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Postsynaptic Potentials Mediated by GABA and Dopamine Evoked in
Stellate Glial Celis of the Pituitary Pars Intermedia

Lori A. Mudrick-Donnon, Peter J. Williams, Quentin J. Pittman, and Brian A. MacVicar
Neuroscience Research Group, University of Calgary, Calgary, Alberta, Canada T2N 4N1

Studies have shown that many glial cells in the CNS possess
receptors for neurotransmitters and that synapse-like con-
tacts exist between glial cells and axonal terminals. Although
synapse-like contacts are present between the glial cells
(stellate cells) of the pituitary pars intermedia and the axons
from the arcuate nucleus, it is not known whether these cells
are under synaptic control. The objective of the present study
was to determine whether transmitter-mediated postsyn-
aptic potentials occurred in the stellate cells of the rat pi-
tuitary pars intermedia. Whole pituitaries were maintained
in vitro, and a stimulating electrode was placed on the stalk
to activate afferent fibers. Intracellular recordings were ob-
tained with sharp microelectrodes. Stellate cells showed
electrophysiological characteristics of macroglia including
a resting potential more negative than —65 mV, low input
resistance (<50 M), and no detectable voltage-activated
conductances. Single-pulse afferent nerve (stalk) stimula-
tion evoked a [Ca?*],-dependent postsynaptic response in
the stellate cells consisting of a depolarization (<500 msec)
and a long-lasting hyperpolarization (45-75 sec). The de-
polarization was mimicked by GABA application and blocked
by the GABA, antagonist bicuculline (100 um). Repetitive
stimulation of the stalk increased the amplitude and pro-
longed the GABA-mediated depolarization, during which a
decrease in input resistance was observed. The hyperpo-
larization was mimicked by dopamine and blocked by the
D, antagonists sulpiride (2 um) and domperidone (10 um).
Nipecotic acid (100 um; an inhibitor of GABA uptake) or GBR
12909 (15 uM; an inhibitor of dopamine uptake) had minimal
effects on the synaptic responses. Following electrophysi-
ological recording, neurobiotin was injected into the impaled
stellate cells and subsequently visualized with streptavidin-
aminomethylcoumarin fluorescence. The tissue was then im-
munostained for glial fibrillary acidic protein and visualized
with Texas red fluorescence. Positive double staining was
observed in all injected stellate cells from which postsyn-
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aptic potentials had been recorded. These data provide the
first demonstration of neurotransmitter-mediated postsyn-
aptic potentials in vertebrate glial cells.

[Key words: glial fibrillary acidic protein, stellate cells, syn-
aptic potentials, GABA, dopamine, pituitary pars intermedia,
astroglia]

Recent electrophysiological investigations using in vitro prep-
arations such as dissociated cultures, hippocampal slices, and
the intact retina have shown that glial cells possess receptors
for many neurotransmitters including glutamate (Sontheimer et
al., 1988; Usowicz et al., 1989; Cull-Candy and Wyllie, 1991),
GABA (Kettenmann et al., 1987; MacVicar et al., 1989; Clark
and Mobbs, 1992), and noradrenaline (Hosli et al., 1982; Har-
umitsu et al., 1983; Hirata et al., 1983). It is not known, how-
ever, whether transmitter released from axonal terminals can
activate a “postsynaptic” response in glial cells. In the PNS of
the squid, apparent transmitter release can modulate membrane
potential (Lieberman et al., 1989; Evans et al., 1990) and induce
changes in intracellular calcium concentration in Schwann cells
adjacent to synapses (Jahromi et al., 1992; Reist and Smith,
1992). Marrero et al. (1989) have reported that nerve impulses
in the axons of the frog optic nerve can alter transiently the
properties of the voltage-dependent membrane channels of as-
trocytes. Interestingly, synapse-like contacts between axonal ter-
minals and glial cells have been reported in astrocytes of the
cerebral cortex (Aoki, 1992), tanycytes lining the third ventricle
(Card and Moore, 1985; Bosler et al., 1987), and pituicytes of
the posterior pituitary (Baumgarten et al., 1972). Of particular
interest for the present study is the observation that axonal
projections from the cells of the arcuate nucleus form synaptic
or synaptoid contacts on the stellate glial cells of the pituitary
pars intermedia (Stoeckel et al., 1981; Oertel et al., 1982; de
Rijk, 1990).

The rat pars intermedia is a relatively homogeneous structure
that is comprised primarily of melanocytes and stellate cells
(Wingstrand, 1966; Weatherhead, 1983). Melanocytes, the prin-
ciple cell type of the pars intermedia, are small secretory cells
without processes and contain neuron-specific enolase (Schme-
chel et al., 1978). In contrast, stellate cells have a shape similar
to astroglia with numerous radiating processes that form a com-
plex network throughout the pars intermedia parenchyma
(Stoeckel et al., 1981; Weatherhead, 1983). They react strongly
with antisera to glial fibrillary acidic protein (GFAP) (Stoeckel
etal., 1981; Ordronneau and Petrusz, 1986) but do not contain
neuron-specific enolase (Schmechel et al., 1978).

It is possible to isolate the whole rat pituitary with the infun-
dibular stalk intact and maintain it irn vitro for electrophysio-
logical investigation (MacVicar and Pittman, 1986). The stalk-



attached whole pituitary provides an attractive preparation to
examine the possible postsynaptic physiology of glial cells, as
the pars intermedia is without any form of interneuron and
melanocytes are without dendrites or axons, meaning that re-
current collaterals could not generate complex polysynaptic in-
teractions. The fact that synapse-like contacts exist between
stellate cells and axonal terminals from the arcuate nucleus sug-
gests that the stellate cells may be under direct synaptic control.
The objectives of the present study, therefore, were to (1) in-
vestigate the morphological characteristics of stellate cells of the
pars intermedia by intracellular labeling with neurobiotin, (2)
confirm their glial nature by immunohistochemical localization
of GFAP, (3) determine the electrophysiological characteristics
of stellate cells, and (4) examine possible postsynaptic actions
following stalk stimulation. The results show that stellate cells
of the pars intermedia stain positively with GFAP, demonstrate
electrophysiological characteristics of macroglia, and, most im-
portantly, exhibit postsynaptic potentials following activation
of the pituitary stalk.

Materials and Methods

Tissue preparation. The stalk-attached whole pituitary preparation was
used as described previously (MacVicar and Pittman, 1986). Anesthe-
tized male Sprague~Dawley rats (250400 gm) were decapitated, the
cranium and dura were removed, and the brainstem was lifted gently
while the cranial nerves were severed. The exposed infundibular stalk
was cut close to the hypothalamus and the overlying brain tissue re-
moved. The pituitary was bathed with oxygenated artificial cerebro-
spinal fluid (aCSF) while the diaphragma sellae was cut away. The freed
pituitary was then transferred quickly to a recording chamber where it
was superfused at a rate of 1 ml/min with aCSF containing (mm) NaCl,
124; KCl, 5; NaHCO;, 26.2; CaCl,, 2; MgCl,, 1.3; and p-glucose, 10.
The solution was gassed continuously with 95% O,, 5% CO, to give a
pH of 7.4 and maintained at 32-33°C. The pituitary was anchored by
resting two pieces of stainless steel tubing, held in a manipulator, on
the pars distalis. A bipolar stimulating electrode (twisted Teflon-coated
silver wire, 0.19 inch) was placed on the stalk to activate afferent fibers.

Drug application. Bicuculline methiodide (100 uMm; Sigma), sulpiride
(2 um; Sigma), nipecotic acid (10 uMm; Sigma), domperidone (10 um; a
gift from Janssen Pharmaceuticals), and GBR 12909 (15 um; Research
Biochemicals Inc.) were added directly to the aCSF flowing into the
recording chamber to give final concentrations as indicated. y-Amino-
n-butyric acid (GABA) (Sigma; 1 mm in aCSF) and dopamine-HCl
(Sigma; 1 mmM in aCSF containing 10 mg/liter sodium metabisulfite as
an antioxidant) were applied by pressure pulses (510 psi, 10-300 msec)
from a multichannel Picospritzer (General Valve Corp.), to a three-
barrel micropipette located adjacent to the cell under study. Multibar-
reled electrodes were built by securing three pieces of thin-walled glass
[1.5 mm o.d.; World Precision Instruments (WPI)] with shrink tubing
and pulling with a double pull protocol to give a fused sharp tip. The
tip was broken to give a tip diameter of 3-5 pm for each barrel. One
barrel of the pipette always contained the vehicle as a control and the
position of the pipette was adjusted so that pulses of the vehicle did
not produce an electrophysiological response. When low-Ca2+/high-
Mg2+ aCSF was used, it contained (mm) NaCl, 126; KCl, 5; NaHCO,,
26.2; CaCl,, 0.1; MgCl,, 2.6; and p-glucose, 10.

Recording techniques. Intracellular recording electrodes were pulled
from thin-walled glass (1.5 mm o.d.; WPI) on a Flaming-Brown mi-
cropipette puller (model P-87, Sutter Instrument Co.) and filled with
0.5 m K*-acetate (70-100 MQ). Electrodes contained 2% neurobiotin
(Vector Labs) in 0.5 M K+-acetate for intracellular labeling of the im-
paled cells. Under visual control the electrodes were directed toward
the caudal pars intermedia opposite to the stalk. The pars intermedia
was identified easily as a lobular, capillary-free zone between the pars
distalis and the pars nervosa. Afferent fibers were activated either by
single-pulse stimulation (0.5-15 V, 300-1000 usec), by a short stimulus
train (10 pulses, 1 msec pulse width, 500 msec duration) or, in some
experiments, by repetitive stalk stimulation for 4 sec (10 V, 1 msec
pulse width, 20 Hz) from a digital pulse generator (Getting). Intracellular
potentials were amplified conventionally with the Unity-gain headstage
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amplifier (HS-2L) of an Axoclamp-2 microelectrode clamp (Axon In-
struments, Inc.). Signals were digitized with a Neuro-corder (Neuro Data
Instruments Corp.) and stored on videotape, or digitized with a Lab-
master A/D converter board and the TL-1 interface (Axon Instruments,
Inc.) and stored on line on the hard disk of a microcomputer (Packard
Bell 386, aAxoTaPE software). Current—voltage relationships were deter-
mined using pulse protocols generated with pcLaMp software (Axon
Instruments, Inc.).

Neuron identification and GFAP immunohistochemistry. Following
electrophysiological recording, the cells were injected with neurobiotin
(1-1.5 nA, 150 msec, 3.3 Hz, 10-12 min) and the whole pituitary was
transferred to Zamboni’s fixative (15% saturated picric acid, 2% para-
formaldehyde, in 0.1 M phosphate buffer, pH 7.4) for 18 hr. The tissue
was then stored in 30% sucrose (in 0.1 M phosphate buffer) for 1-5 d
before cutting. Serial sections (20 pum) were cut in a cryostat and mounted
directly onto microscope slides coated with poly-p-lysine (Sigma). The
slides were then stored at 4°C for 1-2 d until processing. The protocol
used for visualization of the cells filled with neurobiotin and GFAP
immunohistochemistry was similar to that described by Rennekleiv et
al. (1990) except for the following changes. Phosphate-buffered saline
(0.1 M, pH 7.6) was substituted for phosphate buffer. The liquid nitrogen
freeze-thaw technique (Leranth and Feher, 1983) was used prior to
staining and the slides were rinsed in phosphate buffered saline con-
taining 0.4% Triton X-100 for 30 min. A streptavidin-aminomethyl-
coumarin (AMCA) conjugate [1:500, Jackson Immunoresearch Labo-
ratories (JIL)] was used to label the neurobiotin. Donkey serum (50%;
JIL) was applied for 2 hr prior to the primary antibody and 20 min
prior to the secondary antibody. The anti-GFAP antiserum (1:1000)
was raised in rabbit to human MS-plaque GFAP (a kind gift from Dr.
L. F. Eng, Stanford University, Veterans Affairs Medical Center) and
applied for 3 d at 4°C. A donkey anti-rabbit IgG-Texas red conjugate
(1:50; JIL) was used to visualize the bound GFAP antibody. Fluores-
cence was viewed with a Zeiss Axioplan microscope with a UV G385
filter set for AMCA fluorescence and a Green HS546 filter set for Texas
red fluorescence.

Results

Histology of the pars intermedia

The rat pituitary consists of three anatomically distinct regions
that can be delineated easily in histological sections and in the
in vitro pituitary preparation. The pars distalis forms the bulk
of the pituitary and is separated from the pars intermedia by
the pituitary cleft. The “plexus intermedius,” a plexus of cap-
illaries attached to a basement membrane, separates the pars
intermedia from the pars nervosa (Fig. 14). The pars intermedia
is divided into circular lobules (diameter of 150-325 um) by
septa that run from the pituitary cleft to the plexus (Fig. 14,G).
Each lobule is populated by numerous melanocytes (diameter
of ~11 pm) and a small population of stellate cells (Fig. 1B,C).
The stellate cells have large cell bodies (diameter of ~21 um)
and form an extensive network of radiating processes through-
out the pars intermedia parenchyma.

Neurobiotin injections

Neurobiotin filled the cytoplasmic volume of every cell that was
injected with the label and showed that the cells demonstrating
glial-like electrophysiological properties (discussed below) had
a morphology consistent with that of stellate cells of the pars
intermedia (Fig. 1D,E). There was extensive dye transfer be-
tween the stellate cells as indicated by the numerous cell bodies
labeled. An extensive network of processes could be observed
not only within the lobule housing the cell from which recordings
were made, but also within adjacent lobules (Fig. 1D,E). In
contrast, when cells demonstrating electrophysiological prop-
erties of melanocytes (discussed below) were injected with neu-
robiotin, only a single small cell without processes was labeled

(Fig. 1F).



Figure 1. Histological characteristics of the pituitary pars intermedia, neurobiotin visualization, and localization of GFAP in stellate cells. 4 and
B show Nissl-stained sections of the pituitary to illustrate the homogeneous appearance of the pars intermedia. 4, The pars intermedia (PI) juxtaposes
the pars nervosa (PN) but is separated from the pars distalis (PD) by the pituitary cleft (46 x magnification). In the pars intermedia, five lobules
can be discerned. B, The Nissl stain illustrates the numerous melanocyte nuclei of the pars intermedia (186 x magnification). C shows both prominent
cell types of the PI (186 x magnification). The small Nissl-stained cells are melanocytes that do not have processes. The brown stain localizes GFAP
in the stellate cells (visualized with 3,3'-diaminobenzidine) illustrating large somata and numerous radiating processes. D and E show two examples
of neurobiotin staining in stellate cells (visualized with streptavidin~AMCA) after electrophysiological analysis and subsequent iontophoresis of
neurobiotin (93 x magnification). Neurobiotin has spread extensively and filled numerous cells and processes. The extensive dye coupling can also
be observed between adjacent lobules (intense staining outlines the perimeter of each). F illustrates a melanocyte injected with neurobiotin and
visualized with streptavidin—FITC (1:300; JIL). Note the lack of processes and the lack of dye coupling (186 x magnification). G-I illustrate one



GFAP immunohistochemistry

GFAP, the predominant protein of intermediate filaments in
astroglia (Eng, 1985), was localized immunohistochemically
within the stellate cells of the pars intermedia and the pituicytes
of the pars nervosa but not in the pars distalis (Fig. 1C,I). In
the pars intermedia radiating processes could be observed in-
terwoven throughout the parenchyma of melanocytes (Fig. 1C).
The perimeter of each lobule could usually be identified by the
intense staining of processes from the numerous stellate cells
within the lobule (Fig. 11, K). Although GFAP antiserum seemed
to label the entire stellate cell population, neurobiotin was con-
fined to a small cell population, presumably those coupled to
the injected cell (Fig. 1G-I). Controls in which the primary
antiserum was omitted did not exhibit staining with GFAP.
Positive double staining with neurobiotin and GFAP (Fig. 1 H-
L) was observed in all neurobiotin-injected stellate cells from
which postsynaptic potentials had been recorded (n = 6).

Membrane properties

To demonstrate that the electrophysiological responses recorded
in stellate cells were indeed from a population of cells different
from melanocytes, the membrane and synaptic properties of
these two cell types were compared. Melanocytes were impaled
much more frequently than stellate cells and demonstrated
membrane properties that have been well documented (Douglas
and Taraskevich, 1978, 1980; MacVicar and Pittman, 1986).
These included membrane potentials between —30 and —50
mYV and high input resistances (300-1200 MQ). Depolarizing
current injection activated action potentials and a number of
conductances in melanocytes. The membrane properties of the
stellate cells were quite distinct from those of melanocytes but
typical of glial cells (Walz, 1989). Stellate cells had resting mem-
brane potentials more negative than —65 mV with a mean of
—76 + 5 mV (mean = SD, n = 33) and low input resistance
(33 = 14 MQ). The stellate cells did not appear to possess
voltage-activated conductances over the membrane potentials
tested and showed only a passive response to current injection
of up to 500 pA (Fig. 24).

Synaptic physiology

Postsynaptic potentials could always be evoked in melanocytes
and stellate cells except when tissue dissection had caused the
infundibular stalk to be stretched. In melanocytes, stalk stim-
ulation has been shown to evoke both an initial GABA-medi-
ated IPSP and a slower, small-amplitude hyperpolarization me-
diated by dopamine (MacVicar and Pittman, 1986; Williams et
al., 1989a,b). Stellate cells also responded to stalk stimulation
with postsynaptic potentials, but the response was different from
the response recorded typically from the melanocytes. An in-
crease in the intensity of stimulation increased both the ampli-
tude and duration of the responses. Single-pulse stimulus evoked

—
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Figure 2. Membrane characteristics and synaptic responses of stellate
cells and melanocytes. A, Intracellular recordings to illustrate the voltage
changes (upper traces) produced by injecting a family of current pulses
(lower traces) through the recording electrode. The steady state hyper-
polarizing voltage deflection was used to calculate input resistance. Me-
lanocyte, Current steps (90 msec, 50 pA increments) ranged from —200
pA to +200 pA, giving a calculated input resistance of 300 MQ. Action
potentials were evoked by the injection of depolarizing current. Stellate
cell, Current steps (90 msec, 100 pA increments) ranged from —500 pA
to +500 pA, giving a calculated input resistance of 25 MQ. Note the
lack of apparent voltage-activated conductances in the stellate cell mem-
brane over this limited range of potentials. B:Melarnocyte, Single-pulse
stimulation of the pituitary stalk (arrow) evoked an initial depolarization
(GABA mediated) followed by a hyperpolarization [dopamine medi-
ated; see MacVicar and Pittman (1986) for details]. Stellate cell, Single-
pulse stalk stimulation (arrow) also evoked a postsynaptic response with
two components. The initial depolarizing response was of much shorter
duration and was smaller in amplitude than that observed in the mel-
anocytes. The hyperpolarizing response was much greater in amplitude
and longer in duration and in some cells could still be observed after
80 sec. Lower trace indicates the current pulses injected throughout the
experiments. Upper calibration value corresponds to current injected
into the melanocyte; the lower corresponds to that injected into the
stellate cell.

photographic field of the pars intermedia observed with Nomarski optics (G) and filters for AMCA (H) and Texas red (/) fluorescence (93 x
magnification). G, Nomarski optics show the septa separating the pars intermedia into lobules, the numerous round melanocytes, and a stellate
cell (arrow) weaving through the melanocyte parenchyma. H, The neurobiotin injection is confined to one lobule, but extensive dye coupling can
be observed between the neurobiotin-injected cell and a number of other stellate cells. I/, GFAP immunostaining is positive in stellate cells throughout
the pars intermedia, and there is extensive overlap with the cells and processes labeled with neurobiotin. Positive staining can also be observed in
the pituicytes of the pars nervosa (lower left corner). J-L show the same photographic field (186 x magnification). J illustrates a neurobiotin-injected
stellate cell visualized with AMCA, K shows positive GFAP staining in the same cell visualized with Texas red, and L is a double photographic
exposure to identify positive double staining and the overlap of the neurobiotin and GFAP staining. The electrophysiology and synaptic properties

of this cell are shown in Figure 3.
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Figure 3. Electrophysiological characteristics and synaptic responses
of a stellate cell. All traces were recorded from the cell illustrated in
Figure 1J-L. A illustrates the passive membrane properties of a stellate
cell and the lack of action potentials during the injection of a family of
current pulses. B, Stimulation (single pulse, 300 usec) of the pituitary
stalk (arrow) evoked a postsynaptic response consisting of an initial
depolarization (420 msec) and a long-lasting hyperpolarization (45 sec).
The graded nature of the response could be observed when the stimu-
lation intensity (SI) was varied (0.5, 1.0, 1.5, 4 V). C, Current pulses
(100 msec, 200 pA, 0.5 Hz) were injected during stalk stimulation (SI
of 6 V) (arrow). The voltage deflections do not indicate a change in
resistance during the long-lasting hyperpolarization. D, The expanded
time base illustrates the initial rapid depolarization following stalk stim-
ulation (SI of 6 V).

an initial, small-amplitude depolarization (duration of <500
msec, 2-5 mV) followed by a hyperpolarizing response of much
greater amplitude (up to 50 mV) and duration (up to 75 sec) (n
= 45; Figs. 2B, 3). The latency of the initial GABA response
was 8.9 + 0.4 msec and peak amplitude was reached in 21.5 £
1.2 msec (» = 3), which was comparable to values observed in
melanocytes (latency, 7.7 + 0.3 msec; time to peak, 21.5 + 1.2
msec; n = 7). Although the input resistance was decreased in
melanocytes during the initial GABA-mediated IPSP and in-
creased slightly during the dopamine-mediated hyperpolariza-
tion, input resistance changes were not observed in the stellate
cells following a single-pulse stimulus. When a stimulus train
paradigm was used, however, a 45% decrease in the input re-
sistance was observed (two of two cells) during the depolarizing
response (Fig. 4). This was not due to membrane rectification
since input resistance changes were not observed when DC cur-
rent was injected to depolarize the stellate cell membrane to

A 2 B
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Figure 4. Resistance change in a stellate cell during the synaptic re-
sponse. A shows the depolarizing postsynaptic response to repetitive
stalk stimulation (SS; 1 msec pulse width, 10 V, 20 Hz, 4 sec duration).
Responses were evoked in the presence of sulpiride (see Fig. 8 for de-
tails). This stimulus paradigm produced a great increase in both am-
plitude and duration of the depolarizing response. Constant amplitude
current pulses during stalk stimulation showed a decrease in input re-
sistance (observed in two of two cells). Boxes in A are enlarged in B.
The left panel shows the voltage changes due to current injection prior
to stalk stimulation; the right panel shows the voltage changes due to
current injection during and after stalk stimulation. The input resistance
decreased approximately 46%.

—20 mV (data not shown). Both the depolarization and the
hyperpolarization recorded from the stellate cells were greater

in magnitude when the stimulus intensity was increased (Fig.
3).

Synaptic pharmacology

Since the major neurotransmitters known to be present in the
rat pars intermedia are dopamine and GABA (Bjorklund et al.,
1973; Douglas and Taraskevich, 1978; Vincent et al., 1982;
MacVicar and Pittman, 1986; Williams et al., 1989a,b), the role
of these neurotransmitters in generating the stellate cell response
to stalk stimulation was investigated. Picospritzer application
of GABA (1 mm; Fig. 54) caused a depolarization similar to
the initial rapid response following stalk stimulation (n = 135).
Dopamine application (1 mm) caused a prolonged hyperpolar-
1zation similar to the long-lasting response following stalk stim-
ulation (n = 19). These responses persisted in low-Ca2+/high-
Mg?*+ aCSF (n = 5), which abolished the synaptic responses
completely (Fig. 5B), and were unaffected by the presence of 3
uM TTX (r = 3; data not shown).

To determine the pharmacological nature of the receptors
responsible for mediating the stellate cell response to stalk stim-
ulation, antagonists of GABAergic and dopaminergic transmis-
sion were used. Application of bicuculline (100 um), a GABA,
antagonist, blocked completely the initial depolarizing response
to stalk stimulation but did not affect the hyperpolarizing re-
sponse (n = 13; Fig. 6). The responses returned to control levels
when bicuculline was washed out with control aCSF. Applica-
tion of sulpiride (2 uM), a dopamine D, antagonist, reduced both
the amplitude (48.7 + 6.9%) and duration (62.6 + 1.2) of the
long-lasting hyperpolarizing response to stalk stimulation with-
out affecting the depolarizing component (n = 4; Fig. 74). The
responses returned to control levels after washout with control
aCSF. Domperidone (10 um), a highly specific D, antagonist,
reduced to a similar degree the amplitude (36.6 + 5.5%) and
duration (48.5 + 3.3%) of the hyperpolarization due to stalk
stimulation (n = 5; Fig. 7B).

Since it was possible that the changes in membrane potential
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Figure5. Stellate cell membrane voltage responses to stalk stimulation
(SS) and exogenous application of GABA and dopamine (DA). A4, In
control solution the components of the postsynaptic response evoked
by stalk stimulation were mimicked by picospritzer application of GABA
(1 mM) and dopamine (1 mm). B, When the synaptic response was
abolished by the application of low-Ca?*+/high-Mg?* (LOW Ca*~) aCSF,
the response to GABA and dopamine application persisted. Lower trace
indicates the current pulses injected throughout the experiment.

observed after afferent stimulation or neurotransmitter appli-
cation might be due to electrogenic uptake mechanisms, two
uptake inhibitors were tested. Nipecotic acid (10 um), an inhib-
itor of GABA uptake, did not affect the rapid depolarizing re-
sponse to stalk stimulation in preparations where bicuculline
was able to abolish this response (# = 7; data not shown). GBR
12909 (15 um), an inhibitor of dopamine uptake, in some cases
prolonged the duration of the hyperpolarizing response but the
amplitude was affected minimally in preparations where 2 um
sulpiride was effective in diminishing this response dramatically
(n = 6; Fig. 7C).

Discussion

Intracellular recordings were made from identified stellate glial
cells of the pituitary pars intermedia, and both depolarizing and
hyperpolarizing short-latency changes in membrane potential
were observed following a single-pulse stimulus to afferent fi-
bers. The stellate cells of the pars intermedia are similar ana-
tomically to other macroglia of the CNS and, like astrocytes,
they possess numerous radiating processes that are in close as-
sociation with both nerve fibers and principle cells (Stoeckel et
al., 1981; Weatherhead, 1983). Extensive dye coupling was ob-
served after neurobiotin injections, suggesting the presence of a
glial syncytium, and in agreement with earlier reports (Stoeckel
etal., 1981; Ordronneau and Petrusz, 1986), the cells contained
GFAP, which is the predominant protein of intermediate fila-
ments in astrocytes. Stellate cells also possess electrophysiolog-
ical characteristics that are typical of macroglia (reviewed in
Walz, 1989). The resting membrane potential of stellate cells is
approximately 40 mV more negative than that of the surround-
ing melanocytes, they have passive membranes in that they do
not fire action potentials spontaneously or when injected with
current (at these membrane potentials), and their input resis-
tance is low (usually <40 mQ), possibly due to their numerous
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Figure 6. Effect of bicuculline on the synaptic response of stellate cells.
A, The CONTROL panel illustrates the postsynaptic response to stalk
stimulation (solid arrows indicate stimulus train). Bath application of
BICUCULLINE (100 um) for 5 min blocked the initial depolarizing
response completely (open arrows). The response recovered following
washout (WASH) of bicuculline with control aCSF. Lower traces in-
dicate the current pulses injected during the experiment. B, An expanded
time scale illustrates more clearly the blockade of the depolarizing re-
sponse by bicuculline (single-pulse stimulus) in the same cell as in A
(left, CONTROL; middle, BICUCULLINE; right, WASH). The latency
of this response was 8.3 msec, and peak amplitude was reached in 14.3
msec.

processes and extensive coupling. Although it is true that glial
cells have many voltage-activated conductances (Barres et al.,
1990; Tse et al., 1992; Duffy and MacVicar, 1993) glial mem-
brane properties typically appear passive when recordings are
obtained with sharp microelectrodes (Burnard et al., 1990). This
may be due to the high K+ permeability of glial cell membranes
at resting potentials. Action potentials have been recorded oc-
casionally from glial cells in specific regions (e.g., spinal cord;
Sontheimer et al., 1992) but only under conditions in which K+
permeability had been reduced pharmacologically (MacVicar,
1984; Newman, 1985).

The data from the present study show that these stellate glial
cells of the pars intermedia exhibit synaptic potentials in re-
sponse to stimulation of the axons descending from the arcuate
nucleus in the pituitary stalk. These synaptic responses are grad-
ed and consist of two components: a rapid depolarization fol-
lowed by a long-lasting hyperpolarization. The rapid depolar-
ization was blocked by bicuculline and mimicked by picospritzer
application of GABA, suggesting that the response was mediated
by GABA, receptors. The long-lasting hyperpolarization was
mimicked by picospritzer dopamine application and the hy-
perpolarization was blocked substantially by dopamine D, re-
ceptor antagonists. The drug concentrations necessary for GA-
BA, and dopamine D, receptor blockade were 10-fold higher
than those used typically in the CNS. This is most likely due
to the extensive syncytium formed by the stellate cells and the
problem of slow drug diffusion, deep into the pars intermedia
tissue, for complete blockade.

It is not yet known what mediates the small hyperpolarizing
component not blocked by the dopamine D, receptor antago-
nists. Afthough there is some cholinergic innervation in the pars
intermedia, it is poorly developed and AChE does not have a
distribution related to synaptic function (primarily in the nu-
cleus and rough endoplasmic reticulum; Stoeckel et al., 1981;
Weatherhead, 1983). Stoeckel et al. (1981) also report that in
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A
CONTROL

Figure7. Effect of D, antagonists and
a dopamine uptake inhibitor on the bi-
phasic synaptic response of stellate cells.
A~C, The CONTROL panels illustrate
the postsynaptic response to stalk stim- B
ulation. 4, Bath application of SUL-
PIRIDE (2 um) decreased both the du-
ration (65%) and amplitude (28%) of
the hyperpolarization. The response re-
covered after washout (WASH) with
control aCSF. B, Upper trace, fast time
scale; lower trace, slow time scale. BI-
CUCULLINE (100 um, 6 min) blocked
the initial depolarization but did not
affect the long-lasting hyperpolariza-
tion. DOMPERIDONE (10 um, 25
min), in the presence of bicuculline, de-
creased the duration (54%) and ampli-
tude (26%) of the hyperpolarization but C
did not block it completely. C,

GBR12909 (15 um), an inhibitor of do-

pamine uptake, decreased the ampli-

tude of the postsynaptic response min-

imally (13%) and prolonged the duration

of the response slightly (3%). SULPIR-

IDE again diminished the hyperpolar-

izing response in the presence of

GBR12909. ;

CONTROL

the rat, peptidergic fibers rarely penetrate the pars intermedia.
Molecular cloning techniques have now identified at least five
dopamine receptor subtypes (D,, D,, D, D,, D;/D,;) (Niznik
and Van Tol, 1992). Although subtypes other than D, have not
yet been localized in the pituitary pars intermedia, molecular
biological analysis may show that other subtypes are present
that could underlie the remaining hyperpolarizing component.
The lack of specific antagonists makes this possibility difficult
to test at present with pharmacological methods.

The responses evoked by GABA and dopamine application
persisted in low-Ca?*/high-Mg?*+ aCSF and in the presence of
TTX. This suggested that these responses were the result of
direct transmitter action on the postsynaptic cell and not me-
diated indirectly by an action on presynaptic nerve terminals
or on adjacent melanocytes. Although it is possible that the
neurotransmitter pool mediating the stellate cell response fol-
lowing stalk stimulation may have arisen by diffusion from
melanocyte synapses, it is unlikely given the short latency of
the depolarizing GABA response. Furthermore, Williams et al.
(1992) were not able to detect dopamine concentrations follow-
ing single-pulse or low-frequency repetitive stimuli within 100
um of an electrochemistry electrode. Since synaptic contacts do
exist between the stellate cells and axons from the arcuate nu-
cleus, it is more likely that the responses are postsynaptic.

Inhibitors of GABA and dopamine uptake, nipecotic acid and
GBR 12909, respectively, did not affect the synaptic response,
which demonstrated that the responses were not due to electro-
genic uptake of the neurotransmitters. Furthermore, sulpiride
not only blocks D, dopamine receptors but also increases do-

A

SULPIRIDE WASH

GBR12909

SULPIRIDE

pamine release from the presynaptic terminals in this prepa-
ration by 100% (Williams et al., 1992). If the response was due
to electrogenic uptake, the amplitude and duration of the re-
sponse would have increased following sulpiride application.
The response decreased substantially following sulpiride appli-
cation, demonstrating that the response was postsynaptic and
not due to electrogenic neurotransmitter uptake.

GABA, receptors are present on a variety of glial cells and
activation of these receptors has been shown to produce a de-
polarization in cultured oligodendrocytes (Gilbert et al., 1984),
cultured astrocytes (Kettenmann et al., 1984), Miiller cells (Mal-
chow et al., 1989), glial cells in hippocampal slices (Constantini
and Galvan, 1978; Walz and MacVicar, 1988; MacVicar et al.,
1989), and more recently in acutely isolated hippocampal as-
trocytes (Duffy et al., 1992). This depolarization is most likely
due to a Cl- conductance because the GABA, receptor is cou-
pled to a chloride channel. The Cl- equilibrium potential is
more positive than the resting membrane potential in macroglia
and, therefore, a Ci- efflux probably underlies the depolarization
(Kettenmann et al., 1987). In some stellate cells a conductance
increase was observed during the GABA-mediated depolariza-
tion, which supports the notion of a Cl- eflux.

Dopamine receptors have also been reported to be present on
cultured astrocytes (Henn et al., 1980; Hansson et al., 1984),
and application of dopamine produces a membrane hyperpo-
larization in these cells (H6sli and Hosli, 1988). Pharmacolog-
ical evidence suggests that this effect is mediated by the D,
dopamine receptor subtype. In other cell types including mel-
anocytes, activation of this receptor subtype has been associated



with the opening of a potassium channel (Lacey et al., 1987,
Freedman and Weight, 1988; Williams et al., 1989b). However,
a conductance change was not observed during the synaptic or
dopamine evoked hyperpolarization. It is possible that the gap
junctions of the electrically coupled syncytium shunted the
transmitter-mediated conductances. It may be possible in future
experiments to identify more definitively the ionic conductances
underlying the effects of GABA and dopamine by using acutely
isolated stellate cells that would not retain a glial syncytium.

It is well known that both GABA and dopamine can reduce
action potential frequency and a-melanocyte-stimulating hor-
mone release from melanocytes (Tilders et al., 1975; Douglas
and Taraskevich, 1978; Tomiko et al., 1983). Although spec-
ulative, synaptic modulation of glial Cl- and K+ permeability
could regulate both extracellular homeostasis and melanocyte
excitability and thereby play and integral role in the regulation
of hormone release from the pars intermedia.
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