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Abstract

Recent evidence using GT1-7 cells indicates that GnRH pulsatility depends on exocytotic-release
and gene transcription events. To determine whether calcium or DREAM may play a role in linking
these processes, we used an L-type Ca2*-blocker (nimodipine) and found that not only GnRH gene
expression (GnRH-GE) pulse activity was abolished but also that binding of proteins to OCT1BS-a
(essential site for GhRH-GE pulses) was reduced. We further found that only EF-hand forms of
DREAM were expressed in GT1-7 and that DREAM was part of the complex binding to OCT1BS-
a. Finally, microinjection of DREAM antibody into cells abolished GnRH-GE pulses demonstrating
its importance in pulsatility. These results reveal that calcium and DREAM may bridge cytoplasmic
and nuclear events enabling temporal coordination of intermittent activity. Expression of DREAM
in various cell types coupled with the universal role of calcium raise the possibility that these factors
may play similar role in other secretory cells.
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1. Introduction

The pulsatile release of GnRH is critical for proper reproductive function and acts by governing
the intermittent release of gonadotropic hormones from the anterior pituitary (Terasawa,
1995). These gonadotropin episodes are needed for the continued function of various
reproductive tissues (Crowley et al., 1985; Spratt et al., 1987). The importance of this
intermittent process has stimulated a great deal of interest in determining the cellular
mechanisms that underlie this intermittent release. Because neurons that produce GnRH are
scattered in the preoptic and mediobasal areas of the hypothalamus (Silverman and Krey,
1978) and are very difficult to study effectively, many of the investigative efforts directed
toward this problem have utilized immortalized GT1-7 GnRH neurons, as a cell model system
(Krsmanovic et al., 1999; Martinez de la Escalera et al., 1992; Martinez de la Escalera et al.,
1995; Mellon et al., 1990; Weiner et al., 1992). It has been established that cultures of these
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cells release GnRH in an episodic manner with an interpulse interval comparable to that
observed for primary cultures from castrated rodents (Masotto and Negro-Vilar, 1988). In fact
using single cell techniques in our laboratory, we found that pulsatile GnRH release is an
intrinsic characteristic of individual GT1-7 neurons (Vazquez-Martinez et al., 2001a).

Intermittent activity is not restricted to just GnRH release, but also is associated with GnRH
gene expression (GnRH-GE). Recent evidence revealed that GnRH promoter activity occurs
in a pulsatile manner (Nunez et al., 1998; Vazquez-Martinez et al., 2002) and that a region
termed the neuron specific enhancer (NSE) (Whyte et al., 1995) was necessary for this pulse
activity. Within this region, the interactions of the homeoprotein OCT1 with specific sites
(OCT1BS-a and OCT1BS-c) were identified as being critical for generation of these pulses
(Leclerc and Boockfor, 2005; Vazquez-Martinez et al., 2002). Interestingly, simultaneous
measurement of exocytosis and GnRH-GE in individual GT1-7 cells revealed a strong temporal
association between exocytotic pulses and GnRH-GE episodes (Vazquez-Martinez et al.,
2001b). In fact, blockage of exocytosis using a treatment that obstructs secretory granule fusion
abolished GnRH-GE pulse activity indicating that certain steps in the exocytotic process are
responsible for triggering episodes of GNRH gene transcription. Quantitative estimates of these
processes in GT1-7 cells revealed that a careful balance was maintained between release and
biosynthesis suggesting that GnRH neurons were kept in a constant state of readiness to respond
to functional demands such as those occurring in different reproductive states. When taken
together, it was clear not only that episodic activity was central to both the gene expression
and secretory processes, but also that there was a functional link between the events occurring
at the cell membrane and those involving gene expression in the nucleus.

A growing body of evidence suggests that calcium is a critical component in the initiation and
propagation of exocytotic pulse activity in GT1-7 cells (Spergel et al., 1996). The most
compelling results obtained revealed that blockage of calcium channels by pharmacological
means or removal of calcium abolished GnRH release in cultures of these cells (Martinez de
la Escalera et al., 1992; Martinez de la Escalera et al., 1995; Spergel et al., 1996). Studies from
our laboratory performed on single GT1-7 cells showed that intracellular calcium concentration
([Ca?*]i) shifted from quiescence to high oscillatory behavior and that these shifts were
frequently associated with exocytotic events (Nunez et al., 2000). Also, we found that treatment
of individual GT1-7 cells with the L-type voltage gated Ca2* channel blocker, nimodipine,
markedly reduced the frequency of secretory pulse activity (Vazquez-Martinez et al., 2001a).
These results demonstrate clearly that [Ca2*]i plays a central role in the exocytotic pulse
process and suggests that this element alone or in conjunction with other factors may be an
important functional link between cytoplasmic and nuclear pulse processes. In many cases, the
ability of Ca2* to initiate a cellular response depends on proteins that first bind calcium and
then interact with other regulatory components of the transcriptional machinery. Among these
proteins, calretinin, calcineurin and calmodulin received a great deal of attention (for review
see Ikura et al., 2002). Recently, a novel calcium binding protein capable of interacting with
components in both the cytoplasmic and nuclear compartments of the cell was identified in
GT1-7 neurons (Leclerc et al., 2002). This protein termed DREAM (Downstream Regulatory
Element Antagonist Modulator) contains four EF-hands capable of binding calcium with high
affinity (Carrion et al., 1999; Craig et al., 2002). These characteristics of DREAM combined
with the importance of Ca* in GnRH pulse activity raises the exciting possibility that these
two components may play an important role in coupling intermittent gene expression and
exocytosis. In the following study, our goal was to determine first whether [Ca2*]i influx is
needed for pulsatile GnRH-GE to occur and next to identify whether DREAM protein plays a
role in this process. To accomplish this, we used real-time monitoring of luciferase reporter
activity driven by a GnRH promoter construct in individual GT1-7 cells to evaluate both the
impact of a reduction in Ca2* influx (nimodipine treatment) and the action of DREAM protein
(immunological neutralization) on GnRH-GE pulse elaboration.
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2. Materials and methods

2.1 Cell Culture

GT1-7 cells (provided by Dr. Richard I. Weiner, University of California, San Francisco, CA)
were cultured as described previously (Vazquez-Martinez et al., 2001a). Briefly, cells were
maintained in high glucose DMEM supplemented with antibiotics (100 U/ml of penicillin, 100
ug/ml of streptomycin, and 2.5 pg/ml fungizone), and 10% fetal bovine serum (FBS) in an
atmosphere of 5% CO,/95% air at 37°C. Unless indicated otherwise, all tissue culture supplies
were obtained from Invitrogen (Carlsbad, CA). Cells were detached from the plates by
treatment with 0.05% trypsin and 0.53 mM EDTA for 5 min at 37°C, and replated onto Matrigel
(1:25) (BD-Biosciences, Bedford, MA) coated, grid-etched 25 mm coverslips (Bellco Glass,
Inc., Vineland, NJ) at a density of 12,500 cells/cm?. Cells were kept in culture for 2—7 d before
experimental manipulation. For drug treatment experiments, cells were seeded in 75 cm? flasks
(8x10° cells per flask) and cultured for 48 h at 37°C. Then, drug (ethanol (0.08%, control
vehicle) or nimodipine (1 uM, diluted in ethanol)) (Calbiochem-Novabiochem, San Diego,
CA) was added to the cell culture and incubated for an additional 24 h before manipulation.

2.2 Bioluminescent Imaging of GnRH Gene Expression in Individual GnRH Cells

For real-time bioluminescent measurement of GnRH gene promoter activity, individual GT1-7
cells were microinjected (Eppendorf 5242) with Endofree-purified (Qiagen, Valencia, CA)
pA3GNnRH-LUC plasmids using a concentration of 2 pug/ul as described previously (Vazquez-
Martinez et al., 2002). This plasmid contains 3026 bp of the rat GnRH promoter (region —3026/
+116) fused upstream of the coding sequence of the firefly luciferase gene (Kepa et al.,
1992; Maxwell et al., 1989; Wood et al., 1989). Cells were incubated under normal culture
conditions for 24—-48 h prior to bioluminescent imaging. Then, coverslips containing the cells
were assembled in Sykes-Moore chambers and perifused (10 pl/min) with high glucose DMEM
(phenol-red free) supplemented with 10% FBS, 10mM HEPES, 1mM sodium pyruvate, 4 mM
L-glutamine, antibiotics (penicillin, streptomycin, and fungizone), 0.1 mM luciferin (Sigma,
St. Louis, MO), and drugs as indicated (ethanol (0.08%, control vehicle) or nimodipine (1
uM)). The chamber was placed on the heated stage of a photon-capture microscope (Axioskop,
Carl Zeiss, Jena, Germany) and photon images were visualized using a 20X objective
(Neofluar, Carl Zeiss). Photonic signals from single cells were accumulated and quantified
continuously in 30-min bins for at least 12 h using a photon-counting camera system (Argus
50, Hamamatsu, Bridgewater, NJ). Photonic images were analyzed off-line and the presence
of GnRH promoter pulses were identified as previously described (Leclerc and Boockfor,
2005; Vazquez-Martinez et al., 2002). A pulse was defined as a significant rise in photonic
activity corresponding to a value greater than 5 % of the photonic signal count at the beginning
of the pulse plus two times the total signal-noise variation (SNV). SNV was calculated by the
square root of each value plus the standard deviation (SD) of the corresponding background
values squared (SNV = V[(signal count) + (SD of detected background?)]) (Takasuka et al.,
1998). All the cells analyzed expressed a detectable level of luciferase activity (generating
photonic patterns with or without pulses) that was significantly higher than the background
level indicating that the cells remained viable during the course of the experiment. Specific
photonic signal emitted from each cell was background subtracted and plotted as a function of
time. Pulse frequencies of cells microinjected with pA3GnRH-LUC resulting from different
treatments were compared to control values using one-tailed, unpaired t tests. All data are
expressed as mean = SEM.

2.3 RNA Extraction and RT-PCR

Total RNA was isolated from GT1-7 cells using the RNeasy Kit (Qiagen, Chatsworth, CA)
according to the manufacturer’s specification. First-strand cDNA synthesis and RT-reactions
were carried out as described elsewhere (Leclerc et al., 2002). For PCR amplification of the
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mouse DREAM gene, we used the PCR primers DAMF1 (5-GGG AAG ATT AGT GAC GG)
and DAMR2 (5-CTC TGG GTT GAG AAG CAA TGA) which were based on the mouse
DREAM cDNA sequence (GeneBank Accession Number: AF184624) and predicted to
amplify a fragment of 852 bp. These primers has been used successfully to amplify specifically
the whole coding sequence of the rat DREAM gene from the pituitary (Leclerc et al., 2002).
The amplifications were performed in a 25 pul reaction volume containing 1X Qiagen PCR
buffer, 1X Qiagen Q-solution, 0.5 uM primers, 0.2 mM each dNTPs (Invitrogen), and 0.6 U
HotStar Tag DNA Polymerase (Qiagen). The PCR conditions were as follows: initial
incubation at 95°C for 15 min and then 35 cycles of denaturation at 95°C for 60 sec, annealing
at 50°C for 60 sec, and elongation at 72°C for 80 sec. The PCR amplified products were
separated by 1.0% TAE agarose gel electropheresis and visualized by ethidium bromide
staining. The amplified RT-PCR fragment DAM12 (852 bp) was cloned into pCR2.1-TOPO
vector using the TOPO TA Cloning Kit (Invitrogen). The resulting plasmids were purified
using the QIAprep Spin Miniprep Kits (Qiagen Inc., Valencia, CA). Integrity and identity of
six independent cloned RT-PCR DNA fragments were confirmed by nucleotide DNA
sequencing which was performed by the Biotechnology Resource Laboratory of the Medical
University of South Carolina (Charleston, SC).

2.4 Nuclear Protein Extraction and Electrophoretic Mobility Shift Assays (EMSAS)

Nuclear protein extracts from GT1-7 cells were prepared using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Pierce, Rockford, IL) and supplemented with 2X final
concentration of the Halt Protease Inhibitor Cocktail Kit (Pierce). Then, protein lysates were
purified, concentrated 3-fold, and protein concentration determined as described previously
(Leclerc and Boockfor, 2005). Protein-DNA interaction between nuclear proteins with duplex
oligonucleotides containing the wild-type OCT1BS-a site (—1774 to —1781, sequence
underlined below) of the GnRH NSE region (Leclerc and Boockfor, 2005; Vazquez-Martinez
et al., 2002) was analyzed by EMSAs using the LightShift Chemiluminescent EMSA Kit
(Pierce, Rockford, IL). The DNA duplex consisted of the following annealed pair of 5’-end
biotinylated oligonucleotides: OCT1AF-W (5'-Bio/GCT GAG ATT TTA CAT TAG GGC
AA) and OCT1AR-W (5'-Bio/TTG CCC TAA TGT AAA ATC TCA GC). The binding
reactions consisted of incubation of 6 ug of nuclear protein extracts from GT1-7 with a reaction
buffer composed of 10 mM Tris-HCI (pH 7.5), 50 mM KCI, 1 mM DTT, 50 ng/ul Poly (dI-
dC)-Poly (dI-dC) (GE Healthcare, Piscataway, NJ), 2.5% glycerol, and 0.7X concentrated
Complete Mini Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN) for 10
min at room temperature. This was followed by addition of 5 nM of the 5'-Biotinylated
OCT1BS-a probe to the reaction and incubated for an additional 30 min at room temperature.
Then, either 4 ng of specific antibody or 1 mM phosphate buffered saline pH 7.4 was added
to the reaction mixture and incubated for 50 min at room temperature. For competition
experiments, a 100-fold molar excess of unlabeled OCT1BS-a DNA duplex was added to the
reaction mixture before addition of the labeled probe. For supershift experiments, 4 ug of IgG
affinity-purified goat polyclonal antibody raised against either DREAM (sc-9309), GATA-4
(sc-1237), GATA-5 (sc-7280), or GATA-6 (sc-7244) was used. The effect of calcium on
protein-DNA complex formation was evaluated by addition of EGTA (12.5 mM) (Sigma) to
the binding reaction. The mixtures were resolved in hon-denaturing 6% polyacrylamide gel
electrophoresis (Invitrogen) at 4°C with 0.25X TBE (90 mM Tris-Borate, 2 mM EDTA, pH
8.3) for 125 min at 120 volts. Then, the protein-DNA complexes were transferred to Biodyne
B Nylon Membranes (Pierce). The biotin-labeled DNA probes were detected by
chemiluminescence according to manufacturer’s instructions. The density of each retarded
band was determined using a densitometry Chemilmager digital imaging system (Alpha
Innotech, San Leandro, CA). Statistical differences in relative integrated density values (IDV)
were assessed using one-tailed, unpaired t tests according to the Graph Pad PRISM software
version 2 (GraphPad Software, Inc., San Diego, CA). The data are expressed as mean + SEM.
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2.5 Immunological neutralization

3. Results

Immunological neutralization (immunoneutralization) of DREAM protein in GT1-7 cells was
performed as described elsewhere (Vazquez-Martinez et al., 2002). Briefly, GT1-7 cells were
first microinjected with the pA3GnRH-LUC plasmid and 48 h later monitored for photonic
activity. Active luciferase expressing cells were again microinjected with a specific antibody
solution (1 mg/ml). For DREAM, we used an affinity-purified goat polyclonal antibody
(sc-9309) that was shown to react specifically with the DREAM protein in Western blottings
(Leclerc et al., 2002). For control experiments, cells first microinjected with pA3GnRH-LUC
and found to be photonically active were reinjected with a normal rabbit polyclonal 19G
(sc-2027). Immediately after microinjection of the antibody, photonic emissions from
individual cells were recorded.

3.1 Influence of L-type Ca2* channel blocker on GnRH gene expression pulse activity

As shown in examples presented in Figure 1A, GT1-7 cells microinjected with a construct
containing 3026 bp of the rat GnRH promoter fused to the luciferase gene reporter (pA3GnRH-
LUC, see Materials and methods) and treated with vehicle (0.08% ethanol) exhibited “pulses”
or episodes of photonic activity (0.123 £ 0.011 pulse/h, n = 24 cells). Treatment of injected
cells with 1 pM nimodipine, a specific L-type voltage gated Ca2* channel blocker (McCarthy
and TanPiengco, 1992), resulted in a complete abolition of these pulses (Fig. 1B, p < 0.001)
(0.026 pulse/h £ 0.012, n = 13 cells vs. 0.123 + 0.011 pulse/h, n = 24 cells; nimodipine- vs.
control/ethanol-treated cells, respectively), though basal photonic activity was still present.
These results suggest that calcium influx plays an important role in the generation of GnRH
promoter pulses.

3.2 Effect of nimodipine on the formation of the OCT1BS-a/protein complex

In order to begin to elucidate the mechanism underlying these nimodipine-induced effects in
gene expression, we evaluated whether reduced calcium levels interfered with protein binding
at a site found to be critical for GnRH pulse activity (Leclerc and Boockfor, 2005; Vazquez-
Martinez et al., 2002). The OCT1BS-a site was found by our laboratory to be essential for gene
expression pulse activity (Vazquez-Martinez et al., 2002). For our experiments, EMSA analysis
was used to compare quantitatively the manner in which nuclear proteins obtained from control/
ethanol- and nimodipine-treated GT1-7 cells bound to a DNA duplex containing the OCT1BS-
asite. As presented in Figure 2A, incubation of protein lysate from control/ethanol-treated cells
with the OCT1BS-a probe resulted in the formation of a very distinct specific binding complex
(NE, lane 1) as previously reported (Clark and Mellon, 1995). Interestingly, addition of 12.5
MM EGTA (NE + EGTA, lane 2) to the binding reaction diminished the amount of this complex
suggesting that calcium was needed for optimal binding of proteins at the OCT1BS-a site.
When nuclear protein extract obtained from nimodipine-treated cells was used in these
reactions, we observed a band forming that migrated at the same rate as the control extract, but
appeared to be less intense (Nimodipine, lane 3). As expected, addition of 100-fold molar
excess of the specific DNA competitor OCT1BS-a completely eliminated the formation of the
protein/OCT1BS-a complex (NE + OCT1BS-a, lane 4). Quantification of this band formation
in four independent EMSA experiments using densiometric scan analysis revealed that
inclusion of EGTA in the binding reaction or use of lysates from nimodipine-treated cells
resulted in a significant decrease in band intensity indicating that the amount of protein binding
to the OCT1BS-a probe was calcium dependent (Fig. 2B) (21640 + 4522 for NE + EGTA and
23690 * 5037 for Nimodipine vs. 51930 + 6711 for ethanol-treated cells (NE), respectively).
Taken together, these results reveal that changes in cellular calcium influx can influence the
degree of protein binding to at least one site of the GnRH promoter (OCT1BS-a) found to be
essential for the generation of GnRH-GE pulses.
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3.3 Expression of the Ca?*-binding protein DREAM in GT1-7 cells

As mentioned above, treatment of cells with nimodipine has been shown to reduce the influx
of Ca2* through blockage of L-type voltage gated channels in the cell membrane resulting in
a decrease in intracellular calcium levels ([Ca2*]i) (McCarthy and TanPiengco, 1992). This
reduction in [CaZ*]i is believed to affect specific cellular events such as protein
phosphorylation, and activity of second messengers (cyclic adenosine monophosphate (CAMP)
and inositol 1,4,5-triphosphate) (Berridge et al., 2003; Bootman et al., 2001; Carafoli, 2004).
Our identification that nimodipine induced changes in protein binding activity at the OCT1BS-
a site in the GnRH promoter suggested that calcium may be active in this nuclear transcription
process. Certain Ca2*-binding proteins may be capable of linking cytoplasmic and nuclear
calcium and have the potential to impact transcriptional regulation. One of these proteins,
identified as DREAM, was shown to be expressed in GT1-7 cells, but little information was
available concerning its function (Leclerc et al., 2002). In order to explore the possibility that
DREAM may be involved in this process, we assessed first whether or not the DREAM protein
that was expressed in GT1-7 cells contained all the elements needed for proper calcium binding
activity. Using known primers previously used to clone the rat DREAM cDNA, we performed
RT-PCR using GT1-7 RNA as the template. As shown in Figure 3A, bands of predicted size
(852 bp, lanes 2 and 3) were identified using these primers suggesting that the full coding
region corresponding to DREAM was expressed in these cells. As expected, RT-PCR reactions
performed with these primers, but in the absence of RNA, did not yield an 852 bp band. The
resulting RT-PCR amplified products were cloned into pCR2.1-TOPO vector as described in
Materials and methods. Six of the clones obtained were sequenced and analyzed (Fig. 3B).
From this we were able to determine that the DREAM molecules expressed in GT1-7 cells
contained each of the four putative EF hands believed to be important for interaction with
calcium (Ikura, 1996; Osawa etal., 2001). Although a splice variant containing an extra aspartic
acid residue (position nucleotide 216) was identified (Fig. 3B), it was clear from our analysis
that both forms of DREAM expressed in GT1-7 cells contained intact EF-hand Ca2*-binding
motifs.

3.4 EMSA analysis of DREAM binding to the OCT1BS-a site

Recent studies revealed that in addition to direct binding to DNA through downstream
regulatory elements (DRE), DREAM can also interact and modulate the action of
transcriptional factors through protein-protein interaction (Ledo et al., 2002; Rivas et al.,
2004; Zaidi et al., 2006). In the NSE region of the GnRH promoter, there are no sequences that
offer a high degree of homology to consensus DRE sequence. From this, we hypothesized that
any DREAM influence on gene expression pulse activity would be mediated by interaction
with other transcriptional proteins. Our observation that nimodipine treatment reduced protein
binding at the OCT1BS-a site revealed that not only this site was essential for the generation
of GnRH promoter pulses (Vazquez-Martinez et al., 2002) but also can act as active sensitive
site for calcium changes. Therefore, we reasoned that if DREAM mediated any of these
calcium-related changes, then it should exert some or all of its action at this site. To address
this, EMSA experiments were performed with oligonucleotides containing the OCT1BS-a site
as probe and nuclear proteins from GT1-7. As shown in Figure 4 (NE, lane 1), this reaction
yielded a distinct specific band as described previously (Clark and Mellon, 1995). In supershift
reactions, addition of an antibody against DREAM resulted in the elimination of the specific
band demonstrating that DREAM protein is part of the complex binding to OCT1BS-a (NE +
aDREAM, lane 5). Our use of several other polyclonal antibodies as controls did not influence
the formation of the specific band (lanes 2—4). As expected, addition 100-fold molar excess of
the OCT1BS-a specific competitor completely abolished the formation of the protein/
OCT1BS-a complex (NE + OCT1BS-a, lane 6). Taken together, these results indicate that
DREAM is part of the protein complex that binds to the OCT1BS-a site and may interact with
OCT1 directly or indirectly through association with other proteins of the complex.
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3.5 Immunoneutralization of DREAM

In our final studies, we evaluated the role of DREAM in the generation of GnRH promoter
pulse activity. This was accomplished by first injecting an anti-DREAM antibody into
individual GT1-7 cells and then evaluating the photonic pattern of GnRH-GE that was
generated. As shown in representative examples presented in Figure 5A, injection of control
IgG into individual GT1-7 cells did not influence the generation of pulses of GnRH-GE (0.092
pulse/h £ 0.020, n = 6 cells). In contrast, GT1-7 cells injected with antibody against DREAM
generated photonic patterns with virtually no pulse activity (Fig. 5B, p < 0.001) (0.024 pulse/
h +0.010, n = 11 cells vs. 0.092 + 0.0.020 pulse/h, n = 6 cells; aDREAM vs. control IgG,
respectively). This demonstrates clearly that the DREAM protein is needed for the elaboration
of GnRH-GE pulses.

4. Discussion

Previously, we have reported that GhnRH-GE occurs in episodes and that these episodes or
bursts of activity maintain a close functional relationship with GnRH secretory pulses (Nunez
etal., 1998; Vazquez-Martinez et al., 2001b). This functional relationship is further evidenced
in the present study by the demonstration that nimodipine, an L-type voltage gated Ca?* channel
blocker which markedly reduces secretory pulse activity (Vazquez-Martinez et al., 2001a),
also abolishes GnRH-GE pulses. During attempts to elucidate the mechanism(s) that may link
secretory and gene expression events, we identified DREAM expression in GT1-7 cells
(Leclerc et al., 2002) and found in this investigation that DREAM complexed with factors
binding at the OCT1BS-a site which is an essential element for the generation of GnRH gene
promoter pulses. Moreover, immunoneutralization of DREAM in individual GT1-7 cells
eliminated episodic gene expression. In light of the calcium binding properties of DREAM,
our results raise the possibility that by responding to changes in calcium levels, this protein
may serve as a functional link bridging episodic secretory events in the cytoplasm with gene
expression pulses in the nucleus.

The release of GNRH in discrete pulses or bursts is critical for proper reproductive function
(Terasawa, 1995). Despite its importance, little information is available on the mechanism
underlying this phenomenon. A growing body of evidence suggests that spontaneous
intracellular free calcium oscillations are involved in the regulation of pulsatile hormone
secretion (Martinez de la Escalera et al., 1992; Martinez de la Escalera et al., 1995; Spergel et
al., 1996; Terasawa et al., 1999). Nunez et al. (2000) demonstated that [Ca2*]i underwent shifts
from a quiescent to a high oscillatory state in individual GT1-7 cells and that these shifts were
frequently associated with exocytotic events. The possibility that L-type calcium channels may
be involved in this process was suggested by the observation that nimodipine caused a striking
reduction in the frequency of secretory pulses in individual GT1-7 cells (Vazquez-Martinez et
al., 2001a). Later studies from our laboratory revealed that exocytotic pulses are not isolated
cytoplasmic events in these cells, but are functionally linked to nuclear gene expression pulses
with the number and size of secretory episodes dictating the initiation of GnRH gene expression
events (Vazquez-Martinez et al., 2001b). Although the process of communication between
these two cellular compartments remains obscure, it would not be unreasonable to suggest that
a factor (Ca?*) that is central to the secretory pulse process may be also important in the
generation of gene expression episodic events as well. Indeed, our results demonstrating that
nimodipine treatment markedly decreased hormone secretion as well as abolished gene
expression pulse activity suggest that a nimodipine-induced response signal (e.g., altered
influence of Ca?* at the cell membrane) is transduced to the nucleus to regulate gene expression.

In order for acommunicating molecule such as Ca2* to be able to elicit a transcriptional change,

it would have to act in some manner with nuclear components and at specific regulatory sites.
Recent studies demonstrate that the NSE region of the GnRH promoter is important in dictating
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the basal level of GnRH-GE (Lawson et al., 2002; Nelson et al., 2000; Whyte et al., 1995).
Within this region, we have established that the OCT1BS-a is critical for the elaboration of
gene promoter pulses (Vazquez-Martinez et al., 2002). Indeed, mutation of this promoter
element abolishes GnRH gene pulse activity. In addition, this site, as with other sites binding
OCT1, is capable of complexing with several transcriptional elements that contribute to GnRH-
GE (Clark and Mellon, 1995; Givens et al., 2004). In this regard, experimental approaches,
such as two-hybrid system assays directed toward identifying elements that associate with
OCT1 in GT1-7 cells, have revealed a number of nuclear transcription factors belonging to
major families of co-regulators including the TALE homeodomain proteins (PBX1) (Rave-
Harel et al., 2004), and the Groucho-Related Gene proteins (GRG5) (Rave-Harel et al.,
2005). In light of the importance of OCT1BS-a in GnRH-GE, it would be reasonable to suggest
that an element that is capable of recognizing changes in calcium may have a profound
influence on this intermittent transcriptional process, if it interacted with this site. A likely
candidate to function in this capacity is the Ca2*-binding DREAM protein. DREAM was one
of the first nuclear transcription factors observed to be directly regulated by calcium binding
(Carrion et al., 1999). This protein was found to have four binding motifs termed EF hands
that interact directly with Ca2* molecules. It was further discovered that binding of calcium to
these EF regions resulted in a change in configuration that impairs interaction of the DREAM
molecule with DNA (Osawa et al., 2001). Recent studies utilizing yeast two-hybrid screening
reveals that DREAM also has the capacity to interact with a number of proteins in different
cellular compartments (Savignac et al., 2005; Zaidi et al., 2006). Our demonstration that
DREAM is expressed in GT1-7 cells and that it is a part of the OCT1BS-a binding complex
supports its involvement in the process of NSE-related GnRH promoter activity. Moreover,
our observation that gene expression pulses are abolished when DREAM is immunoneutralized
in individual GT1-7 cells indicates that this protein is critical for the elaboration of gene
expression pulse events.

In summary, our findings that the Ca2*-binding DREAM protein binds to the OCT1BS-a site
in the NSE region of the GnRH promoter and that immunoneutralization of this protein in
individual cells abolishes GnRH-GE pulses clearly identifies a role for this factor in gene
expression pulse activity. These observations, when coupled with its calcium binding
properties and our findings of calcium requirements for pulses to occur, suggest that DREAM
via calcium may serve as the basis for the cytoplasm/nuclear communication that links
secretion and gene expression pulse events, and provides a mechanism that may well maintain
the cell in a state of readiness for responding to critically timed demands for release of GnRH
during changing reproductive events. In fact, the importance of DREAM in gene expression
pulse elaboration and its potential to respond to secretory-related changes raises the intriguing
possibility that this protein may form the basis of a molecular on/off switch that dictates the
elaboration of a gene expression pulse in GnRH neurons. Moreover, considering that DREAM
is widely expressed in a variety of tissues and that Ca2* is an universal intracellular messenger,
it is possible that these two factors may play a role coupling nuclear and cytoplasmic events
in other secretory cells. Further studies are in progress to identify additional components that
are involved in this calcium-regulatory process.
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Figure 1. Effect of nimodipine on GnRH promoter pulse activity

Representative photonic profiles measured from single GT1-7 cells microinjected with
pA3GnRH-LUC and treated with either (A) 0.08% ethanol (control vehicle, n = 24 cells) or
(B) 1 uM nimodipine (n = 13 cells). Two examples of expression profiles are presented for
each treatment. Every point represents photonic signal accumulated for 30 min and is expressed
as a function of the SNV (see Materials and methods). Vertical bars indicate SEM.
Asterisks represent significant GhnRH-GE pulses.
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Figure 2. Effect of calcium on proteins binding to the OCT1BS-a site located in the GnRH NSE
region

A, EMSAs analysis of 5'-biotinylated oligonucleotides containing the OCT1BS-a site (—1774
to —1781) and nuclear protein extracts from GT1-7 cells treated with either 0.08% ethanol
(control, NE, lane 1) or 1 uM nimodipine (lane 3) which generated the formation of a specific
band (arrow) (see Materials and methods). Incubation of the ethanol-treated extract/
OCT1BS-a mixture with 12.5 mM EGTA resulted in significant reduction in the formation of
the protein/DNA complex (NE + EGTA, lane 2). Addition of 100-fold molar excess of
unlabeled OCT1BS-a DNA to the reaction mixture resulted in elimination of the specific band
(NE + OCT1BS-a, lane 4). B, Densitometry scan analysis of the resulting protein-OCT1BS-a
DNA complex formed in (A). The integrated density values (IDV) for each band were obtained
from four independent EMSA experiments. Comparison of relative IDV was assessed by one-
way ANOVA followed by a Newman-Keuls multiple comparison test (#, p < 0.05 for NE +
EGTA (21640 + 4522) and Nimodipine (23690 + 5037) vs. NE (51930 + 6711)). All data are
expressed as mean = SEM.
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Figure 3. RT-PCR analysis and nucleotide DNA sequence of the mouse DREAM gene cDNA from

GT1-7 cells

A, RT-PCR analysis of DREAM gene expression in GT1-7 cells. One microgram of total RNA
was reversed transcribed and amplified with mouse specific primers for the DREAM gene
cDNA yielding an expected product of 852 bp (DAM12), as described in Materials and
methods are shown (lanes 2 and 3). The negative control (lane 4) contained water instead of
cDNA template. One third of the PCR mixture was resolved on 1.0 % TAE-agarose gel stained
with ethidium bromide. Two cDNA templates generated with total RNA isolated from GT1-7
cells were employed in the PCR amplifications (GT1-7 cDNA #1, lane 2 and GT1-7 cDNA
#2, lane 3). A lambda Pstl digest (lane 1) and a 100 bp DNA ladder (lane 5) were used as
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molecular weight markers. B, Nucleotide DNA sequence resulting from six-independent
cloned RT-PCR amplified fragments. The DAM12 fragments were cloned in pCR2.1 TOPO
vector as outlined in Materials and methods. The deduced amino acid sequence is shown
directly below the first base of each codon. Regions corresponding to primers DAM-F1 and
DAM-R2 are underlined. The splice variant GAC (coding for an extra aspartic acid residue) is
indicated in bold and enclosed in a box.
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Figure 4. EMSA analysis of DREAM-binding to the OCT1BS-a site in the GhRH NSE promoter
region

EMSAs were performed with nuclear protein extracts from GT1-7 cells and 5’-biotinylated
OCT1BS-a duplex DNA as a probe (see Materials and methods). Incubations of the labeled
OCT1BS-a probe with GT1-7 nuclear extracts alone (NE, lane 1) or combined with various
antisera or specific DNA competitor were conducted. Band intensity remained unchanged with
addition of either antibody against GATA-4 (lane 2) GATA-5 (lane 3) or GATA-6 (lane 4).
The presence of DREAM protein within the protein-DNA complex was identified by
disappearance of the specific band in the supershift reaction when an antiserum specific for
DREAM was used (NE + aDREAM, lane 5). In competition experiment, results of 100-fold
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molar excess of unlabeled specific OCT1BS-a duplex DNA (NE + OCT1BS-a, lane 6) is
shown. These results are representative of those obtained in 4 independent EMSA experiments.
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Figure 5. Impact of immunoneutralization of DREAM protein on GhRH gene promoter pulse
activity

Representative examples of photonic profiles generated by single GT1-7 cells first
microinjected with the reporter plasmid pA3GnRH-LUC, monitored to identify photonic active
cells, and then microinjected with either (A) control polyclonal 1gG antibody solution (n = 6
cells), or (B) specific antibody against DREAM (n = 11 cells). Two photonic profiles for each
treatment are presented. Asterisks represent significant GnRH gene promoter pulses as
described in Materials and methods.
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