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ABSTRACT

Research performed on transgenic animals has led to
numerous advances in biological research. However,
using traditional retroviral methods to generate trans-
genic avian research models has proved problematic. As
a result, experiments aimed at genetic manipulations on
birds have remained difficult for this popular research
tool. Recently, lentiviral methods have allowed the pro-
duction of transgenic birds, including a transgenic Japa-
nese quail (Coturnix coturnix japonica) line showing
neuronal specificity and stable expression of enhanced
green fluorescent protein (eGFP) across generations
(termed here GFP quail). To test whether the GFP quail
may serve as a viable alternative to the popular chicken
model system, with the additional benefit of genetic
manipulation, we compared the development, organiza-

INDEXING TERMS: transgenic quail; auditory brainstem

tion, structure, and function of a specific neuronal circuit
in chicken (Gallus gallus domesticus) with that of the GFP
quail. This study focuses on a well-defined avian brain
region, the principal nuclei of the sound localization cir-
cuit in the auditory brainstem, nucleus magnocellularis
(NM), and nucleus laminaris (NL). Our results demon-
strate that structural and functional properties of NM
and NL neurons in the GFP quail, as well as their
dynamic properties in response to changes in the envi-
ronment, are nearly identical to those in chickens. These
similarities demonstrate that the GFP quail, as well as
other transgenic quail lines, can serve as an attractive
avian model system, with the advantage of being able to
build on the wealth of information already available from
the chicken. ). Comp. Neurol. 521:5-23, 2013.
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Transgenic model systems, such as mice, fish, worms,
and flies, have had a remarkable impact on the study of
biology in recent decades (Jaenisch, 1988; Dunn et al.,,
2005). Mice that express green fluorescent protein (GFP)
in neurons have helped tremendously to address ques-
tions about neuronal structure and function in both adult
(e.g., Feng et al., 2000; Grutzendler et al., 2002; Trach-
tenberg et al., 2002) and developing brains (e.g., Lendvai
et al., 2000; Portera-Cailliau et al., 2005; Nagerl et al.,
2007).

Despite their impact, traditional transgenic methods
have proved problematic for many popular research spe-
cies, such as birds, methods for which have remained
almost entirely elusive (Sang, 2004). During the last three
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decades, production of transgenic chicken was
attempted by using a number of retroviral vectors. How-
ever, transfection efficiency was generally low (Salter
et al., 1987; Bosselman et al., 1989; Perry and Sang,
1993; Zajchowski and Etches, 2000; Mozdziak et al.,
2003). More recently, a simple and effective method for
producing transgenic birds by using lentiviral vectors has
been introduced (Scott and Lois, 2005; Poynter et al.,
2009). The transgenic Japanese quail (Coturnix coturnix
japonica) expresses enhanced GFP (eGFP) driven by the
human synapsin | gene promoter. The consistent expres-
sion of eGFP is specific to neurons throughout develop-
ment and into maturation and is sufficient to visualize
individual axons and dendrites. Thus, fluorescently
labeled neurons will allow for more in-depth studies of
neuron migration, axonal pathways, dendritic structure,
and synaptogenesis in both fixed and living tissue.

In order to evaluate and promote the use of transgenic
quail as a useful avian model to study brain development,
structure, and function, we examined how specific neu-
rons in the GFP quail compared with equivalent neurons
in a member of the same taxonomic family, the white leg-
horn chicken (Phasianidae, Gallus gallus domesticus), a
widely used species in biological research, particularly
neuroembryology. Specifically, we investigated the simi-
larities of auditory neurons in nucleus magnocellularis
(NM) and nucleus laminaris (NL). NM and NL comprise a
well-described neural circuit in the auditory brainstem
used to study binaural auditory processing, development
(including circuit assembly), and afferent influence on
neuronal death and dendrite dynamics (for reviews, see
Rubel et al., 1990; Fritzsch et al., 2002; Burger and Rubel,
2008).

Abbreviations

4v fourth ventricle

cc central canal

D dorsal

dh dorsal horn

DL-APV DL-2-amino-5-phosphonovaleric acid
DRG dorsal root ganglion

DTX dendrotoxin

E embryonic day

FI flocculus

GFP green fluorescent protein

NBQX 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-

sulfonamide disodium salt hydrate, FG 9202 disodium
salt hydrate

NL nucleus laminaris

NM nucleus magnocellularis
NT neural tube

P postnatal day

PFA paraformaldehyde

PFI paraflocculus

PTX picrotoxin

RT room temperature
SGFS stratum griseum et fibrosum superficilale
tect tectum

TTX tetrodotoxin

\ ventral

vh ventral horn

We show that the structure and function of NM and NL
neurons in the GFP quail are nearly identical to those of
the chicken. These similarities suggest that transgenic
quail are a viable alternative to the chicken model to
study the avian nervous system, especially when trans-
genic quail lines are produced that manipulate the
expression of specific genes and/or to identify specific
neuronal types. We suggest that the GFP quail can be an
advantageous model system to study the avian brain
when readily labeled and highly identifiable neurons are
desired.

MATERIALS AND METHODS

Animals

Fifty-one Japanese quail (Coturnix coturnix japonica)
embryos and hatchlings (embryonic day [E]9-posthatch
day [P]6) of either sex were used. The day of hatching
was considered to be posthatch 0 (PO). Quail hatch at
E16. In addition, 18 white Leghorn chicken (Gallus gal-
lus domesticus) embryos and hatchlings (E11-P10) of
either sex were used for comparison. Chickens hatch
at E21.

All experimental methods and animal husbandry proce-
dures to generate transgenic quail were carried out in ac-
cordance with the guidelines of the National Institutes of
Health and with the approval of the Institutional Animal
Care and Use Committee at the California Institute of
Technology (Huss et al., 2008). All other surgical proce-
dures were approved by the University of Washington
Institutional Animal Care and Use Committee and
conformed to NIH guidelines. All efforts were made to
minimize pain or discomfort of the animals used and to
minimize the number of the animals used.

Production of transgenic quail

Two lines of transgenic quail were produced and used
in the current study. The first line is Tg(syn7:eGFP) trans-
genic quail that express eGFP driven by the human synap-
sin gene | promoter. The production of this line has been
described before (Scott and Lois, 2005). The second line
is Tg(syn1:H2B-eGFP) transgenic quail that express eGFP
fused with a nuclear localized protein, histone H2B. The
original vector pLenti.Syn(0.5):eGFP has been previously
characterized (Dittgen et al., 2004). pLenti.Syn(0.5):eGFP
was linearized with BamH1 and Agel and then ligated
with a fragment containing Bg/2-Age1 H2B. The final plas-
mid vector, pLenti.Syn(0.5):H2B-eGFP (9,655 bp), was
electroporated into £. co/i DH10B (Invitrogen, Carlsburg,
CA). Purified plasmid DNA was isolated from transformed
E. coli by using standard column filter techniques
(Qiagen, Valencia, CA).
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Lentivirus production

293FT cells (Invitrogen) were grown on gelatin-coated
plates and transfected with pLenti.Syn(0.5):H2B-eFFP by
using Lipofectamine 2000 along with the ViraPower Lenti-
viral Packaging Mix (Invitrogen) according to the manu-
facturer’s protocol. Supernatants were collected at 24,
48, and 72 hours post transfection, filtered at 0.45 pm,
and stored at —80°C until concentration. Supernatants
were concentrated by using Centricon Plus filter devices
with a 30-kDa MW cutoff (Millipore, Billerica, MA) accord-
ing to the manufacturer’s protocol. The resulting superna-
tants were ultracentrifuged at 50,000g for 2 hours at
4°C. The lentiviral pellets were resuspended in DMEM
(Mediatech, Manassas, VA) and stored at —80°C. The len-
tiviral titer was determined by infecting cells with serial
dilutions of the concentrated virus.

Production and analysis of transgenic quail

The transgenic quail were produced by using previously
published protocols (Sato et al., 2010) by the injection of
concentrated lentivirus solution into the subgerminal cav-
ity of stage X Japanese quail embryos (Eyal-Giladi and
Kochav, 1975). One GO mosaic founder was bred to a
wild-type (WT) mate, which produced two transgenic off-
spring that were grown to adulthood and bred for experi-
mental analysis. We screened G1 hatchlings for the pres-
ence of the transgene by using standard molecular
techniques (Sambrook and Russell, 2001). First, polymer-
ase chain reaction (PCR) analysis was performed on
genomic DNA isolated from the chorioallantoic mem-
brane (CAM) tissue of the eggshell after hatching. The
CAM was scraped from the inside of the shell and
digested overnight at 55°C in the presence of sodium do-
decyl sulfate (SDS) and proteinase K. The genomic DNA
was isolated by using standard phenol/chloroform
extraction protocols. Genomic DNA (100 ng) was used to
perform multiplex PCR with oligonucleotide primers
designed against the H2B-eGFP portion of the transgene
along with chicken GAPDH as a housekeeping control.
Once transgenic birds had been identified, the number
and uniqueness of transgene integrations was deter-
mined by using Southern blot analysis. Genomic DNA (5
1g) was digested with Pstl, separated on a 0.8% agarose
gel, and transferred to a nylon membrane. The blot was
hybridized with a 646-bp *?P-labeled DNA probe against
the woodchuck hepatitis virus posttranscriptional
response element (Wpre) of the transgene.

Cochlea removal

A previously described procedure was used for cochlea
ablation (Born and Rubel, 1985). Quail (P1-P6) were
anesthetized with a mixture of 40 mg/kg ketamine and

Auditory brainstem of GFP quail

12 mg/kg xylazine. A small incision was made to widen
the external auditory meatus of the ear. The tympanic
membrane and columella were removed to expose the
oval window. The basilar papilla, including the lagena mac-
ula, was removed via the oval window using fine forceps,
floated on water, and examined with a surgical microscope
to verify complete removal. Only animals with a complete
removal of the basilar papilla, including the lagena, were
used for further tissue processing and data analysis. This
procedure results in complete removal of the basilar pa-
pilla, but spares the ganglion cells. In total, 15 animals
received a unilateral cochlea removal (right ear). Four were
allowed to survive for 4 hours, four for 14 hours, four for 1
day, and three for 6 days. Four additional animals did not
receive the surgery and served as controls.

Immunohistochemistry

Distribution and expression level of proteins of interest
were examined by using peroxidase or fluorescent immu-
nohistochemistry in control animals (n = 9) or those used
for cochlea removal experiment (n = 19; Wang and Rubel,
2008). For embryos, quail were rapidly decapitated and
the brains were removed from the skull and immersion-
fixed overnight in 4% paraformaldehyde (PFA) in phos-
phate buffer (PB; 0.1 M, pH 7.4) at 4°C. For hatchlings,
quail were anesthetized with a mixture of 200 mg/kg ke-
tamine and 60 mg/kg xylazine and transcardially per-
fused with 0.9% saline followed by 4% PFA. The brain was
removed from the skull and postfixed overnight in the
same fixative. All embryo and hatchlings brains were then
cut coronally either at 12 um on a cryostat (Leica CM
1850, Leica Biosystems, Richmond, IL), at 30-40 pum on
a freezing sliding microtome, or at 50 pm with a vibra-
tome (Leica VT 1000S). Sucrose cryoprotection was
applied prior to cryostat or microtome sectioning.

Sections were collected in phosphate-buffered saline
(PBS; 0.01 M, pH 7.4) into alternate series, and stained
for either Nissl substance or immunohistochemically for
microtubule-associated protein 2 (MAP2), glutamate de-
carboxylase 65 (GAD65), gephyrin, and voltage-gated po-
tassium channel 1.2 (Kv1.2). Free-floating sections were
incubated with primary antibody solutions diluted in PBS
with 0.3% Triton X-100 for 6 hours to overnight at 4°C, fol-
lowed by biotinylated anti-IgG antibodies (1:200; Vector,
Burlingame, CA) or AlexaFluor secondary antibodies
(1:200-1:500; Molecular Probes, Eugene, OR) for 1-4
hours at room temperature (RT).

For peroxidase immunohistochemical staining, sec-
tions were incubated in avidin-biotin-peroxidase com-
plex solution (ABC Elite kit; Vector) diluted 1:100 in PBS
with 0.3% Triton X-100 for 1 hour at RT. Sections were
incubated for 3-7 minutes in 0.015% 3-3’-diaminobenzi-
dine (Sigma-Aldrich, St. Louis, MO), either with 0.01%
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TABLE 1.
Primary Antibodies Used

Antigen

Immunogen

Manufacturer, species antibody was
raised in; mono- vs. polyclonal;

Microtubulin-associated protein 2 (MAP2)
Glutamate decarboxylase 65 (GAD65)
Gephyrin

Potassium channel 1.2 (Kv1.2)

Bovine brain MAP2
(amino acids 997-1,332)
Human GAD65 from
baculovirus-infected cells
Purified rat gephyrin

Fusion protein of rat Kv1.2
(amino acids 428-499;

cytoplasmic C-terminus)

Class Ill B-tubulin

Rat brain microtubules

hydrogen peroxide in PBS or with 0.03% hydrogen perox-
ide, 125 mM sodium acetate, 10 mM imidazole, and 100
mM nickel ammonium sulfate. Sections were mounted on
gelatin-coated slides and then dehydrated, cleared, and
coverslipped with DPX mounting medium (EMS, Hatfield,
PA). For fluorescent immunocytochemical staining, sec-
tions were mounted and coverslipped with either Fluoro-
mount-G (SouthernBiotech, Birmingham, AL), Glycergel
(Dako, Carpinteria, CA), or Vectashield (Vector).

Antibody characterization

The immunogen, clone type, and manufacturer’s infor-
mation, as well as dilution used for each antibody, are
provided in Table 1. Specificity of antibodies for MAP2,
GAD65, and gephyrin in chicken brain tissue has been
described in previous studies from our laboratory (Wang
et al., 2009; Tabor et al., 2011). Briefly, anti-MAP2 binds
specifically to MAP2a and MAP2b and is detected as a
300-kDa band in western blot analysis. Anti-GAD65
reacts strongly with GAD65-containing nerve terminals
and recognizes a 65-kDa protein corresponding to
GAD65 by western blot of mouse brain extract. Anti-
gephyrin stains the brain-specific 93-kDa splice variant
and was shown to detect the N-terminus of gephyrin in
western blot (Pfeiffer et al., 1984). The staining pattern
revealed in the current study for each of these antibodies
is identical to that of published studies.

According to the manufacturer’s information, anti-
Kv1.2 does not cross-react with Kv1.1, Kv 1.3, Kv1.4,
Kv1.5, or Kv 1.6 expressed in transfected cells. It detects
a molecular weight at 80 kDa in brain membranes pre-
pared from WT mice or rat, which is absent from Kv1.2
knockout mice.

Electrophysiology

Acute brainstem slices were prepared from transgenic
quail (E14-16) and chicken (E19-21) as described previ-
ously (Sanchez et al., 2010). Briefly, bilaterally symmetri-

cat. and lot nos. Dilution
Chemicon; mouse; monoclonal; 1:1,000
clone AP20; MAB3418; lot LV1486526
Millipore; rabbit; polyclonal; AB5082; 1:1,000
lot LV1580833
Synaptic Systems; mouse; monoclonal, 1:1,000
clone mAB7a; 147011; lot 147011/21
NeuroMab; mouse; monoclonal; 1:1,000
clone K14 /16;
Covance, mouse monoclonal, clone: TUJ1, 1:1,000
cat no: MMS-435P, lot no.: 14920201.
TABLE 2.
Animal Ages by Experiment
Experiment Method Age
GFP expression Unstained sections E9, E11,
E14, P5
Cytoarchitecture MAP2 IHC P1-P6
Calyx of Held Dye electroporation P2-P5
NM axon Dye electroporation E14
Inhibitory terminal GAD65 & gephyrin IHC E14
on NL
Kv1.2 channel Kv1.2 IHC E14
expression
Intrinsic and synaptic In vitro whole-cell E14-16
properties patch clamp
physiology
Afferent influences Cochlea removal P1-P6
MAP2 |[HC

Abbreviations: GAD65, glutamate decarboxylase 65; GFP, green fluo-
rescent protein; IHC, immunohistochemistry; MAP2, microtubule-asso-
ciated protein 2.

cal coronal slices were made (200-300 pum thick) from
the rostral one-half of NL and collected in normal artificial
cerebrospinal fluid (ACSF) containing the following (in
mM): 130 NaCl, 3 KCI, 1.25 NaH,PO,4, 26 NaHCOs3, 1
MgCl,, 3 CaCl,, and 10 glucose, pH adjusted to 7.3 with
KOH

Voltage-clamp and current-clamp experiments were
performed by using an Axon Multiclamp 700B amplifier
(Molecular Devices, Sunnyvale, CA). Patch pipettes were
pulled to a tip diameter of 1-2 um and had resistances
ranging from 3 to 6 MQ. For voltage-clamp experiments,
the internal solution was cesium-based containing the fol-
lowing (in mM): 108 CsMeSQO3, 5 CsCl, 1 MgCl,, 15 phos-
phocreatine-Tris,, 8 BAPTA-Cs,, 10 HEPES, 3 QX-314.Cl,
4 MgATP, 0.4 Tris,GTP, pH adjusted to 7.3 with TrisOH.
The liquid junction potential was 5 mV, and data were
adjusted accordingly. The cesium-based internal solution
was used to block K* conductances and QX-314 chloride
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was used to block Na™ conductances in an attempt to
reduce space-clamp issues associated with dendritic fil-
tering. Series resistance was compensated for by ~80%
in all voltage-clamp recordings. For current-clamp experi-
ments, the internal solution was potassium-based con-
taining the following (in mM): 105 K-gluconate, 35 KClI, 1
MgCl,, 10 HEPES-K™, 5 EGTA, 4ATP-Mg*", and 0.3 GTP-
Na*t, pH adjusted to 7.3 with KOH. The liquid junction
potential was 10 mV, and data were adjusted
accordingly.

A small hyperpolarizing (—1 mV, 100 ms) voltage com-
mand was presented at the beginning of each recorded
trace to document and monitor whole-cell parameters
(resting membrane potential [RMP], cell membrane ca-
pacitance, series resistance, and input resistance). RMPs
were measured immediately after break-in to avoid ce-
sium-induced depolarization during voltage-clamp experi-
ments. Neurons were included in the data analysis only if
they had RMPs between —50 mV and —65 mV and had
series resistances <15 MQ. Raw data were low-pass-fil-
tered at 2 kHz and digitized at 10 kHz by using a Digidata
1440A (Molecular Devices).

Pipettes were visually guided to NL and neurons were
identified and distinguished from surrounding tissue
based on cell morphology, known laminar structure, and
location of the nucleus within the slice. All experiments
were conducted in the presence of the y-aminobutyric
acid A receptor (GABAA-R) antagonist picrotoxin (PTX,
100 uM). After a GQ seal was attained, membrane
patches were ruptured and NL neurons were held in
whole-cell configuration for voltage-clamp recording at
the following membrane potentials: —60 mV for isolated
AMPA-R-mediated excitatory postsynaptic currents
(EPSCs); —80 mV for isolated AMPA-R-mediated EPSC
depression; and —60 mV for isolated K* currents (volt-

age-clamp).
For current-clamp experiments, NL neurons were held
in whole-cell configuration at | = 0 for recording intrin-

sic and synaptic membrane potentials. Isolated AMPA-
R-mediated EPSCs were recorded in the presence of an
N-methyl-p-aspartate receptor (NMDA-R) antagonist, DL-
2-amino-5-phosphonopentanoic acid (DL-APV; 100 pM).
Isolated K currents were recorded in the presence of
the Na™* blocker tetrodotoxin (TTX; 1 uM), the AMPA-R
antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]-
quinoxaline-7-sulfonamide disodium salt hydrate (NBQX;
20 pM), and DL-2-amino-5-phosphonovaleric acid (DL-
APV). Dendrotoxin (DTX-l; 0.1 pM) and fluoxetine (100
1tM) were used to selectively block low- and high-voltage
activated K™ currents, respectively. K* leak currents
were subtracted offline by using the responses to the
hyperpolarizing steps from —80 to —90 mV as a
baseline.

Auditory brainstem of GFP quail

Extracellular synaptic stimulation was accomplished by
using a concentric bipolar electrode (tip core diameter:
200 pm; World Precision Instruments, Sarasota FL).
Square electric pulses, 100 ps in duration, were delivered
by an Iso-flux stimulator (A.M.P.I; Jerusalem, Israel) and
interval generator (S88; Grass, West Warwick, Rl). Stimu-
lating electrodes were placed in the dorsal neuropil
region of NL, approximately 30-50 um from recorded NL
neurons. For current-voltage (I-V) experiments of iso-
lated AMPA-R currents, spermine (100 pM; N,N-bis(3-
aminopropyl)-1,4-diaminobutane,  gerontine, muscul-
amine, neuridine) was added to the internal pipette
solution to reduce dialyzation of endogenous polyamines.
Spermine is a polyamine that blocks ion flux in a voltage-
dependent manner for AMPA-Rs lacking the GIluA2
subunit.

Recording protocols were written and run by using
Clampex acquisition and Clampfit analysis software
(version 10.1; Molecular Devices). Statistical analyses
and graphing protocols were performed by using Prism
(version 5.0a; GraphPad, La Jolla, CA). The standard for
significant differences was defined as P < 0.05.

All bath-applied drugs were allowed to perfuse through
the recording chamber for 2 minutes before subsequent
recordings. D-APV, NBQX, spermine, and all other salts
and chemicals were obtained from Sigma-Aldrich. DTX,
PTX, and fluoxetine were obtained from Tocris (Ellisville,
MO). TTX and QX-314 were obtained from Alomone Labs
(Jerusalem, Israel).

Axon labeling

Terminal morphology and projection pattern of the au-
ditory nerve and NM axons were examined by electropo-
ration of a fluorescent dextran dye into a small number of
the auditory (eighth) nerve axons or a small cluster of NM
cells in GFP quail (E14-P6) and chickens (E20), as
described previously (Burger et al., 2005; Seidl et al,,
2010). Briefly, the whole brainstem blocks or thick slices
(1,000 um) that contain NM and NL were prepared as
described above for physiological recordings. Alexa Fluor
568 dextran (20 mM in sterile 0.9% saline; Invitrogen)
was electroporated with square voltage pulses (100 ps)
applied through a glass pipette with a tip diameter of 1-2
pm. Following electroporation, the tissues were returned
to oxygenated ACSF for additional 4 hours at RT followed
by fixation in 4% PFA for 1-4 hours. To observe the termi-
nal morphology of the auditory nerve within NM, the
brainstem was sectioned at 100 um by using a vibratome
before coverslipping. For projection pattern of NM axons,
the 1,000-um-thick slices were dehydrated in a series of
ethanol steps and put into a clearing solution (3:5 mixture
of benzyl benzoate and methyl salicylate), so that filled
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cells and axons could be imaged in their entirety in these
1,000-um tissue slabs.

Imaging

eGFP, filled neuronal structure, and immunoreactivity
were imaged by using confocal microscopy (FluoView
FV1000 or FluoView FV300, Olympus, Tokyo, Japan).
Acquired images were false-colored in Adobe Photoshop
(Adobe Systems, San Jose, CA). All images are shown in
the coronal plane and dorsal is up.

RESULTS

The brainstem auditory nuclei of the developing
chicken embryo and hatchling have been studied exten-
sively (for reviews, see Rubel et al., 1990; Kubke and
Carr, 2000; Fritzsch et al., 2002; Hyson, 2005; Burger
et al., 2011). Here we repeated several anatomical, bio-
chemical, and biophysical studies previously done in
chickens with the Tg(syn7:eGFP) and Tg(syn1:H2B-eGFP)
quail, (collectively referred to as GFP quail) to

SLTR psi  cPPT

rat Synapsin | (0.5kb) promoter

ey e

Pst |

B ct1 ct2
G2 G2 __ G2 G2
P WT GI , .-Gl ,
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D HH15 Midbrain Region
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P N Tg WT WT Tg Tg WT

GAPDH-

H2B-GFP-

Figure 1
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demonstrate similarities in auditory brainstem structure
and function between the chicken and GFP quail.

Neuronal eGFP transgenic quail

HIV based VSV-g pseudotyped lentiviruses were used
to produce two transgenic quail expressing eGFP under
the control of the synapsin promoter: Tg(syn7:eGFP) quail
expressed eGFP throughout the cytoplasm of neurons,
whereas Tg(syn7:H2B-eGFP) quail expressed eGFP fused
with a nuclear localized protein, histone H2B (Fig. 1A-C).
Expression of eGFP was first observed at Hamburger-
Hamilton (HH) stage 15 (E3) in the differentiating neurons
within the midbrain anlage concomitant with the onset of
synapsin mRNA expression (Fig. 1D). Both Tg(syn7:eGFP)
and Tg(syn1:H2B-eGFP) quail lines fluorescently marked
neurons throughout the brain and spinal cord in a specific
and heritable manner during embryonic development
(Fig. 1E,F) and after hatching (Fig. 2A-L).

Expression of eGFP in the developing
auditory brainstem

Figure 3 shows eGFP expression in NM and NL neurons
of the Tg(syn7:eGFP) quail at E9, E11, E14, and P5. At all
ages examined, neurons of NM and NL formed distinct
nuclei. NM neurons had round somas with no visible den-
drites (Fig. 3A-D). In contrast, NL, positioned ventrolat-
eral to NM (Rubel et al., 1976; Jhaveri and Morest, 1982;
Young and Rubel, 1983), was composed of neurons
arranged in a monolayer with bipolar dendrites extending
dorsally and ventrally (Fig. 3A-F), similar to the anatomy
of the chicken NL (Smith and Rubel, 1979).

Auditory brainstem of GFP quail

Anatomy and morphology of NL and NM in
GFP quail resemble chicken counterparts

We examined the detailed morphology of NL neurons
by using immunohistochemistry for MAP2, a universal
somatodendritic marker (Matus et al.,, 1981) previously
used to study the chicken auditory brainstem (Wang and
Rubel, 2008). MAP2 immunolabeling of P3 GFP quail
brainstems confirmed that NM neurons had round cell
bodies that were usually devoid of dendrites (Fig. 4A,B)
and that bipolar NL neurons were arranged in a mono-
layer with dorsal and ventral dendritic domains (Fig. 4C-
E). The length and complexity of NL dendritic arbors
increased dramatically from rostromedial to caudolateral
(Fig. 4CE), resembling the pattern of NL dendrites along
the tonotopic axis in late embryonic and posthatch chick-
ens (Smith and Rubel, 1979; Smith, 1981; Wang and
Rubel, 2008).

A striking feature of the chicken auditory brainstem is
the large, calycine terminals (endbulbs of Held) formed by
the auditory nerve terminals on NM cell bodies (Jhaveri
and Morest, 1982). To examine the morphology of audi-
tory nerve terminals in GFP quail, we labeled individual
axons using dye electroporation. In both Tg(syn7:eGFP)
and Tg(syn7:H2B-eGFP) quail (P5 and P2, respectively)
the endbulbs appeared similar in morphology to the end-
bulbs of Held found in E20 chicken embryos (data not
shown) and hatchlings (Parks and Rubel, 1978; Jhaveri
and Morest, 1982) (Fig. 5A-C).

The NM axon projection to NL in GFP quail mirrors the
chicken anatomy. In GFP quail, fluorescently labeled NM
axons projected to the ipsilateral and contralateral NL
(Fig. 6A). Contralaterally extending axons traversed the

Figure 1. Characterization of Tg(syn7:H2B-eGFP) embryonic quail. A: Schematic representation of the syn7:H2B-eGFP lentivector following
chromosomal integration. The length of the proviral sequence from the 5’ LTR to the 3’ LTR is 4,810 bp. The blue line indicates the 859-bp
sequence spanning the H2B and eGFP regions amplified by PCR for genotyping. The red line indicates the region of the transgene sequence
identified by a 646-bp probe used for Southern blotting. The Pstl restriction site used to digest the genomic DNA for Southern blotting analy-
sis is indicated. LTR, long terminal repeat; psi, packaging signal; cPPT, central polypurine tract; H2B, histone 2B; WPRE, woodchuck hepatitis
virus posttranslational regulatory element. B: Southern blot analysis of genomic DNA isolated from the chorioallantoic membrane (CAM) of
eggshells after hatching. The blot shows two positive G; hatchlings: Tg(synl:HZB—eGFP)Ct1 and Tg(synl:HZB—eGFP)Ctz (ct, Caltech). Both lines
show single transgene integrations at distinct sites within the genome of the hatchlings (ct1, 2,900 bp; ct2, 3,200 bp). When bred to a WT,
these G; birds produced phenotypically positive G, hatchlings (G2") about 50% of the time, as expected. Phenotypically negative G, hatch-
lings (G27) lacked the transgene, as did known wild-type hatchlings (WT). P, plasmid DNA control, 9,655 bp. C: Screening of hatchling
genomic DNA for Tg(syn7:H2B-eGFP). Multiplex PCR was performed by using chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
1,445 bp) as a housekeeping control. Oligonucleotide primers amplified an H2B-eGFP fragment of 859 bp in transgenic animals. Two positive
Tg and two negative WT are shown. Controls: P, plasmid DNA; N, no gDNA control; Tg, known transgenic gDNA; WT, known wild-type gDNA.
D: Transgene expression is first detected in the midbrain region of stage HH15 quail embryos. HH15 Tg(syn7:H2B-eGFP) embryos were fixed,
cryosectioned, immunolabeled with antibodies against -l tubulin (Tuj1, red), and counterstained with DAPI (blue). GFP-positive nuclei
(green) are colocalized with cells positive for the neural specific marker. Highlighted rectangular region in the upper left panel shown at
higher magnification in upper right and lower panels. E: Neural specific eGFP expression continues throughout embryonic development.
Wholemount E4 Tg(syn7:H2B-eGFP) embryo showing eGFP expression throughout the CNS. F: Transverse section through an E4
Tg(syn1:H2B-eGFP) embryo showing strong eGFP expression in the dorsal root ganglion (DRG) and the lateral aspects of the neural tube (NT).
D, dorsal; V, ventral. Scale bar = 200 um in D, upper left; 50 pm in D, lower right (also applies to upper right and lower left); 1 mm in E; 100
pum in F.
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Figure 2. Characterization of Tg(syn7:H2B-eGFP) post-hatch quail. A-C (DAPI, eGFP, merge, respectively): Neural-specific eGFP expression
continues after embryonic development. A section of a P1 Tg(syn7:H2B-eGFP) quail containing nucleus laminaris (arrowheads in B.). The
granule cell layer of the cerebellum (gr in B), with its dense layer of cell nuclei, is highly labeled. DAPI counterstain, blue. PFI, parafloccu-
lus; Fl, flocculus; NL, nucleus laminaris; 4v, fourth ventricle. D-F: All regions of the brain show neural-specific eGFP expression. A section
through the optic tectum of a P1 Tg(syn7:H2B-eGFP) quail. The various tissue layers within the stratum griseum et fibrosum superficilale
(SGFS) of the tectum (tect) are clearly visible. G-I: Transverse section of the spinal cord of a P1 Tg(syn7:H2B-eGFP) quail showing eGFP-
positive nuclei localized to the gray matter of the maturing neural tissue. cc, central canal; dh, dorsal horn; vh, ventral horn. J-L: P1
Tg(syn1:H2B-eGFP) spinal cord section immunolabeled with antibodies against B-lll tubulin (Tuj1, red). GFP-positive nuclei (green) are colo-
calized with cells positive for the neural-specific marker. Scale bar = 200 um in | (applies to A-l); 50 um in L (applies to J-L).

midline just ventral to the fourth ventricle, before they
terminated on the ventral dendrites of the contralateral
NL (Fig. 6A,B). Ipsilateral axons projected to the dorsal
dendritic domain of the ipsilateral NL (Fig. 6C). As in
chickens, contralateral and ipsilateral NM terminal axons
were restricted to either the ventral or dorsal dendrites,
respectively, and only a few fibers crossed to the other
side (Fig. 6B,C).

Immunolabeling patterns in GFP quail
auditory brainstem

Studies in the chicken auditory brainstem have found
several molecules with intriguing distribution patterns
suggesting they play important roles in development and
function (e.g., GABAergic synapse and voltage-dependent
K™ channels) of NM and NL. We examined the immuno-
labeling patterns of these molecules in GFP quail to
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Figure 3. eGFP expression in auditory brainstem of Tg(syn7:eGFP) quail. A-D: At E9, E11, E14, and P5 eGFP is expressed in soma and
dendrites of NM and NL neurons. At E9, nucleus magnocellularis (NM) and nucleus laminaris (NL) neurons are already distinct structures
showing relatively mature configurations (A). At P5 NM neurons appear round, almost devoid of dendrites (D). E,F: eGFP expression in NL
neurons reveals the monolayer organization of cell bodies and bipolar dendritic arbors. All images are coronal views, with dorsal up. Scale

bar = 50 um in A; 20 pm in B,F; 100 pm in C,D; 10 pum in E.

explore whether these molecules show similar distribu-
tion patterns in the NM-NL circuit.

GABAergic synapses in NL and NM

The distribution pattern of inhibitory synapses across
NM and NL in E15 GFP quail was examined by using anti-
bodies against GABAergic presynaptic (GAD65) and inhib-
itory postsynaptic (gephyrin) molecules. Figure 7A shows

gephyrin immunolabeling, indicating inhibitory postsynap-
tic sites in NM and NL. Punctate immunostaining against
GAD65 and gephyrin was observed surrounding NM cell
bodies (Fig. 7B-D) and throughout the dendritic and neu-
ronal domains of NL (Fig. 7E-G). Immunolabeled puncta
were distributed across the tonotopic axis in both NM
and NL (data not shown). The distribution pattern of inhib-
itory synapses was similar to the pattern observed in
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Figure 4. Nucleus magnocellularis (NM) and nucleus laminaris (NL) cytoarchitecture in post-hatch GFP quail. A,B: At P3 in GFP quail, sim-
ilar to stage matched chickens, MAP2 immunoreactivity shows that NM neurons have round somata and very short processes are stained
(white arrowheads in B). C-E: NL neurons show typical bipolar configuration with symmetric dorsal (up) and ventral (down) dendritic
domains. From the rostromedial to the caudolateral poles of NL there is a gradient of increasing dendritic length along the tonotopic axis.

Scale bar = 50 pm in A-C (that in C also applies to D,E).

chicken using the same antibodies (Tabor et al., 2011)
and antibodies against other GABAergic synaptic compo-
nents (vesicular GABA transporter [VGAT]: Nishino et al.,
2008; GABA: Code et al., 1989; Kuo et al., 2009; GABA,
receptors: Code and Churchill, 1991).

Kv1.2 channels in NL and NM

Spatial distribution of Kv1.2, a low-voltage activated
potassium channel (K ya), was found in NL by immuno-
staining GFP quail brainstem sections at E14 (Fig. 8).
High-magnification images revealed a high intensity of
Kv1.2 immunolabeling at the proximal axon of NL neurons
(Fig. 8A, arrowheads), resembling the pattern of Kv1.2
immunolabeling in the chicken auditory brainstem at E19
(Sanchez et al., in press).

Intrinsic physiological properties of NL
neurons in GFP quail and chicken
Membrane responses of NL neurons
Current-clamp studies were performed on NL neurons
from GFP quail (E14-16) and chicken (E19-21) by using
hyperpolarizing and depolarizing current steps. Represen-
tative changes in membrane potentials are shown for E16
GFP quail NL neurons in Figure 9. In all neurons tested,
only a single action potential (AP) occurred, despite large
systematic increases in depolarizing current injections
(Fig. 9A). In addition, voltage sag occurred in response to
large negative current injections in both GFP quail and

chicken (Fig. 9A). Voltage-current (V-I) relationships
were constructed by measuring the steady-state mem-
brane voltage after injection of current into the soma of
NL neurons. The flattened V-I curves above the resting
membrane potentials of the neurons were similar
between GFP quail and chicken (Fig. 9B), indicating low
input resistances.

K* conductances of NL neurons

K™ conductances in voltage-clamped NL neurons from
GFP quail (E14-16) and chicken (E19-21) were recorded
while neurons were clamped at different holding poten-
tials. Representative changes in K currents from an E15
GFP quail NL neuron are shown in Figure 9C. |-V relation-
ships were constructed by measuring the steady-state
current response at different holding voltages (Fig. 9D).
The 1-V curves for both GFP quail and chicken NL neu-
rons, showed that: 1) depolarizing voltage steps greater
than —60 mV activated significant K ya currents; and 2)
depolarizing voltage steps between —30 and +20 mV
activated significant high-voltage activated potassium
channel (Kyya) currents (Fig. 9D). Indeed, these K™ cur-
rents were highly sensitive to bath application of blockers
of Kiya (DTX-I) and Kyya (fluoxetine) channels (data not
shown). Hence, GFP quail NL neurons express strong K"
conductances consisting of both K yx and Kyya channels
commonly found in age-equivalent chicken embryos.
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Figure 5. Calyx-type auditory nerve terminals in NM. A: Auditory nerve terminals on NM cell bodies in P5 Tg(syn7:eGFP) quail. B: 3D ren-
dering of calyces and associated NM cells. C: Color-merged maximum intensity projection of NM in P2 Tg(syn7:H2B-eGFP) quail following
dye electroporation into the auditory nerve. eGFP, green; dye, magenta. Scale bar = 10 um in A,C; 5 um in B.

Figure 6. Nucleus magnocellularis (NM) axon projection pattern. A: NM axons send bilateral projections to neurons in nucleus laminaris
(NL). The ipsilateral NM axon provides an input to the dorsal dendrites of NL neurons. The contralateral axons cross the midline and travel
on the ventral side of NL neurons. B: Contralateral NM axons project to the ventral side of NL and very few axon fibers cross over to the
dorsal neuropil. C: Ipsilateral axons project almost exclusively to the dorsal side of the ipsilateral NL neurons. eGFP, magenta; dye, cyan.
Scale bar = 100 um in A; 30 um in B,C.
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Figure 7. Pattern of inhibitory synapse distribution in nucleus magnocellularis (NM) and nucleus laminaris (NL). A: Gephyrin immunolabel-
ing of inhibitory postsynaptic sites in NM and NL of E14 Tg(syn7:eGFP) quail. B-D: High-magnification images of gephyrin (B), GAD65
(GABAergic presynaptic sites; C), and combined (D) immunolabeling in NM. E-G: High-magnification images of gephyrin (E), GAD65 (F),
and combined (G) immunolabeling in NL. Scale bar = 100 um in A; 10 um in B (applies to B-G).

Synaptic physiological properties of NL
neurons in GFP quail and chicken
AMPA-R-mediated EPSCs of NL neurons

To determine whether EPSCs in the GFP quail NL neu-
rons are mediated by rapid, subunit-specific AMPA-Rs,
isolated AMPA-R-mediated EPSCs were recorded while
NM inputs were electrically stimulated. Our results
showed large, rapid, and highly consistent inward cur-
rents when GFP quail NL neurons were voltage-clamped

at —60 mV. Example traces are superimposed and shown
in Figure 10A from an E14 GFP quail NL neuron. The
AMPA-R-mediated EPSC kinetics (rise time and decay
tau) were extremely rapid and comparable to those
recorded from age-equivalent chicken NL neurons (GFP
quail rise: 0.44 = 0.10 ms, chicken rise: 0.49 = 0.07 ms;
GFP quail decay: 0.73 = 0.12 ms, chicken decay: 0.79 =
0.14 ms; Fig. 10B). These currents were reversibly
blocked by the AMPA-R antagonist NBOX (data not
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GFP Kvi.2

Figure 8. Kv1.2 immunohistochemistry in NL. A,B: Kv1.2 channel immunolabeling can be seen in the proximal axon, possibly indicating
expression along the axon initial segment (arrowheads in A). eGFP, magenta; Kv1.2, cyan. Scale bar = 20 pm in B (applies to A,B).

shown), suggesting that inward current responses are
mediated by AMPA-Rs in GFP quail NL neurons.

In mature chicken NL neurons, AMPA-Rs lack the
GluA2 subunit and show characteristic inward rectifica-
tion when the membrane potential is depolarized. To
test whether AMPA-Rs of GFP quail NL neurons also
lack the GIuA2 subunit, [-V relationships were recorded.
The inset in Figure 10C shows isolated AMPA-R-medi-
ated EPSCs from an E16 GFP quail NL neuron at various
holding potentials, from which we constructed average
I-V relationships (Fig. 10C). Both GFP quail and chicken
neurons displayed a strong reduction in the outward
flow of current mediated by isolated AMPA-Rs, consist-
ent with inward rectification. The extent of rectification
is summarized in Figure 10D by utilizing a rectification
index (Rl = lampar +40 mV/lampar —60 mV) as an indi-
cation of AMPA-Rs lacking the GIuA2 subunit. The aver-
age rectification index was similar for GFP quail (Rl =
0.11 = 0.04, n = 12) and chicken (Rl = 0.13 = 0.06, n
= 7). Taken together, the kinetics of GFP quail EPSCs
along with the strong inward rectification suggest that
AMPA-Rs lack the GIuA2 subunit, a result consistent
with previous reports in the chicken (Sanchez et al.,
2010).

Synaptic depression of isolated AMPA-R-mediated
EPSCs was seen when an E15 GFP quail NL neuron was
voltage-clamped at —80 mV (to increase the driving force
of Na™) and afferent inputs were electrically stimulated at
100 Hz (Fig. 10E). Isolated AMPA-R-mediated EPSCs
showed comparable synaptic depression in age-equiva-
lent GFP quail and chicken NL neurons (Fig. 10F), sug-
gesting that factors governing the depression of synaptic
transmission are similar.

Synaptic AP properties of NL neurons

Mature auditory neurons have synaptic responses that
are extremely brief in order to accommodate rapid, high-
fidelity neural transmission. Electrical stimulation of affer-
ent inputs from NM in GFP quail resulted in extremely
brief, truncated, and highly reliable synaptic APs. Repre-
sentative traces after low-frequency stimulation (0.1 Hz)
are overlaid in Figure 10G from E14 GFP quail NL neu-
rons. AP height and kinetics were highly consistent
across all GFP quail NL neurons tested (Fig. 10H) and are
in close agreement with synaptic properties reported for
age-equivalent chicken NL neurons. These synaptic AP
properties were highly sensitive to bath application of an
AMPA-R antagonist (NBQX), a K_ya blocker (DTX-l), or a
Khva blocker (fluoxetine, data not shown), implying that
AMPA-Rs and K* channels contribute to the highly speci-
alized features found in time-coding neurons of the GFP
quail auditory brainstem.

Afferent influences in NM and NL

Afferent inputs influence cell survival in NM and dendri-
tic structure in NL in young chickens (Deitch and Rubel,
1984; Born and Rubel, 1985; Wang and Rubel, 2008). We
analyzed NM cell number and dendrite structure of NL in
posthatch GFP quail 6 days after unilateral cochlea re-
moval. The NM ipsilateral to the silenced input exhibited
a significant decrease in the volume of the nucleus and
the number of neurons (Fig. 11A), compared with the con-
tralateral NM, which continued to receive intact inputs
(Fig. 11B).

Unilateral cochlea removal deprives excitatory inputs
to the dorsal domain of the ipsilateral NL and the ventral
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domain of the contralateral NL. Six days after cochlea re-
moval, we found a dramatic decrease in the width of the
afferent-deprived dendritic domain compared with the
control domain of the same NL (Fig. 11C,D). Similar struc-
tural changes have been found in young chickens follow-
ing deafferentation (Deitch and Rubel, 1984). In addition,
dendritic reorganization of NL neurons may share com-
mon mechanisms in both avian species. Preceding den-
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dritic retraction in deprived NL dendrites, we observed ro-
bust decreases in MAP2 immunoreactivity. This occurred
as early as 3 hours and was still present at 1 day following
the manipulation (Fig. 11E,F). This mirrors findings in the
young chicken brain (Wang and Rubel, 2008).

DISCUSSION

During the last three decades, animal models in which
genetic manipulations and high-resolution imaging are
possible have become phenomenally important. In partic-
ular, mouse transgenic models have been powerful tools
for studying the structure, function, and development of
the mammalian brain. However, much of our knowledge
about common principles of neural organization has

Figure 9. Specialized intrinsic properties of GFP quail NL neu-
rons. A: Representative traces obtained in current-clamp configu-
ration with bath application of AMPA-R, NMDA-R, and GABA,-R
antagonist (NBQX, 20 puM; DL-APV, 100 puM; and PTX, 100 uM,
respectively). Example of superimposed membrane voltage
responses (Vi) recorded while currents were injected into the
soma of an E16 GFP quail NL neuron (top). Injected current range
was —300 to 500 pA; duration, 200 ms; steps, 50 pA. Only three
current steps are shown for clarity (bottom). Green circle above
traces indicates time at which steady-state membrane potentials
were measured (average of 5 ms between 180 and 185 ms of
the membrane voltage) to obtain the voltage-current (V-I) rela-
tionships shown in B. All neurons tested (n = 6) responded to
depolarizing steps with a single action potential. RMP, resting
membrane potential. B: Average steady-state V-I relationships
(GFP quail; white circles, n = 6, age E14-16). For comparison,
age-equivalent chicken V-I relationships are superimposed (white
circles, n = 10, age E19-21). Note: quail hatch in 16 days and
chicks in 21 days. The flattened V-I function is indicative of low
input resistance and large K conductances. C: Representative
traces obtained in voltage-clamp configuration with bath applica-
tion of NBQX, DL-APV, PTX, and the Na' channel blocker TTX
(0.1 uM). Example of superimposed potassium currents ()
recorded while voltage clamping an E15 GFP quail NL neuron at
—60 mV (top). A range of voltage commands were applied from
—90 to 20 pA; duration, 200 ms; steps, 5 pA. Only three voltage
commands are shown for clarity (bottom). Green circle above
traces indicates time at which steady-state current responses
were measured (average of 5 ms between 180 and 185 ms of
the membrane current) to obtain current-voltage (I-V) relation-
ships shown in D. D: Average steady-state |-V relationships (GFP
quail; white circles, n = 6, age E14-16). For comparison, age-
equivalent chicken |-V relationships are superimposed (white
circles, n = 5, age E19-21). Both GFP quail and chicken currents
were sensitive to bath application of specific Kt blockers, DTX-I
(0.1 pM) and fluoxetine (100 puM) (data not shown). Currents
were leak subtracted by using the recorded responses to hyper-
polarizing voltage commands (—80 to —90 mV) as a baseline.
Error bars in this and subsequent figures represent *=1 standard
deviation. Stimulus artifacts are removed for clarity. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 10. Specialized synaptic properties of GFP quail NL neurons. A: Representative traces obtained in voltage-clamp configuration with bath
application of DL-APV and PTX. Patch pipettes contained a CsCl/QX-314 internal solution to block K* and Na* channel conductances, respec-
tively. Example of superimposed isolated AMPA-R-mediated excitatory postsynaptic currents (EPSCs) recorded from an E14 GFP quail NL neu-
ron while voltage clamping the neuron at —60 mV and electrically stimulating afferent inputs from the ipsilateral nucleus magnocellularis (NM).
B: Population data showing isolated AMPA-R-mediated EPSC kinetics (rise and decay tau, fit with a single exponential) for GFP quail (Q; green
circles, n = 9, age E14-16) and chicken (C; white circles, n = 8, age E19). C: Normalized isolated AMPA-R-mediated |-V relationships for GFP
quail (green circles, n = 3, age E14-16) and chicken (white circles, n = 3, age E19). Inset shows representative superimposed isolated AMPA-
R-mediated EPSCs recorded at different holding voltages (—80 mV to 460 mV, steps 20 mV) from an E16 GFP quail NL neuron. Vertical scale
bar: 500 pA, horizontal scale bar: 2 ms. Thick black traces in inset and black circles in population graph represent currents recorded at +40 mV
and —60 mV to derive rectification indexes shown in D. |-V recording were obtained with spermine (100 uM) added to pipette internal solution
to block the ion channel of GluA2-lacking AMPA-Rs in a voltage-dependent manner. D: Population data showing rectification index (Iamp.r +40
mV/lampar —60 mV; see Materials and Methods) for GFP quail (Q; green circles, n = 12, age E14-16) and chicken (C; white circles, n = 7, age
E19). Rapid kinetics and strong inward rectification are indicative of AMPA-Rs lacking the GIuA2 receptor subunit. E: Example of superimposed
isolated AMPA-R-mediated EPSCs (n = 11) recorded from an E15 GFP quail NL neuron while voltage clamping the neuron at —80 mV and elec-
trically stimulating afferent inputs at a rate of 100 Hz. F: Normalized population data from GFP quail (green circles, n = 7, age E14-16) and
chicken (white circles, n = 6, age E19-21) showing strong isolated AMPA-R-mediated EPSC depression. G: Representative traces obtained in
current-clamp configuration with bath application of PTX. Example of superimposed synaptic action potentials (APs) recorded from an E14 GFP
quail NL neuron while electrically stimulating afferent inputs from the ipsilateral NM. H: Population data of GFP quail synaptic AP properties (age
E14-16,n =4, 10-11 APs each). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The Journal of Comparative Neurology | Research in Systems Neuroscience 19



Seidl et al.

CR 1d-ipsi

—

CSETR A
& ¥ &

CR1d-contra

Figure 11. Afferent influence on cell survival of NM neurons and NL dendritic structure in transgenic quail. A,B: Following unilateral coch-
lea removal, there are decreases in the cell number and the size of the nucleus in the ipsilateral NM (A), compared with the intact contra-
lateral NM (B). Images were taken from an animal that survived for 6 days following the surgery. Dashed lines outline the boundary of
NM. C,D: At 6 days following cochlea removal, dramatic dendritic retraction was detected in the dorsal dendritic domain of the ipsilateral
NL (C) and the ventral domain of the contralateral NL (D). E,F: At 1 day following cochlea removal, deprived dendritic domains in NL exhib-
ited notable decreases in MAP2 immunoreactivity. White dots and lines in C and D indicate the location of the somata. Scale bar = 200
pum in B (applies to A,B); 100 um in D (applies to C,D) and F (applies to E,F).

come from studies of diverse vertebrate and invertebrate
organisms. Studies of the mature avian brain, for exam-
ple, have provided important clues about fundamental
principles of forebrain evolution (e.g., Wang et al., 2010).
More relevant to the current work, experimental studies
of embryonic chickens have added much to our under-
standing of vertebrate embryonic nervous system devel-
opment. Until recently, the availability of genetic techni-
ques, such as the production of transgenic and knockout
animal models, has been limited in the avian system.
However, the Japanese quail has proved to be an excel-
lent model organism for the production of transgenic avi-
ans using lentiviral vectors (Scott and Lois, 2005; Poynter

et al., 2009). Current HIV-based lentiviral vectors are able
to package relatively large constructs (up to 8 kb), which
allows for the use of many cell-specific promoters and
various reporter molecules. Once the transgene is inte-
grated into the genome of the host animal, it does not
appear to be highly subject to silencing, as is the case
with other classes of retroviruses. The high degree of
homology between chicken and quail genomes (Hillier,
2004; Wallis et al., 2004) allows researchers to design
avian-specific DNA constructs for the production of trans-
genic quail. Highly conserved regions of mammalian
genes can also be used to produce transgenic quail, as
the current study shows.
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Sequencing of the quail genome will allow for increas-
ing numbers of quail-specific constructs to be generated
in the future. The relatively small size of the adults, short
time to sexual maturity, and abundant egg production of
the Japanese quail make the development of transgenic
lines less labor- and space-intensive compared with
chickens. In addition, transgenic quail offer all the advan-
tages of the classic avian developmental model system,
such as the ability to culture the embryos in vitro and uti-
lize quail/chicken transplant chimeras (Teillet et al.,
2008). Finally, dynamic time-lapse confocal imaging of
transgenic Japanese quail embryos expressing fluores-
cent reporters is ideal for examining complex cell and tis-
sue movements during development (Sato et al., 2010).

Our main goal was to determine the degree of similarity
between a well-studied avian model system, the chicken
auditory brainstem, and that of the novel transgenic GFP
quail (Scott and Lois, 2005). The hearing range and sensi-
tivity of quail and chicken are very similar (Niemiec et al.,
1994), facilitating direct comparisons of auditory struc-
ture and function between the species. By utilizing the
well-established circuitry of the chicken auditory brain-
stem for direct comparison, we found the GFP quail to be
a suitable alternative model organism to study the avian
nervous system. We conclude that in GFP quail, the struc-
ture and function of the auditory brainstem is indistin-
guishable from its equivalent in the chicken. The produc-
tion of the transgenic quail and the comparison between
specific form and function are discussed in greater detail
below.

Similarities between the GFP quail and the
chicken auditory brainstem

A large number of unique structural and functional
features of the brainstem auditory pathways have been
described over the past 40 years. These specialized fea-
tures are thought to be essential for the computation of
interaural time differences (ITDs), a computation
required for sound localization and auditory segmenta-
tion (for review, see Burger and Rubel, 2008). Structural
features of NM and NL in the GFP quail were virtually
indistinguishable from those of the chicken with respect
to general cytoarchitecture, innervation patterns (excita-
tory and inhibitory), detailed morphology of axonal ter-
minal endings, subcellular distribution of receptors and
ion channels, and physiological properties. Based on
these similarities, it was not surprising that neuronal
cell number and dendritic structure of these neurons
from the GFP quail are dynamically regulated by excita-
tory afferent inputs in similar ways to those observed in
the chicken (Born and Rubel, 1985; Wang and Rubel,
2008).

Auditory brainstem of GFP quail

Potassium channel distribution in NM and
NL of the GFP quail

Quail NL neurons, like those of the chicken (Lu et al.,
2004; Kuba et al., 2005), strongly express low-voltage
activated potassium channels (K y,). Interestingly, in the
GFP quail, the expression of the Kv1.2 staining in NL at
E14, an embryonic age equivalent to E19 in chicken, is
highest on the proximal axon, a pattern recently
described in age-matched chicken NL neurons (Sanchez
et al., in press). Similar expression patterns have been
observed in auditory nuclei involved in the processing of
temporally precise information (Dodson et al., 2002) and
other neurons in the mammalian cerebral cortex, retinal
ganglion cells, and elsewhere (Inda et al., 2006; Van Wart
et al., 2007; Shu et al., 2007; Kole et al., 2007; Lorincz
and Nusser, 2008). We speculate that this expression
pattern is required for the characteristic spiking pattern
exhibited by NL neurons.

General function of NL neurons in
the GFP quail

We found a striking resemblance between the physio-
logical properties of age-matched chickens and GFP
quail, including: 1) similar intrinsic membrane responses
to somatic current injections; 2) strong K* channel con-
ductances; 3) fast kinetics and strong synaptic depres-
sion of AMPA-R-mediated EPSCs; and 4) reliable and
rapid synaptic AP generation. Thus, age-equivalent GFP
quail NL neurons appear to contain several highly special-
ized membrane properties found in chicken embryos.

It needs to be determined, however, whether NL neu-
rons in the GFP quail show the same response character-
istics in vivo as they do in chicken. Of particular interest
would be their ITD tuning properties, as shown for NL
neurons in barn owl (Carr and Konishi, 1990) and chicken
(Koppl and Carr, 2008). However, we see the main
advantage of the GFP quail animal model for in vitro appli-
cations, for which imaging of neurons can be combined
with manipulations  and/or  electrophysiological
recordings.

Transgenic quail as an avian
model organism

For decades, the avian peripheral and central nervous
system has been used to study numerous basic biological
processes and was the dominant animal for studies of
nervous system development for most of the 20th cen-
tury. With the advent of powerful genetic tools in inverte-
brates and mice, there has been a dramatic decrease in
the use of avian embryos and thus the large body of infor-
mation that past research has provided. Now, transgenic
quail, including the neuronal-specific eGFP lines
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described here, constitute a powerful new addition that
may prove useful for future studies of comparative and
developmental neurobiology.
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