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Abstract. The mechanism of periodic gonadotropin- 
releasing hormone (GnRH) secretion from hypothal- 
amic neurons is difficult to elucidate due to the dif- 
fuse distribution of GnRH neurons and the complex 
interaction of neuronal inputs onto them. Recent use 
of transgenic techniques allowed construction of an 
immortalized GnRH neuronal cell line (GT1), which 
has neuronal markers and secretes GnRH in a peri- 
odic fashion. Using the patch-clamp recording tech- 
nique in the whole-cell and nystatin perforated-patch 
configuration, the present experiments show that 
this cell line expressed a tetrodotoxin-sensitive Na 
channel, two types of Ca channels, three types of 
outward K channels and a K inward rectifier. The 
latter current was suppressed in some cells by GnRH 
or somatostatin. In addition, a gamma-aminobutyric 
acid (GABA) response, presumably through 
GABA A receptors, is recorded. In long-term cur- 
rent-clamp recordings, spontaneous depolarizing ac- 
tivity was found to increase, and then decrease, be- 
tween 20-35 min after removal of the cells from 
serum- and steroid-containing medium. In some 
cases, more than one cycle of activity was seen. 
Under voltage clamp, an inward current was re- 
corded at similar times, with reversal at about -15 
inV. Thus, two mechanisms of cell interaction, 
GABA n responses and feedback through GnRH re- 
sponses, and one mechanism of endogenous peri- 
odic electrical activity were observed in these cells, 
which could synchronize periodic GnRH release. 
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Introduction 

Gonadotropin-releasing hormone (GnRH) is a major 
point of control in the hypothalamic-pituitary-go- 
nadal axis. GnRH is released in a periodic fashion 
in all mammals studied [3, 17, 25], eliciting periodic 
secretion of luteinizing hormone (LH) from pituitary 
gonadotropes [5, 7, 25]. This LH secretion is 
strongly correlated in timing with electrical activity 
recorded from mediobasal hypothalamic neurons 
[31]. Although there is much evidence that neuronal 
feedback [14, 28], gonadal feedback [24] and auto 
feedback of GnRH itself [27, 34] all modulate the 
secretion of GnRH, it is not clear what the origin of 
the periodic activity is. Experiments with isolated 
mediobasal hypothalamic pieces have shown that 
many of the neuronal inputs are not needed for peri- 
odic secretion [23, 25]. However, homogeneous cul- 
tures of primary GnRH neurons have not been estab- 
lished because of the diffuse localization of the 
neurons within the CNS [26, 32]. Thus, the mecha- 
nism of the origin of the periodic secretion is not 
known. 

Recently, an immortalized cell line has been 
made [22] by linking the GnRH promoter gene to 
the SV40 T-antigen gene, and injecting the fused 
gene into fertilized mouse eggs to generate 
transgenic mice. Several mice developed CNS tu- 
mors, and one such tumor was used to derive three 
clonal neurosecretory cell lines (GTI-1, GT1-3, 
GT1-7). These cell lines carry neuronal (and not 
glial) markers [22], synthesize GnRH and GnRH- 
associated protein (GAP) [19, 29], secrete GnRH in 
a periodic fashion [20, 30], and are able to modify 
GnRH secretion in reponse to activin-A and endo- 
thelin [8, 15]. Because GnRH secretion from these 
clonal cells lines is periodic, the oscillator that gener- 
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Fig. 1. Na + currents in GT1-7 cells. (A) Inward Na + currents 
elicited by 12.5 msec steps from - 115 mV to potentials indicated. 
Lines above indicate pulse protocol. (B) Current-voltage relation 
for currents from cell in part A. Peak current during the pulse 
was measured and plotted against voltage. (C) Currents elicited 
by steps to +5 mV without (c) and with (+) 2.5 nM TTX. 

ates the periodic behavior can be localized to the 
intrinsic network of the GnRH cells themselves [20, 
30]. I have used these GnRH cells to investigate 
the properties and modulation of ionic conductances 
which may be involved in GnRH secretion and to 
explore the possibility of an underlying endogenous 
electrical rhythm related to periodic secretion. 

increased the success of obtaining Gohm seals on the cells. A 
chamber was constructed inside the tissue culture dish to reduce 
total bath volume by sealing a Sylgard (Dow, Midland, MI) ring 
to the bottom of the dish. Total bath volume was 150-200 /xl. 
Bath solutions were changed by perfusing 15-25 vol of the new 
solution through the chamber or by switching to a different input 
line on a continuous flow system. The results obtained were 
similar in the two conditions. Dishes were placed on the stage of 
a Nikon Diaphot inverted microscope and viewed under Hoffman 
Modulation Contrast optics. Many cells had obvious neurites 
extending from them. In denser cultures, networks of neurites 
were seen. To avoid electrical artifacts caused by cell-to-cell 
coupling, and to maintain spatial voltage control, whole-cell elec- 
trophysiological measurements were made only on cells that did 
not touch each other and that had no long processes. In about 
50% of attempts, if seals could be formed, the patch could be 
broken to obtain whole-cell recording. The usual duration of 
recordings was 10-15 min, although some lasted as long as 30-35 
min. Recordings with the nystatin perforated-patch technique 
[11] lasted up to two hours. The measured membrane capacitance 
of the cells (an electrical measure of their membrane surface 
area) was 6.5 -+ 2.3 pF (mean -+ SD; equivalent to 650 /zm 2 of 
membrane), with a range of 2 to 15 pF (n = 188). Capacitance 
was determined at the beginning and the end of the experiment 
and did not change. Currents were recorded using a List EPC-7 
patch-clamp amplifier (Medical Systems, Greenvale, NY). Volt- 
age pulses were generated and resultant currents recorded in 
real time, using the BASIC-FASTLAB system of software and 
hardware (Indec Systems, Capitola, CA). For long-term nystatin 
recording, the data were digitally sampled onto a VCR and also 
recorded on a chart recorder. In experiments with sodium cur- 
rents, leak and capacity currents were subtracted automatically 
using a P/4 pulse protocol [2]. All reported membrane potentials 
were corrected for junction potentials of - 3  to -18 mV between 
the pipette solutions and the bath. To indicate the range of single- 
cell properties encountered, measurements are given as mean -+ 
SO, except as indicated. 

Materials and Methods 

CELL CULTURE 

GT1-3 and GT1-7 cells were kindly given to us by Dr. Pamela 
Mellon (Salk Institute). The cells were cultured in DME medium 
supplemented with 5% horse serum and 5% fetal calf serum, 
to which was added 1% penicillin-streptomycin. Stock 100-mm 
tissue culture dishes were subcultured every 5-7 days when cells 
reached 70% confluency. Cells were grown at low density (10% 
confluency) on 35 mm culture dishes for electrophysiology experi- 
ments. Cell-culture reagents were obtained from GIBCO. The 
majority of voltage-clamp characterization of currents was done 
in GT1-3 cells, and was confirmed in GT1-7 cells. The GT1-7 
cells were more robust and easier to patch clamp, and were used 
for all long-term nystatin perforated-patch recordings. 

ELECTROPHYSIOLOGICAL RECORDING 

Electrophysiological experiments were performed 2 days after 
the cells were plated into 35-mm dishes. Tissue culture medium 
was removed and the cells bathed in zero-divalent solution for 
30 sec before flowing in normal Ringer. The zero-divalent wash 

SOLUTIONS 

For measuring Na + currents, the solutions were (in mM): Exter- 
nal: 150 NaC1, 2.5 KCI, 4 MgCI2, 10 HEPES, 8 glucose. Internal: 
120 CsC1, 3 MgCI2, 10 EGTA, 25 HEPES, 2.5 ATP, 0.2 GTP, 
0.1 leupeptin. For recording K + currents, the solutions were: 
External: 2.5 KCI, 150 N-methyl-D-glucamine (NMDG), 1 MgClz, 
3 CaC12, 10 HEPES, 8 glucose. Internal: 100 K-aspartate, 20 
KC1, 25 HEPES, 10 EGTA, 3 MgCI2, 2.5 ATP, 0.2 GTP, 0.1 
leupeptin. For K+-selectivity experiments, K + was increased with 
a concomitant decrease in NMDG. For recording Ba 2+ currents 
in Ca channels, the solutions were: External: 30 BaC12, 109 
NMDG, 2.5 KCI, 1 MgC12, 10 HEPES, 8 glucose. Internal: as 
for sodium currents. Normal mammalian Ringer consisted of: 
150 NaC1, 2.5 KCI, 1 MgCI2, 3 CaC1 z, 10 HEPES and 8 glucose. 
Zero-divalent solution consisted of: 156 NaC1, 2.5 KCI, 10 
HEPES and 8 glucose. All solutions were titrated to pH 7.4 using 
NaOH or HC1 for external solutions and CsOH or KOH for 
internal solutions, as appropriate. 

Nystatin perforated-patch solutions were as follows: fresh 
stock solutions of nystatin at 50 mg/ml in dimethylsulfoxide were 
made and used for only 3-4 hr. A solution of 25 mg/ml Pluronic 
F-127 (a dispersing agent; Molecular Probes, Eugene, OR) in 
DMSO was dissolved at 40~ for 10 rain, and kept at -20~ for 
2-3 weeks. Pipette solutions were made by diluting first pluronic, 
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Fig. 2. Two types of Ba 2+ currents in GT1-7 cells. (A1) Currents elicited by steps from holding potential of - 9 4  mV to potentials 
indicated. (A2) Current-voltage relation for peak (circles) and sustained (squares) current measured from above traces. (B1) Currents 
recorded from a different cell, to similar potential steps. (B2) Current-voltage relation as in A2, with isolated transient current (filled 
triangles) obtained by subtraction of sustained current from total peak current (circles-squares). Scale bars are 20 msec, 25 pA. 

then the nystatin to final concentrations of 0.5 mg/ml each. In 
some cases, the internal solutions were sonicated before each 
pipette was filled, but this did not consistently improve the suc- 
cess of the technique. The entire pipette was filled with the nys- 
tatin internal solution by backfilling. Patch perforation usually 
took from 3-10 rain, during which pulses were recorded to moni- 
tor the progress of perforation by noting the change in access to 
the membrane capacitance of the cell. Typical series resistances 
in nystatin perforation were 10-30 MO. 

Peptides used were obtained from Peninsula and 100 mM 
stock solution was stored at -20~ other hormones, tetrodo- 
toxin, tetraethylammonium (TEA), 4-aminopyridine (4-AP) and 
most reagent salts were from Sigma. The dihydropyridine blocker 
PN200-110 was kindly given to us by Dr. W. Catterall, Dept. of 
Pharmacology, University of Washington, Seattle. All experi- 
ments were done at 22-24~ 

Results 

potential of -115 mV to potentials between -45 
and +25 mV (Fig. 1A). The currents were rapidly 
activating and inactivating near the peak potential 
of -15 to - 5  mV. Figure 1B shows the current- 
voltage relation for this cell; peak current is plotted 
against the voltage applied during the step from - 115 
mV. Recorded current from 35 cells averaged 
-560 --- 378 pA, or when calculated as current den- 
sity, -112 + 93 pA/pF. The sodium current was 
blocked by tetrodotoxin (TTX; Fig. 1 C) with a K i of 
2.3 nM (fit of 14 cells, Hill coefficient 0.76). Prepulses 
(100 msec) to depolarizing potentials inactivated the 
sodium current; this steady-state inactivation (data 
not shown) was fitted by a Boltzmann equation with 
a midpoint at -47 mV -+ 7 mV, and a slope factor 
corresponding to an e-fold change in inactivation 
every 8.6 +- 0.8 mV (n = 5). 

SODIUM CHANNELS 

The presence of sodium channels was determined 
by using a Cs + solution in the pipette and a Ca 2§ 
free external solution. Inward Na + currents were 
seen when the voltage was stepped from a holding 

CALCIUM CHANNELS 

Because these cells are neurosecretory, it is im- 
portant to consider the types of calcium channels 
present and the role that they may play in hormone 
secretion and modulation of excitability. An external 
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Fig. 3. Examples of three types of K + current. All portions of 
the figure show currents during steps to -28,  -8 ,  +12, +32, 
+52 inV. (A) Cell with only slowly activating, sustained type of 
delayed rectifier. Current is smaller from holding potential of -58  
inV. (B) Example of cell expressing early transient current (e.g., 
at - 28  and - 8  mV) together with the delayed rectifier. This 
current is not activatable from holding potential of -58  inV. (C) 
Cell with delayed rectifier and later slower transient current (e.g., 
at +32 and +52 mV). Both currents are reduced by holding at 
- 58  mV. Scale bars are 30 msec, 100 pA. 

solution containing 0 mM Na + and 30 m M  B a  2+ 

(which permeates well through Ca channels) and a 
Cs+-containing internal solution were used. Figure 
2A1 shows currents elicited from a holding potential 
of - 94  mV to steps ranging from - 24  to +6 mV. 
The current activates within 20 msec and inactivates 
little during the 120-msec pulse. Figure 2A2 shows 
the current-voltage relation for these currents; the 
circles are the peak current within the first 50 msec, 
and the squares are the average of the last 30 msec 
of the test potential step. The two curves are similar 
and peak at the same voltage suggesting that a homo- 
geneous group of high-voltage activated (HVA) Ca 
channels [ll dominates the calcium current in this 
cell. However, in Fig. 2B1, currents recorded from 
a different cell demonstrate that there was some- 
times an inactivating component of inward current 
at the more negative potentials (e.g., - 44  mV). This 
is seen in the current-voltage relation in Fig. 2B2 as 
a slight increase in peak current (circles) at more 
negative potentials, and is seen more clearly by sub- 
tracting the sustained current (end of the pulse) from 

the peak, resulting in the curve shown by filled trian- 
gles. This transient component of current is most 
likely contributed by a separate channel. On aver- 
age, the contribution of transient current is quite 
small. From a holding potential of -94  mV, the 
sustained current at a test potential of +6 mV was 
-56  -+ 50 pA/cell (n = 52; density - 10  -+ 8 pA/pF, 
n = 50). At a test potential of -24  mV, the transient 
current is activated in relative isolation from the 
sustained current. The mean transient current at that 
potential was -4 .3  -+ 3.5 pA (range -25  to 0 pA; 
density -0 .8  -+ 0.9 pA/pF). In addition, 13/52 cells 
had < 1 pA of inward current at -24  mV. Thus, most 
of the Ba 2+ current is contributed by the sustained 
Ca channels. 

When the holding potential was changed to -54  
mV, the sustained component was -41 -+ 29 pA/cell 
(density - 8  -+ 5 pA/pF, n = 21), while the transient 
current was not present at all. Thus, the transient 
current had a strong dependence on holding poten- 
tial, whereas the sustained current had a weak de- 
pendence. The steady-state inactivation curve for 
the transient current was fitted by a Boltzmann equa- 
tion with a half-maximal voltage of -67.3 and a slope 
factor of an e-fold change in 7.4 mV (n = 2; current 
measured at -24  mV where the sustained current 
is minimally activated). 

The sustained Ba 2+ current was reduced to 50% 
by 20 nM of the dihydropyridine antagonist PN200- 
110 (n = 3), and completely blocked by 100 riM. 
Thus, these sustained channels are dihydropyridine 
sensitive. This current was also completely blocked 
by 100/XM Cd 2+ (n = 2), while some of the transient 
current remained at 100 /xM and was more fully 
blocked at 500/xM Cd 2+. The sustained current was 
labile; the time course of the rundown or washout 
of current was fitted to a single exponential curve, 
with a mean ~- of 423 sec (n = 4). The transient 
component was stable and did not wash out during 
the course of the recording. 

Several hormones implicated in modulation of 
the GnRH-pituitary system were tested for possible 
effects on Ba 2+ currents. Adenosine (1-20 txM) sup- 
pressed the current in 8/14 cells tested; gamma- 
aminobutyric acid (GABA) (2-20 IXM) suppressed 
the current in 2/8 cells tested; GnRH (10 riM-1 /xM) 
augmented the current in 2/8 cells tested. However, 
these hormone effects were too inconsistent to study 
further. In addition, modulation by dibutyryl cAMP, 
a membrane-permeant analogue of cAMP was 
tested, with negative results (1 raM; 3 cells). 

OUTWARD POTASSIUM CHANNELS 

At least three components of outward current, one 
sustained and two transient, were recorded from 
GT1 cells. These were expressed differentially 
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Fig. 4. Voltage dependence of steady-state inactivation for the three types of K + current. (A) Steps to +32 mV from various holding 
potentials indicated next to traces in a cell expressing only sustained current. (B) Steps to -18 mV where the sustained current is 
minimally activated to show effects of holding potential on early transient current. (C) Steps to +32 mV for a cell expressing the 
steady current and the late transient current. (D) Plots of data from sustained (A; circles) or peak (B, C; squares, triangles) portion 
of currents. Normalized current plotted against voltage. Horizontal scale bars in A, B and C are 30 msec. 

among cells and could be separated on the basis of 
voltage dependence and pharmacology. With re- 
cording conditions that included a pipette solution 
with K-aspartate and an external solution in which 
the Na § was replaced by NMDG, all cells expressed 
a slowly activating, sustained delayed-rectifier K § 
current (Fig. 3A). The time constants (~-) of activa- 
tion of this current ranged from 56 msec at -8  mV 
to 19 msec at +52 mV. The current measured at the 
end of a 180 msec pulse to +52 mV was 394 -+ 189 
pA (V H = -98 mV; n = 70; current density 61 _+ 
23 pA/pF). This conductance began to activate near 
-23 mV and reached a maximum at +22 mV, with 
a midpoint of the activation curve at -7.3 mV and 
a slope factor of e-fold in 9.4 mV when fitted with 
a Boltzmann function. The current had some depen- 
dence on holding potential (see below) but was still 
50% available from a holding potential of -58 mV; 
14/65 cells expressed only this sustained current. 

The second component of outward current was 
a rapidy activating transient one (inactivating within 
40 msec) that began to activate at -38 mV. It can 
be seen in Fig. 3B at potentials negative to those at 
which the noninactivating current turns on. The fast 

transient current was strongly dependent on holding 
potential (see below); 21/65 cells expressed the fast 
transient outward current in addition to the sus- 
tained delayed rectifier. 

The third component of outward current was a 
more slowly inactivating transient current that is 
seen predominantly at more positive potential steps 
(above +22 mV) and was not as dependent on hold- 
ing potential as the early transient current. It was 
expressed along with the delayed rectifier, and in 
the absence of the earlier transient current in 10/65 
cells, as seen in Fig. 3C. 

The steady-state inactivation properties of the 
three types of current are shown in Fig. 4. The top 
traces (Fig. 4A) are from a cell that expressed only 
the sustained delayed rectifier. Pulses to +32 mV 
are shown, delivered from the holding potentials 
indicated next to the traces. Some reduction of cur- 
rent (steady-state inactivation) occurs between -88 
and -48 mV, but holding potentials more positive 
than that did not further reduce the current past 
approximately 50%, as can be seen in the plot below 
(Fig. 4D, circles). In a different cell which expressed 
only the sustained current and the early transient 
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Fig. 5. Pharmacological separation of K § currents. Families of currents in top row are from a holding potential of -58  mV, those on 
the bottom row from a holding potential of -98  inV. Control conditions (left column), addition of 2 mM 4-AP (middle column) and 
with 4-AP plus 10 mM TEA (right column). Scale bars are 50 msec and 100 pA. 

current (Fig. 4B), inactivation of the fast transient 
current is recorded during pulses to - 18 mV, where 
the sustained current is only minimally activated. 
The inactivation curve (Fig. 4D, squares) is at more 
negative potentials than for the sustained current 
(the half-maximal voltage is -72 mV), and has a 
steeper dependence on voltage (slope factor of an 
e-fold change in 8 mV). The slow transient current 
is difficult to separate from the sustained current, 
since they activate at similar voltages (Fig. 4C). 
However, its inactivation occurs at more positive 
potentials and is less steep than for the fast transient 
current (triangles, Fig. 4D). 

All three components of current were present 
in 27/65 cells. Figure 5 shows pharmacological sepa- 
ration of the currents in one such cell. The lower 
traces are recorded from a holding potential of -98 
mV, and the upper traces are from -58 mV. Traces 
during test pulses to -28, -8 ,  + 12, +32 and +52 mV 
are shown. Under control conditions, a sustained 
component of current is recorded from a holding 
potential of -58 mV. From a holding potential of 
-98 mV, the two transient components of current 
are also seen: the slow transient component at more 
positive potentials is blocked by 2 mN 4-AP (com- 
pare left and middle traces); the fast early compo- 
nent of transient current at negative potentials is 
less blocked by 4-AP or TEA (compare left and 
right traces). The sustained component of current 
is blocked by 10 mM TEA. Experiments with two 
additional cells demonstrated block of the sustained 
current from a holding potential of -98 mV to 57% 
and 21% by 5 and 15 mM TEA, respectively, while 

the slow transient current was not blocked (98% and 
96% remaining, respectively). These currents are all 
K + selective, since the reversal potential shifted 50 
mV for a tenfold change in external K + concentra- 
tion from 2.5 to 25 mM. 

INWARD RECTIFIER 

With the same recording conditions as for outward 
K + currents, an inward rectifier K + current could 
be activated by steps to negative potentials from 
holding potentials of -98 or -78 mV. This current 
was small, averaging -28 + 22 pA/cell (n = 41; 
-3.9 --- 3.1 pA/pF) at the end of a 400-msec pulse 
to - 148 mV. The current began to activate at about 

- 100 mV, and could be seen at potentials as negative 
as -190 mV. The current was selective for K +, as 
shown in Fig. 6A, where current-voltage relations 
recorded from one cell are shown in 2.5, 10 and 25 
mM external K +. The zero-current potential (Erev) 
shifts to more positive voltages with increasing ex- 
ternal K + concentration. The reversal potentials 
from five different cells are plotted in Fig. 6B, with 
a dashed line which corresponds to 58 mV for each 
tenfold change in K + concentration. Block of the 
K + inward rectifier by external Ba > ions is shown 
in Fig. 6C. Thus, this inward rectifier resembles that 
seen in other cells in that it is K + selective, has 
similar voltage dependence and is blocked by low 
concentrations of external Ba z+. In addition, this 
current was insensitive to the concentrations of TEA 
and 4-AP which were used to block outward po- 
tassium currents. 
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Fig. 6. Selectivity and blocking of inward rectifier. (A) Current- 
voltage relations for steady currents at the end of 400 msec steps 
plotted against voltage in 2.5 (circles), 10 (squares) and 25 (trian- 
gles) mM external K +. (B) Reversal potentials for the currents 
from five different cells plotted semilogarithmically against the 
external K + concentration (circles). Line is drawn to show Nerns- 
tian shift of 58 mV/tenfold concentration change. (C) Current- 
voltage relation for inward rectifier current plotted without (open 
circles) and with (filled circles) 100/~M external Ba 2+. 

The inward rectifier was also tested for modula- 
tion by several hormones. Two peptide hormones 
were found to modulate the current, although not 
in every cell. GnRH applied between 200 nM and 2 
/xM suppressed the current in 10/19 cells tested, and 
somatostatin at similar concentrations suppressed 
in 8/19 cells tested. The suppression by GnRH is 
shown in Fig. 7. Figure 7A shows current traces in 
control (top) and with 1 /ZM GnRH (bottom). The 
current elicited by steps to -108 to -168 mV is 
reduced by the addition of GnRH. Figure 7B shows 
the current-voltage relation for the suppression of 
the inward rectifier current in a different cell. At 
more positive potentials, where the currents are 
smaller, the current scale has been expanded tenfold 
for clarity (filled symbols). 

OTHER RESPONSES 

Although GABA did not modulate any of the volt- 
age-gated channels, it did activate an outwardly rec- 
tifying conductance. This increase in conductance 
was seen in each of 12 cells tested with GABA rang- 
ing from 2-40 /xM. In two cells tested with two 
GABA concentrations, the conductance increased 
with the higher concentration. In two cells where 
the estimated equilibrium potential for chloride was 
-67  mV, the current reversed at -65 inV. In two 
cells with symmetrical C1, the current reversed near 
0 mV. These effects are consistent with GABA ac- 
tion through GABAA receptors. 

SPONTANEOUS ACTIVITY 

The GTI cell lines have been shown to release GnRH 
in a spontaneous and cyclical manner in culture, 
similar to that seen in vivo [20, 30]. Therefore, the 
activity of these cells under long-term current-clamp 
and voltage-clamp recording was investigated to de- 
termine whether an electrical basis to the spontane- 
ous cyclical secretion could be observed. Since iso- 
lated cells plated at low density were chosen for 
patch-clamp recording, the endogenous currents are 
those of individual cells, not of a network. The nys- 
tatin perforated-patch clamp technique (see Materi- 
als and Methods) was used in voltage and current 
clamp, ensuring that disturbance of cytoplasmic 
contents would be minimized, and long-term re- 
cordings were made from single cells during very 
slow perfusion (0.1 ml/min) of the recording dish. 
All experiments were done using normal mammalian 
Ringer outside the cells and a K-aspartate pipette 
solution to most closely approximate the ionic condi- 
tions seen in normal culture conditions. The time 
scale of all recordings was referred to the moment 
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Fig. 7. Suppression of inward rectifier by GnRH. (A) Current 
traces from holding potential of -98  mV to steps from -108 to 
-168 mV during control conditions (top traces) and with 1 /xM 
GnRH (bottom traces). (B) In a different cell, current-voltage 
relation is shown for control (circles) and 200 nM GnRH (squares). 
For potentials more positive than - 140 mV, data points are re- 
plotted on an expanded current scale (left side of vertical axis) 
and symbols are filled. 

when the cells were transferred from serum- and 
steroid-containing culture medium to normal Ringer 
(time = 0). 

Figure 8A shows records taken in current clamp 
during long-term recordings from two different cells. 
Because the cells had varying resting potentials after 

establishing the perforated patch clamp (ranging 
from -45 to -70 mV), a small amount of current 
was injected to polarize all the cells to near -70 mV 
during the recording, which was the same potential 
used for voltage-clamp experiments under the same 
conditions (see below). If the amount of injected 
current had to be changed more than 7 pA or ex- 
ceeded 20 pA, the experiment was discarded. The 
voltage traces from each of the cells shown was 
started upon successful establishment of the re- 
cording. The first cell was mostly silent, firing no 
action potentials, with some baseline noise, until 
approximately 25 min, when it fired one action po- 
tential and depolarized slightly. The recording was 
then lost. The second cell was completely quiet until 
25 min, when it fired a long oscillatory burst, part 
of which is shown on a faster time scale below. 

Figure 8B is a histogram of mean activity re- 
corded under nystatin current-clamp conditions for 
the 26 cells from which successful recordings were 
made (by above criteria) between I0 and 35 min after 
removing the cells from culture medium (see figure 
legend for details on quantification of depolarizing 
activity). The histogram shows that the average ac- 
tivity increased during the interval of 20-35 min. 

A similar series of experiments was performed 
under nystatin perforated-patch voltage clamp to de- 
termine the ionic basis of this increase in activity. 
During these experiments, the membrane potential 
was clamped to -70 mV, and a rapid series of pulses 
ranging from -80 to +11 mV was given every 30 
sec to determine the reversal potential of any ionic 
events which occurred. The brief current deflections 
associated with these pulses have been removed 
from the current traces to minimize confusion. Fig- 
ure 8C shows long-term current records from two 
cells. The first cell is quiet until 20 rain, when an 
inward spike of current is seen. A similar event oc- 
curred at 29 rain in the second cell shown. The in- 
ward current oscillations are expanded on a faster 
time scale for clarity. Of 15 cells recorded under 
voltage clamp, 13 cells had inward current activity 
during the interval of 19-32 min after being taken 
out of serum-containing medium. 

The currents resulting from the rapid voltage 
steps given during the voltage-clamp recordings 
were analyzed by averaging those recorded during 
periods of activity and subtracting from those aver- 
aged records recorded during silent periods. These 
were then plotted against voltage, giving a current- 
voltage relation for the endogenous current arising 
during spontaneous ionic activity. Fits of six cells 
gave a mean reversal of - 15 -+ 9 mV of this activity. 
This suggests that the ionic basis of this activity is 
not Ca z+ or Na + (reversal potentials above +40 mV) 
or K + (reversal potential below -80 mV). The rever- 
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Fig. 8. Spontaneous voltage activity in nystatin-clamped cells. Time scales indicate minutes, with time = 0 being the point at which 
the cells were removed from serum- and steroid-containing tissue culture medium, rinsed for 30 sec with zero-divalent Ringer, and 
perfused with normal mammalian Ringer. (A) Current clamp. Scale bar indicates 50 mV, and the dashed line indicates - 1 0  inV. 
Expanded portion of traces for second cell is shown by dotted lines. (B) Average depolarizing activity plot for 26 cells in current- 
clamp mode. The depolarizing activity was calculated by measuring the number of action potentials or calculating depolarizing units 
as follows: The mean area under an action potential was 120 mV-sec. A depolarization of 20 mV for 6 sec was taken to be the same 
total depolarization (20 mV)*(6 sec) and set to equal 1 action potential. The total activity was averaged over 3-rain bins. The standard 
deviations of the means are not plotted since the dynamic range of the data is so high (e.g., some cells increased from 0-0.6 spikes/ 
min while others changed from 0-35 spikes/rain). (C) Voltage clamp. Scale bars here indicate 5 pA, and cells were held at - 7 0  mV 
for the duration of the recordings. Expanded portions of traces are shown by dotted lines. 

sal potential for C1- is unknown under these condi- 
tions, since it is sparingly permeable in nystatin 
pores. Thus, the current activated may be due to 
a nonspecific cation conductance or perhaps to a 
C1 conductance. 

In some cells in which the recordings lasted for 
more than one hour, spontaneous activity seemed 
to be repeated. One cell showed an episode of activ- 
ity from approximately 23-30 min, followed by rela- 
tive silence and another episode of activity from 
48-60 min. The activity seemed to be diminishing 
again when the recording was lost. This may indicate 
a cycle of activity with a 26-min interval. In another 

cell, action potentials were recorded in current 
clamp at 20 min, and again at 40-43 min. The re- 
cording was then switched to voltage-clamp mode, 
and at approximately 63 rain inward currents were 
seen which then diminished. The recording contin- 
ued to past 70 rain. This could represent a cycle of 
activity with approximately 21-min intervals. 

Discussion 

Several laboratories have shown that the GT1 cell 
lines generated in transgenic mice are useful for stud- 
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ies of GnRH secretion and regulation. In part they 
compensate for the unavailability of homogeneous 
primary GnRH neuron cultures. The GT1 cells se- 
crete GnRH in a pulsatile manner in perifused cul- 
ture systems [20, 30]; there are cell-cell junctional 
contacts and synapses as seen in vivo [29, 30]; and 
secretion of GnRH is dependent on external Ca 2+ 
as has been shown in experiments on slices from rat 
hypothalamus [6, 20, 30]. In addition, secretion of 
GnRH from GT1 neurons is modulated by activin- 
A [8], which has been shown to play a role in secre- 
tion of FSH [18], and by endothelin (via IP3 and 
CaZ+-mobilization) in a manner similar to that seen 
in hypothalamic neurons [15]. These experiments 
demonstrated that periodic GnRH secretion does 
not require the complex interactions with other neu- 
ronal subtypes found in the brain, but is a property 
intrinsic to the network of GnRH cells themselves 
[20, 30]. 

In castrated rats, GnRH is secreted approxi- 
mately every 30 min from the median eminence into 
the portal circulation [21], eliciting synchronous LH 
secretion [7]. Periodic secretion from perifused GT1 
cell cultures at 37~ has an interpeak interval of 26 
min [20] or 36 min [30]; this difference in the interval 
may depend on the perifusion medium or on the 
specific GT1 cell line used. The electrophysiological 
experiments presented here suggest an intrinsic peri- 
odicity of 20-30 min at 23~ Although the tempera- 
ture is lower, the interval is similar to that seen in 
perifusion experiments. Little is known about the 

temperature dependence of secretion of GnRH. It 
is possible that the differences in culture conditions 
have an effect on the GnRH secretion. In addition, 
the perifusion work was done with cultures that were 
far more confluent than those used in the present 
work (50-70% v s .  10-15% confluent). 

The present experiments demonstrate that GT1 
neurons in saline solutions can maintain a resting 
membrane potential between -70  and -45  mV and 
produce relatively long action potentials. The Na + 
current expressed in these cells inactivates at poten- 
tials similar to those recorded from primary septal 
neurons [4]. Thus, a relatively large proportion of 
the Na + current is available for action potential pro- 
duction from a depolarized resting potential. It is 
probable that Na + is the major ion species involved 
in the upstroke of the action potential, since the 
transient type of Ca channel, which could participate 
in a similar way [9], is expressed at relatively low 
density in GT1 cells. In addition, GnRH secretion 
from these cells and from hypothalamic explants in 
culture has been shown to be TTX sensitive [6, 22]. 
The influx of calcium is, therefore, through the sus- 
tained Ca channels. Secretion of GnRH from the 
cell lines and from primary hypothalamic explants 
is dependent on external Ca 2+, and is blocked by 
removal of external C a  2+ [6, 20, 30] and by an organic 
Ca channel blocker which implicates L-type Ca 
channels in the secretion [6]. 

Repolarization of the action potential is carried 
out via activation of the sustained delayed rectifer 
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K + current, which activates with a time course of 
15-20 msec at the more positive potentials. This 
is relatively slow compared to many other delayed 
rectifiers (2-3 msec; [10]) thus permitting a long ac- 
tion potential in these neurosecretory cells. 

The experiments presented here suggest two dif- 
ferent mechanisms that could be involved in syn- 
chronous secretion of GnRH both by the GT1 cells 
in culture, and perhaps also in vivo in a network of 
neurons that may have processes in contact with 
each other. One possible mechanism is that secre- 
tion of GnRH by one cell reduces the inward rectifier 
current in other GnRH neurons in proximity to the 
secreting cell, rendering them more excitable. Such 
positive feedback is seen, for example, in rat nucleus 
basalis neurons, where substance P suppresses a 
similar inward rectifier, leading to a long-lasting in- 
crease in excitability [33]. In addition, the cells may 
have an endogenous oscillator, which turns on an 
inward excitatory conductance. Since this is seen 
during slow perfusion with low cell density in the 
experiments presented here, it is not likely to require 
an extracellular messenger. This "endogenous oscil- 
lator" would tend to cause each cell to fire periodi- 
cally. Coordination of GnRH secretion from intrinsi- 
cally periodic cells in vivo could depend both on 
the positive feedback from GnRH and on electrical 
coupling at cell-to-cell junctions. Both mechanisms 
may be particularly active at the median eminence 
where processes of many GnRH neurons converge. 

The suppressing effect of GnRH on the inward 
rectifier would suggest a positive feedback on GnRH 
secretion. This is in contrast to reports in which 
administration of GnRH to the preoptic area in vivo 
or to explanted hypothalami have demonstrated an 
"ultrashort" feedback loop of GnRH decreasing 
GnRH and LH secretion [27, 34]. It is possible that 
the responses to sustained administration of GnRH 
are different from that seen with endogenous pulsa- 
tile GnRH or that the concentrations of GnRH are 
different in the two cases. 

In addition to these mechanisms, the importance 
of the modulation of other networks that impinge 
on the GnRH neuron system cannot be overlooked. 
Neurons containing glutamic acid decarboxylase, an 
enzyme present in GABAergic cells, have been dem- 
onstrated to form symmetrical synapses with GnRH- 
containing neurons [16]. Measurements of GABA 
from the preoptic area in rats have shown that the 
levels of GABA decrease immediately preceding an 
LH surge [13], and GABA injected into the preoptic 
area decreased secreted LH and abolished the pulsa- 
tile release of LH [12]. The same studies suggested 
that an oscillation in GABA concentration in the 
preoptic area synchronizes the activity of GnRH 
neurons to generate GnRH pulses. Since the GT1 
cultures are clonal and do not contain the GABA 

neurons, this mechanism for GNRH periodic secre- 
tion is not operable. However, the cells do express 
a GABA A response which, in vivo, would allow 
GABAergic inputs to modulate secretion. Thus, al- 
though GnRH neurons cells possess an intrinsic or 
endogenous oscillator, the final periodicity of GnRH 
secretion must also be shaped by cell-cell interac- 
tions between GnRH neurons, and by modulation 
of output by additional networks which interact with 
the GnRH neuron network. 
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