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Cell Type-Specific Expression of a Genetically Encoded
Calcium Indicator Reveals Intrinsic Calcium Oscillations in
Adult Gonadotropin-Releasing Hormone Neurons

Christine L. Jasoni,! Martin G. Todman,! Max M. Strumia,? and Allan E. Herbison'
!Centre for Neuroendocrinology and Department of Physiology, and 2Department of Mathematics, University of Otago School of Medical Sciences, Dunedin
9054, New Zealand

The gonadotropin-releasing hormone (GnRH) neurons exhibit a unique pattern of episodic activity to control fertility in all mammals. To
enable the measurement of intracellular calcium concentration ([Ca**];) in adult GnRH neurons i situ, we generated transgenic mice in
which the genetically encodable calcium indicator ratiometric Pericam was expressed by ~95% of GnRH neurons. Real-time monitoring
of [Ca” "], within adult male GnRH neurons in the acute brain slice revealed that ~70% of GnRH neurons exhibited spontaneous, 10-15
s duration [Ca*"]; transients with a mean frequency of 7 per hour. The remaining 30% of GnRH neurons did not exhibit calcium
transients nor did a population of non-GnRH cells located within the lateral septum that express Pericam. Pharmacological studies using
antagonists to the inositol-1,4,5-trisphosphate receptor (InsP;R) and several calcium channels, demonstrated that [Ca**]; transients in
GnRH neurons were generated by an InsP;R-dependent store-release mechanism and were independent of plasma membrane ligand- or
voltage-gated calcium channels. Interestingly, the abolition of action potential-mediated transmission with tetrodotoxin reduced the
number of [Ca®"|; transients in GnRH neurons by 50% ( p < 0.05), suggesting a modulatory role for synaptic inputs on [Ca*"]; transient
frequency. Using a novel transgenic strategy that enables [Ca**]; to be examined in a specific neuronal phenotype in situ, we provide
evidence for spontaneous [Ca®"]; fluctuations in adult GnRH neurons. This represents the initial description of spontaneous [Ca*"];
transients in mature neurons and shows that they arise from an InsP;R-generating mechanism that is further modulated by synaptic

inputs.
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Introduction

Intracellular calcium concentration ([Ca**];) controls many di-
verse cellular processes and is regulated in a highly variable man-
ner across cell types and subcellular domains (Berridge et al.,
2003). Within neurons, short (<1 s) duration [Ca*"]; transients
can be evoked by synaptic activation and are best characterized in
dendritic spine heads where they result from NMDA receptor
and/or voltage-gated calcium channel (VGCC) activation (Jaffe
et al., 1992; Markram et al., 1995; Koester and Sakmann, 1998;
Nakamura et al., 1999; Yuste et al., 1999; Kovalchuk et al., 2000;
Sabatini et al., 2002). In addition, the slower release of calcium
from intracellular stores has emerged as yet another avenue
through which [Ca?™"]; can be elevated (Nakamura et al., 1999,
2002; Ross et al., 2005; Verkhratsky, 2005) in neurons. The phys-
iological roles and mechanisms underlying these slower [Ca*"];
transients are less well characterized.
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In terms of episodic neuronal activity, hypothalamic
gonadotropin-releasing hormone (GnRH) neurons are an inter-
esting phenotype. These cells secrete GnRH from their nerve ter-
minals in a pulsatile manner comprised of 4—5 min bursts of
activity every 30—60 min to control fertility (Terasawa, 2001;
Moenter et al., 2003; Herbison, 2006). The mechanisms underly-
ing this behavior are unknown, and technical issues have pre-
cluded the investigation of this neuronal phenotype in situ. Stud-
ies on immortalized cell lines and olfactory placode cultures have
shown that immature GnRH neurons exhibit cytosolic calcium
fluctuations arising from calcium entry through L-type VGCC,
after spontaneous membrane depolarization events (Krsmanovic
et al., 1992; Charles and Hales, 1995; Terasawa et al., 1999; Van
Goor et al.,, 1999a,b; Moore and Wray, 2000). However, many
neuronal cell types exhibit [Ca**]; oscillations during embryo-
genesis (Ben-Ari and Spitzer, 2004), and the relevance of these
findings to adult GnRH neurons that exhibit episodic activity is
unknown.

The aim of the present study was to establish whether adult
GnRH neurons in their native environment exhibit spontaneous
[Ca**]; changes. Monitoring [Ca**]; with fluorescent indicator
molecules has proved to be an invaluable approach (Maletic-
Savatic et al., 1999; Tsien, 2003). However, the nonspecific bulk
loading of cells with membrane-permeant calcium indicator dyes
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can be difficult in slices of adult brain, often requiring potentially
harmful loading procedures, and is not suited for long-term re-
cordings. The problem of loading GnRH neurons is exacerbated
further, because their cell bodies are scattered throughout the
basal forebrain. To overcome these issues, we used a GnRH pro-
moter strategy to generate transgenic mice in which the calcium
indicator ratiometric Pericam (Nagai et al., 2001) is targeted to
GnRH neurons. This has enabled the investigation of [Ca**]; in
adult GnRH neurons in situ. We show here that the majority of
adult GnRH neurons exhibit spontaneous fluctuations in
[Ca**]; deriving from intracellular store mechanisms. The find-
ings demonstrate that adult GnRH neurons in situ possess an
intrinsic oscillatory mechanism and provide evidence for spon-
taneous [Ca®" ], transients in adult neurons.

Materials and Methods

Animals. All experimentation was approved by the University of Otago
Animal Welfare and Ethics Committee under Application 66/02. Trans-
genic GnRH-Pericam mice (C57BL6/] X CBA/Ca) were maintained un-
der a 12 h light/dark cycle (lights on at 7:00 A.M.) with food and water
available ad libitum.

Generation of GnRH-Pericam mice. The GnRH-Pericam mouse was
generated in the same manner as reported previously (Skynner et al.,
1999) using a ~12 kb transgene incorporating all the introns and exons
of the GnRH gene, 5.5 kb of upstream (5") and 3.5 kb of downstream (3")
flanking sequence, and a Smal site engineered by site-directed mutagen-
esis in exon II between sequences encoding amino acids 2 and 3 of the
GnRH decapeptide (see supplemental data, available at www.jneuro-
sci.org as supplemental material). An expression cassette consisting of (in
5’ to 3’ order) a synthetic intron, the ratiometric Pericam coding se-
quence [gift from Dr. Atsushi Miyawaki, RIKEN, Saitama, Japan (Nagai
et al., 2001)], and a poly(A) (polyadenylation) sequence was then in-
serted at the Smal site to produce the transgene. Transgenic mice were
produced by pronuclear injection and identified by PCR analysis of
genomic DNA isolated from tail biopsies.

Immunohistochemistry. Free-floating immunocytochemistry was un-
dertaken as reported previously (Campbell et al., 2005) using rabbit poly-
clonal anti-green fluorescent protein (GFP) (1:5000; A-6455; Invitrogen,
San Diego, CA) to detect Pericam and a sheep polyclonal anti-GnRH
(1:10,000; a gift from A. Caraty, Tours, France) antibody. This was fol-
lowed by biotinylated goat anti-rabbit and anti-sheep Texas Red immu-
noglobulins and, finally, avidin—fluorescein. Controls included incuba-
tion of sections from nontransgenic mice and removal of the anti-GFP
antiserum from the primary mixture.

Brain slice preparation and imaging. Adult (>60 d of age) male GnRH-
Pericam mice were killed between 9:00 A.M. and 12:00 P.M. by cervical
dislocation. The brains were rapidly removed and placed in ice-cold
cutting artificial CSF (ACSF) solution containing the following (in mm):
118 NaCl, 3 KCl, 0.5 CaCl,, 6 MgCl,, 5 HEPES, 25 NaHCO,, 11
D-glucose, pH 7.3 when gassed with 95% O, and 5% CO,. Serial coronal
slices (150 wm thick) were prepared using a vibratome, and slices were
allowed to recover in a holding chamber containing oxygenated standard
ACSF (in mm: 118 NaCl, 3 KCl, 2.5 CaCl,, 1.2 MgCl,, 5 HEPES, 25
NaHCO;, 11 p-glucose, pH 7.3 as above) at 30°C for at least 60 min
before imaging.

For all GnRH neurons, [Ca?"]; was recorded for 60 min to provide a
baseline. For cells that were then tested with pharmacological agents,
drugs were dissolved in the ACSF or in ACSF containing <0.1% DMSO,
and the cells were exposed for typically 30 min before returning to ACSF
alone for washout. The following drugs were used: tetrodotoxin (TTX)
(Alamone Labs, Jerusalem, Israel); nifedipine and caffeine (Sigma, Mel-
bourne, Australia); 2-aminophosphonopentanoic acid (AP-5) and
2-aminoethoxydiphenylborate (2-APB) (Tocris, Bristol, UK). Zero cal-
cium experiments were undertaken by switching to an ACSF in which the
2.5 mm CaCl, was omitted.

Slices were maintained on the stage of an Olympus (Tokyo, Japan)
BX51 upright microscope equipped with a slice chamber (RC26GLP;
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Warner Instruments, Hamden, CT) mounted in a heated platform (30 +
2°C; PH1; Warner Instruments). Slices were held in place by weighted
nylon mesh and perfused with prewarmed (28 —30°C) oxygenated stan-
dard ACSF solution at a rate of 1-2 ml/min. The temperature of 30°C
(£2°C) was chosen because it was a compromise between room temper-
ature, which was variable, and >32°C, at which the slices experienced
more rapid degeneration. Pericam-positive GnRH neurons were located
by visual scanning of the slice at 40X magnification (LUMPlandFl; 40X/
0.80 W) under illumination at 415 nm, and cells that exhibited classic
unipolar or bipolar GnRH neuron morphology and resided in the medial
septum/rostral preoptic area were selected for additional investigation.
Following the protocol of Shimozono et al. (2002), but adapted for epi-
fluorescence microscopy, we used the following image capture and anal-
ysis scheme. Excitation was alternately performed at 485 and 415 nm
(D485/40X and D415/40X; Chroma Technology, Rockingham, VT) ev-
ery 1-5 s with dichroic mirror 505DCLP (Chroma Technology), and
emission filtered at 525 nm (HQ500LP; Chroma Technology) with the
use of a Sutter Instruments Lambda DG-4 high speed filter changer (Sut-
ter Instruments, Novato, CA). Image acquisition was performed using
Metafluor software (version 6.2r2; Universal Imaging, West Chester, PA)
to control and synchronize the DG-4 and liquid-cooled CCD camera
(Orca-ER; Hamamatsu Instruments, Tokyo, Japan).

Analysis. A cell was defined by a region of interest (ROI) encompassing
the entire cell body, and the average pixel intensity, for each ROI at each
frame, was calculated by Metafluor. Background fluorescence signal was
determined by copying the cell ROI to a cell-free region of the acquired
image and calculating its pixel intensity, at each wavelength for each
frame, in parallel with that performed for the cell ROI. The resulting data
file gave, for each time point, average pixel intensities at each wavelength
for each ROI. Raw data files were uploaded to a PostgreSQL relational
database running on RedHat (version 9.0) Linux for data management,
including linking to information about the animal, cell, and treatments,
and for ease of import to subsequent analysis tools.

Ratiometric Pericam exhibits fluorescence excitation and emission in
both the presence and absence of intracellular calcium. Maximal excita-
tion of the calcium-free form is achieved at 415 nm and maximal excita-
tion of the calcium-bound form is achieved at 485 nm, with both emit-
ting at 525 nm (Nagai et al., 2001). The ratio of emission generated by 485
nm to that generated by 415 nm, therefore, provides an index of relative
change in [Ca®*]; over time. However, because Pericam bleaches differ-
entially at the two excitation wavelengths, background-subtracted inten-
sities were first subjected to a linear regression-based bleaching correc-
tion, after which background-subtracted ratios were calculated [per
Shimozono et al. (2002)], plotted (corrected ratio vs time), and analyzed
using custom software written in C+ + with the QT library (Trolltech,
Oslo, Norway). Data were analyzed as in Uhlen (2004) but used the
Daubechies 4 discrete wavelet transform to remove Gaussian noise, de-
tect [Ca”]i peaks, and reveal baseline trends (see Fig. 2 F, F'). The Dau-
bechies 4 transform was chosen because it works well when applied to
nonstationary data of the type gathered in these experiments, unlike the
Fourier transform, which is designed to be used with stationary data.
Also, the Daubechies 4 transform is not limited by knowledge of any
properties of the peaks [as in statistical peak finding algorithms like
PULSAR (Merriam and Wachter, 1982)]. For more information on the
mathematical basis of the Daubechies 4 wavelet transform and our im-
plementation of the analysis, see supplemental data (available at www.
jneurosci.org as supplemental material). Baseline [Ca** ], was calculated
across the entire recording using wavelet spectral analysis to remove
signal with >5% relative power. This method reveals a baseline trend
that filters out large fluctuations and thus is not influenced by the occur-
rence of large transient [Ca®"]; changes. Individual [Ca®"]; transients
were identified by the Daubechies 4 transform and considered significant
if their heights were at least 10% above baseline (relative power of
>15%). The effects of drugs on baseline [Ca*"]; were calculated by
comparing the average baseline during the drug test period with the
average baseline in the same time period immediately preceding the
treatment. The effects of drugs on [Ca*"]; transient frequency were de-
termined by counting the number of transients occurring within the drug
test period and comparing this with the number of transients in the same
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Pericam

Figure 1. GnRH neurons express ratiometric Pericam in transgenic GnRH-Pericam mice.
Dual-immunofluorescence labeling for ratiometric Pericam (green) and GnRH (red) in coronal
brain sections at the level of the rostral preoptic area (4, €), septum (B), and median eminence
(D, E) in an adult male mouse. Note that the great majority of GnRH cell bodies express Pericam
(A, €) and that this coexpression is also evident for the GnRH nerve terminals in the median
eminence. Scale bars, 100 pm. lllv, Third ventricle; CC, corpus callosum; lat-v, lateral ventricle;
LS, lateral septum; MS, medial septum; OC, optic chiasm.

time period immediately preceding the drug treatment. Statistical anal-
ysis was performed with InStat software (GraphPad Software, San Diego,
CA) and used the nonparametric Wilcoxon ranked-sum two-tailed test
of significance.

Results
Characterization of GnRH-Pericam mice

Expression of the Pericam transgene in GnRH neurons
To monitor [Ca?™ |;in adult GnRH neurons in situ, we developed
mice expressing the ratiometric Pericam (Nagai et al., 2001) cal-
cium indicator under the transcriptional control of the GnRH
gene regulatory sequences. Five lines of GnRH-Pericam mice
were created. Transgenic mice appeared normal in all respects
and, as indicated by the frequency of litters and numbers of pups
per litter, displayed normal levels of fertility. Immunocytochem-
ical analysis using a green fluorescent protein antisera that recog-
nizes ratiometric Pericam demonstrated that Pericam was ex-
pressed in populations of cells located in the septohypothalamic
area with a distribution pattern typical of GnRH neurons (Fig.
1A). In addition, cell bodies expressing Pericam were found in
the lateral septum (Fig. 1 B) and paraventricular nucleus of the
thalamus (n = 3 adult males per line). Dual-labeling immuno-
fluorescence for Pericam and GnRH demonstrated that, among
the five lines, 75-99% of GnRH neurons, throughout their dis-
tribution were targeted by Pericam (Fig. 1 A, C), and this was also
evident at the level of the GnRH nerve terminals in the median
eminence (Fig. 1 D, E). Pericam-expressing cells in the lateral sep-
tum and paraventricular nucleus of the thalamus did not express
GnRH immunoreactivity. In the additional studies reported
here, only mouse lines expressing Pericam in >95% of their
GnRH neurons were used.

When viewed in acute brain slices, fluorescent cells in the
rostral preoptic area showed typical GnRH neuron morphology
(Fig. 2 A, B) and anatomical distribution, consistent with the im-
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Figure 2.  GnRH neurons exhibit spontaneous [(a”]i oscillations. 4, B, Two high-power
live-cellimages of GnRH neurons expressing Pericam in an acute brain slice from GnRH-Pericam
mice. C, A multipolar Pericam-expressing cell in lateral septum. Scale bars, 10 m. D, Fluores-
cence ratio versus time recording from an adult GnRH neuron showing the effect on Pericam
signal ([Ca® 1) after a switch to zero extracellular calcium. E, Recording from an adult GnRH
neuron showing the effect of glutamate (50 wm) on [Ca2™];. F, Raw data trace depicting
Pericam recorded from a GnRH neuron showing periodic [Ca 2+]itransients over48min.F’, The
same trace as in F, but after transformation with Daubechies 4 wavelet. In this and all subse-
quent recordings, the dark line showing the Daubechies 4 wavelet transform is overlaid on the
light gray original trace. Note that the salient features of the activity are brought out by the
transformation. G, Recording from a “silent” GnRH neuron that showed no transients during
the recording period. Caffeine (30 mm) was applied at the end of the recording period to dem-
onstrate the ability of the cell to show a detectable increase in [Ca ”]i. H, Recording from arare
GnRH neuron showing the slow patter of [Ca®"]; oscillations. /, Trace from a Pericam-
expressing non-GnRH lateral septal cell showing the absence of [Ca® ], transients. Despite the
lack of transients, the cell responded with a large transient increase in [Ca Z+]i after challenge
with glutamate (50 wum), indicating that the Pericam functioned normally and the cell was alive
during this recording period.

munocytochemical findings, whereas fluorescent cells located in
the lateral septum and thalamus exhibited a different, typically
multipolar, morphology (Fig. 2C). The number of fluorescing
GnRH neurons that could be viewed in living slices was approx-
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occasion. The mean frequency of these
transients was 7.2 = 1.3 transients/h, but
cells exhibited a wide range of frequencies
(1-55 peaks/h) (Fig. 3C). In the second
population, 29% of GnRH neurons exhib-
ited a stable [Ca®"]; with no transients
over the 60 min recording period (Fig.
2G). The final small population represent-
ing 4% of GnRH neurons (5 of 135) dis-
played a pattern of slow baseline [Ca*"];
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Figure 3. [Ca®"J; transient dynamics and frequency distribution within the GnRH neuron population exhibiting fast type

[Ca ”]i transients. A, Example of a GnRH neuron exhibiting calcium transients that was recorded at a sampling interval of 500 ms
over 12 min. Shading indicates the area shown at increased magnification in B. B, High-resolution view of three [Ca*]; oscilla-
tions, demonstrating the relatively rapid release period, followed by reuptake. C, Bar graph showing the frequency distribution of
[Ca ”]i transient frequencies within the GnRH neuron population showing fast-type transients. The mean frequency, calculated

across all cells represented in the histograms, is 7.2 == 1.3 transients/h.

imately fivefold lower than the number of cells identified with
green fluorescent protein immunocytochemistry in fixed tissue.
This is likely to be attributable to the low levels of detectable
endogenous fluorescence in vivo and the relatively poor optical
clarity of the thick living slices. The two lines of GnRH-Pericam
mice exhibiting the highest numbers of fluorescent GnRH-
Pericam cells (>95%) were used for the experiments described
here. No differences in Pericam expression were detected be-
tween heterozygous and homozygous male mice from these two
lines.

Ability of Pericam to report [Ca’™ |; milieu in

GnRH-Pericam neurons

Initial experiments were performed to ensure that the Pericam
indicator was able to report [Ca*™ |;levels within GnRH neurons.
GnRH-Pericam neurons were recorded to establish a baseline,
and then treated with agents that have established effects on
[Ca?"];. Glutamate (50 um) (Fig. 2E) or caffeine (30 mm) (Fig.
2G) caused a brief, large increase in [Ca®"];, whereas removal of
extracellular calcium ([Ca®"],) resulted either in no change or a
decrease in [Ca®" ], that was sustained until cells were switched
back to normal (2.5 mm) [Ca**], (Fig. 2D).

Adult GnRH neurons exhibit [Ca>*], transients

Recordings from 135 GnRH neurons revealed the existence of
three distinct populations of GnRH neurons exhibiting different
[Ca**]; profiles. The pattern of [Ca®"]; changes did not have any
relationship to the anatomical location of the GnRH neuron
within the basal forebrain. In the most numerous population,
67% of GnRH neurons (90 of 135) exhibited spontaneous fast
fluctuations in [Ca**]; at irregular intervals (Figs. 2F, F', 3A) for
as long as the cell was recorded, typically 1-2 h, but up to 3h on

transients with each event lasting an aver-
age of 3.5 £ 1.3 min (n = 17 transients)
(Fig. 2H). Interestingly, this type of
[Ca?™"]; fluctuation was often associated
with a fast transient at the apex of the slow
wave (Fig. 2 H). The infrequency of GnRH
neurons exhibiting these slow transients
precluded detailed investigation, and this
type of [Ca?*]; fluctuation is not consid-
ered in any of our additional analysis.

The lateral septal cells expressing Peri-
cam are easily differentiated from the
GnRH neurons based on cell morphology
(Fig. 2C) and anatomical location (Fig.
1B). To examine whether these cells might
also exhibit spontaneous [Ca’*]; tran-
sients, we examined 10 lateral septal cells
for >1 h. None of these cells exhibited any
fluctuations in [Ca®™],, despite their vital-
ity as evidenced by an acute influx of Ca>*
in response to glutamate (50 uM) at the
end of the recording session (Fig. 21).

To analyze the dynamics of individual transients, eight GnRH
neurons were recorded at a 500 ms sampling interval (Fig. 3A, B).
This demonstrated that each transient lasted an average of 13.7 =
4.4 s (n = 63 peaks) with a relatively rapid 3—4 s release period
followed by a decay of 8—10 s (Fig. 3B). The reuptake period
lasted on average three to four times longer than the release pe-
riod, and there was no plateau period.

[Ca**]; transients in GnRH neurons depend on release from
intracellular stores

To investigate the mechanisms underlying the spontaneous
[Ca*"]; transients observed in GnRH neurons, we used pharma-
cological manipulations to perturb potential Ca*”" influx mech-
anisms. The relatively slow dynamics of the [Ca**]; transients
observed in GnRH neurons suggested that internal store mecha-
nisms were involved. As such, we began by evaluating the effects
of the IP; receptor (IP;R) blocker 2-APB (Peppiatt et al., 2003) on
transients. 2-APB (50—100 uM) was found to have a potent sup-
pressive action on transients. In 11 of 12 GnRH neurons, 2-APB
completely abolished [Ca®*]; influx events (Fig. 4A,B) and,
overall, resulted in a 99% ( p = 0.001) reduction in [Ca*™]; tran-
sient frequency (Fig. 4C). In all treated cells, 2-APB was also
observed to induce a significant drop in baseline [Ca**]; (p <
0.01) (Fig. 4A, B). Vehicle control (0.1% DMSO; n = 5) had no
significant effect on baseline [Ca**]; or transients.

Because 2-APB has been shown to block store-operated
plasma membrane Ca** channels (Iwasaki et al., 2001), we fur-
ther examined the role for release of calcium from intracellular
stores by using caffeine at low concentrations (5-10 um) known
to block IP;R channels selectively (Berridge, 1991). Low caffeine
was also found to reduce the frequency of fast transients (Fig.
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Figure4.  AnIP;R-dependent store release mechanism is required for spontaneous calcium

transients in GnRH neurons. A, B, Two representative examples of GnRH neurons showing
[Ca® ™" transients that were abolished by treatment with 75 um 2-APB. , Bar graph showing
the mean (+ SEM) oscillation frequency in control and 2-APB-treated cells (***p << 0.001). D,
E, Two examples of GnRH neurons showing [Ca”" ], transients that were diminished by treat-
ment with 10 wum caffeine. F, Bar graph showing the mean (+SEM) oscillation frequency in
control and caffeine-treated cells (*p << 0.05). G, H, Two examples of GnRH neurons that
exhibited variable changes in [Ca® " oscillation behavior in response to treatment with zero
extracellular calcium. 1, Bar graph showing the mean (+SEM) oscillation frequency in control
and zero calcium-treated GnRH neurons.

4D, E), but was not as potent as 2-APB and resulted in a mean
reduction in transient frequency of 45% ( p < 0.05; n = 8) (Fig.
4F). Incubation in low concentration caffeine also elicited a sig-
nificant, ~4%, reduction in baseline [Ca*"]; (p < 0.01; n = 8)
(Fig. 4D). In contrast, high-dose 30 mm caffeine was found to
exert a potent and rapid increase in [Ca®"]; in all GnRH neurons
tested (n = 40) (Fig. 2G), suggesting the expression of ryanodine
receptors (RyRs) in these cells. Treatment with high concentra-
tion (50 uM) ryanodine, however, was ineffective at diminishing
spontaneous [Ca®"]; transients in GnRH neurons (n = 3) (data
not shown) confirming the role for IP;R-dependent store release.

To evaluate further the potential role of internal versus exter-
nal Ca** sources in generating [Ca*"]; transients in GnRH neu-
rons, slices were perfused in 0 mm external [Ca**] ([Ca®"],).
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Figure 5.  Inputs to GnRH neurons modulate [Ca" ], transient frequency. A, B, Two repre-
sentative examples of GRH neurons showing [Ca®™"; oscillations that were reduced in fre-
quency, but not abolished, in the presence of 0.5 wm TTX. C, Bar graph showing the mean
(- SEM) oscillation frequency in control and TTX-treated cells (*p < 0.05). D, Recording show-
ing the effects of 25 wm nifedipine on an oscillating GnRH neuron. E, Bar graph showing the
mean (+SEM) transient frequency in control and nifedipine-treated cells. F, GnRH neuron
showing a decreased [Ca2*]; baseline but no effect on transient frequency after 20 um AP-5. G,
Bar graph showing the mean (+SEM) transient frequency in control and AP-5-treated cells.

Zero [Ca®"], had variable effects on GnRH neurons but, overall,
did not result in a significant change in transient frequency with
11 of 12 GnRH neurons continuing to exhibit [Ca®"]; transients
in 0 mm [Ca**], (Fig. 4G-I). Finally, we treated with 2-APB in 0
[Ca?"],and found that the effects of 2-APB without extracellular
calcium were identical with 2-APB in the presence of calcium
(n = 3) (data not shown). Together, our results confirm that
transient elevations in [Ca”* ], were dependent on IP,Rs, and not
driven directly by influx of extracellular calcium.

Electrical activity modulates the frequency of [Ca
transients in GnRH neurons

Although the observations above indicated that internal mecha-
nisms involving IP;Rs were critical in enabling [Ca 2*]. transients
to occur in GnRH neurons, it remained to be established whether
the oscillation mechanism was an inherent property of the cells or
driven by external inputs. To explore this, we evaluated the ability
of cells to exhibit transients in the presence of TTX.

In the presence of 0.5 um TTX, voltage-dependent sodium
channels are blocked, effectively isolating the recorded GnRH
neurons from action potential-dependent inputs (Sim et al.,
2001). Although TTX was found to decrease the frequency of
[Ca**]; transients by ~50% ( p < 0.05), [Ca*"]; transients were
never completely abolished in any of the 12 GnRH neurons ex-
amined (Fig. 5A-C).

Depolarization-induced calcium influx occurs through
L-type VGCC in electrically excitable cells, including GT1 cells
and embryonic GnRH neurons (Krsmanovic et al., 1992; Charles
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and Hales, 1995; Terasawa et al., 1999; Moore and Wray, 2000).
Despite a trend toward a decreased transient frequency (n = 9;
p = 0.1), there was no significant effect of the L-type VGCC
blocker nifedipine on [Ca*™]; transient occurrence (Fig. 5D, E).
Nifedipine was, however, found to increase baseline [Ca*"]; sig-
nificantly (n = 9; p < 0.01). The majority of GnRH neurons have
been shown to express functional NMDA receptors (Kuehl-
Kovarik et al., 2002; Shimshek et al., 2005). The NMDA receptor
antagonist AP-5 (20 um) had no effect (n = 7; p > 0.05) on
[Ca**]; transient frequency (Fig. 5F,G) but significantly de-
creased baseline [Ca*"]; (n = 7; p < 0.05). Together, these ob-
servations indicate that GnRH neurons possess both L-type
VGCC and NMDA receptor-mediated influx of calcium across
the plasma membrane, but that they do not contribute to [Ca*"];
transients observed in these cells.

Discussion

We report here a transgenic strategy for investigating [Ca
dynamics in specific neuronal cell populations in situ and use this
to show that the majority of adult GnRH neurons exhibit spon-
taneous, 10—15 s duration [Ca?* ], fluctuations. These transients
were found to depend on intracellular store release mechanisms
involving IP;Rs and, although modulated by inputs, were an in-
herent property of GnRH neurons. Such spontaneous [Ca*"];
oscillations have not been identified previously in adult neurons
and we did not observe [Ca*"]; oscillations in lateral septal neu-
rons in GnRH-Pericam mice. Smooth muscle cells in the lung
(Perez and Sanderson, 2005a,b), have been identified to exhibit
spontaneous [Ca®"]; oscillations, and, within the brain, astro-
cytes exhibit spontaneous oscillations in [Ca®*]; (Parri et al.,
2001; Aguado et al., 2002; Nett et al., 2002; Parri and Crunelli,
2003). The present results demonstrate a novel [Ca**]; profile in
mature neurons and indicate the usefulness of transgenic target-
ing of genetically encodable calcium indicator molecules in re-
vealing the properties of specific neuronal phenotypes.

The scattered topography of the GnRH neuron cell bodies in
the mammalian brain has prevented definitive cellular and mo-
lecular investigations of their properties. The recent use of GnRH
promoter transgenics to drive the expression of molecules such as
B-galactosidase (Skynner et al., 1999), green fluorescent protein
(Spergel et al., 1999; Suter et al., 2000; Fujioka et al., 2003; Han et
al., 2004), Cre recombinase (Shimshek et al., 2002; Yoon et al.,
2005; Wintermantel et al., 2006), and lectin (Boehm et al., 2005)
in GnRH neurons has provided a new avenue for the detailed
investigation of this neuronal phenotype. Using this same strat-
egy, we report here the production of a mouse line in which
ratiometric Pericam is efficiently targeted to the great majority of
GnRH neurons. We note that Pericam was also expressed by
populations of cells in the lateral septum and thalamus. The tar-
geting of transgene expression to the lateral septum in GnRH
transgenics is common (Herbison, 2006) and thought to result
from the absence of repressor elements in the GnRH transgene
that are responsible for switching off GnRH gene expression in
lateral septal cells during the second postnatal week (Skynner et
al., 1999). For unknown reasons, previous investigators have had
little success in generating useful calcium-sensing transgenic
mouse lines, including GnRH promoter-driven mice (Hasan et
al., 2004). We generated five founder lines using our standard
approach (Pape et al., 1999; Skynner et al., 1999). Two of these
showed Pericam in >95% of GnRH neurons and were of suffi-
cient fluorescence intensity to permit real-time [Ca 2*]. monitor-
ing in acute brain slices.

A variety of genetically encodable calcium indicator molecules
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are now available including Cameleons, GCaMPs, Camgaroos,
and Pericam variants (Tsien, 2003; Miyawaki, 2005). We chose to
use ratiometric Pericam in these studies for several reasons. First,
at the time this project was initiated, there had been very little
progress in generating useful transgenic mice with Cameleons
and Camgaroos. Very recent studies have, however, been at least
partially successful with Camgaroo 2 (Hasan et al., 2004) and also
GCaMP (Diez-Garcia et al., 2005). Second, the Pericams have
significant advantages to Cameleons and Camgaroos in exhibit-
ing higher affinity for Ca** and greater dynamic range (Nagai et
al., 2001). Third, and most importantly, the use of ratiometric
Pericam minimizes potential artifacts caused by bleaching, which
are critical when individual cells are to be visualized for long
periods. The caveats of the ratiometric Pericam indicator are that
it is unlikely to be able to follow individual action potentials in a
spike train (Pologruto et al., 2004) and that it exhibits modest pH
sensitivity (Nagai et al., 2001). Finally, as with all calcium-sensing
variants of this type, it remains possible that the Pericam may in
some way interfere with the normal calcium-dependent bio-
chemical processes in the GnRH neuron. If it exists, any such
interaction is not critical as GnRH-Pericam mouse lines breed
normally and any significant perturbation of the GnRH neuron
would result in subfertility.

We find that approximately two-thirds of mature GnRH neu-
rons exhibit spontaneous [Ca**]; transients and present evi-
dence that these events are generated by inositol-1,4,5-
trisphosphate receptor (InsP;R)-dependent calcium release from
internal stores. First, transients were blocked completely by the
InsP;R antagonist 2-APB and partially by low concentrations of
caffeine. It is likely that caffeine treatment was less effective than
2-APB as a result of its opposing, concentration-dependent, ef-
fects on InsP;R and RyR (Ehrlich et al., 1994). Single GnRH
neuron microarray experiments have indicated that both InsP;R
and RyR transcripts are expressed by adult male GnRH neurons
(M. G. Todman and A. E. Herbison, unpublished observations).
Second, [Ca®*]; transients remained in the presence of 0 mm
[Ca?"].. This demonstrates that extracellular calcium entry is not
required for transients to exist in GnRH neurons and also dis-
counts the possibility that the suppression by 2-APB resulted
from blockade of transient receptor potential channels (Iwasaki
etal., 2001). Third, and in additional support of the redundancy
of extracellular calcium in this mechanism, blockade of both
L-type VGCC and NMDA receptors had no significant effect on
[Ca*"]; transients. Together with evidence for the multisecond
duration of each transient, these observations provide strong
support for the concept that InsP;Rs are critically involved in the
store-dependent generation of spontaneous [Ca ™ |; transients in
GnRH neurons. Interestingly, this mechanism is completely dif-
ferent from that underlying [Ca®"]; transients in embryonic or
immortalized GnRH neurons in which entry of extracellular
calcium through VGCC is required (Charles and Hales, 1995;
Spergel et al.,, 1995; Terasawa et al., 1999; Van Goor et al.,
1999a,b).

Calcium transients persisted in the presence of the voltage-
dependent sodium channel blocker TTX. Because TTX blocks all
action potential-mediated transmission to GnRH neurons in this
brain slice preparation (Sim et al., 2001), this suggests that the
mechanism driving [Ca®"]; transients in GnRH neurons is au-
tonomous and does not require action potential generation. One
of the key unanswered questions in reproductive neurobiology is
that of how GnRH neurons generate an episodic pattern of
GnRH secretion (Moenter et al., 2003; Herbison, 2006). Early
studies using the immortalized GnRH-secreting GT1 cell lines
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demonstrated that pulsatile GnRH secretion was possible in cul-
tures that contained only GT1 cells, thereby suggesting that
GnRH neurons had inherent pulse-generating properties
(Krsmanovic et al., 1992; Martinez de la Escalera et al., 1992;
Wetsel et al., 1992). Subsequent studies using cultured embry-
onic olfactory placodes containing GnRH and other cells also
demonstrated pulsatile GnRH release (Terasawa et al., 1999;
Moore et al., 2002). We now provide here evidence that mature
GnRH neurons possess a spontaneous episode generator. This is
a key finding supporting the concept that intrinsic oscillatory
mechanisms exist within GnRH neurons. Although it is clear that
aone-to-one correspondence does not exist between cytoplasmic
[Ca®"]; transients (mean interval of 8 min) and the pulses of
GnRH nerve terminal secretion (mean interval of >30 min), the
critical point is that adult GnRH neurons possess an intrinsic
oscillatory mechanism. An autonomous oscillator such as this
would obviate the need to initiate each episodic event de novo via
extrinsic stimulation, and, therefore, fewer levels of control
would be required to ensure rhythmic behavior. However, the
relationship between spontaneous [Ca®*]; transients and epi-
sodic GnRH neuron secretion remains to be ascertained.

We found that [Ca>*]; transient frequency was reduced in the
presence of TTX indicating that inputs to GnRH neurons are
likely to play a role in modulating the frequency of transients. The
mechanisms underlying this regulation are not clear. Biologically
based mathematical modeling has demonstrated that [Ca*"]; it-
self can regulate transient frequency by influencing the open
probability of the InsP;R (Mak et al., 1998; Foskett and Mak,
2004), a mechanism that can generate self-sustaining oscillations.
Moreover, the extracellular pool appears to be the key source of
this “regulatory” calcium that modulates the [Ca**]; needed for
oscillations (Sneyd et al., 2004). However, it is clear from our
studies that the baseline [Ca*"]; levels in GnRH neurons are not
critical in establishing the transient frequency. For example, the
NMDA receptor antagonist AP-5 induced a consistent drop in
baseline [Ca**]; without having any effect on transient fre-
quency. Equally, the fall in transient frequency during TTX treat-
ment was not associated with any change in baseline [Ca®"];. As
such, it seems more likely that specific signaling pathways not
involving calcium directly, are being activated by GnRH neuro-
nal afferents to modulate InsP;-mediated calcium release in
GnRH neurons. As one possibility, there is a growing apprecia-
tion that synaptically activated metabotropic receptors can have
an impact on the dynamics of store-mediated calcium release
(Ross et al., 2005).

In summary, we show here that ratiometric Pericam provides
an ideal genetically encodable indicator for assessing [Ca**],ona
=1 s temporal resolution in individual neurons i situ. Using this
approach we have uncovered a remarkable ability of adult GnRH
neurons to exhibit intrinsic [Ca**]; transients that are based on
an InsP;R-dependent mechanism modulated by extrinsic affer-
entinput. This provides the first evidence of spontaneous [Ca>"];
fluctuations in a mature neuron and demonstrates that adult
GnRH neurons possess an innate oscillator.
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