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ABSTRACT

7 cloned cDNAs were selected for analysis due to the enrichment of
their corresponding RNAs in the canary HAT, a telencephalic region
immediately surrounding and including song nucleus HVC. The goal
of the analysis was to determine what kind of protein is encoded by
each RNA, whether the RNA distinguishes sites of defined neural
plasticity (i.e., the telencephalic song control nuclei or the neurogenic
ventricular zone), and whether the RNA's abundance changes at
times when anatomical and functional changes are known to occur in
these regions. Sequence analysis demonstrated that 4 of these clones
encode novel proteins with suggestive or recognizeable functional
domains: HAT-2 contains regions of homology to a regulatory
domain in Protein Kinase C (PKC) and to a GTPase activating domain
in the bcr oncogene; HAT-5 encodes a protein kinase; HAT-14
contains a site present in the neural growth-associated protein
GAP43 responsible for PKC-regulated calmodulin binding; and HAT-
3 contains an 11 amino acid repeated sequence suggestive of a
function in membrane recognition or stabilization. Of these, all but
HAT-S are brain-specific, all are expressed fairly widely throughout
the telencephalon (as determined by in situ hybridization), and all
show differential regulation in at least one of the telencephalic song
control nuclei. Expression of HAT-3 RNA appears to increase in
several song control nuclei (especially L-MAN) at times when the
song circuit is first forming, and antibodies generated against the

predicted HAT-3 peptide sequence suggest the protein is localized in






neuritic processes and synapses. These results show the song nuclei
are distinguished from surrounding brain regions by their patterns
of gene expression, and suggest that complex signal transduction

mechanisms are characteristic of the telencephalon.






hapter 1. Intr i

There are an estimated 30,000 mRNAs expressed in the
vertebrate brain, approximately twice as many RNAs as any other
tissue (Chikaraishi, 1979). Over half of these are probably exclusive
to the brain (Milner and Sutcliffe, 1983a). Gene expression which is
unique to the brain is likely to subserve cellular functions which are
likewise unique to the brain, such as neurogenesis, neuronal
migration, elaboration of neuronal morphology, establishment of
specific connections, and long-term modulation of function. But the
vast majority of genes expressed specifically or differentially in the
brain are completely uncharacterized.

In this thesis, I describe the characterization of 4 novel RNAs
that were discovered by study of the songbird brain, and which have
definable relatives in the mammalian nervous system as well. Each
of the molecules is interesting in its own right, insofar as it may
contribute to specific neural processes and functions. Valuable clues
to the functions of the individual molecules can be gained by
observing their patterns of expression within the songbird brain; in
turn, these molecular probes provide new insight into the
neurobiology of the song system. Consideration of the molecules as a
group, representing a small sample of brain-enriched or brain-
specific molecules, is also revealing as it suggests general properties

of the population of genes expressed in the brain.






This introductory chapter will briefly address the relative
merits of various methods for analyzing gene expression in the brain.
Then features which distinguish the songbird as a model for the
study of complex neural processes will be discussed. Finally, the
preliminary experiments that serve as a starting point for the work

described in this thesis will be summarized.

Various methods have been applied to the identification
and characterization of genes expressed in the brain

Early studies of brain-specific molecules employed protein
fractionation to identify specific candidates. In the first reported
screen for brain-specific proteins, Moore identified 5 candidate spots
through comparison of 2-dimensional electrophoretic maps of protein
extracts from brain and liver (Moore and McGregor, 1965a). One of
these, called S-100, was the first soluble brain protein to be
biochemically purified (Moore, 1965b). Antisera against the purified
protein localized it primarily to glia (Hyden and McEwen, 1966a), and
more recent studies indicate it is actually a member of a large family
of Cat+-binding modulatory proteins, many of which are not brain-
enriched, involved in regulating cell cycle progression, cellular
differentiation, and cytoskeletal-membrane interactions (Kligman
and Hilt, 1988). Antisera to a second brain-specific protein, also
identified in the above screen and designated 14-3-2, were used to
purify a protein from rat brain (Marangos, et al., 1975), which was
subsequently localized specifically to neurons (Pickel, et al., 1976).






Discovery of enolase activity associated with this protein led to its
redesignation as neuron-specific enolase (Bock and Dissing, 1975).

While direct protein fractionation was clearly effective in
identifying the above brain-specific molecules, the approach was
limited to detecting the few most abundant proteins, those present at
a concentration of ~10-2 as a fraction of total protein mass. Protein
fractionation was subsequently improved through better detection
methods and enhanced electrophoretic separation, e.g., resolution of
radiolabelled proteins in a 2-dimensional electrophoretic system
combining isoelectric focusing and SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis). 2-D gel fractionation has
been used successfully to identify a variety of proteins that are
differentially regulated in nervous tissue, ranging from Aplysia
(Barzilai, et al., 1989) to the mammalian cortex (Geschwind and
Hockfield, 1989). However, further characterization of interesting
spots on a gel remains a considerable challenge, even with the
advent of improved microsequencing techniques (Kennedy, et al.,
1988).

The application of hybridoma technology to the study of brain-
specific proteins introduced a higher level of sensitivity and led
directly to reagents which are useful in characterization of the newly
identified proteins (McKay and Hockfield, 1982), (Hockfield and
McKay, 1983), (Hendry, et al., 1984), (Levitt, 1984). Hybridomas are
generated which secrete antibodies to a complex mixture of proteins,
and individual cell lines are cloned and screened for specific
immunoreactivity. Monoclonal antibodies thus generated can be

used directly for localization, quantitation, and purification of their






corresponding antigens, and (when the target is a protein) to
generate DNA clones for complete sequence analysis.

However, this approach also has its limitations. Different
proteins vary significantly in their antigenicity, so antibodies
generated against a complex mixture of proteins may not faithfully
represent the population of proteins. An antibody cannot easily be
used to quantitate its corresponding antigen in tissue sections due to
variability in antibody/antigen interactions. Finally, considerable
work is required before significant sequence information is
generated.

The work in this thesis is based on a powerful alternative to
the protein or antibody-based methods: nucleic acid-based cloning
and hybridization techniques are used to measure the concentrations
and relative distributions of specific mRNAs, leading directly to the
cloning of differentially regulated genes. Numerous investigators
have used differential and subtractive hybridization techniques,
followed by in situ localization and sequence analysis, to identify
specific genes expressed in the brain (Branks and Wilson, 1986),
(Anderson and Axel, 1985), (Clayton, et al., 1988), (Porteus, et al.,
1992). Differential (or plus/minus) hybridization involves screening
a cDNA library with a probe representing mRNA from the tissue of
interest ("plus"), and comparing the hybridization pattern with that
obtained with a probe representing a control tissue ("minus"). Clones
which give a differential signal with the two probes are selected for
further analysis. In subtractive hybridization, sequences specific to a
tissue of interest are enriched by "subtracting out" sequences present

in a control tissue. This is accomplished by solution hybridization of






single-stranded probes representing the two tissues. Common
sequences will hybridize to form double-stranded cDNA, while
"unique" sequences will not. Hydroxyapatite chromatography is used
to separate single- and double-stranded cDNA, and the single-
stranded cDNA is used to identify corresponding "unique" sequences
in a cDNA library.

Nucleic acid-based methods have several advantages compared
to protein-based strategies for screening and preliminary analysis.
Because reverse transcription of cDNA from RNA does not depend
significantly upon the RNA sequence, the corresponding cDNAs are
quite representative of the original mRNA pool (Milner and Sutcliffe,
1983a). Also, nucleic acid probes can reliably be used to quantitate
RNA in both tissue extracts and tissue sections (Clayton, et al., 1988).
The acquisition of DNA sequence data has become a trivial matter,
and extensive databases of sequence information exist which
contribute to the interpretation of such data. Finally, when antibody
probes are desired, they can be easily generated by immunization
with short synthetic peptides corresponding to protein sequence
encoded by cDNA (Sutcliffe, et al., 1983D).

The latest extension of this general strategy for identifying
genes expressed in the brain has been to obtain short sequence "tags"
from randomly selected brain cDNA clones (Adams, et al., 1991).
With this approach it may be possible to "identify" virtually every
gene expressed in the brain, but the critical and labor-intensive
process of analyzing the structure, regulation, and function of these
molecules remains ahead. If insight is to be gained into the

significance and function of the many genes expressed in the brain,






appropriate biological models are needed, in addition to methods for
purifying and characterizing macromolecules. The next section
discusses the particular features and advantages of studying
songbirds, as a vehicle for identifying and analyzing genes of

functional significance to brain development and plasticity.

The songbird is a powerful system for identification and

characterization of novel gene products

Oscine songbirds (suborder Passeres, order Passeriformes),
including the canary and zebra finch, manifest a number of
interesting neural functions which are amenable to study (for recent
reviews, see (Konishi, 1989), (Bottjer and Johnson, 1992), (Arnold,
1992); these include:

> the development of a learned behavior (song production)

> the development of specific brain regions and
interconnections involved in song control

> "neural plasticity” correlated with behavioral change and
influenced by sex hormones

> continued production of neurons in adulthood.

A powerful feature of this system is that, simply by analyzing
patterns of gene expression in the context of song circuit anatomy,
development, and plasticity, correlations may become apparent

which suggest functional hypotheses, and further experiments may






become possible to test these hypotheses. Further description of

relevant features of this system is presented below.

1) Song learning:

The ability to learn song distinguishes oscine songbirds,
including the canary and zebra finch, from non-oscine species of the
same taxonomical order, Passeriformes (Kroodsma and Baylis, 1982).
In canaries, song learning fluctuates in seasonal cycles. High levels of
very stereotyped song are produced in Spring, as part of male
courting behavior and territorial defense. In Fall, when mating
behavior declines, song is quite variable and learning of new song
elements can occur(Nottebohm, 1981a). Zebra finches, in contrast,
learn their song during a critical period in development beginning at
about 30 days of age and ending by 90 days (Immelmann, 1969).
The song of adult birds does not change.

2) The song circuit:

The circuit underlying song learning and production in oscines
has been localized to discrete, interconnected regions in the brain,
the so-called song control nuclei (Nottebohm, et al., 1976a),
(McCasland, 1987). This circuit seems to have evolved to subserve
song learning,( as it is absent from non-oscine members of the order
Passeriformes (Ball, 1990), (Brenowitz, 1991), which do not learn
their vocalizations. Major telencephalic elements of the song circuit

which comprise the primary focus of this work are indicated






schematically in Figure 1. These include the high vocal center (HVC),
the robust nucleus of the archistriatum (RA), the lateral
magnocellular nucleus of the anterior neostriatum (LMAN), and Area
X of lobus parolfactorius. Also discussed below, but not pictured
here, are two nuclei in lower regions of the brain, the dorsolateral
nucleus of the anterial thalamus (DLM) and the tracheosyringeal
portion of the hypoglossal nucleus (nXIIts), which innervates the
muscles of the syrinx. (Other regions, including the interfactial
nucleus of the neostriatum (NIF), the uvaeform nucleus of the
thalamus (UVA), and the caudal medial neostriatum (NCM), have
been recently demonstrated to function in song biology (Nottebohm,
et al., 1982), (Konishi, 1989), (Mello et al., 1992). However, these
regions have not yet been clearly linked to song learning or to the
steroid regulated changes in morphology associated with song
acquisition, and they will not be considered further here.)

The principal motor output of this system is the projection
from HVC to RA to nXIIts; a so-called "accessory loop" has also been
described, comprised of projections from HVC sequentially to Area X,
DLM, LMAN, and RA (Nottebohm, et al., 1976a), (McCasland, 1987),
(Bottjer, et al., 1989). This latter pathway has been implicated in
song learning rather than song production: lesions of these nuclei
before closure of the critical period cause disruptions in song, while
similar lesions in adult animals have no effect on song (Bottjer, et al.,
1984), (Scharff and Nottebohm, 1991).)

lopment of ifi nnections:
Interconnections among song nuclei are developmentally

regulated. Two of these connections have been well-characterized in
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FIGURE 1. Schematic diagram of the songbird brain. This sagittal
view shows the 4 forebrain song control nuclei: high vocal center
(HVC), robust nucleus of the archistriatum (RA), lateral magnocellular
nucleus of the anterior neostriatum (LMAN), and area X of lobus
parolfactorius. The HAT (HVC-associated telencephalon) and non-

forebrain dissections are indicated by dotted lines.
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zebra finches with respect to timing and pharmacology. A projection
from LMAN to RA occurs between days 15 and 25 in young zebra
finches (Mooney, 1992). In contrast, the HVC to RA projection is
made at 30-35 days in male zebra finches, and is never completed in
females of this species (Konishi and Akutagawa, 1985a). LMAN and
HVC projections make pharmacologically distinct synapses onto the
same RA neurons: the LMAN inputs are sensitive to NMDA
antagonism, while the HVC projection is sensitive to a non-NMDA
glutamate receptor antagonist (Mooney, 1992). Also, the input from
DLM to LMAN is present as early as 15 days, and the projection
doubles between 20 and 35 days; the arborization of DLM axons in
LMAN seems to rearrange substantially between 35 days and
adulthood (Bottjer and Johnson, 1992). |

4) Seasonal and developmental changes in song nucleus morphology:

Growth of the song nuclei is correlated with the development of
song behavior. Differences in the sizes of particular song nuclei exist
among males of these species (which normally sing) and females
(which normally do not). In the male canary, HVC and RA volumes
(as defined by Nissl staining) are larger in Spring (when song is being
produced) than Fall by 50% and 56%, respectively (Nottebohm,
1981a); this is attributed to increases in both cell soma size and
dendritic length (DeVoogd and Nottebohm, 1981).

In male zebra finches, there is an increase in the size of HVC
and Area X which is attributed to the recruitment of new neurons
generated after day 20 (Nordeen, 1988a). Over half of the new
neurons in HVC eventually project to RA (Nordeen, 1988b). This

13






increase in the HVC to RA projection is likewise correlated with an
increase in the size of RA (Konishi, 1985a). There is a corresponding
decline in the size of LMAN between days 20 and 53, attributable to
the loss of approximately half of its neurons (Bottjer, 1985).

S) Gonadal steroid regulation in the song circuit:

Androgen receptors are found in HVC, RA, and LMAN of the
telencephalon of canaries and zebra finches (Arnold,
1980a),(Balthazart et al., 1992), while estrogen receptors have been
localized to HVC (Gahr et al., 1993). Administration of testosterone to
gonadectomized female canaries causes increases in the volumes of
HVC and RA of 90% and 53%, respectively (Nottebohm, 1980).
Testosterone normally has no effect on the song nuclei of adult
female zebra finches (Arnold, 1980b); however, systemic estrogen
treatment during early development masculinizes the song circuit,
leading to male-like growth of the song nuclei and the development
of singing behavior (Simpson and Vicario, 1991a), (Simpson and
Vicario, 1991Db).

Neurogenesis:

Songbirds (and other birds) continue to produce new neurons
in adulthood (Goldman and Nottebohm, 1983), from precursor cells
in the ependymal lining of the forebrain ventricles. Young neurons
migrate outward to sites throughout the forebrain (Alvarez-Buylla
and Nottebohm, 1988b) including song nuclei HVC and Area X but
not RA and LMAN (Nordeen and Nordeen, 1988a), where they

differentiate and become functionally incorporated into previously
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established circuits (Paton and Nottebohm, 1984). The functional
significance of this is yet unknown, but this process continues to be
the focus of much current research interest, due to the relative lack

of neurogenesis and repair mechanisms in the adult human brain.

cDNA cloning techniques have been used to explore gene

expression in the forebrain of songbirds

Inidial efforts to apply cDNA cloning to the songbird system
focused on a set of 7 forebrain enriched RNAs (Clayton, et al., 1988),
identified by a combination of differential and subtractive
hybridization methods. Each of the RNAs was found to have a unique
distribution within subsets of cells within the brain, but theré was no
differential regulation associated with the song circuit or other sites
associated with plasticity. Sequence analysis of these clones was also
mostly uninformative, due to the relatively small size of the cDNA
inserts. In a related study, the population of RNAs expressed in the
forebrain was characterized by solution hybridization (Clayton and
Huecas, 1990). It was found that at least 1000 genes are enriched in
the forebrain relative lower brain regions.

As a consequence of these initial results, the basic screening
strategy was modified and refined in several ways (D. Clayton,
unpublished). First, greater anatomical focus was achieved by
beginning with RNA extracted from the adult male canary HAT (HVC-
associated telencephalon), which includes song nucleus HVC and
surrounding neo- and hyperstriatum (Figure 1). Second the gt10

cloning vector was used, yielding lower levels of background

15






hybridization than the plasmid vector used in the previous
experiment (Clayton, et al., 1988) and thus allowing for detection of
RNAs expressed at lower levels in the tissue by simple differential
(or plus/minus) hybridization screening methods. Third, the library
was constructed using the method of Gubler and Hoffman (Gubler
and Hoffman, 1983), which resulted in a larger average cDNA insert
size. 300 clones from this library were screened in quadruplicate
with cDNA probes representing either HAT or non-forebrain (NF),
and 16 clones hybridized more strongly to the HAT probe than to the
NF probe. Upon further analysis, 7 clones were demonstrated to
represent RNA transcripts in songbird forebrain which are enriched
in the HAT relative to the NF. These data (unpublished) are |

summarized in Table I.

16






TABLE 1. General characteristics of HAT-enriched cloned
RNAs selected for analysis

clone

HAT-1
HAT-2
HAT-3
HAT-5
HAT-9
HAT-14
HAT-16

insert
size
2400
1696
1048
1977
538
2341
2725

mRNA 2 abundance P
in HAT

size

ND

2200
1500
2700
1800
1000
3500

10-5-10-4
5x104
2x104
10-5-10-4
1-2x10-3
3x104
10-5-104

abundance ©
ratio
HAT:NF

>3
8
>4
>3
6
28

>3

4 Size in bases, as estimated from Northern blots (D. Clayton,
unpublished observations)
b fractional abundance of each mRNA relative to total mRNA mass,
determined by quantitative filter hybridization (D. Clayton,

unpublished observations)
€ ratdo of mRNA abundance in the HAT relative to non-forebrain (D.
Clayton, unpublished observations)

17






Aims of this thesis

The 7 HAT clones, described in Table 1, represent a sampling of
brain genes which are generally enriched in higher regions of the
brain and may be expressed in the song control circuit. The aim of
the work presented in this thesis has been to characterize the RNAs
and proteins represented by these clones in order to answer the
following questions:

1) What does sequence analysis reveal about the type of

protein it encodes?

2) In the event the cDNA predicts a novel protein, is that
protein actually produced? Where within the cell is the
protein localized? |

3) Are these HAT-enriched RNAs in fact brain-specific? Are
they expressed in neurons?

4) Are these RNAs differentially regulated in the song control
system? Are they associated with known sites or periods

of plasticity?
Preliminary studies

In my initial work, the 7 HAT cDNAs were completely
sequenced and their corresponding RNAs detected in canary brain
sections by in situ hybridization. Two of the mRNAs, HAT-1 and
HAT-16, were difficult to detect in tissues, consistent with their low
abundance (see Table 1). Their nucleic acid sequences were

unrevealing, suggesting no definitive open reading frames or

18






homologies to known sequences. For these reasons, HAT-1 and
HAT-16 were not analyzed further. A third cDNA, HAT-9, will not be
described here, although it is rather strikingly regulated in the
songbird forebrain, and its in situ hybridization pattern is shown as a
control in Chapter 6. The sequence of the relatively small HAT-9
insert (538 bp) has not been informative, and efforts are ongoing to
obtain more complete sequence data. The remaining HAT cDNAs,
HAT-2, -3, -5, and -14, give distinct patterns of hybridization in the
songbird forebrain. In addition, their sequences suggest
relationships to known proteins, allowing some speculation about
their potential roles in neural function. The characterization of each

cDNA is presented as a separate chapter in this dissertation.
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Chapter 2. Materials and Methods

DNA sequence analysis

Complete sequence of the HAT cDNA inserts was determined in
both directions using Sequenase reagents and protocols (United
States Biochemical) and synthetic primers prepared on a PCR-Mate
(Applied Biosystems). The FASTA set of programs (Pearson and
Lipman, 1988) was used to compare the nucleotide and deduced
amino acid sequences to those in the current releases of the GenBank

and Dayhoff databases.

PCR-based analysis of S' HAT-3 sequences

Oligonucleotide primers were synthesized on a PCR-Mate
(Applied Biosystems) with specificity to sequences either at the 5'
end of the original HAT-3 cDNA insert or to sequences flanking the
insertion site in the library cloning vector lambda gt10. Library DNA
was subjected to successive rounds of amplification in a thermal
cycler (American Scientific Plastics), and several DNA products were
isolated by agarose gel electrophoresis. A second oligonucleotide
specific for 5' sequences in the original HAT-3 cDNA was used as a
primer for dideoxy-sequencing of one of these PCR products. The
sequence thus generated included not only sequence which
overlapped with the 5' end of the original HAT-3 cDNA, but also 195

bp of HAT-3 sequence not represented in the original clone.

20






Preparation of canary and zebra finch RNAs

Zebra finches were housed on 12 hour day/12 hour night fixed
light cycle in the aviary at the University of Illinois. Nests were
monitored closely, allowing young birds to be identified and hatch
dates assigned to the nearest half day. Polyadenylated RNAs were
prepared from individual zebra finch forebrains collected from birds
of known age ranging from 1-47 days, using the FastTrack mRNA
isolation kit (Invitrogen). RNA concentration was calculated from the
OD260 measurements, assuming 1 OD260 unit = 40 ngAp Samples
were similarly prepared from tissues of canaries maintained on the
natural photoperiod of New York state, harvested and frozen in
October, 1990. These frozen tissus included lung, liver, heart, kidney,

skeletal muscle, testes, and forebrain.

RNA Northern analysis of tissue-specific and developmental
samples

RNA aliquots (above, 1 pg each) were electrophoresed on
paraformaldehyde-agarose gels and transferred overnight with 10X
SSC to Immobilon-N membranes (Millipore), following manufacturers
suggestions for prewetting of membranes. RNAs were crosslinked to
the membranes by UV irradiation, and preincubated with
hybridization solution (263 mM NaHPO4, 10mM NaCl, 1mM EDTA,
and 20 pg/ml polyA) in a roller oven for 0.5-2 hours at 65°C. HAT
cDNA inserts were 32P-labelled by the random priming method
(Feinberg and Vogelstein, 1984), and probe was added to the
hybridizations at 106 cpm/ml. Blots were hybridized overnight at

21






65° C, and washed repeatedly with 1X SSC, 1% SDS at 65° C before
exposure to X-ray film (Kodak XAR).

In sity hybridization

Adult male canaries were sacrificed by decapitation. Whole
brains were dissected and immediately frozen in OCT compound
(Tissue-Tek), and 10um sagittal sections were cut on a cryostat and
mounted on organosilanated slides (Clayton and Alvarez-Buylla,
1989), fixed in PBS-buffered 4% paraformaldehyde (Clayton, et al.,
1988), and stored at -70°C. Sections were hybridized to 35S-labelled
riboprobes using high stringency conditions (final wash: 11 mM
sodium at 65°C) and exposed to X-ray film (Kodak XAR) (Clayton, et
al., 1988). Some sections were dipped in Kodak NTB-2 emulsion,
exposed, developed, and counterstained with cresyl violet following
standard conditions (Rogers, 1979). Parallel hybridizations were |
performed with control probes for RNAs with defined distributions
and with sense-strand controls for evaluation of non-specific
background levels. Identification of song nuclei on X-ray films was
confirmed by subsequent microscopic inspection of counterstained
sections following emulsion autoradiography, with a canary
stereotaxic atlas (Stokes, et al., 1974) as an anatomical reference.

Brains from zebra finches of known age were prepared as
above and hybridized to 35S-labelled riboprobes. Final wash
conditions were 0.1X SSPE, 0.1X SDS._
Preparation of anti-peptide antibodies

Geneworks software (Intel]igenetiés) was used to identify
regions within the predicted HAT proteins with high surface
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probability, and peptides corfesponding to these domains were
synthesized by the Biotechnology Center at the University of Illinois.
Each synthetic peptide was conjugated to the carrier molecule KLH
(keyhole limpet hemocyanin) and purified by gel exclusion
chromatography (Imject Activated Immunogen Conjugation Kit,
Pierce). The Hybridoma Facility at the University of Illinois
immunized mice and provided test sera. These sera were screened
for specificity on dot blots representing increasing dilutions of
immobilized target antigen. Antisera to HAT-14 peptides were
screened against the specific peptide coupled to a carrier protein
(BSA) which is distinct from the carrier (KLH) used in immunizations.
HAT-3 sera were screened against a HAT-3 fusion protein generated
in the pMAL bacterial expression system (New England Biolabs). The
Hybridoma Lab at the University of lllinois produced polyclonal
ascites fluid for all positively reactive animals. Crude ascites fluids
were partially purified by precipitation with dextran sulfate and
ammonium acetate (Harlow and Lane, 1988), dialyzed against PBS,
aliquotted with 0.02% sodium azide, and stored at -20 C.

Preparation of protein extracts

A crude synaptosomal fractionation was performed on fresh
tissue representing zebra finch forebrain (primarily telencephalon)
and non-forebrain (cerebellum, optic tectum, brainstem, and spinal
cord), and fresh or frozen tissue representing rat visual cortex or
hippocampus as described (Oyler, et al., 1989). Briefly, tissues were
homogenized in a Dounce homogenizer in ice-cold 0.32 M sucrose, 5
mM Tris, pH 7.5, 2.5 mM PMSF and centrifuged at 1000xg for 5
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minutes at 4° C. The pellet was discarded, and the supernatant
centrifuged at 12,500 X g for 15 minutes at 4°C. The supernatant
(S2) was saved as the cytosolic fraction. The pellet (P2) was washed
with homogenization buffer several times, pelleted again at 12,500 X
g, and resuspended in homogenization buffer as the synaptosomal
fraction. All protein samples were quantitated using the BioRad
Protein Assay (Biorad), diluted to a convenient concentration, boiled
in the presence of SDS sample buffer (Laemmli, 1970), and stored at
-20° C.

Western blot analysis of protein

Proteins were separated by SDS-PAGE under standard Laemmli
buffer conditions (Laemmli, 1970), and electrophoretically
transferred to nitrocellulose (Hybond ECL, Amersham) for 1 hour at
100 V, in Towbin buffer with 20% methanol (Towbin, et al., 1979).
Blots were then subjected to the following incubations: 5% nonfat dry
milk (NFDM) in Tris-buffered saline with .1% Tween 20 (TBS-T) for 1
hour, TBS-T wash, primary antibody diluted in 1% NFDM in TBS-T for
1 hour, TBS-T wash, secondary antibody diluted in 1% NFDM in TBS-T
for 1 hour, and a final wash in TBS-T. The blots were processed for
chemiluminescence using ECL reagents (Amersham) and exposed to
X-ray film.

Preabsorbed control antibodies were prepared in the following
fashion. 1:1000 dilutions of antibodies in 5% NFDM TBS-T were
incubated overnight at 4° C with either their specifically-recognized

peptide or an unrelated peptide. These solutions were centrifuged at
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1000 X g, and the supernatants used to probe identical blots of tissue
extracts.

Perfusion fixation and PEG embedding of brain tissue for
immunocytochemistry

Zebra finches are deeply anesthetized with Nembutol, then
intracardially perfused with 10 ml PBS, followed by 20-40 ml of
fixative (see below). Brains were post-fixed for 30 min.-2 hours,
rinsed 3 times in PBS over 1 hour, and dehydrated in sequential
ethanol baths of 50% (1 hour), 70% (1 hour), 95% (1 hour), and 100%
(45 min.). Brains were then transferred to polyethylene glycol (PEG)
baths maintained in a desiccator within a 46° C oven. Incubation
was in successive baths of the indicated compositions: PEG 1000, >1
hour; PEG 1000/1540 (1:1 mixture), >1 hour; PEG1000/1540 (1:1
mixture), overnight; PEG 1540, 15 minutes. Tissue was then placed
in an embedding mold (Peel-A-Way) with PEG 1540 and cooled for
2-5 minutes in a -20°C freezer. Solidified block were stored for days
to weeks in sealed containers containing desiccant (Drierite) prior to
sectioning on a rotary microtome. Ribbons of sections thus generated
were stored for days to weeks in flat, shallow boxes, themselves
stacked and sealed inside plastic bags containing desiccant and
maintained in a cold room. Before staining, the sections were floated
in PBS, mounted onto organosilanated slides, and dried briefly at
room temperature (adapted from Clayton and Alvarez-Buylla, 1989).

Optimal fixation conditions varied with the antigen to be
detected. HAT-14 immunoreactivity was most easily detected in
brains fixed with 2% neutral-buffered paraformaldehyde

25






supplemented with .15% picric acid. HAT-3 immunoreactivity was
best preserved by a solution of 3% neutral-buffered
paraformaldehyde with .75M lysine and .1M sodium metaperiodate.
Neither antigen was well-preserved in either 3% or 4% neutral-
buffered paraformaldehyde alone.

Primary culture of zebra finch telencephalic tissue

Preparation of primary cultures from zebra finch telencephalon
was based on the method of Baughman, et al., (Baughman, et al.,
1991). Briefly, zebra finches from 1-15 days post hatch were
injected with 50 microliters of a 10 mg/ml solution of ketamine.
After a few minutes, the animals were decapitated, and their brains
dissected into the following dissociation medium: minimal essential
medium (MEM) with .35% glucose, 1mM kynurenic acid, 0.05mM
APV (2-amino-phosphonovaleric acid), 0.5mM glutamine, and .026 M
NaHCO3, supplemented with 20 U/ml papain. The tissue was minced
with fine scissors, then incubated on a rocker inside a 37 C oven for
30 minutes. The solution was triturated with a Sml pipet, then
subjected to 3 cycles of centrifugation (300 x g for 5 min.) followed
by resuspension in the wash solution (prepared just as the
dissociation solution, but ommitting the papain). After the final
wash, the cells are resuspended in in growth medium (wash medium
with 5% fetal bovine serum) and plated onto coverslips resting in the
bottom of a multi-well dish.

Coverslips are prepared the night before by dipping in ethanol
and flaming to ensure sterility, then incubating with 140 ul of a
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solution of poly-D-lysine and laminin (.1mg/ml and .033mg/ml
respectively).

Cultures were supplemented with fresh growth medium as
needed every 3-5 days. Cultures to be stained were rinsed in PBS,
then immersed in 50% methanol/50% acetone for 2 min. at room
temperature. Coverslips were rinsed again in PBS, and kept

immersed in PBS prior to immunostaining.

Immunocytochemistry

Mounted tissue sections were incubated with 0.2% Triton-X-
100 in PBS for 5 minutes, then washed 4X in PBS over 20 minutes.
Sections were blocked with normal goat serum for 30 minutes. The
serum was gently blotted away, and a 1:100 dilution of polyclonal
H3-1 or H14-c polyclonal ascites was applied for 2 hours. Sections
were washed 5X over 25 minutes, then incubated with a 1:100
dilution of fluorescein-conjugated goat anti-mouse secondary
antibody (Sigma). After 2 hours, the sections were again washed
thoroughly in PBS, then coverslipped with aqueous mounting
medium (Mowiol) and allowed to dry before visualization by
fluorescence microscopy.

Primary cultures were stained with HAT-3 reactive ascites as
detailed above, except fhat permeabilization of the tissue by Triton
was unnecessary. Incubation times were likewise shortened (30
min. - 1 hour) for the primary and secondary antibodies. Non-
immunize ascites were applied at similar dilutions in place of the

primary antibody as a control for non-specific staining. After the
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final wash, coverslips were mounted in aqueous medium (Mowiol)
and allowed to dry.
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hapter 3. HAT-2 en es a novel signal tran tion protei
nd is differentially r | within th n ntrol circui

HAT-2 encodes a protein with homology to protein kinase C
and the product of the bcr oncogene

The nucleic acid sequence of HAT-2 is presented in Fig. 2, along
with the predicted protein sequence of 299 amino acids. This protein
sequence was compared to sequences in the Dayhoff and Genbank
protein databases using the FASTA algorithm (Pearson and Lipman,
1988) and two distinct regions of similarity to other molecules were
identified (Fig. 3). Amino acids 46-106 share ~40% identity with the
domain mediating diacylglycerol regulation in mahy protein kinase C
isotypes (Ono, et al., 1989). The cysteine consensus C-X»-C-X;3-C-Xp-
C-X7-C-X7-C, thought to generate a zinc-finger capable of phorbol
ester binding in PKase C, is perfectly conserved in the HAT-2
sequence. Residues 115-270 in the HAT-2 protein share 43%
identity with the product of the human breakpoint cluster region
gene, bcr (Hariharan and Adams, 1987), (Heisterkamp, et al., 1985),
(Lifshitz, et al., 1988), (Fig. 3).
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FIGURE 2. Nucleotide sequence and predicted amino acid product of
HAT-2 cDNA. HAT-2 represents 1695 bp of a ~2200 bp transcript in
canary brain. The predicted amino acid sequence (one letter code) is
identical in length (299 amino acids) to the product of human n-
chimaerin cDNA, although the possible existience of additional
protein-coding sequence in the missing 5' portion of the HAT-2 RNA
cannot be rigorously excluded without a full-length cDNA. Conserved
cysteines within the zinc finger domain believed to mediate phorbol
ester binding (see text) are highlighted (#).
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CCGGCAGCGCGATCTGCTGCTCGCAGCCTTGGGCATGARACTGGGCGCTCGCAAGGCG
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