° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

(<
A 5 Author Manuscript

2 eSS

Published in final edited form as:
JNeuroendocrinol. 2012 April ; 24(4): 528-538. doi:10.1111/j.1365-2826.2011.02236.x.

Cell-type specific expression of oxytocin and vasopressin
genes: An experimental odyssey

Harold Gainer
Section on Molecular Neuroscience, Laboratory of Neurochemistry, National Institute of
Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD 20892, USA

Abstract

The supraoptic nucleus (SON) is a particularly good model for the study of cell-specific gene
expression since it contains two distinct neuronal phenotypes, the oxytocin (OXT) and vasopressin
(AVP) synthesizing magnocellular neurons (MCNSs). The MCNs are found in approximately equal
numbers and selectively express either the OXT or the AVP gene in about 97% of the MCN
population in the SON. An unresolved issue has been to determine what mechanisms are
responsible for the highly selective regulation of the cell-type specific expression of OXT and
AVP genes in the MCNSs. Previous attempts to address this question used various bioinformatic
and molecular approaches, which included using heterologous cell lines to study the putative cis-
elements in the OXT and AVP genes, and the use of OXT and/or AVP transgenes in transgenic
rodents. The data from all of the above studies identified a region <0.6kbp upstream of OXT exon
I and about 3kb upstream of AVP exon | as being sufficient to produce cell-specific expression of
the OXT and AVP genes, respectively, but failed to identify the specific cis-domains responsible
for the MCN-specific gene expression. An alternative experimental approach to perform promoter
deletion analysis in vivo, that is to use stereotaxic viral vector gene transfer into the SON in order
to further dissect the cis-elements in the OXT and AVP genes, will be described here. This in-vivo
method uses Adeno-Associated Viral (AAV) vectors expressing OXT-promoter deletion
constructs and utilizes the enhanced green fluorescent protein (EGFP) as the reporter. The AAV
constructs are stereotaxically injected into the rat brain above the SON and 2 weeks post injection
the rats are sacrificed and assayed for EGFP expression. Using this method it has been possible to
identify specific regions upstream of the transcription start site (TSS) in the OXT and AVP gene
promoters which are responsible for conferring the cell-type specificity of the OXT and AVP gene
expression in the SON.
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The Magnocellular Neuron Phenotype

It is commonly understood that cell identity or phenotype is largely determined by the
constellation of specific genes that are expressed by the specific cell-type. Several
physiological differences have been described between the magnocellular oxytocin (OXT)-
and vasopressin (AVP)-synthesizing neurons in the hypothalamus (1, 2), but the most
prominent distinguishing feature between these phenotypes is their selective expression of
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the two neuropeptide genes (3). The supraoptic nucleus (SON) is an outstanding model for
the study of cell-type specific gene expression since it contains principally two neuronal
phenotypes, the OXT and AVP synthesizing magnocellular neurons (MCNSs) which are
found in approximately equal numbers in the SON. Although the earliest
immunohistochemical (4) and in situ hybridization experiments suggested that expression of
these genes in the MCNs was mutually exclusive (5), recent experiments using more
sensitive morphological assays have shown that the OXT or the AVP genes are abundantly
and selectively expressed in about 97% of the MCN population in the SON, but that about
3% of the MCN s in the normal SON have been shown to coexpress both peptides (6, 7).
This suggests that the latter MCN population represents a third phenotype (see Fig.1A).
Indeed, when the assay is made even more sensitive, such as in single cell PCR (Fig. 1B), it
can be shown that virtually all the MCNs in the SON express both peptides, but at
dramatically different levels (8). Quantitative analyses of this differential expression gives
average mRNA ratios of 500:1 for the principal peptide versus the minor peptide in the OXT
and AVP phenotypes and about 2:1 in the coexisting phenotype (9). Thus, cell-type specific
expression of these peptide genes in the MCNS is a quantitative property and not an absolute
one, comparable to the two orders of magnitude of selectivity usually seen for antibody and
receptor binding to antigens and ligands, respectively.

A persistent and still unresolved fundamental issue has been to determine what mechanisms
are responsible for the highly selective regulation of this cell-type specific expression of the
OXT and AVP genes in the MCNs. Many previous attempts that have been made to address
this question used various bioinformatic techniques and molecular approaches. These
include using heterologous cell lines to identify the cis-elements in the OXT and AVP
genes, and the use of OXT and/or AVP transgenes in transgenic rodents (3) to elucidate
which DNA domains in the genes that are involved. The consensus of all of these studies is
that a region <0.6kbp upstream of OXT exon | and about 3 kb upstream of AVP exon I is
sufficient to produce cell-specific expression of the OXT and AVP genes, respectively.
However, these studies failed to identify the specific cis-elements that were responsible for
the MCN-specific gene expression [reviewed in Young and Gainer, (10) and Murphy and
Wells, (11)].

In this paper, | briefly describe the history of studies of the molecular mechanisms that
regulate cell-type specific OXT and AVP gene expression in the MCNs, and then present an
alternative experimental approach to promoter deletion analysis in vivo that we have
recently developed and used in our laboratory to study this issue in the SON. This in-vivo
method uses adeno-associated viral (AAV) vectors, which contain OXT-and AVP-promoter
deletion constructs fused to enhanced green fluorescent protein (EGFP) as the reporter, in
order to elucidate the cell-type specific cis-elements in the OXT and AVP genes. The AAV
constructs are stereotaxically injected into the rat brain above the SON and after two weeks
post injection the rats are sacrificed and the MCNs are assayed for EGFP expression by
immunohistochemistry. Using this method it is possible to identify specific regions upstream
of the transcription start site (TSS) in the OXT and AVP gene promoters which are
responsible for conferring the cell-type specificity of the OXT and AVP gene expression in
the SON.

OXT and AVP: From Peptides to Genes

Following the discovery and complete characterization of the OXT and AVP by
DuVigneaud in 1954 (12), attention turned to the mechanism by which these
neurohypophysial peptides were synthesized in the hypothalamus. Pioneering studies by
Howard Sachs and his colleagues showed that the synthesis of vasopressin in the brain
required de novo protein synthesis (13), and they hypothesized that the AVP peptide was
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formed by the post-translational processing of a precursor protein (14). It is notable this
prescient proposal preceded the discovery of proinsulin by three years (15). It was another
10 years before the first physical evidence for the existence of the OXT and AVP precursor
proteins was reported (16, 17). Following the introduction of recombinant DNA
methodology to the field by D. Richter and colleagues, there was rapid progress made in the
elucidation of the sequences of the OXT and AVP cDNAs, genes, and precursor proteins
(18-20). Subsequently, it was shown that the OXT and AVP genes in the mouse, rat, and
human genomes are located on the same chromosome separated by a short (3.5 to 12 kbp)
intergenic region, and are in opposite transcriptional orientations (21-25).

Bioinformatic Predictions and Experimental Validations

One useful starting point for identifying the regulatory elements that might be involved in
the cell-specific gene expression of the OXT and AVP genes is to first identify the
evolutionarily conserved DNA sequences in these genes. Genomic sequences for OXT and
AVP genes in many animal species are now available in the public database, and it is
feasible to determine those DNA sequences in these genes that have been evolutionarily
conserved. In order to do this we compared the DNA sequences in these genes between five
mammalian species, rat, mouse, chimp, rhesus monkey, and human (Samal, Johnson,
Gainer, in prep).As expected, there is a very high sequence conservation in the exons,
especially in exons 1 and 2, and very low sequence conservation in the introns. The highest
sequence conservation found in the non-coding DNA is about 500 bps 5” upstream of the
TSS, in the OXT and AVP gene promoters, and about 250 bps downstream of the gene
bodies. Given the sequence conservation present in these non-coding regions, this suggests
that significant regulatory sequences might be located in these domains, especially 500 bps
5’ upstream of the TSS (—500 bps) in both genes.

A number of investigators had previously noted the interspecies homologies in the promoter
domain 5’ upstream of the TSS (19, 21, 24), and also that alignments of the OXT and AVP
gene promoter sequences to one another showed that there were few if any similarities
between their promoter domains, even within the same species. This differs dramatically
from what is found by comparing their exons, e.g., a 96% homology is found for exon 2.
Thus, the high sequence conservation found between species for the 500 bps 5* upstream of
the TSS in the OXT and AVP genes, and the absence of any similarities in sequence
between the genes in this region is consistent with the view that regulatory elements
directing their cell-type specific expression could reside in this 5° domain. As a consequence
of this hypothesis, transcription factor (TF) prediction programs were applied to the
sequences that were 500 bps 5’ upstream of the TSS in both genes in order to identify
putative TF motifs for further experimental study (26).

The preferred way to evaluate the relevance of these predicted transcription factor binding
sites (TFBS) on the OXT and AVP promoters to the cell-type specific expression of these
genes would be to do systematic promoter deletion experiments in homologous cell lines
(i.e, cell lines derived from bona fide OXT and AVP expressing primary cells). This
approach was very successful for the study of the GnRH gene and identified a number of
regulatory elements that controlled its cell-type specific expression (27-29). Unfortunately,
for OXT and AVP there are no homologous cell lines available that can serve as appropriate
experimental surrogates for the OXT- and AVP-expressing MCNs found in vivo. As a result
various investigators have studied this issue by doing experiments using heterologous cell
lines. While such experiments obviously cannot determine whether the putative regulatory
elements are actually involved in cell-type specific expression, they are able to validate the
potential functionality of the sequence in the promoter. The results of such experiments
which were largely conducted between 1990 to 2000 are reviewed in (3), and a graphic view
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of some of the regulatory elements present in the proximal promoter regions of the OXT and
AVP genes is illustrated in Fig. 2.

Experimental Models for the Study of Cell-type Specific OXT and AVP Gene
Expression

Attempts to generate homologous AVP and OXT Cell lines by targeted oncogenesis

In view of the known effectiveness of using homologous cell lines as experimental models
for promoter deletion studies relevant for cell-type specific expression analysis several
efforts were made to generate such cell lines for AVP by targeted oncogenesis. The earliest
attempt was made in 1987 by David Murphy and colleagues (30) who used 1.25 kbp of the
bovine AVP promoter directly attached to the early region of the tumor virus, SV 40,
encoding the large T-antigen. This transgene construct (termed AVP.SVER 1.25) was not
expressed in the HNS, but was expressed in the anterior pituitary, where it produced tumors
(30, 31). One interpretation for the failure of this construct to produce appropriate cell-
specific expression is that it didn’t contain key regulatory elements normally found
elsewhere in the AVP gene body. Indeed, the same 1.25 kbp bovine promoter when attached
to a chloroamphenicol acetyl transferase (CAT) reporter produced ubiquitous expression of
the construct in two lines of transgenic mouse lines, but also no notable expression in the
hypothalamo-neurohypophysial system (HNS) (32). However, another more recent effort at
targeted oncogenesis used a mouse AVP transgene which was known to produce excellent
cell-type specific expression of a CAT reporter in the mouse brain (33). The transgene used
to generate the oncogenesis was the same, but the CAT reporter was replaced by SV40 T
antigen (34). The resulting transgenic mice contained many tumors in the brain, lymph
nodes and spleen but again there was no expression in the magnocellular neurons in the
hypothalamus.

Transgenic Rodent Experimental Models

The failure to produce homologous cell lines to serve as model systems to study OXT and
AVP cell-type specific gene expression led investigators to turn to transgenic rodent
experimental models as an alternative. Russo et.al,(35) studied 14 different fusion genes in
transgenic mice. One of these contained 2 kbp of the human AVP promoter linked to the
human growth hormone gene. They found ubiquitous (ectopic) expression of this transgene
throughout the mouse CNS, particularly in the cerebral cortex, and also in the hypothalamus
and HNS neurons. However, this construct was no more specific or robust in its expression
in the HNS than a metallothionin promoter that had been connected to the growth hormone
reporter as a transgene. Interestingly, the CNS expression of the latter construct could be
eliminated by removing all the introns from the growth hormone reporter gene (35), and
only expression in tissues normally characteristic of metallothionin promoter expression
(e.g., liver, pancreas, intestine, and kidney) was found with the latter construct. While all
these observations focus on inappropriate (ectopic) expression of these transgenes, they also
alert one to the general problems in the interpretation of transgenic data. Expression in a
given tissue can reflect so-called “position effects” of the transgenes’ integration (36),
enhancing influences of heterologous sequences (37), or silencing effects (38) that may
derive from exogenous sequences present in the constructs. In some cases, the same reporter
gene can act as an enhancer or as a repressor, depending upon the specific configurations of
the DNAs in the construct. Habener et. al, (39) produced a transgenic mouse with a complex
construct containing 800 bp of the mouse metallothionin I (MT) 5' flanking region
(promoter) and 35 bp of its exon 1 connected through a 14 bp artificial DNA linker to the
entire rat prepro AVP NP Il gene. The authors reported the expression of the fusion gene in
appropriate tissues (corresponding to the metallothionin promoter’s endogenous expression),
but also in the HNS which normally does not express this gene. Thus, the above studies
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show that heterologous DNA and even the reporter’s DNA sequences in the transgene can
interact with the endogenous genomic sequences to produce ectopic expression, thereby
confounding any analysis regarding cell-type specificity. In spite of these limitations, several
laboratories continued to employ the transgenic paradigm to investigate cell-type specific
expression of the OXT and AVP genes.

The first report of robust cell-specific gene expression in the HNS of transgenic mice was
made using a combined rat VP and OT (“minilocus™) construct (40, 41). The results were
surprising in that although this construct contained about five times longer VP 5'-upstream
sequence than OT 5'-upstream sequence, the rat OT transgene was robustly expressed (at
between 10-30% of endogenous OT gene expression levels) in mouse OT cells only,
whereas the VP gene was not expressed at all. The earliest successful transgenic rat studies
on the VP gene (42-44) showed that by extending the 3'-downstream region of the VP gene
to 3 kbp, it was possible to get cell-type specific expression of these transgenes in VP
neurons only. All of these studies of various oxytocin and vasopressin constructs in
transgenic mice and rats indicated that constructs containing genomic DNA from 0.5 to 9
kbp 5' upstream of the OT and VP genes but with no endogenous 3'-downstream sequences
did not produce significant expression in the hypothalamic magnocellular neurons. This
suggested that the intergenic region might contain cis-elements that are essential for their
cell-specific gene expression in the magnocellular neurons. These experiments using
transgenic rodents as systems to evaluate various deletions in the OXT and AVP genes
continued to about 2003 at which time use of the transgenic model for cell-type specific
expression analysis ceased. At this time, the consensus was that for the OXT gene inclusion
of sequences 568bp upstream and 3.6kbp downstream of the gene body in the transgene
produced cell-type specific expression, and for the Avp gene inclusion of 3.5kbp upstream
and 2.1kbp downstream of the gene body produced cell-type specific expression (see
Murphy and Wells, (11); and Young and Gainer, (10) for reviews of this subject).

An additional benefit of these transgenic studies is that they led to the production of
transgenic lines of mice or rats that expressed the reporter EGFP specifically in either OXT
or AVP neurons. These lines have served as very valuable experimental models for various
physiological experiments(11, 43, 45-49).

Organotypic Culture Models and biolistic transfection

The transgenic rodent strategy for promoter deletion studies was abandoned in large part
because of the excessive time and cost of the animal husbandry associated with this
approach. An alternative in vitro approach was developed which used biolistic transfection
of the MCNs in organotypic cultures of hypothalamus for deletion studies, and was used
primarily to evaluate the downstream sequences in the transgenes that appeared to be needed
for cell-type specific expression (50). These studies showed that the sequences 554 bp
upstream of the TSS in the OXT gene, and only 430 bp downstream of exon I11 was
sufficient to produce expression in the OXT MCNSs, and that only 288bp upstream and
178bp downstream of the AVP gene were found to be necessary (50). These conclusions are
shown in Fig. 3. The 178 bp domain downstream of exon Il in the AVP gene appeared to
contain similar motifs to those found in the 432bp domain downstream of exon 111 in the
OXT gene (50), and further experiments showed that switching the positions of these two
downstream elements produced equivalent expression in the OXT and AVP MCNs
(unpublished data). From these observations, it was concluded that the key cis-elements that
were responsible for the cell-type specific expression of the OXT and AVP genes were not
located downstream but rather in the 5' flanking region upstream of the TSS in both genes.

While both the transgenic and in vitro biolistic studies provided valuable insights into
regions of the AVP and OXT genes that could regulate their cell-type specific expression,
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neither of these experimental paradigms were sufficiently efficient or optimal for the
continued study of multiple deletion constructs. As noted above, a significant problem for
the transgenic approach is that the random insertion of the transgene often leads to artifacts
such as insertional mutations, and ectopic expression due to enhancer trapping. The latter
problem increases in probability when the construct is systematically shortened by the
process of promoter deletion and possible insulator elements in the transgenes are removed.
The biolistic transfection of organotypic cultures is limited by the very low probability that
the gold particles coated with plasmids that are being randomly “shot” at the cultured slice
explant will land in the cell nucleus of a MCN without damaging the cell. Moreover, in the
biolistic transfection method the particles do not penetrate more than 100 um into the tissue,
thereby making this method not useful for transfecting the ventrally located MCNSs in the
hypothalamus in vivo. Therefore, we turned to the more efficient viral vector method of gene
transfer in vivo in order to do further promoter deletion studies in vivo. The viral vector
method has the additional virtue of being able to be stereotaxically targeted by micoinjection
to specific brain regions such as the SON, which has large numbers of OXT- and AVP-
MCNSs.

Viral Vector Gene Transfer Approaches

Viral vector methods have been routinely used as a means to deliver genes into the nervous
system in vivo (51-55), and have been very effectively used for gene transfer into
hypothalamic neurons (55-57)and in MCNs (58-60). In addition, viral vectors have been
successfully used to study gene promoter domains that are involved in cell-specific gene
expression in vivo (61-65). There are many choices of viral vectors that can be used for
gene transfer to brain in vivo, and these include adenoviruses, adeno-associated viruses
(AAV), herpes simplex viruses and retroviruses such as lentivirus (see Osten et al, (52)). We
tested the transduction efficiencies of several of these in hypothalamus in our organotypic
culture model and found that AAV was able to transduce OXT MCNs in vitro very
effectively without any evidence of toxicity (66). A description of the AAV virus structure
and its efficacy in hypothalamus in vitro is illustrated in Fig. 4. AAV vectors have also been
specifically shown to be more efficient than lentiviral vectors in transducing neurons in the
forebrain (67, 68). Consequently, we choose to use AAV vectors that contain promoter
deletion constructs of the OXT and AVP gene promoters fused to EGFP reporters to
transduce MCNSs in the rat SON in vivo.

OXT and AVP Promoter-Deletion Studies in vivo Using AAV

These in vivo experiments involve stereotaxic injection of the AAVSs bearing various
promoter deletions fused to EGFP reporters into rat SONs, and then allowing two weeks for
expression of the EGFP. The rat brains are then perfusion fixed with paraformaldehyde, and
double-label immunohistochemistry is performed on cryostat sections of the hypothalamus
in order to assay the expression of the EGFP in either the OXT- or AVP-MCNSs. Examples
of the results of such experiments are shown in Fig. 5, where AAVs containing a 2.kbp
promoter length for AVP and a 563kbp promoter length for OXT were injected into rat
SONSs and both produced cell-specific expression of the EGFP in the appropriate MCN
phenotype. Fig 5A shows EGFP expression in the MCNs which co-localize with Avp-
immunoreactivity (Avp-ir), but not in MCNs with with Oxt-immunoreactivity (Oxt-ir). Fig.
5B shows EGFP expression in the MCNSs, which co-localize with Oxt-ir, but not those with
Avp-ir (unpublished data). These experiments not only show that this a practical approach to
promoter deletion analysis, but also for the first time show that a promoter length for AVP
less than 3kbp can produce cell-type specific gene expression in vivo, and also confirms that
the 563bp promoter length for OXT found effective in the transgenic studies also produce
cell-type specific gene expression through the AAV route. Finally, we show in Fig. 5 that
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introns 1 and 2 and exons 2 and 3 in the OXT and AVP genes are not needed for cell-
specific expression in the MCNSs. In this regard, it should be noted that cell specific
expression is maintained in AAV constructs that only have the OXT or AVP upstream
promoter regions directly fused to the EGFP reporter and containing none of the exons,
introns, including deletion of exon 1. (see V. Grinevich, this issue). These AAV experiments
demonstrate, for the first time, that neither the exons nor the introns in the OXT or AVP
genes are involved in the mechanisms producing their cell-type specific expression. It
should also be noted that the constructs used in our deletion studies (see Fig 5) contained the
intrinsic IGR elements that we previously determined in biolistic studies were necessary for
expression in vitro (50). However, when AAV transduction in vivo is used these intrinsic
IGR sequences can be replaced by an SV40 poly A signal sequence with no apparent change
in efficacy (V. Grinevich, personal communication).

Further experiments showed that AAV vectors containing 448 bp, 325bp and 216bp (but not
100bp) upstream sequences of the OXT gene promoter can all support cell-specific OXT
gene expression in OXT-MCNs but no expression in AVP MCNs (in preparation). AAVs
containing the 100bp or 50bp upstream region can produce EGFP expression in the SON,
but non-selectively in both the OXT-and AVP- MCNSs, as might be expected of a “core
promoter” region. Similar deletion experiments with the AVP gene have shown that AAV
vectors containing 1.5kbp, 950bp, 543bp, and 288bp upstream sequences of the AVP gene
promoter can all support cell-type specific AVP gene expression in AVP-MCNs but produce
no expression in OXT MCNs (unpublished data). Fig. 6 summarizes the evolution of our
views since 2003 about the regulatory domains in the OXT and AVP promoters that are
responsible for the cell-type specific expression of these genes. Studies still in progress are
evaluating whether AAVs containing 100bp or 50bp of the AVP upstream region lose their
cell-type specific EGFP expression in the SON, in order to identify the “core promoter”
region in the AVP gene.

Conclusions

One conclusion that can be clearly drawn from these studies is that the viral vector approach
described here is a highly effective way to experimentally study cell-type specific gene
expression in the central nervous system, and could easily be applied to any gene and brain
region of interest. For example, it will be interesting to determine whether the regulatory
elements identified from the study cell-type specific AVP gene expression in the SON, are
the same or different in other AVP expressing regions such as the SCN, BNST or the
amygdala.

As the regulatory elements that are responsible for the cell-type specific gene expression of
the genes begin to be identified, then the next quest will be to determine the transcription
factors (TFs) that bind to these elements (i.e, to the transcription factor binding sites,
TFBSs). Table 1 shows some TFs that we have found in recent bioinformatic analyses to be
predicted as present in the promoter domains that appear to be involved in cell-type specific
expression (unpublished). Clearly further deletion experiments are needed on the OXT and
AVP promoters in order to better define the specific 8-10 base sequences that usually
constitute TFBSs. The only approximation to this level of analysis is our finding that the
—216/-100 bp region in OXT gene promoter contains the key elements that determine its
cell-specific expression in the OXT-MCNs. Given this information we hypothesize that: 1)
there is a repressor element, (RE) in the —216 to —100 5’ upstream region of the OXT gene
that inhibits its expression in AVP-MCNSs, and 2) there may also be an activator in the —216
to —100 region of the OXT gene that could enhance OXT MCN expression.
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Interestingly, in the 1990s there were extensive reports from in vitro studies that used a
variety of heterologous cell lines that identified this region in the OXT promoter as
containing functional estrogen/retinoic acid receptor-like transcription factor binding sites
(3, 69), and this nuclear hormone receptor(NHR)-rich region was termed the Composite
Hormone Receptor Element (69) (see Fig. 3). These in vitro studies have shown that specific
NHRs can act as either activators (70-73) (74, 75) or inhibitors (76—78) of OXT gene
expression, and hence, these data are consistent with our hypothesis that elements in this 116
bp domain could regulate the activation or repression of OXT gene transcription in the
OXT- or AVP-MCN:Ss, respectively, depending on the specific NHRs being expressed in
each of these cell-types.

In an effort to identify the specific NHRs that are expressed in the SON, Lopes de Silva and
Burbach (79) found that five classical receptors and four orphan receptors were expressed in
the SON, but only one of these, the thyroid hormone receptor-a (THRa) was found by in
situ hybridization histochemistry to be expressed in the MCNs (80, 81). Unfortunately, there
were no experiments reported that provide information as to whether the THRa is
preferentially expressed in the OXT- or the AVP-MCNSs. Experiments are currently in
progress in our laboratory using laser capture microdissection of single OXT and AVP
MNCs and real-time quantitative PCR to determine whether there is a selective OXT-versus
AVP-MNC expression of THRa and other candidate NHRs.
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AAV adeno-associated virus

AVP arginine vasopressin

OXT oxytocin

EGFP enhanced green fluorescent protein
MCN magnocellular neuron

TSS transcription start site

TF transcription factor

TFBS transcription factor binding site
CAT chloramphenicol acetyltransferase
IGR intergenic region

THRa thyroid hormone receptor-o
RORA orphan receptor RORalpha.

Rep replication genes inAAV

Cap capsid genes in AAV

ITR Inverted Terminal Repeat Sequences in AAV
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Figure 1.

Magnocellular Neuronal Phenotypes in the rat SON.

A. Shows double-label immunofluorescent images for oxytocin (green) and vasopressin
(red) containing magnocellular neurons (MCNSs) in the rat SON. These two distinct MCN
populations are the only neuronal phenotypes found in the SON. Most of the MCNs express
only oxytocin or vasopressin, however, a small percentage of the MCNs (about 2-3%) are
known to express both peptides (see arrows). Scale bar = 100um. Abbreviations: OC, optic
chiasm.

B. Oxytocin and vasopressin phenotypes of individual dissociated hypothalamic supraoptic
magnocellular neurons were determined by RT-PCR. A photomicrograph is shown of an
individual dissociated magnocellular neuron being picked up by a harvesting pipette
touching the large cell body containing two large dendrites. Scale bar, 20um. cDNAs from
the individual cells were amplified by PCR with primers that are specific for oxytocin (OT),
vasopressin (VP), or glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The PCR
products were then run on 1.5% agarose gels containing ethidium bromide.
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Figure 2.

Regulatory elements in the OXT and AVP promoters 500bp upstream of their transcription
start sites that are predicted by bioinformatic analyses and which were functionally validated
by experiments using heterologous cell lines (based on data described in Burbach et al, (3).
The asterisks show the transcription factors that bind to these elements which were detected
in the SON by microarray analyses (based on data in Hindmarch(82); Mutsuga et. al, (83);
and Yue et. al, (84)). Abbreviations: COUP-TF I and I1:Chicken ovalbumin upstream
promoter transcription factors | and I1; ER: estrogen receptor; SF-1/ELP: steroidogenic
factor; Ear2: V-erb-related protein 2 transcription factor; RORa/RZRa: retinoic acid receptor
orphan receptor transcription factor family; THR: thyroid hormone receptor; CRE: camp
response element; SP1: specificity protein 1 transcription factor; AP1: activator protein 1;
AP2: activator protein 2, Ebox: DNA sequence, CANNTG/CACGTG,that binds helix loop-
helix transcription factors (e.g., BMAL-CLOCK).
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Lessons from transgenic & biolistic studies

| AVP
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Figure 3.

Summary of results from Transgenic and Organotypic Culture/Biolistics Studies (1987-
2003). These constructs were found to produce cell-type specific expression in the Oxt and
Avp MCNs in the SON. In transgenic rodents the Avp gene with 3.5kbp upstream and
2.1kbp downstream (dotted line) of the gene body produced cell-type specific expression,
whereas using biolistics and organotypic culture only 288bp upstream and 178bp
downstream were found to be neccessary. For the Oxt gene 568bp upstream and 3.6kbp
downstream of the gene body in the transgene produced cell-type specific expression,
whereas in biolistic experiments 568bp upstream and only 432bp downstream were found to
be sufficient (see reviews by Young and Gainer, (10); and Murphy and Wells(11)).

J Neuroendocrinol. Author manuscript; available in PMC 2013 April 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Gainer

Page 17

Adeno-Associated Viral (AAV) Vector gene transfer
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Figure 4.

Use of Adeno-Associated Virus (AAV) to study gene expression in MCNs in organotypic
hypothalamic cultures.

Top: Genomic organization of AAV. The AAV genome produces four transcripts, Rep
40,52, 68 and 78 which are genes involved in replication, and three proteins, VVP-1,-2 and-3
which are genes for forming the capsid. The ITRs (Inverted Terminal Repeat Sequences) are
necessary for viral replication, rescue, packaging and integration.

Bottom: AAV transduction of hypothalamic slice explant cultures.

Slices were incubated in AAV-CMV-nLac-Z for 7 days and following this incubation, the
tissues were fixed in 2 % paraformaldehyde and double immunostained for nuclear localized

J Neuroendocrinol. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gainer

Page 18

lac-z immunoreactivity (black) and oxytocin-neurophysin immunoreactivity (brown). A and
B: Control slices (no AAV added). C and D: AAV transduced slices.(adapted from Kier et.
al., (66)). The DAB (brown) stained OXT neurons shown in B and D are in the Accessory
Nucleus in the hypothalamic slice.
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Figure 5.

Use of Adeno-Associated Virus (AAV) to study cell-type specific expression in (A) Avp
and (B) Oxt MCNs in vivo. Stereotaxic injections of rAAV vectors containing construct
with either Avp (in A) or Oxt (in B) promoters fused to EGFP reporters produced cell-
specific expression of the EGFP in the injected SONs. A. Shows EGFP expression in the
MCNs, which co-localize with Avp-immunoreactivity (Avp-ir), but not with Oxt-
immunoreactivity (Oxt-ir). B. Shows EGFP expression in the MCNs, which co-localize with
Oxt-ir, but not with Avp-ir. The IGR is the intergenic region sequence as defined in Fields
et. al.(2003; ref 50). For the AVP construct the IGR was 181bp, for the OXT construct the
IGR was 442bp. The ITRs (Inverted Terminal Repeat Sequences) are necessary for viral
replication, rescue, packaging and integration (see Fig. 4 top).
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Cis-domains important for cell-specific expression: State of the Art, 2011
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Figure 6.

Comparisons of cis-domains in the Avp and Oxt gene promoters that are found to be
important for their cell type specific expression before and after application of the AAV
strategy.
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Table 1

Transcription Factor candidates for Cell-Type Specific Expression in the SON”

AVP promoter  Oxt promoter

AP1 ELF1
AP2 FOXO1
Amt HNF4a
Ets PPARA
KROX PPARG
MAF RORa
Max RXRa
MAZ STAT3
MZF1 VDR
SP1

SP3

SP4

TGIF

USF

ZnF219

*
Based on Bioinformatic predictions in the critical DNA domains (Samal, Johnson & Gainer, unpublished) and supporting microarray data from
Mutsuga et al (2004; 2005) Yue et al (2006) Hindmarch et al (2006; 2007) Qui et al (2007)
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