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Estrogen Upregulates T-Type Calcium Channels in the
Hypothalamus and Pituitary
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Low voltage-activated (T-type) Ca*" channels are responsible for generating low-threshold spikes (LTS) that facilitate burst firing and
transmitter release in neurons. The T-type Ca*" channels contain a regulatory a1 subunit, and several isoforms of the a1 subunit
(Cav3.1, 3.2, 3.3) have been cloned. The Cav 3.1 al subunit is abundantly expressed in the hypothalamus. Previously, we found that 17
B-estradiol (E2) increased the number of arcuate neurons expressing LTS. Therefore, we used an ovariectomized female guinea pig model
to measure the distribution and regulation of Cav3.1 mRNA expression by E2. Guinea pig Cav3.1 a1 subunit sequences, which were cloned
by PCR, were used in ribonuclease protection (RPA) and in situ hybridization assays to evaluate mRNA expression. Based on a RPA, E2
significantly increased the mRNA expression of Cav3.1 1 subunit in the mediobasal hypothalamus and the pituitary. In situ hybridiza-
tion analysis revealed that E2 significantly increased Cav 3.1 mRNA expression in medial preoptic nuclei, bed nuclei stria terminalis, and
the arcuate nucleus. Whole-cell patch recordings in arcuate neurons revealed that E2 treatment significantly increased the peak T-type
Ca”" current density by twofold without affecting the activation/inactivation characteristics and augmented the rebound excitation by
threefold to fourfold. These results suggest that estrogen regulates the mRNA expression of T-type calcium channels, which leads to
increased functional expression of the channel. Increased expression of T-type channels could be one mechanism by which estrogen

augments burst firing and transmitter release in hypothalamic neurons.
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Introduction

Voltage-gated Ca®" channels are critical for controlling calcium
entry in hypothalamic neurons and in pituitary cells (Van Goor et
al., 2001; Perez-Reyes, 2003; Stojikovic et al., 2005). These chan-
nels represent a heterogenous family of calcium-selective chan-
nels that are commonly known for their strong sensitivity to volt-
age. They can, however, be distinguished by their molecular,
electrophysiological, and pharmacological characteristics.
Among this family, the low voltage-activated T-type for “tran-
sient” current, as opposed to L-type, for “long-lasting” current,
are thought to be involved in pacemaker activity, neuronal oscil-
lations and resonance, and rebound burst firing (Perez-Reyes,
2003). Hypothalamic neurons, similar to thalamic neurons, use
low threshold spikes (LTSs) to support burst firing activity (Mc-
Cormick and Huguenard, 1992; Erickson et al., 1993b; Williams
et al., 1997; Sundgren-Andersson and Johansson, 1998; Wagner
et al., 2000; Kim et al., 2001; Chemin et al., 2002; Perez-Reyes,
2003; van den Top et al., 2004). Low-threshold calcium spikes
evoke several fast Na™ action potentials and therefore are in-
volved in signal amplification in CNS neurons. The occurrence of
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LTS is prevalent in rat and guinea pig hypothalamic neurons
(Erickson et al., 1993b; Hoffman et al., 1994; Fisher and Bourque,
1995; Niespodziany et al., 1999; Wagner et al., 2000), and we
found that the number of arcuate neurons expressing low-
threshold spikes is increased with estrogen treatment (Kelly and
Ronnekleiv, 1994). Voltage-clamp studies have revealed that a
relative fast and large inward current, which exhibits activation/
inactivation characteristics analogous to the T-type calcium
channels, underlies the LTS. T-type channels are shown to con-
tribute to a transient inward current, and several isoforms of the
T-channel subunits have been cloned (Cav 3.1, 3.2, 3.3) (Perez-
Reyes et al., 1998; Lee et al., 1999). The calcium channels are
complex proteins composed of four to five distinct subunits: a1,
a2, 3, 6,and vy (Catterall etal., 2003). The a1 subunit is the largest
and contains the conduction pore, as well as known binding sites
for regulation by drugs and second messengers (Catterall et al.,
2003, 2005). The biophysical properties of T-type channels differ
among the different isotypes, and the current profiles of Cav 3.1
and 3.2, versus Cav 3.3, are fairly similar, and these channels are
involved in short burst firing in thalamocortical relay neurons
(Chemin et al., 2002). The mRNA and protein of the al subunit
of the Cav 3.1 channel are highly expressed in the hypothalamus
(Craig et al., 1999; Talley et al., 1999). The a1 subunit of Cav 3.2
and Cav 3.3 channels are also present but at much lower levels
(Craig et al., 1999; Talley et al., 1999). Very little is known about
the physiological regulation of these channels in the hypothala-
mus and especially the gonadal steroid regulation of their expres-
sion. Therefore, in our current studies, we aimed to document
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the mRNA expression profile of the a1 subunit of the T-type
calcium channel Cav3.1 in the guinea pig diencephalon and ex-
plore its modulation by 17- estradiol (E2). Our findings suggest
that the mRNA expression of the Cav3.1 al subunit is increased
by E2 in a number of hypothalamic nuclei and the pituitary. In
addition, we recorded an increase in the whole-cell T-type cur-
rent density as well as an increase in rebound burst firing in
arcuate neurons from E2-treated animals, which is an indication
that the increased mRNA expression leads to increased excitabil-
ity of arcuate neurons.

Materials and Methods

Animals. Adult female (Topeka) guinea pigs were maintained under con-
stant temperature and light (lights on between 6:30 A.M. and 8:30 P.M.
local time) with food and water provided ad libitum. Animal care and use
were approved by an institutional committee and were according to
National Institutes of Health and International guidelines. The animals
were ovariectomized under ketamine/xylazine anesthesia (33/6 mg/kg,
s.c.) 5-6 d before experimentation and given a subcutaneous injection of
either 17 B-estradiol (E2) in the form of 17 B-estradiol benzoate (here
referred to as E2; 25 ug in 0.1 ml) or sesame oil vehicle (0.1 ml). Twenty-
four hours later, the animals were killed by decapitation after sedation
with ketamine, and blood samples were collected. Serum estrogen con-
centrations were determined by radioimmunoassay as described previ-
ously (Jamali et al., 2003). Brains were removed quickly and rinsed in
chilled phosphate buffered solution.

Tissue preparation. For ribonuclease protection assay (RPA) analysis, a
brain slicer (EM Corporation, Chestnut Hill, MA) was used to produce
2-3 mm frontal blocks, and the preoptic area (POA) and mediobasal
hypothalamus (MBH) were dissected. The POA block included the ven-
tral parts of the bed nucleus of the stria terminalis, medial and lateral
POAs, anterior hypothalamic nucleus, and periventricular nucleus. The
MBH is referred to as the hypothalamic area extending from the end of
the retrochiasmatic area to the beginning of the mammillary bodies and
dorsally to the midlevel of the third ventricle. The pituitary was also
harvested. Tissues were rapidly frozen in isopentane and then stored at
—80°C. Total RNA was extracted using TRIzol reagents (Invitrogen,
Gaithersburg, MD) according to directions of the manufacturer, and the
concentration was determined by spectrophotometry. For in situ hybrid-
ization, 2-3 mm coronal blocks through the POA and BH were fixed in
4% paraformaldehyde for 6 h, soaked in 20% buffered-sucrose solution,
pH 7.4, embedded in OCT (Sakura Finetek, Torrance, CA), and frozen in
isopentane at —55°C. Coronal sections (15 um) were cut on a cryostat
and thaw-mounted onto Superfrost Plus glass slides (Fisher Scientific,
Pittsburgh, PA). The sections were stored at —80°C.

Cloning of the guinea pig T-type calcium channel (Cav3.1/a1G). A 378
bp fragment of the guinea pig Cav3.1 al subunit gene was cloned (Gen-
Bank accession number DQ 992353) using reverse transcription (RT)
and PCR. Oligonucleotide primers were designed based on homology
between human, rat, and mouse sequences using the Clone Manager 5
software. The 5" primer (5'-AGGAGTCCACCTGCTACAA-3") was
100% homologous to the human (AF126966; 5523-5541 bp), rat
(AF027984; 5836-5854 bp), and mouse (AJ012569; 5582-5600 bp)
T-type calcium channel Cav3.1 sequences. The 3’ primer (5'-
CAGACTTCCGCACAGTCA-3") was 100% homologous to the human
(5895-5912 bp) sequence and 94.4% homologous to both the rat (6217—
6234 bp) and mouse (5966—5983 bp) sequences. Primer synthesis by
Invitrogen included at the 5’'-end of both primers a 12 base extension of
deoxy-UMP residues used with the PCR cloning kit CloneAmp pAMP10
System (Invitrogen).

The Cav3.1 cDNA was amplified from 200 ng of total RNA extracted
from the guinea pig hypothalamus using RT-PCR (GeneAmp Kkit;
PerkinElmer, Foster City, CA). An Oligo-DT primer was used for the
cDNA first-strand synthesis. Reverse transcription was performed for 15
min at 42°C. PCR was conducted for 45 cycles of denaturation (94°C;
45 s), annealing (56°C; 45 s), and extension (72°C; 1 min 10 s), witha 7
min final extension. The resulting 378 bp product was gel-purified, sub-
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cloned into the pAMP10 vector by using the CloneAmp System, and
sequenced.

Ribonuclease protection assay. The antisense Cav3.1 riboprobe was la-
beled by in vitro transcription with [**P]rUTP (PerkinElmer) and was
purified using the Fullengther Preperative Gel Apparatus (BioKey Amer-
ican Instrument, Aloha, OR). The RPA was performed using the RPA II
kit (Ambion, Austin, TX) as described previously (Jamali et al., 2003).
Briefly, the Cav3.1 probe was incubated with 5-10 ug of total RNA or
125-4000 fg of sense standard RNA overnight at 42°C. Hybridization was
terminated by ribonuclease digestion; the protected fragments were
loaded onto an acrylamide gel and exposed to film for visualization.
Quantification was performed using a PhosphorImager (Bio-Rad, Her-
cules, CA). The amount of Cav3.1 mRNA in each sample was quantified
according to the sense standard curve. The values obtained were then
normalized to the corresponding cyclophilin levels (Ma et al., 1996).
RNA from oil- and E2-treated animals were always assayed together, and
comparison between the two groups was performed using a two-tailed
paired Student’s ¢ test. Differences were considered statistically signifi-
cant if the probability of error was <5%.

In situ hybridization. Radioactive antisense cRNA probe was tran-
scribed in vitro with T-7 RNA polymerase from the HindlII-linearized
guinea pig Cav3.1 construct, and the sense probe was prepared by using
SP6 polymerase in the presence of **S-uridine 5'(a-thio)triphosphate.
Residual DNA was digested with 10 U DNase I (Roche, Indianapolis, IN).
The antisense and sense RNA probes were separated on G-50 Sephadex
column (GE Healthcare, Piscataway, NJ). Slides from oil- and estrogen-
treated females were always reacted together. These slides were postfixed
in fresh 4% paraformaldehyde in Sorensen’s phosphate buffer (0.03 m,
pH 7.4) for 15 min, rinsed in Sorensen’s buffer, and treated with protein-
ase K (1.0 pug/ml) for 3—6 min at room temperature. Sections were then
treated with 0.1 M triethanolamine (3—5 min), followed by 0.25% acetic
anhydride in 0.1 M triethanolamine (10 min), and rinsed briefly in 2X
SSC. Sections were prehybridized for 1 h at 58°C with hybridization
buffer (50% formamide, 1 X Denhardt’s solution, 10% dextran sulfate,
100 um dithiothreitol, 200 mm sodium chloride, 10 mm Tris-HCI, pH 8.0,
1 mm EDTA, pH 8.0, 125 pg/ml tRNA; Sigma, St. Louis, MO), and then
quickly rinsed in 2X SSC buffer. The *>S-labeled antisense and sense
riboprobes were heat-denatured, diluted with hybridization buffer, and
used at a final concentration of 1.2 X 10* cpm/ul. Subsequently, the
sections were covered with glass coverslips, sealed, and hybridized in a
moist chamber for at least 20 h at 59°C. After hybridization, the slides
were rinsed in 2X SSC buffer, reacted with RNase (20 wg/ml) for 45-60
min at room temperature, and washed in decreasing concentrations of
SSC (2%, 1X,0.5X, 0.1X) at 55°C with a final wash for 1 hin 0.1X SSC
at 65°C. The slides from oil- and estrogen-treated females were dehy-
drated in ethanol, placed side by side on a flat surface and together with
autoradiographic '*C microscales were exposed to Hyperfilm-fBmax (GE
Healthcare) for 5 d at 4°C. The slides were then dipped in Kodak (Roch-
ester, NY) NTB2-type nuclear track emulsion and exposed for 14 d at
4°C. Thereafter, slides were developed in D19 developer, fixed in Kodak
fixer, counterstained with Hematoxylin, dehydrated, and coverslipped.
Quantification of film images was performed using a Macintosh G4 com-
puter equipped with NIH Image 1.61 program. Film images of four to
nine sections from the POA, bed nucleus stria terminalis (BSTN), basal
hypothalamus (BH), and the medial thalamus from matched oil control
and E2-treated females were analyzed, and an average density value was
obtained from each brain region, which was used for additional analysis.
The 'C microscale was used as a standard to calculate the density of
Cav3.1 mRNA signals, and the optical density was converted to nanocu-
ries per gram. Comparisons between the two groups were performed
using a two-tailed Student’s ¢ test. Differences were considered statisti-
cally significant if the probability of error was <5%.

Emulsion-coated slides of Cav3.1 images were analyzed and photo-
graphed using a Nikon E800 microscope (Melville, NY). Dark-field views
of photomicrographs were illustrated from film negatives using a film
scanner (Sprint Scan 35 Plus; Polaroid, Cambridge, MA), and the Adobe
Photoshop (Adobe Systems, Mountain View, CA) and Macromedia
FreeHand (San Francisco, CA) software programs. Contrast and bright-
ness were adjusted in scanned images to match the original photographs.
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Estrogen response elements. The human and A
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mouse Cav3.1 genes were analyzed to look for Cav 3.1 a1 sense RNA (fg)
estrogen response elements (EREs) using the S O O = 80
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DNA sequences. The consensus ERE is 5'- g- 20
GGTCAnnnTGACC-3', where n can be any
nucleotide. To model the ERE, the program P S O O
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uses the Position Weight Matrix method in ad- W PP SIS
dition to the probability of pairing the half- Cav 3.1 1 Sense RNA (fg)
sites by the transitional probabilities of the 3" POA MBH pit

nucleotide of the 5" half-site to the 5’ nucleo-
tide of the 3’ half-site, ignoring spacer nu-
cleotides. Details can be found on-line
(http://sdmc.lit.org.sg/ERE-V2/index).
Electrophysiology. The T-type Ca?" current
was characterized in arcuate nucleus neurons
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prepared as described previously (Qiu et al,, =B I -8
2003). For whole-cell recordings, electrodes -5 450 E 8

X o e o 20 -
were fabricated from borosilicate glass (1.5 mm - 2 400 © 3
outer diameter; World Precision Instruments, 8 :m a5 :c'j: 46 4
Sarasota, FL). Electrodes were filled with an in- 50 A o=
ternal solution with 0.25% biocytin and con- 0 o
taining the following (in mm): 128 K glu- POA MBH Pit
conate, 10 NaCl, 1 MgCl,, 11 EGTA, 10 HEPES,
1.2 ATP, and 0.4 GTP (pH was adjusted to 7.3~ Figure 1. RPA analysis of estrogen effects. AC, Representative RPA assay of total RNA (5 r1g/lane) from vehicle- and E2-

7.4 with 1IN KOH, 272-315 mOsm). Calcium
currents were recorded using the artificial CSF
(aCSF) (in mm: 124 NaCl, 26 NaHCO3, 10 dex-
trose, 10 HEPES, 5 KCl, 2.6 NaH,PO,, 2
MgSO,, and 2 CaCl,) plus tetrodotoxin
(TTX) (1 um; Alomone Labs, Jerusalem, Is-
rael), tetraethylamonium (TEA; 5 mm), and
4-aminopyridine (3 mm) to block the fast Na ™
and residual K™ channels. Standard whole-cell
recordings were made using an Axo-patch 1D as described previously
(Qiu et al., 2003). Membrane currents underwent analog-to-digital con-
version via a Digidata 1200 interface coupled to pClamp 7.0 (Molecular
Devices, Union City, CA). Low-pass filtering of the currents was con-
ducted at a frequency of 2 kHz. The liquid junction potential was cor-
rected for in subsequent data analysis.

The effects of estrogen treatment on the peak current, peak current
density, and activation/inactivation characteristics of T-current were
measured. There was no difference in the input resistance (oil, 1.00 =
0.08 GQ), n = 88; E2,0.98 + 0.07 G(), n = 53) or whole-cell capacitance
(oil, 37.75 £ 2.07 pF, n = 88; E2, 37.37 = 2.97 pF, n = 55) for the two
groups of females. For studying the effect of estrogen on the activation/
inactivation characteristics of the T current, the electrodes were filled
with an internal solution with 0.25% biocytin and consisting of the fol-
lowing (in mm): 100 Cs™ gluconate, 20 TEACI], 10 NaCl, 1 MgCl,, 10
HEPES, 11 EGTA, 1 ATP, 0.25 GTP, the pH was adjusted to 7.3 with
CsOH at 300 mOsm. Activation curves were fitted by the Boltzmann
equation: I/I, = 1/{1 + exp[V,,, — Vs)/k]}, where I'is the peak current
at the step potential Vs, I is the peak current amplitude, V, , is the step
potential yielding half-maximum current, and k is the slope factor. Inac-
tivation curves were fit with the Boltzmann equation: I/I, ,, =1 — 1/
{1 + exp [(Vgq — V ,,)/k]}, where I is the peak current at the step
potential Vi, I is the peak current amplitude, V,, is the step potential
at which half the current is inactivated, and k is the slope factor. To
pharmacologically verify that the calcium current was the T-type, we
perfused nickel (Ni2*, 100 uM; Upjohn Pharmaceuticals, Kalamazoo,
MI) or mibefradil (10 um; Upjohn Pharmaceuticals) (Sundgren-
Andersson and Johansson, 1998; Catterall et al., 2005) to block the cur-
rent at the end of the recording (n = 17). For measuring the role of the

treated (25 ug; 24 h) animals illustrating the levels of Cav 3.1 &1 mRNA detected in the POA, MBH, and pituitary (Pit) from
individual animals. 4, Sense RNA (125— 4000 fg) was used to construct a standard curve. B, Linear regression analysis of the Cav3.1
o1 RNA sense standard curve using a Phosphorimager revealed r = 0.983. D, Distribution and quantitative analysis of Cav3.1 a1
mRNAin POA, MBH, and Pit tissues obtained from oil-treated (n = 3) and E2-treated (n = 3) guinea pigs 24 h after the injection.
Each a1 band was quantified from the sense RNA standard curve and the values normalized to the corresponding cyclophilin band.
The asterisks denote a significant change (paired ¢ test; **p << 0.01) in the level of Cav3.1 &1 mRNA caused by E2 relative to that
observed in oil-treated controls. UP, Undigested probe; DP, digested probe.

T-type calcium current on modulating cell firing characteristics and
hence the effects of estrogen, we used a standard current-clamp protocol
in which the cells were hyperpolarized to —120 mV (a level at which all of
the T-type calcium channels are deinactivated) and then stepped back to
the V,,, for activation (—60 mV) of T-type current and measured the
number of fast Na ¥ spikes riding on the crest of the low threshold spike
(over a 500 ms period) (van den Top et al., 2004; Molineux et al., 2006;
Zhang et al., 2006). The Na ™ spikes were blocked by TTX to reveal the
underlying LTS, and the LTS was abolished by Ni**.
Immunocytochemistry. After electrical recording, the slices were pre-
pared for fluorescence immunocytochemistry as described previously
(Ronnekleiv et al., 1990; Qiu et al., 2003 ). Briefly, the slices were fixed in
4% paraformaldehyde, cryoprotected in sucrose solution, sectioned on a
cryostat, and reacted with streptavidin-Cy2 (1:10,000). Sections with
biocytin-filled neurons were processed for tyrosine hydroxylase (TH) or
B-endorphin immunoreactivity using a monoclonal antibody to TH
(Diasorin, Stillwater, MN) or a polyclonal antibody to B-endorphin
(Dave et al., 1985) (kindly provided by Dr. Robert Eskay, National Insti-
tutes of Health, Bethesda, MD). Sections were incubated overnight with
the primary antisera each diluted 1:5000 in dilution buffer containing
Tris- (hydroxymethyl)aminomethane (0.5%; Sigma Chemical) in 0.1 M
PBS, 0.7% seaweed gelatin, 0.4% Triton X-100, and 3% BSA, pH 7.6. The
following day, the sections were washed in PBS and then incubated for
2 h at room temperature with the Cy3-conjugated secondary antibody,
donkey anti-rabbit gamma globulin (IgG; 1:500 in dilution buffer), or anti-
mouse IgG (1:500) for B-endorphin and TH, respectively. Sections were
washed for 4—6 h in PBS. Coverslips were applied using a glycerol-glycine
buffer (2:1; pH 8.6) containing 5% N-propyl gallate to reduce photobleach-
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Figure 2.

nucleus of the thalamus; 3V, third ventricle. Scale bars: (in a) a, b, d—f, 200 m; ¢, 100 um.

A

Figure 3.  Film images Cav3.1 1 mRNA distribution in rostral and more caudal brain re-
gions. Bright-field view of film autoradiograms illustrating the distribution of Cav3.1 cz1 mRNA
in coronal sections from the POA (4) and the MBH (B) area in an E2-treated animal. The darker
theimages, the denser the mRNA expression. AM, Amygdala; CTX, cortex; Fx, fornix; S, septum;
Thal, thalamus. See Figure 2 for additional abbreviations.

ing (Giloh and Sedat, 1982). Immunostained cells were analyzed and pho-
tographed using a Nikon (Tokyo, Japan) E800 microscope.

Dispersed single cell RT-PCR. Guinea pig (350 wm) coronal hypotha-
lamic slices from adult animals containing the arcuate nucleus were cut
on a vibratome and prepared for cell dispersion as described previously
(Qiu et al., 2003). The cells were isolated by trituration with flame-
polished Pasteur pipettes, dispersed on a dish, and perfused continuously
with aCSF at a rate of 1.5 ml/min. Individual neurons were patched and
harvested, and the pipette content was expelled into a siliconized micro-
centrifuge tube as described previously (Qiu et al., 2003). The harvested
cell solution was denatured for 5 min at 65°C and cooled on ice for 5 min,
and then single-stranded cDNA was synthesized from cellular RNA by

Distribution of Cav3.1 a1 subunit mRNA by in situ hybridization. Dark-field photomicrographs of coronal sections
through the POA from rostral to caudal (a— d) and through the rostral and more caudal MBH (e, f) that illustrate the distribution
of autoradiographic grains indicative of Cav3.1 a1 mRNA in an E2-treated animal. A, Anterior commissure; DMH, dorsomedial
nucleus; OC, optic chiasm; PVHap, paraventricular nucleus of the hypothalamus anterior parvocellular part; PVT, paraventricular
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adding 50 U of murine leukemia virus reverse
Transcriptase (Applied Biosystems, Foster
City, CA) as described previously (Qiu et al.,
2003). PCR was performed using 2-3 ul of
c¢DNA template from each RT reaction in a 30
ul of PCR volume containing the following:
3 ul of 10X buffer (Promega, Madison, WI),
2.4 ul of MgCl,, 0.2 mm dNTPs, 0.2 um forward
and reverse primers, 2 U of TagDNA polymer-
ase and TaqStart antibody (Clontech, Palo
Alto, CA). TagDNA polymerase and TaqStart
antibody were combined and incubated at
room temperature for 5 min, and the remain-
der of the reaction content was added to the
tube and incubated at 94°C for 2 min. Then,
each reaction went through 50 cycles of ampli-
fication according to the following protocols:
94°C, 30 s; 60—61°C, 1 min; 72°C, 1 min; with a
final 72°C extension for 5 min. Ten microliters
of the PCR products were visualized with
ethidium bromide on a 1.5% agarose gel.

All of the primers were synthesized by In-
vitrogen (Carlsbad, CA) and were as follows:
guinea pig Cav 3.1 al (GenBank accession
number DQ 992353) 228 bp product, forward
primer (bp 71-91) 5'-CGTGCTGGTCAACG-
TGGTGAT-3', reverse primer (bp 298-278)
5'-AGCGAGTGGGCTGCCTTGTAT-3'; guinea
pig TH (GenBank accession number DQ 992354)
223 bp product, forward primer (bp 64-83)
5'-TCCACGTTATACTGGTTCAC-3', reverse
primer (bp 286-268) 5'-TTGCATCACT-
GAAGCTCTC-3'; guinea pig POMC (Gen-
Bank accession number S78260) 206 bp
product, forward primer (bp 40-59) 5'-CTG-
GCCTTGCTGCTTCAGAT-3’, reverse primer
(bp 245-226) 5'-AAGTGGCCCGTGACGTA-
CTT-3".

Results

Guinea pig Cav3.1 a1 subunit PCR clone

To study the mRNA expression of the Cav3.1 a1l subunit in the
guinea pig brain, we used PCR to clone a guinea pig-specific
cDNA sequence that was 378 bp in length. The guinea pig PCR
product of the Cav3.1 al subunit was 87% homologous to the
corresponding human sequence and 86% homologous to its
mouse and rat counterparts. Our PCR clone consisted of se-
quences from the 3'-region (transmembrane segment 6 in repeat
IV) of the Cav 3.1 «l subunit, an area that has relatively low
homology with the a1 subunits of Cav3.2 and 3.3 channels (Lee et
al., 1999).

Estrogen increases the mRNA expression of the a1l subunit of

the Cav3.1 channel in the ventral basal hypothalamus and the

pituitary by RPA measurements

We used a sensitive and quantitative RPA to quantify the mRNA
levels of the Cav3.1 al subunit in the POA, MBH, and pituitary of
the guinea pig. Linear regression analysis of the a1l mRNA sense
standard curve revealed an r value of 0.983 (Fig. 1A,B). The
antisense [ **P]rUTP-labeled riboprobe protected a single RNA
band of 378 bp in all tissues (Fig. 1C). To determine whether the
mRNA expression of the Cav3.1 alsubunit is modulated by E2,
we measured its concentration in the POA, ventral mediobasal
hypothalamus, and pituitary, all estrogen-sensitive structures, in
ovariectomized animals that received oil (n = 3) or estrogen (n =
3) injections 24 h earlier. Using radioimmunoassay for estrogen,
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Figure 4.  Emulsion autoradiograms of Cav3.1 a1 mRNA expression in the AVPV, MPN, and
BST in ovariectomized oil- or E2-treated guinea pigs. Dark-field photomicrographs of matched
sections from oil-treated (a, ¢, e) and E2-treated (b, d, f) guinea pigs illustrating autoradio-
graphic grains indicative of Cav3.1 a1 mRNA expression in the AVPV, MPN, and BST. Scale bar,
200 wum (for all photomicrographs). BSTpr, Principal nucleus of the BST; BSTdl, dorsolateral
nucleus of the BST.

we confirmed that 24 h after a single injection of 173-estradiol
benzoate (25 ug), the circulating levels of E2 were elevated
(202 = 20.6 pg/ml; n = 3) compared with the oil-injected group
(16.6 = 3.6 pg/ml; n = 3). These plasma levels of E2 are within the
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Figure5. Emulsion autoradiograms of Cav3.1 a1 mRNA expression in the arcuate nucleus in
E2-treated guinea pigs. Dark-field photomicrographs of matched sections from oil-treated (a,
¢) and E2-treated (b, d) guinea pigsiillustrating low-power (a, b) and high-power (¢, d) views of
(Cav3.1 o1 mRNA expression in the arcuate region of the hypothalamus. Scale bars: a, b, 200
um; ¢, d, 100 wm.

physiological range in guinea pig and lead to inhibition of plasma
LH that last for at least 36 h followed by a preovulatory surge of
LH at 42 h (Wagner et al., 2001). The mRNA levels of the Cav3.1
al subunit were high in the POA and the MBH, whereas the
pituitary had much lower levels of 1 mRNA (Fig. 1C,D). When
comparing the RNA from ovariectomized oil- and estrogen-
treated animals using RPA, we found that E2 treatment caused a
significant increase in mRNA expression of the Cav3.1 al sub-
unit in the MBH and the pituitary ( p < 0.01) but not in the POA
(Fig. 1C,D).

Distribution and estrogen regulation of the mRNA expression
of the a1 subunit of Cav3.1 using in situ hybridization

To ascertain the distribution of the Cav3.1 al subunit in the
guinea pig hypothalamus and to elucidate its regulation by E2 in
specific nuclear groups, we performed in situ hybridization with
radiolabeled riboprobes in ovariectomized oil- and E2-treated
animals. Autoradiographic grains indicative of mRNA expres-
sion of the a1 subunit were found throughout the POA and BH
region, including the anteroventral periventricular nucleus
(AVPV), medial preoptic nucleus (MPN), bed nucleus stria ter-
minalis (BST), suprachiasmatic nucleus (SCN), supraoptic nu-
cleus (SON), paraventricular nucleus of the hypothalamus
(PVH), arcuate nucleus (Arc), ventromedial nucleus (VMH),
and dorsomedial nucleus of the hypothalamus (Figs. 2, 3). In
these various brain regions, clusters of autoradiographic grains
were found in cells with large pale nuclei identified with Nissl
stain as neurons, suggesting that Cav3.1 a1 mRNA was expressed
in neurons as described previously (Talley et al., 1999). The al
subunit was also expressed in the cortex, septum, and thalamus of
the female guinea pig (Figs. 2d, 3). There was no specific labeling
with the sense probe (data not shown).

The distribution of the Cav3.1 al subunit was similar in oil-
and E2-treated females, with the exception that the mRNA ex-
pression was highly increased in a number of hypothalamic re-
gions including the AVPV, MPN, BST, and the arcuate nucleus in
E2-treated guinea pigs (Figs. 4, 5). Densitometry measurements
of film images revealed that there were significantly higher
mRNA levels of the Cav3.1 a1 subunit in medial preoptic nuclei,
including the AVPV and MPN, the BST and the arcuate nucleus
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Film images of Cav3.1 a1 mRNA expression in ovariectomized oil- or E2-treated
guinea pigs. Bright-field view of film autoradiograms illustrating the distribution of Cav3.1 o1
mRNA in coronal sections from rostral (a, b) to caudal (g, h) in oil-treated (a, ¢, e, g) and
E2-treated (b, d, f, h) animals. The darker the images, the denser the mRNA expression. For
abbreviations, see Figures 3 and 4.

Figure 6.

in E2-treated compared with oil-treated females (Figs. 6,7) (p <
0.05-0.01; n = 3—6). The «l subunit was also increased in the
SCN and the ventrolateral VMH in estrogen-treated females, al-
though this did not reach statistical significance (Figs. 6, 7). Es-
trogen treatment did not alter Cav3.1 mRNA expression in the
dorsal and central parts of the VMH, as well as the SON and PVH
(Figs. 5-7). In addition, the mRNA expression of the Cav3.1 a1l
subunit was not different in the medial nuclei of the thalamus
when the two groups of animals were compared (oil, 75.33 % 7.87
nCi/g vs EB, 63.70 * 17.11 nCi/g; n = 3—4).

Estrogen increases the T-type calcium current in

arcuate neurons

To assess whether increased mRNA expression translated into
increased cell function, we measured the whole-cell T-type cal-
cium current, isolated by its kinetics and pharmacological block-
ade by nickel and mibefradil, in arcuate neurons from ovariecto-
mized oil- and E2-treated guinea pigs. We found that >60%
(61% of the E2-treated, n = 44; 64% of the oil-treated, n = 31) of
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Figure 7.  Group data of E2-induced increase in Cav3.1 a1 mRNA expression in the female
guinea pig. Distribution and quantitative analysis of Cav3.1 a1 mRNA in tissue sections through
the POA (4) and BH (B) regions obtained from oil- and E2-treated animals (n = 3—6). Values
represent the mean density = SEM of Cav3.1 o1 mRNA levels (nanocuries per gram of tissue) in
film images from the different brain regions. (*p << 0.05, **p << 0.01; two-tailed Student's t
test). For abbreviations, see Figures 3 and 4. Error bars represent the mean == SEM.

the neurons exhibited T-type calcium currents (channels) (Fig.
8). First, we determined that there was no difference in the volt-
age dependence of activation in cells from control vehicle (V,,, =
—59.6 £ 1.0 mV; slope factor, 2.1 * 0.4; n = 7) and cells from
estrogen-treated animals (V,,, = —59.6 * 1.1 mV; slope factor,
2.4 = 0.7; n = 6), or voltage dependence of inactivation for
control (V,,, = —85.8 = 0.8 mV; slope factor, 4.8 = 0.3; n = 12)
and estrogen-treated cells (V;,, = —87.5 = 0.9 mV; slope factor,
5.1 £ 0.5;n = 6) (Fig. 8). Second, nickel (100 um) and mibefradil
(10 uMm) were equally efficacious in antagonizing this low-
threshold current in both groups (for Ni*, 58.4 + 8.3% inhibi-
tion, n = 10; for mibefradil, 78.1 * 5.7%, n = 7). However, the
whole-cell current (E2, 36.2 = 6.3 pA, n = 25; oil, 18.3 == 3.8 pA,
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n = 23; p < 0.05) and current density (E2,
0.97 = 0.17 pA/pF, n = 25; 0il, 0.48 = 0.10
PA/pE, n = 23; p < 0.05) were twofold
greater in the arcuate neurons from E2-
treated compared with oil-treated females
(Fig. 9b). In addition, under current-
clamp conditions, E2 treatment increased
the excitability of arcuate neurons as mea-
sured by the increased number of Na™
spikes during rebound burst firing (Fig.
10). Therefore, E2 not only increased
Cav3.1 mRNA expression but also func-
tion in hypothalamic arcuate neurons. A
subpopulation of the recorded neurons
that expressed a T-type current was iden-
tified as dopaminergic (32%), based on
immunostaining for tyrosine hydroxylase
(Fig. 9c¢). Approximately one-third of
these were from the estrogen-treated and
two-thirds were from the oil-treated
group. Another subpopulation of re-
corded neurons, in which a T-type current
was found, was identified as proopiomel-
anocortin (POMC) neurons (44%) based
on immunostaining for B-endorphin (Fig.
9¢). In support of these findings, we dis-
persed and harvested individual arcuate
neurons and identified the expression of
Cav3.1 al transcripts in 61% of these neu-
rons (n = 51), including dopamine,
POMC, and unidentified neurons, using
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Figure8. Lack of an effect of estrogen on voltage dependence of T-type channel activation and inactivation. a, Procedures of
activation of the transient Ca 2™ current (T-type current) in the arcuate neurons. T-type current was isolated using the extracellular
medium that suppressed Na ™ and K * currents and electrodes containing Cs * solution. Depolarizing steps, 300 ms in duration,
were applied from holding potentials of —120 mV (top traces) or —60 mV (bottom traces). Test potentials varied from —85 to
—45mVin5mVincrements. On theright, traces obtained at the two different holding potentials were subtracted toisolate T-type
currents. b, Voltage dependence of the inactivation and activation of the Ca®* T-type current in arcuate neurons from oil- and
E2-treated females. Activation of T-type calcium current was analyzed from neurons recorded as indicated in a. Steady-state
inactivation of T-type calcium current was analyzed from neurons recorded as indicated in Figure 9a. Peak amplitude of currentis
plotted in relation to the maximum current obtained. The mean curve was drawn using the Boltzmann equation as described in
Materials and Methods. The mean V/; ,, values for T-type channel activation were not significantly different for control cells (V; ,, =
—59.1 = 1.0mV; slope factor, 2.1 = 0.4;n = 7) and estrogen-treated cells (V; , = —59.6 = 1.1 mV; slope factor, 2.4 = 0.7;
n = 6). Similarly, V, ,, values for channel steady-state inactivation were similar for both groups (V;,, = —85.8 = 0.8 mV, slope
factor, 4.8 = 0.3,n = 12for control vs V, , = —87.5 = 0.9 mV, slope factor 5.1 = 0.5, n = 6 for E2-treated group).

single-cell RT-PCR (Fig. 94d).

Discussion

We found that the a1 subunit of the Cav3.1 gene is regulated by
E2 in a number of hypothalamic regions and in the pituitary
gland. In ovariectomized estrogen-treated animals, the mRNA
expression is significantly increased in the MPOA, BST, and the
arcuate nucleus as well as in the pituitary gland. In addition, we
found that the whole-cell T-type calcium current is increased in
arcuate neurons from E2-treated animals, which results in in-
creased excitability (rebound burst firing). This is, to our knowl-
edge, the first demonstration that estrogen can increase the
mRNA expression and T-type calcium channel function in CNS
neurons.

Distribution and estrogen regulation of T-type

channel subunits

The a1 subunit of the Cav3.1 channel is distributed throughout
the POA-BH region in the female guinea pig, as well as in the
septum, thalamus, and cortex. These findings are in general
agreement with previous observations that localized Cav3.1
(a1G) mRNA and protein in different brain regions including
the hypothalamus of the male rat (Craig et al., 1999; Talley et al.,
1999). In addition, using a sensitive and quantitative ribonucle-
ase protection assay, we measured the Cav3.1 a1 subunit expres-
sion levels in the POA, mediobasal hypothalamus, and pituitary
of the female guinea pig. We also determined that the mRNA
expression of the Cav3.1 a1 subunit was significantly increased in
the mediobasal hypothalamus and the pituitary in estrogen-
treated compared with oil-treated guinea pigs. The a1 subunit is
expressed in the pituitary but at a much lower level compared
with the brain as determined previously (Monteil et al., 2000).

Using in situ hybridization, we identified specific hypothalamic
nuclei (e.g., arcuate, AVPV-MPN, and BST) in which the al
subunit was increased in E2 compared with oil-treated animals. It
is important to note that the in situ hybridization analysis, in
contrast to the RPA measurements, revealed an effect of estrogen
on Cav3.1 mRNA expression in the POA. The discrepancy is most
likely attributable to the more discrete analysis with in situ hy-
bridization. Because the areas that exhibited increased mRNA
expression of the a1 subunit after estrogen treatment coincided
with the previously reported distribution of ERa (DonCarlos et
al., 1991; Olster, 1994; Mitra et al., 2003; Merchenthaler et al.,
2004; Warembourg and Leroy, 2004), we searched for EREs in the
Cav3.1 al gene using Dragon Estrogen Response Element Finder
(Bajic et al., 2003). We found a number of putative ERE sites in
the mouse and human genome with the consensus ERE sequence
being 5'-AT-GGCCA-TGG-TGACC-AC-3'. However, we need
to verify these EREs by other methods.

Estrogen regulation of T-type channel function in
hypothalamic neurons

Low-voltage activated T-type calcium channels can be distin-
guished from high voltage-activated channels (e.g., L-type) by
their activation and inactivation at low voltages, their transient
kinetics as well as sensitivity to nickel and mibefradil (Perez-
Reyes, 1999, 2003). These channel characteristics were also iden-
tified in the current study and based on the kinetics and sensitiv-
ity to blockers (nickel and mibefradil), these channels appear to
be of the Cav3.1 or 3.2 types (Perez-Reyes, 1999; McRory et al.,
2001; Chemin et al., 2002). Because estrogen treatment increased
the mRNA expression of the Cav3.1 a1 subunit, we explored the
functional implications in arcuate neurons using standard pro-
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Figure 9. Estrogen increases the whole-cell T-type calcium current in arcuate neurons. a, The peak current was obtained by
applying conditioning pulses, 15 in duration, ranging from —120 to —65mV in 5 mV increments and then a test pulse to — 60
mV (inset), and the T-type calcium currentin the arcuate neuron was completely blocked by 100 v nickel chloride. b, The current
amplitudes were normalized to the cell capacitance in all cases to calculate current density. Bar graphs summarize the density of
T-type calcium current in arcuate neurons from oil-treated and E2-treated animals. The mean density was significantly greater in
E2-treated (0.97 == 0.17 pA/pF; n = 25) than in oil-treated (0.48 == 0.10 pA/pF; n = 23) ovariectomized females. Error bars
represent the mean == SEM tested per group. *p < 0.05 versus vehicle. ¢, Double labeling of arcuate dopamine and POMC neuron
that expressed a T-type current. Top, Biocytin-streptavidin-Cy2 labeling of arcuate neurons after whole-cell recording. Labeled
fibers are extending toward medial (third ventricle, 3V), lateral, and ventral regions in both cells. Bottom, Immunocytochemical
staining of THand 3-endorphin in the respective cells (arrows). Scale bar, 50 wm (inall panels). d, Expression of Cav3.1 c:1 mRNA
in arcuate neurons. Representative gel illustrating that single arcuate neurons expressed Cav3.1 a1 mRNA including TH, POMC,
and unidentified neurons. One cell contained no RT as a negative control (-RT). In addition, the following controls were included:
aCSF from the dispersed cellular milieu and a water blank, both of which were negative after RT-PCR (data not shown). The
expected size of the PCR products is as follows (in bp): Cav3.1, 228; TH, 223; POMC, 206.
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amplitude without affecting L-type cur-
rents (Rossier et al., 2003). In addition, the
mRNA expression of Cav3.2 al (alH),
but not Cav3.1 al («1G), subunit was up-
regulated in these cells after aldosterone
treatment via a mineralocorticoid
receptor-mediated effect (Lesouhaitier et
al., 2001; Rossier et al., 2003). Also, in cul-
tured neonatal rat ventricular cardiomyo-
cytes aldosterone and corticosterone in-
crease T-type calcium channel (Cav3.2)
mRNA expression, T-type current ampli-
tude, and beating frequency, suggesting
that the adrenal steroid-induced increase
in mRNA expression and current ampli-
tude have functional consequences (La-
levee et al., 2005). Therefore, it appears
that aldosterone (corticosterone) has sim-
ilar action on T-type calcium channels in
the adrenocarcinoma cells and cardiomy-
ocytes as E2 has on hypothalamic neurons
with the exception that different subunits
are involved. Studies are in progress to dif-
ferentiate the effects of estrogen on Cav3.2
and 3.1 al subunits in the brain and to
elucidate which estrogen receptor is re-
sponsible for regulating their expression.
Preliminary data suggest that the Cav3.1
a1 subunit is the most sensitive to estrogen
in both the brain and pituitary (O.K.R,,
unpublished observations).

To our knowledge, increased neuronal
T-type channel function in response to E2
treatment has not been reported previ-
ously. In fact, acute exposure to E2 in
mouse sperm cells results in a reduction in
T-type calcium-current amplitude (Espi-
nosa et al., 2000). These actions in sperm,
therefore, are opposite to those found in
hypothalamic neurons and could repre-
sent the difference between acute and
long-term (24 h) estrogen exposure. All
(100%) peripubertal rat gonadotropin-
releasing hormone (GnRH) neurons, pre-
pared as a dispersed overnight culture, ex-
hibit a T-type Ca*™ current, whereas only
50% of neonatal neurons exhibit the cur-
rent (Kato et al., 2003). Therefore, it ap-
pears that the T-type current in GnRH
neurons is developmentally regulated (i.e.,

cedures (Niespodziany et al., 1999; van den Top et al., 2004;
Molineux et al., 2006; Zhang et al., 2006). In accordance with the
mRNA data, we found a significant increase in whole-cell T-type
current in arcuate neurons from animals treated with estrogen
for 24 h, as well as an increase in rebound excitation and cell
firing. These changes were not caused by alterations in channel
activation/inactivation properties, because these remained the
same in the two groups of animals. Therefore, the increased
whole-cell current and excitability were most likely the result of
increased expression of Cav3.1 channels. Rossier et al. (2003)
reached similar conclusions after aldosterone treatment in hu-
man adrenocarcinoma H295R cells. In these cells, aldosterone
treatment for 24 h selectively increased T-type calcium current

becomes fully expressed in sexually mature animals) (but see
Nunemaker et al., 2003), which supports the role of gonadal ste-
roids in this process.

Dopamine-containing cells in the arcuate nucleus exhibit a
low-threshold spike, an indication that these cells express T-type
calcium channels (Loose et al., 1990). Indeed, we identified that
arcuate dopamine neurons are among a group of arcuate neurons
that exhibit T-type channels with Cav3.1/Cav3.2 characteristics,
and the whole-cell current was augmented in estrogen-treated
animals. Because arcuate dopamine neurons also express ERa
(Lehman and Karsch, 1993; Skinner and Herbison, 1997; O.K.R.,
unpublished observations in the guinea pig), these neurons most



11080 - J. Neurosci., October 25, 2006 - 26(43):11072-11082

a —— -60 mV b
-120 mV

-60 mV -
B L 100 mV
50 mv
| 40 pA
100 ms 500 ms
c d

— 60 mV \

-100 mV Ni
e
50 6
=< 40 5 57
T 3,
ST 30 =
O3 Z 4
] =
== o
2E 5 24
< r
E 14
3
P — =z
Oil E2 0 oil E2
Figure 10.  E2 increases rebound burst firing in arcuate neurons. Representative traces re-

corded in whole-cell voltage and current clamp from arcuate neurons in oil-treated (a, b) and
E2-treated (c, d) animals. a, In voltage-clamp mode in an arcuate neuron from oil-treated
animal, depolarizing voltage commands stepped from —120 mV elicited a peak amplitude
T-type current of 20 pA. b, In the current-clamp mode, the cell exhibited an LTS, which triggered
asingle Na ™ action potential after a hyperpolarizing current pulse to —100 mV. ¢, Similar
protocols in current-clamp and voltage-clamp modes were applied to another arcuate neuron
from an E2-treated animal. In voltage-clamp mode, the voltage command evoked a peak am-
plitude T-type current of 44 pA. d, The rebound from a hyperpolarization current pulse evoked
aburst of Na ™ action potentials on the crest of a LTS in this arcuate neuron. NiCl, (100 gm)
abolished the LTS and accompanying Na * spikes (bottom trace). e, Left, Box plot of the
peak amplitudes of T-type current used for Na ™ spike analysis in cells from oil-treated (n = 9)
and E2-treated (n = 7) groups. [The median is the center line in the box. The edges of the
box represent the 75th and the 25th percentiles of the distribution. The vertical lines extending
from the box represent the upper (90th percentile) and lower (10th percentile) limits of the
distribution.] Right, Summary histograms of cells from oil-treated (n = 9) and E2-treated (n =
7) groups showing a significant increase in the number of rebound Na * spikes within the
time course of the LTS (500 ms). Error bars represent the mean == SEM tested per group.
*¥%p < 0.005 versus vehicle.

likely exhibit increased activity and increased dopamine release
in estrogen-treated animals. Physiologically this is important be-
cause estrogen stimulates prolactin synthesis and secretion from
pituitary lactotropes, but arcuate dopamine neurons directly in-
hibit lactotropes via the D, receptor (Neill and Frawley, 1983;
Schaufele, 1999). Thus, estrogen acts at the pituitary as well as the
brain to maintain proper prolactin synthesis and secretion. We
also identified T-type currents in POMC neurons, and subpopu-
lation of POMC neurons also express ERa (Skinner and Herbi-
son, 1997; O.K.R., unpublished observations in the guinea pig).
Therefore, effects of estrogen on T-type channels may be one
mechanism by which estrogen increases the activity of these neu-
rons, which are critical neurons in the hypothalamic circuits con-
trolling energy homeostasis (Cone, 2005).

Cav3.1 mRNA is also localized to other hypothalamic neuro-
secretory neurons and plays a critical role in sculpturing burst
firing activity. For example, supraoptic and paraventricular nu-
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cleus neurons express Cav3.1 mRNA. We have shown that the
T-type current in supraoptic vasopressin neurons is associated
with a phasic burst firing (Erickson et al., 1993a,b). In addition,
the SCN exhibits a relatively dense expression of Cav3.l «l
mRNA. Interestingly, the whole-cell T-type calcium current am-
plitude in the ventrolateral SCN exhibits diurnal variation and
T-type channels are mediators of glutamate-induced phase de-
lays (Kim et al., 2005). Therefore, these channels may be impor-
tant for diurnal and other biological rhythms regulated by the
SCN (Kalra, 1986; Herbison, 1998). The T-type current is known
for its ability to trigger burst firing in many other neurons,
including DRG and thalamic neurons (White et al., 1989;
Huguenard, 1996). In this respect, the thalamocortical neurons
in Cav3.1 (a1G) knock-out (KO) animals loose their ability for
burst firing, and these animals exhibit resistance to absence sei-
zures, further substantiating a role of T-type channels (Cav3.1) in
these events (Kim et al., 2001).

Estrogen regulation of T-type channel expression in

the pituitary

In this study, we measured mRNA expression of T-type Cav3.1
a1 subunit of calcium channels in the guinea pig pituitary gland
and found that this expression was increased in estrogen-treated
animals. This is also a novel finding, because T-type channel
regulation by estrogen in the pituitary has not been reported. It is
well documented that low-voltage activated (T-type) channels
are involved in triggering exocytosis in pituitary cells (Keja
and Kits, 1994; Tomic et al., 1999; Mansvelder and Kits, 2000,
Stojikovic et al., 2005). The T-type calcium channels are ex-
pressed in melanotropes, gonadotropes, lactotropes, and soma-
totropes, and most of these pituitary cells also express ERa
(Mitchner et al., 1998; Van Goor et al., 2001). Therefore, estrogen
may regulate Cav3.1 expression in most, if not all, of these differ-
ent pituitary cells, and this may in part mediate its role in regu-
lating hormone release. It could be that T-type Ca** channels are
expressed in all secretory (pituitary) and neurosecretory (hypo-
thalamic) cells and play a critical role in generating rhythmic
activity linked to hormone release. Cav3 KO mice may help elu-
cidate the role of these low-threshold Ca** channels in hormone
release.

In summary, our findings indicate that T-type calcium chan-
nels are widely distributed in the hypothalamus and also ex-
pressed in the pituitary. Moreover, the mRNA expression and
function of these channels are regulated by estrogen, which high-
lights their critical role in neuroendocrine regulation.
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