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ABSTRACT The vy-aminobutyric acid type A (GABA,)
receptor is the predominant Cl~ channel protein mediating
inhibition in the olfactory bulb and elsewhere in the mam-
malian brain. The olfactory bulb is rich in neurons containing
both GABA and dopamine. Dopamine D1 and D2 receptors are
also highly expressed in this brain region with a distinct and
complementary distribution pattern. This distribution sug-
gests that dopamine may control the GABAergic inhibitory
processing of odor signals, possibly via different signal-
transduction mechanisms. We have observed that GABA,
receptors in the rat olfactory bulb are differentially modulated
by dopamine in a cell-specific manner. Dopamine reduced the
currents through GABA-gated Cl- channels in the interneu-
rons, presumably granule cells. This action was mediated via
D1 receptors and involved phosphorylation of GABA, recep-
tors by protein kinase A. Enhancement of GABA responses via
activation of D2 dopamine receptors and phosphorylation of
GABA, receptors by protein kinase C was observed in mitral/
tufted cells. Decreasing or increasing the binding affinity for
GABA appears to underlie the modulatory effects of dopamine
via distinct receptor subtypes. This dual action of dopamine on
inhibitory GABA,4 receptor function in the rat olfactory bulb
could be instrumental in odor detection and discrimination,
olfactory learning, and ultimately odotopic memory forma-
tion.

y-Aminobutyric acid (GABA) is a major inhibitory neuro-
transmitter in the mammalian central nervous system (1).
Three types of pharmacologically and physiologically distinct
GABA receptors have been described. Activation of bicucul-
line-sensitive GABA receptors causes the opening of integral
ion channels selectively permeable to C1~ (2-5). The baclofen-
sensitive GABAg receptors couple to either Ca?* or K*
channels via G proteins (3, 6, 7). The recently described
GABAC( receptors are Cl~ channels insensitive to both bicu-
culline and baclofen (8-11). Several different subunits have
been identified for the mammalian GABA} receptor, includ-
ing six a subunits, three B subunits, four y subunits, and one
& subunit (5, 12, 13). Each subunit consists of four membrane-
spanning regions (M1-M4) and a cytoplasmic loop between
M3 and M4 (14). The intracellular loop of the B-subunit
contains consensus sites for phosphorylation by protein ki-
nases (14-16). Protein kinase A (PKA) and C (PKC) are both
involved with second-messenger pathways that can modulate
the function of GABAA receptors (15-19).

In the present study, we investigated the modulation of
GABAA receptors in the rat olfactory bulb. This brain region
is rich in neurons that contain both GABA and dopamine (20,
21) as well as high densities of dopamine receptors (22, 23).
The distinct and complementary distribution of D1 and D2
receptor subtypes suggests that dopamine may control the
GABAergic inhibitory processing of odor signals, possibly via
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different signal-transduction mechanisms. Using patch-clamp
techniques, we have identified two distinct pathways by which
dopamine receptors can either up- or down-modulate
GABAergic function in the rat olfactory bulb. These pathways
involve the stimulation of second-messenger systems and
subsequent phosphorylation of GABAA receptors by PKA or
PKC.

MATERIALS AND METHODS

Cell Culture. Primary cultures of rat olfactory-bulb neurons
were prepared from animals at embryonic day 19. The tissue
was trypsinized (0.1%), and cells were plated on poly-L-lysine-
and laminin-coated (Sigma) plastic dishes. The growth me-
dium was Eagle’s basal medium (GIBCO) supplemented with
insulin (6.5 uM, Sigma), glutamine (2 mM), glucose (20 mM),
and 10% fetal calf serum (GIBCO). Cytosine arabinofurano-
side (10 uM, Sigma) was added after 2 days to inhibit the
growth of nonneuronal cells. Interneurons and mitral/tufted
(M/T) cells were visually identified (24, 25) and recorded from
after 5-8 days in culture. Because granule cells represent the
majority of interneurons in the olfactory bulb, the interneurons
studied here were probably granule cells (26).

Electrophysiology. The preparation was viewed with phase-
contrast optics at X320 magnification and continuously super-
fused (1 ml/min) at room temperature (21-25°C). The extra-
cellular bath solution contained (in mM): 137 NaCl, 5.4 KCl,
1.8 CaCl,, 1 MgCly, and 5 Hepes (pH 7.4). Whole-cell currents
were recorded with the patch-clamp technique (27) at —60 mV
membrane potential using an EPC-7 amplifier (List Electron-
ics, Darmstadt, Germany). Pipettes were made from borosili-
cate glass (Hilgenberg, Malsfeld, Germany) and filled with a
solution containing (in mM): 120 CsCl, 20 tetraethylammo-
nium chloride, 1 CaCl,, 2 MgCl,, 11 EGTA, and 10 Hepes (pH
7.2). Pipette resistance was 5-7 M(). We routinely corrected
for the liquid junction potential (2). The series resistance of the
pipettes (12-20 MQ) was compensated by up to 80%.

Extracellular drugs were dissolved in the bath solution and
rapidly applied to cells. The fast-application system consisted
of an array of pressure pipettes in conjunction with a suction
pipe on the opposite side of the cell. With this device, it was
possible to change the solution in the vicinity of a whole cell
within 50-100 ms. We waited 2 minutes after patch break-
through before applying the first GABA pulse to allow for
complete intracellular C1~ equilibration. Phorbol 12-myristate
13-acetate (PMA) was prepared in dimethyl sulfoxide as 1 mM
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stock solution and tamoxifen was dissolved at 10 mM in
methanol and added to the intracellular solution. All drugs
used in electrophysiological experiments were purchased from
Sigma, except PMA, (+)-1-phenyl-2,3,4,5-tetrahydro(1H)-3-
benzazepine-7,8-diol hydrochloride (SKF-38393), guanosine
5'-[y-thio]triphosphate (GTP[y]S) and (—)-bicuculline me-
thiodide (Research Biochemicals, Natick, MA).

Data Analysis. Time-dependent changes of GABA-induced
currents were assessed by normalizing the peak amplitudes (1)
to the first GABA response at ¢ = 2 min (I¢). Effects of extra-
and intracellular drugs were compared with control after 14 or
12 minutes of recording, respectively.

Dose-response curves were constructed for control cells that
yielded stable GABA responses under our conditions. Cur-
rents (I) were normalized relative to the value obtained with
1 mM GABA (Imax) and fitted with the equation:

1 c”

Imax c"+ E‘(jS()’Z [1]
where /I,y is the normalized current, ¢ is GABA concen-
tration, ECs is the GABA concentration giving 50% of the
maximal response, and »n is the Hill coefficient.

The dose-response behavior of the phosphorylated GABA
receptors could not be measured directly because the currents
typically did not reach steady state after 14 min of recording.
We therefore devised an alternative strategy to detect changes
in ECs and Inax. TWwo GABA (5§ uM) responses were selected,
(Ic = 2 min; I = 14 min), before a saturating GABA response
was elicited (I1mm). Using an initial ECsy of 5 uM and a Hill
coefficient of n = 1.5 (see Results), the ECs is operationally
determined at ¢t = 14 min as:

1514,
ECSO:SMM,/%—l [2]

Likewise, because the initial I,,x = 2[c, i.e., twice the
current evoked by 5 uM GABA (ECs), the relative maximal
current, InaxX, at ¢ = 14 min is given by the ratio:

R _I]mM

]max - 2[C

[3]

We validated this approach by applying the procedures to a
set of control cells. There was no significant deviation from the
outcome of conventional dose-response experiments (see Re-
sults).

Results are expressed and illustrated as means * SEM,
calculated for n cells. Statistical analysis was performed by
using Student’s ¢ test.

RESULTS

Differential Modulation of GABA, Receptors by Dopamine.
In response to externally applied GABA (5 uM), olfactory-
bulb neurons displayed large inward currents that were com-
pletely blocked by 100 uM bicuculline (Fig. 14), indicating that
the underlying receptors were of the GABAA type (3, 11). The
ECs values for GABA were 4.7 = 1.7 uM (six granule cells)
and 5.1 = 22 uM (five M/T cells) (Fig. 1B). The Hill
coefficients obtained in these experiments were 1.5 = 0.1 and
1.2 = 0.1 for granule and M/T cells, respectively. Thus the
GABA, receptors present in the two major types of rat
olfactory-bulb neurons do not differ significantly in their
activation properties.

The peak-current amplitude remained stable even after long
periods of recording (Fig. 1 C and F). This is illustrated for a
granule cell (Fig. 1C) with seven consecutive GABA responses
recorded at 2-min intervals. The average ratio I/I¢ of the peak
amplitudes measured at 12 min (/) and 2 min (I¢c) after
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Fic. 1. Dopamine-mediated reduction and enhancement of
GABA-induced membrane currents in granule cells and M/T cells of
rat olfactory bulb (respectively). Horizontal and vertical scales corre-
spond to 5 s and 500 pA, respectively. (4) GABA-induced whole-cell
currents were completely blocked by 100 uM bicuculline (Bic). (B)
Dose-response curves of GABA-induced peak currents of granule
cells (filled symbols) and M/T cells (open symbols). The ECsy was
4.7 = 1.7 uM and the Hill coefficient was n = 1.5 = 0.1 for granule
cells (n = 6, solid line). For M/T cells, the values obtained from the
fit are ECso = 5.1 =22 uM andn = 1.2 = 0.1 (n = 5, dashed line).
(C-E) Time dependence of GABA-induced membrane currents. (C)
Stability of control peak-currents during 14 min of recording illus-
trated for a granule cell. A moderate acceleration of the speed of
desensitization was observed in this and in most other cells. (D)
Decrease of control GABA responses in a granule cell after repeated
dopamine application (50 uM, 30s, arrows). (E) Increase of GABA-
induced currents in a M/T cell. (F) Time-dependent changes of
normalized GABA responses in control cells (23 granule cells, ®; 6
M/T cells, O) and dopamine experiments (6 granule cells, m; 4 M/T
cells, O0).

commencement of the whole-cell recording was 1.02 = 0.04
(23 cells). Likewise, an average ratio of 1.05 = 0.07 was
obtained for M/T cells (n = 6). The stability of GABA-
induced currents was a characteristic feature of olfactory-bulb
neurons, and the time course was virtually identical for the two
cell types studied here (Fig. 1F).

The presence of different dopamine receptor subtypes on
granule and M/T cells with possibly different transduction
mechanisms prompted us to investigate the effect of dopamine
on olfactory bulb GABA, receptors. When dopamine was
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applied (50 uM; 30 s) to granule cells between successive
GABA applications (Fig. 1 D and F, arrows), the GABA-
induced current gradually decreased (I/Ic = 0.64 = 0.07;n =
6 cells). Using the same protocol, the GABA responses were
enhanced by dopamine in M/T cells (I/Ic = 1.34 = 0.05;n =
4 cells; Fig. 1 E and F). Dopamine alone did not induce any
membrane current (data not shown). Thus, dopamine can
either up- or down-modulate the function of GABA, recep-
tors in olfactory-bulb neurons.

D1 Receptors Reduce GABA Responses in Granule Cells via
the PKA Cascade. To characterize the dopamine receptor
subtype mediating the decrease of GABA-induced currents in
granule cells, we tested SKF-38393, a specific agonist for
dopamine D1 receptors. With 50 uM SKF-38393, a decrease
similar to that induced by dopamine was observed (I/Ic =
0.44 = 0.06; n = 5 cells; Fig. 24). When a PKA-inhibitory
peptide (5 pg/ml) was included in the pipette solution, the
GABA response was no longer reduced by SKF-38393 (I/Ic =
1.01 = 0.03; n = 5 cells; Fig. 2B). The D2 agonist bromoc-
ryptine (50 uM) was inactive on granule cells (Fig. 2G). Thus,
down-modulation of GABA-induced Cl~ currents in olfacto-
ry-bulb granule cells following D1 receptor activation may
involve phosphorylation of GABA, receptors by PKA.

Evidence for a dopamine-mediated phosphorylation of
GABAA receptors in granule cells was obtained by including
cAMP (100 uM) in the pipette. Again, the GABA-induced
currents decreased to I/Ic = 0.40 = 0.05 (n = 15 cells; Fig. 2C),
an effect not seen when PKA-inhibitory peptide was also
present in the pipette (Fig. 2G). Given that phosphorylation by
PKA decreases the function of GABAA receptors, dephos-
phorylation should have the opposite effect. Fig. 2D shows that
inclusion of alkaline phosphatase (224 units/ml) in the pipette
enhanced the amplitude of the GABA responses (I/Ic =
1.78 = 0.11; n = 4 cells).

The intracellular modulation of granule cell GABAA recep-
tors reported here involves a G protein. Decrease of GABA-
induced currents was observed with both the nonhydrolyzable
GTP analogue GTP[yS] (100 uM; I/Ic = 0.66 = 0.11;n = 6
cells; Fig. 2E) and with choleratoxin (1 png/ml; I/Ic = 0.62 =
0.07; n = 4 cells; Fig. 2F), which suggests that a G, protein
mediates the coupling between D1 receptors and adenylate
cyclase. PMA (100 nM) was inactive (I/Ic = 0.92 = 0.04; n =
8 cells; Fig. 2G), indicating that PKC does not modulate the
GABA, receptors in granule cells. Our findings are summa-
rized in a model in which dopamine D1 receptors can elevate
the level of cAMP by activating adenylate cyclase via a Gg
protein (Fig. 2H). As a consequence, PKA phosphorylation
decreases the currents through GABA-receptor channels.

Up-Modulation of GABA Receptors in M/T Cells Involves
D2 Receptors and PKC. The facilitation of GABA responses
seen with dopamine in M/T cells was caused by activation of
D2 receptors. As shown in Fig. 34, the potentiating effect of
dopamine on GABA-induced currents was mimicked by bro-
mocryptine (50 uM; I/Ic = 1.60 = 0.31; n = 4 cells), a
D2-receptor agonist. Involvement of PKC in this effect was
supported by the finding that the phorbol ester PMA (100 nM),
an activator of PKC, also increased the GABA responses when
it was included in the pipette (I/Ic = 1.63 = 0.15; n = 11 cells;
Fig. 3B). GABA-activated currents decreased on intracellular
administration of the PKC inhibitor tamoxifen (50 uM; I/Ic =
0.63 = 0.06; n = 4 cells; Fig. 3C). PKA was not involved, as
intracellular cAMP (100 uM) did not modulate the GABA
responses in M/T cells (I/Ic = 1.07 £ 0.05; n = 9 cells; Fig.
3D). The intra- and extracellular pharmacology of the dopam-
ine-mediated facilitation of M/T-cell GABA receptors (Fig.
3D) is consistent with a model in which dopamine D2 receptors
can elevate the level of intracellular diacylglycerol by activating
phospholipase C, presumably via a G protein (Fig. 3E). As a
consequence, PKC phosphorylation increases the C1~ current
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FiG. 2. Dopamine D1 receptors mediate down-modulation of
GABAA receptors via phosphorylation by PKA in granule cells. (4)
SKF-38393 (50 uM; see Fig. 1 for protocol) decreased the GABA
control response (light trace) to 34% after 14 min of recording (dark
trace). Horizontal and vertical scales in this figure correspond to 5 s
and 500 pA, respectively. (B) The effect of SKF-38393 was abolished
when PKA-inhibitory peptide (5 ug/ml) was included in the pipette.
(C) Intracellular cAMP (100 uM) also decreased GABA-induced
currents (I/Ic = 0.65). (D) Potentiation of the GABA response to
186% of control by intracellular phosphatase (224 units/ml). (E-F)
Decrease of currents by 100 uM GTP[yS] (I/Ic = 0.56) and 1 uM
choleratoxin (I/Ic = 0.55). (G) Modulatory effects of extra- and
intracellular drugs (open and shaded columns, respectively). The
dashed line indicates the no-effect level. Statistical differences from
control experiments are represented by asterisks (:#, P < 0.01, n cells).
(H) Model illustrating the sequence of events for the decrease of
GABA-induced currents: Binding of dopamine to D1 receptors leads
to activation of adenylate cyclase (ADC), production of cAMP, and
eventually phosphorylation of GABAA receptors by PKA.

through GABAA, receptors and thereby increases the inhibi-
tory action of GABA.
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FiG. 3. Dopamine D2 receptors mediate up-modulation of
GABAA, receptors in M/T cells via phosphorylation by PKC. (A4)
Bromocryptine (50 uM; see Fig. 1 for protocol) increased the control
GABA response (light trace) to 150% (dark trace). Horizontal and
vertical scales in this figure correspond to 5 s and 500 pA, respectively.
(B) Intracellular application of 100 nM PMA also increased the
GABA-induced current (I/Ic = 1.53). (C) Decrease of GABA
response on including 50 uM tamoxifen in the pipette (I/Ic = 0.57).
(D) Modulatory effects of extra- and intracellular drugs (open and
shaded columns, respectively). The dashed line indicates the no-effect
level. #%, P = 0.01; *, P = 0.05; n cells. (E) Model illustrating the
sequence of events for the increase of GABA-induced currents:
Binding of dopamine to D2 receptors leads to activation of phospho-
lipase C (PLC), production of diacylglycerol (DAG), and eventually
phosphorylation of GABAA receptors by PKC.

Mechanism of GABA, Receptor Modulation by PKA and
PKC. Given that GABA4 receptor function is decreased or
enhanced by phosphorylation, we tested whether the observed
changes in the GABA response amplitudes are purely time-
dependent or if repetitive application of GABA is required.
We tackled this question by determining the cAMP-induced
run-down in granule cells from two single GABA applications
given at t = 2 and 14 min The ratio I/Ic was 0.42 + 0.03 (n =
4 cells) compared with the value of 0.34 = 0.09 (n = 7 cells)
obtained with standard repetitive GABA application. The two
results are not statistically different. Similar findings were
obtained for the up-modulation of GABA4 receptors in M/T
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cells by PMA, indicating that use-dependent effects cannot
account for the modulation of GABA, receptors by either
PKA or PKC.

A moderate increase of desensitization was observed in most
cells, but it was independent of the experimental condition,
such as the application of dopamine or of other extracellular
or intracellular drugs. Increase of desensitization was even
observed in control cells (Fig. 1C), indicating that it cannot
account for the protein kinase effects on the amplitude of
GABA responses.

We finally determined whether the protein kinase effects
were caused by changes in the activation kinetics of GABAA
receptors. We operationally estimated ECsg and I.X, the
relative maximal current, from two GABA responses (5 uM;
2 and 14 min) and from a saturating GABA response (see
Materials and Methods). As illustrated in Fig. 4B, the ECsg
estimated for 21 control cells was 5.60 = 0.46 uM, i.e., very
similar to the average value of ~5 uM obtained from the
conventional dose-response curves (Fig. 1B). IR was also
very stable at 1.13 = 0.08 after 14 min of recording (Fig. 4C).
Having validated our approach, we applied it to examining the
effects of 100 uM cAMP and 100 nM PMA to respectively
reduce (I/Ic = 0.29 = 0.05; n = 11 granule cells) or enhance
(I/Ic = 1.92 = 0.35; n = 4 M/T cells) GABA responses (Fig.
4A4). After 14 min of recording, the ECsy for GABA was
shifted by cAMP from 5 uM to 12.0 = 2.1 uM (Fig. 4B). At
the same time, IR was reduced to 0.52 =+ 0.03 (Fig. 4C). With
PMA, the ECsy was changed to 3.3 = 0.5 uM (Fig. 4B). ImaR
was slightly increased to 1.40 = 0.41, a value not significantly
different from control cells (Fig. 4C). Thus, PKA decreases
GABAA receptor function in granule cells by reducing both its
affinity and maximal response amplitude. The facilitation of
GABAergic function of M/T cells via PKC activation appears
to be primarily caused by enhanced GABA, receptor affinity.

DISCUSSION

Our results show that, similar to retinal amacrine cells (17),
olfactory-bulb neurons exhibit stable GABAA responses. The
lack of run-down despite the absence of ATP/GTP in the
pipette indicates that the GABAA receptors expressed in
retina and olfactory bulb are different from the isoform
present in hippocampal cells (28). D1 receptors down-

A B C
3 1 15 - ) 3 5
= ] % ] = ]
* &)
w

N
l 1
-
o
(-
N
I 1

n.s.

} I
*
0 -
= o = o = o
g = 2 g£=2 I
: 3 d c 3 i s 32
o (&) o

FiG. 4. Effects of PKA and PKC on the activation properties of
GABAA receptors. I/Ic (A), ECso (B), and Imax® (C) determined after
14 min of whole-cell recording (see Materials and Methods). Average
data are plotted for control (shaded bars, n = 21), granule (100 uM
cAMP, filled bars, n = 11), and M/T cells (100 nM PMA, open bars,
n =4). =, P < 0.01; %, P < 0.05.
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modulate the GABA4 receptor in granule cells via a PKA
cascade, whereas the GABA receptor is up-modulated in M/T
cells via D2 receptors and the PKC system. Both phosphory-
lating and dephosphorylating agents were active in our exper-
iments, implying that the physiological steady-state of phos-
phorylated and nonphosphorylated GABA, receptor popu-
lations can be controlled by ambient or synaptically released
dopamine.

The differential modulatory effects of dopamine on olfac-
tory bulb GABAA receptors may be reflected in the differen-
tial distribution of D1 and D2 receptor subtypes in the internal
granular/plexiform and the glomerular/external plexiform
layers (22, 23), respectively. D1 and D2 receptors coupled to,
respectively, adenylate cyclase in granule cells and phospho-
lipase Cin M/T cells (Figs. 2H and 3E). There is evidence that
different subunits and/or consensus sites of the GABAA
receptor are targeted by PKA and PKC (15, 16, 29). We have
shown that the action of dopamine is to decrease the affinity
of GABA, receptors in granule cells, however associated with
a reduction of the maximal current response. The latter effect
might arise from internalization of GABA, receptors subse-
quent to activation of the PKA cascade. Dopamine enhanced
the GABA responses in M/T cells by increasing GABAA
receptor affinity without affecting Iyax significantly. It is very
likely that the changes in apparent GABA, receptor affinity
are caused by changes in the open probability of GABAA
receptor channels, as observed in retinal amacrine cells (17).

A physiological role for dopamine has been demonstrated in
the olfactory bulb, where dopamine suppresses the electrical
activity of mitral cells (30). Our work suggests that a more
specific function of dopamine would be to fine tune GABAer-
gic inhibition in olfactory pathways. Dopamine is highly en-
riched in the rat olfactory bulb and it colocalizes with GABA
in a large number of neurons in the glomerular and external
plexiform layers (20, 21). After corelease with GABA, dopa-
mine could exert considerable control at two important points
of olfactory signal processing, the input and output elements
of M/T cells. The most significant impact is expected within
the glomeruli at the synaptic triad, where GABAergic and
dopaminergic periglomerular-cell dendrites control the input
of M/T-cell dendrites from receptor-cell axons. It is conceiv-
able that dopamine, acting at the D2 receptor subtype, could
sharpen the molecular receptive range of odorants detected by
the subset of sensory neurons that project to a single glomeru-
lum (26, 31, 31).

Granule cells control the output of M/T cells at reciprocal
dendrodendritic synapses. As lateral GABAergic inhibition is
essential for odor-contrast enhancement between mitral cells,
dopamine D1 receptors on granule cells could play a role in the
discrimination of odorants by adjacent glomeruli (26, 33).

Dopamine receptors are involved with various forms of
olfactory learning. Post-training D1 receptor blockade leads to
impaired odor conditioning in neonatal rats (34). Likewise,
odor-detection performance of adult animals is reduced on
administering a D2 agonist (35). It is tempting to speculate that
dopamine affects the synchronization of neural assemblies by
modulating GABAergic inhibition and thus controls odotopic
memory (36, 37).

We thank Harald Bartel for designing the drug-application system,
Dr. Kurt Gottmann for help with the cell cultures, and Dr. Jack Benson
for helpful comments on the manuscript. This work was supported by
the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen
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