX XQG GLH (*5 ([SYRIQVLRQ
VLQIJHQGHQ XQG QLFKW VLQJHQGHQ =HEUDILQNHQ ]X YH
(QWVWHKXQJ EHVWLPPW ZXUGH ,QWHUHVVDHWHOGHLVH .
XQDEKIQJLJ YRQ LKUHP )R[3 ([SUHVVLRQVQLYHDQXVU I( WV BD
GHU QHXHQ 061V LQ IUsKHQ 5HLIXQJVVWDGLHQ §RKU KL WR K
GHU JHUHLIWHQ 061V H[SULPLHUWH )R[3 MIGIRF® W I§UMEHGL
$EQDKPH GHU )R[3 3URWHLQPHQJHQ LQ HLQWW )\DD AV HR QW
ZXUGH GDVV )R[S GDV :DFKVWXP XQG GLH 'LIIHUHQ]JLHUXQ
ORUSKRORJLH GHU 'HQGULWHQ XQG GLH 'LFKWH KRKWHPRUQH
RGHU JHULQJHP )R[3 ([SUHVVLRQVQLYHDX DQOO\WPLRUW |,
KRKHP )R[3 ([SUHVVLRQVQLYHDX NRPSOH[HUH 'HQGULWH
SLOJI|JUPLJHQ 'RUQHQIRUWVIW]HQ 'LHV GHXWE&WV GNDXADXIQ
=HLWUDXPV LKUHU 5HLIXQJ PHKU 9HUNQ+SIXQJHQ WH®@ YRUJ
(LQ 9HUJOLFK GHU KLHU SUIVHQWLHUH®OHNWHE QLYT H. @G L
9HUELQGXQJHQ GHU %DVDOJDQJOLHQ YRQ 1NMHKLHGBQF K
JR[3 ([SUHVVLRQVQLYHDXV XQG GLH GDPLW HLQKHUJHKHQC
DXl GLH ([LVWHQ] XQWHUVFKLHGOLFKH U BXEW QS\NHD HEHEBGELX
=XVDPPHQIDVVHQG JHLJHQ GLH SUIVHQWLHUMWHQUBWH QY RI
HUZDFKVHQHQ =HEUDILQNHQ UHNUXWLHUW ZHUGHQ IXQNW
*HVDQJV HLQH ZLFKWLJH 5ROOH VSLHOHGQRRNKGIQWHIF K, Q& H t
%LOGXQJ ZHLVHQ QHXH 061V G\QDPLVFKH )R[BRUBHBYMURIC
SRVLWLY PLW GHU .RPSOH[LWIW GHU GHQGULWGMBKHQ

'RUQHQIRUWVIW]H YRQ QHXHQ 061V ZRGXUFK GLH )XQNWL
VWULDWDOHQ DGXOWHQ 1HXURJHQHVH HUZHLWHUW ZXUGH
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'DQNVDJIXQJ

'DQNVDJIXQJ

/LHEH &RQVWDQFH LFK P|FKWH GLU GDIU GRQINHGHGQNVY
$UEHLWVJUXSSH DXIJHQRPPHQ XQG PLFK V)W HWWHX QYWHIU M &/
VHOEVWEHVWLPPW ]X DUEHLWHQ XQG PHAKQ@D® HHYMQHOH FHJ
GX PLFK PRWLYLHUW QRFK HLQHQ 6FKULWWRZHYWHW WX G H
PLU HUP|JOLFKW )DPLOLH XQG )JRUVFKXQJ EHVWIRNJORWK HX
LFK GDV QLFKW JHVFKDIIW ,FK ZHL%GHN ¥ HIOW FKN NIEW | VK
LOQWHUQDWLRQDOH .RQIHUHQ]HQ XQG OHHWUQUWV|XL B HN X WK)
PRWLYLHUW KDW 'X ELVW HLQH JUR % DUW VIWHH QH/Q VYWERIWL @ |
7HOOHUUDQG ]X VFKDXHQ XQG DOOHV ]X KLQWHUIUDJHQ ,F

+HU]JOLFK EHGDQNHQ P|FKWH LFK PLFKI®PWBK KEWX @L GV B
$UEHLW DQJHQRPPHQ KDW OHLQHQ HKHPDOLRBKQ+*XQGLH®DN
MDKUHODQJH 8QWHUVW W]XQJ XQG GDUM LEDQYWLWX\R BHQ
KDEHQ ODULQD (JHTXLHO 6LQD -RKDQQDBKADWUBS O\IBWIDDX ¢
9DQHVVD *DQ] EHVRQGHUV GDQNH LFK -DGH®Q W HEQU® I'RQNH
HEHQVR 800D XQG $USLN I«U GLH /DERURUJBRHQDIXLRQY X Q
*HUIWHQ XQG /DERUWHFKQLNHQ

JLHEH $GULDQD LFK JODXEH GLH W KWEEGDH ZRDU |XY PPF
6FK|QVWH ZIKUHQG GHU 3URPRWLRQ :LU KDWWMQ JHJR % H
ORPHQWH GDV ZHUGH LFK VHKU YHUPLVVHQ $XFK QHQQ PD
ZLU XQV LPPHU JHJHQVHLWLJ DXIKHLWHUQW ,if KQKIVE M RZ MR
.ROOHJLQ XQG J)UHXQGLQ ]XVDPPHQDUEHLWHQ ]X N|JQQHQ C

/JLHEH ODPD OLHEHU 3DSD YLHOH 'DQNJCGDXEW KQ ® ®Q|
XQWHUVWeW]W KDEW ,KU KDEW PLU LPPHU )UHKWD XPHI®HEE
'DQN I+U $OOHV +HU]JOLFK EHGDQNHQ P [FEXMHH HFKOPIFK D X
%IUEHO XQG .ODXV I+U LKUH 8QWHUVWsW]XQJ

JLHEHU 7KRPDV LFK GDQNH GLU GDVV GX BXKPFK K & LI G|
+|KHQ XQG 7LHIHQ GHU 3URPRWLRQV]HLW KD®BNXUIEKKEGDOH
/JRULV XQG GLFK LQ PHLQHP /HEHQ ]X KDEHQ






(LGHVVWDWWOLFKH (UN

(LGHVVWDWWOLFKH (UNOIUXQJ

+LHUPLW YHUVLFKHUH LFK GLH YRUOLHJH QX®HH UIODVXHEWWHD WL
DQJHIHUWLJW ]X KDEHQ %HL GHU 9HUIDVNXIQQ OBV GIVIV H B W
DQJHIJHEHQHQ 4XHOOHQ XQG +LOIVPLWWHOXYG M ZNQNGHW HA
IJUsKHUHQ =HLWSXQNW DQ HLQHU D QG H U B BKERIFKALAKKX B iHi DR

%HUOLQ GHQ

“HQQLIHU .RVXEHN /DQJHU
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