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Dopamine Enhances Glutamate-Activated Currents in Spinal

Motoneurons
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In cultured embryonic chick motoneurons, glutamate-acti-
vated currents rise quickly and then decay rapidly to rela-
tively small steady-state current levels. Dopaminergic mod-
ulation of these receptors was studied using patch-clamp
recording techniques. At concentrations =10 nm, dopamine
enhanced glutamate-activated currents by about 200%.
This enhancement was diminished by the nonspecific do-
pamine receptor antagonist S(+)-apomorphine and the
more specific D, receptor antagonist SCH23390, and it was
mimicked by the D, partial agonist SKF38393. Glutamate
receptor desensitization rate was not altered in the pres-
ence of dopamine. Enhancement was specific to the kain-
ate component. Current-variance analysis indicated that in
the presence of dopamine the conductances of glutamate-
activated channels were not altered but that the relative
fraction of kainate-type channels activated by glutamate in-
creased. Intracellular cAMP levels increased by 33% fol-
lowing exposure to 100 um dopamine. The effects of ele-
vated cAMP or protein kinase A (PKA) were tested by in-
cluding 100 pm cAMP or PKA, respectively, in the recording
pipette solution. This increased the kainate-activated cur-
rents specifically. Dopaminergic enhancement was not ob-
served when a PKA inhibitor was in the pipette. mRNA en-
coding D, was detected in the spinal cord by a reverse tran-
scription, polymerase chain-reaction amplification proce-
dure. Thus, dopamine is acting most probably on an avian
homolog of the D, receptor family. We conclude that do-
pamine causes cAMP to increase, which results in in-
creased activation of kainate-gated channels during gluta-
mate-mediated transmission.

[Key words: dopamine, glutamate, kainate, motoneurons,
modulation, cAMP]

Neuronal excitability can be regulated for prolonged periods of
time by synaptic modulation. Often, this entails activation by
one neurotransmitter of a second-messenger system that alters
membrane currents through channels gated by a different, me-
diating neurotransmitter (Bourne and Nicoll, 1993). For exam-
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ple, when applied to cultured hippocampal neurons, histamine
causes currents activated by N-methyl-p-aspartate (NMDA) to
increase nearly 10-fold (Bekkers, 1993). Although the modula-
tory transmitter, histamine, is ineffective by itself, it enhances
current flow through the NMDA receptors, thus regulating syn-
aptic transmission.

Dopamine is a widespread modulator of glutamate receptors.
In perch retinal horizontal cells, exposure to dopamine enhances
glutamate-activated currents by increasing the open probability
of the kainate-receptor channel (Knapp et al., 1990) and abol-
ishes rapid glutamate receptor desensitization (Schmidt et al.,
1994). Likewise, dopamine enhances glutamate-mediated post-
synaptic potentials in goldfish Mauthner cells (Pereda et al.,
1992, 1994). In contrast, glutamate-activated responses in the
mammalian neostriatum are attenuated by dopamine, although
the NMDA component is potentiated (Cepeda et al., 1993).
Thus, dopamine may have mixed effects on the same neostriatal
target neurons.

In spinal motoneurons, dopamine may also have mixed ef-
fects. The spinal cord receives dopaminergic innervation (Ridet
et al., 1992; Weil-Fugazza and Godefroy, 1993) that facilitates
locomotor network activity (Jankowska et al., 1967). Although
this appears not to involve direct modulation of motoneuron re-
ceptors (Andén et al., 1966), dopamine application increases
field potentials recorded from antidromically activated motoneu-
rons (Barasi and Roberts, 1977). In contrast, monosynaptic
transmission evoked by dorsal root stimulation and monitored
via ventral root compound action potentials was depressed by
dopamine agonists (Carp and Anderson, 1982). Thus, the exact
nature of dopaminergic modulation of motoneuronal excitability
remains somewhat unclear.

In this study, we have used patch-clamp recording techniques
to assess dopaminergic modulation of glutamate receptors in
motoneurons. Dopamine enhanced kainate receptors specifically,
and this involved a cAMP-dependent pathway. We conclude that
dopamine can enhance glutamate-activated channels in moto-
neurons.

Materials and Methods

Neuron preparation. Neurons were prepared using techniques described
in detail in Rosenheimer and Smith (1990). Lumbar spinal cords from
6.5 d (stage 28) embryonic chicks were dissected, freed of their menin-
ges and dorsal root ganglia, and collected in ice-cold buffer. Following
incubation at 37° with 0.05% trypsin and 0.005% DNase I, the cells
were dissociated by gentle trituration. Motoneuron-enriched cell frac-
tions were then generated on the basis of their buoyant density in a
metrizamide solution (Schnaar and Schaffner, 1981). The effectiveness
of this procedure for enrichment of motoneurons was verified by label-
ing the motoneurons via cut ventral roots with the fluorescent dye rho-
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damine prior to dissociation. Approximately 92% of the recovered cells
contained the fluorescent label and were identified specifically as mo-
toneurons (Rosenheimer and Smith, 1990).

After isolation, the motoneurons were incubated in Dulbecco’s mod-
ified Eagle medium (DME; GIBCO) plus 10% horse serum (Sigma) at
37° with 5% CO,. Recordings were obtained from cells maintained be-
tween 1 and 2 d in culture.

Electrophysiological recordings. Membrane currents were recorded
using patch-clamp techniques at room temperature in whole-cell and
outside-out configuration. Throughout the recording experiments, the
neurons were bathed with continuously flowing (6 ml/min) buffer (the
“bath solution”) containing (mm) NaCl (140), KCl (5.3), CaCl, (2),
Na,HPO, (0.67), KH,PO, (0.22), HEPES (15), and glucose (5.6); pH =
7.4. Agonists were dissolved in this extracellular saline. The pipette
solution contained (mm) KCl (140), CaCl, (1), MgCl, (2), EGTA (11),
glucose (10), ATP (0.1), GTP (0.1), and HEPES (10; pH = 7.2). The
currents were amplified (List EPC7 and Axopatch 200A) and stored on
video tape for subsequent evaluation. Records were filtered at 2—4 kHz
and digitized at 10-50 kHz. Resting membrane potentials were gener-
ally between —45 and —60 mV.

Agonist application. To achieve rapid application of glutamate ago-
nists to the electrode tip, a liquid-filament system was used (Dudel et
al., 1990). A polyethylene tube drawn to a 30 pm tip diameter was
fixed in the bath parallel to the direction of flow of the bath solution.
The ligand-containing solution was ejected under pressure (1 atu) from
this tube as a thin (30 pwm) stream. The tube was connected to a piezo
crystal. On voltage application to the piezo, the tube shifted upward 20
pm within about 200 psec. With this system, the ligand was introduced
to the electrode tip at a constantly maintained concentration at a speed
sufficient to result in receptor activation within <20 msec in whole-cell
recording configuration. On cessation of the voltage pulse, the ligand-
containing solution was moved rapidly away from the electrode tip,
again exposing the tip to normal bath solution. Two reservoirs, arranged
in parallel, supplied the bath solution—one with and one without do-
pamine; a manually operated valve enabled us to switch from one res-
ervoir to the other. Thus, the cell or membrane patch was bathed con-
tinuously in a extracellular bath saline solution with or without dopa-
mine except during the brief, piezo-activated excursion into the gluta-
mate agonist-containing liquid filament.

cAMP assay. After isolation on the metrizamide gradient, the moto-
neurons were divided into four to six reaction tubes containing extra-
cellular recording buffer and allowed to equilibrate on ice for 30 min.
Each reaction contained between 8 and 13 mg wet weight of tissue.
Dopamine (1-1000 pM) or forskolin (100 pMm) was then added to the
appropriate tube. After 30 min, the reactions were stopped and cAMP
was extracted by pelleting the cells at 4° and resuspending them in cold
10% trichloroacetic acid. After a 20 min incubation on ice, the trichlo-
roacetic acid was removed with water-saturated ether. The samples were
lyophilized and stored at —20°.

cAMP levels were then assayed using a commercial enzyme-immu-
noassay system (Amersham, UK). The acetylation method described by
the manufacturer was used without modification. Results were stan-
dardized to calculated protein content.

mRNA detection. PolyA* RNA was extracted from isolated spinal
cord using a commercial kit (Micro-FastTrack, Invitrogen, San Diego,
CA) without modification. The mRNA was then reverse-transcribed and
amplified in a polymerase chain reaction (RT-PCR, Perkin Elmer)
using primers specific to the nucleotide sequence encoding the rat D,
receptor (Zhou et al., 1990). The primer sequences were 5-GACG-
TGTTTGTGTGGTTTGGG-3' and 5'-GGATCTTTTCTAGAGAGA-
CAT-3". The amplified products were visualized on a 1.2% agarose gel.
As positive controls, cDNA clones of D, kindly provided by D. K.
Grandby (Zhou et al., 1990) served as templates in PCR reactions using
the same primers. To confirm the identity of PCR-amplified products,
gels were analyzed by Southern blots using a-*?P-CTP-labeled RNA
transcripts from the cDNA clones.

Statistics. All statistical measures are presented *+ standard error. Com-
puted standard errors of ratios of variables were determined using meth-
ods described in Kendail and Stuart (1969). Regression analyses and com-
parisons of variance used standard F-tests, and comparisons of means
used ¢ tests. All statistical tests were two sided. Curve-fitting routines
were performed using ORIGIN software (MicroCal Software, Inc.).

Chemicals. Most organic compounds were obtained from Sigma (St.
Louis). However, CNQX was purchased from Tocris Neuroamin (Cam-
bridge), and S(+)-apomorphine, SCH23390, and SKF38393 were pur-

chased from Research Biochemicals Incorporated (Wayland, MA). Fur-
ther exceptions are noted in context.

Results

Dopamine enhances glutamate-activated currents

In whole-cell recordings, dopamine enhanced glutamate-activat-
ed currents (Fig. 1). Although dopamine alone did not alter
membrane current, exposure of the motoneurons to dopamine at
concentrations as low as 10 nM was sufficient to increase glu-
tamate-activated currents. Higher dopamine concentrations (>>10
nM) caused greater increases, but concentrations from 1 to 1000
M were equally effective, indicating saturation at =<1 pm. En-
hancement occurred within 1 min after dopamine application.
Following removal of dopamine, the effect declined progres-
sively; after about 10 min, it was no longer evident. Therefore,
we routinely maintained dopamine in the bath while recording
its effects. Currents were analyzed quantitatively in 19 neurons.
At saturating concentrations (=1 M), dopamine caused peak
and steady-state current amplitudes to increase by 142 (*18)
and 299 (+=47)%, respectively (Fig. 1C); both changes are sig-
nificant statistically (p << 0.05). In similar experiments (n = 3),
another potential modulator, serotonin (100 uMm), was added to
the bath, but it had no effect.

Glutamate-activated currents rise quickly and then decay rap-
idly to relatively small steady-state current levels (Fig. 1). To
determine whether this rapid desensitization is affected by do-
pamine (cf. Schmidt et al., 1994), a double exponential function
was fit to the decay phase from peak to steady-state current
amplitudes, and the time constants, 7, and T7,, were estimated.
Following =1 min of continuous exposure to dopamine (100
1M), there was an insignificant (0.05 level) difference in either
decay rate (7, and T,) before and after exposure to dopamine;
the average values for 7, were 17 (*2) and 18 (*+4) msec,
respectively (n = 19), and the corresponding values for T, were
112 (+20) and 176 (*=26) msec. Consequently, dopamine does
not alter glutamate receptor desensitization rate in these moto-
neurons.

Enhancement was specific to the kainate component of the
glutamate-activated currents (Fig. 2A4), which increased by 197
(£27)% (n = 9; p < 0.05). Neither AMPA- nor NMDA-evoked
currents were affected by the presence of dopamine (Fig. 24; n
> 6 for each group). The dopamine-augmented currents were
reduced considerably by the non-NMDA receptor antagonist
CNQX (10 pm; Fig. 2B). Residual glutamate-activated current
was blocked fully by further addition of the NMDA receptor
antagonist APV (10 pM). This indicates that the enhanced cur-
rent can be blocked completely by glutamate receptor antago-
nists and is, therefore, glutamate-gated.

The dopamine receptor subtype was tested pharmacologically
(Fig. 3). The D, partial agonist SFK38393 (10 M) mimicked
the effects of dopamine; the peak amplitude of glutamate-acti-
vated (1 mMm) currents increased by 139 (9% (n = 3; p <
0.05; Fig. 34). Dopaminergic enhancement was diminished by
the nonspecific dopamine receptor antagonist S(+)-apomor-
phine; the enhanced currents were reduced by 37 (£5)% (n =
6; p < 0.05) in the presence of 10 uM S(+)-apomorphine (Fig.
3B). SCH23390 (10 pMm), a more specific antagonist of the D,
dopamine receptor classes, also reduced the enhanced current by
42 (£6)% (n = 9; p < 0.05; Fig. 3C). These results indicate
that dopamine is acting most probably on the D, or the D; re-
ceptor class.

Since dopamine, via the D, receptor family and a G, protein,
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Figure 1. Dopamine enhances glutamate-activated currents. The duration of agonist application is shown by the bar above each column. Whole-
cell recordings from two different neurons are shown (A and B) before and after (=1 min) addition of 100 uM dopamine to the bath; dopamine
was maintained in the bath for the duration of the recording. Records obtained before and after dopamine addition were scaled to equal peak
amplitudes and superimposed to compare desensitization rates and steady-state current values. A, In neurons analyzed shortly after exposure to
dopamine (within 1-2 min; 1 min in this record), responses similar to those shown were seen (n = 10); after an initial rapid decay, exposure to
dopamine caused a slow current decay from peak to enhanced steady-state levels. Holding potential was —35 mV. B, After longer exposure to
dopamine (longer than about 2 min; 5 min in this record), responses were generally similar to those shown (n = 9); the rapid decay was followed
by a relatively stationary steady-state current level, which was enhanced by dopamine. Holding potential was —25 mV. C, The effects of dopamine
(100 M) on peak (peak) and steady-state (s-s) glutamate-activated currents are summarized (n = 19). 7, and 1, refer to the desensitization time
constants estimated by fitting a double exponential curve to the decay phase from peak to steady-state values.

peak s-s T4 Ty

activates adenylate cyclase (Kebabian and Greengard, 1971),
cAMP and therefore protein kinase A may be involved. Consis-
tent with a second-messenger pathway, dopamine had no effect
on currents recorded from excised membrane patches in outside-
out configuration (Fig. 44). With GTP in the pipette (normally

The role of protein kinase A was tested by including a protein
kinase A inhibitor, PKI-(6-22)-amide (10 pM; Glass et al., 1989),
in the recording pipette. Under these conditions, dopamine did
not enhance glutamate-activated currents; peak amplitudes in the
presence of dopamine were 93 (x12; n = 5)% of the corre-

included in the recording pipette to minimize “‘run down’), re-
peated or continuous application of dopamine caused enhance-
ment for up to about 40 min (our longest recording from one
cell; Fig. 4B). However, when GTP was omitted, enhancement
in the continued presence of dopamine became progressively
less over a period of about 15-20 min (Fig. 4C). This is con-
sistent with a GTP-dependent second-messenger pathway.

A

control + dopamine

glutamate

sponding values recorded prior to dopamine exposure. Thus,
protein kinase A may be involved in the enhancement.

Dopamine causes cAMP levels to increase

To determine whether dopamine causes motoneuron cAMP lev-
els to change, cCAMP was measured before and 30 min after
addition of dopamine to the bathing solution (Fig. SA). Follow-

Figure 2. Specificity of dopaminergic
enhancement. The duration of agonist
application is shown by the bar above
each column. A, Whole-cell recordings
from one neuron of agonist-activated
responses before (control) and after ad-
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dition of 100 pm dopamine (+ dopa-
mine) to the bath. Holding potential
was —40 mV. B, Dopamine enhanced
a glutamate-gated current specifically.
In whole-cell configuration, glutamate
(1 mm) activated a characteristic cur-
rent (glutamate) that was enhanced fol-
lowing exposure to 100 uM dopamine
in the bath for 5 min. Addition of
CNQX (10 pm) inhibited the current
(+ CNQX), and further addition of
APV (10 pM) blocked the current (+
CNQX & APV). Dopamine remained in
the bath throughout these experiments.
Holding potential was —25 mV.
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Figure 3. Dopamine probably acts
via the D, receptor. A, Glutamate (I
mM) activated a whole-cell current
(glutamate) that was enhanced follow-
ing addition of the D, partial agonist
SKF38393 (10 uMm). Holding potential
was —30 mV. B, Addition of 100 um
dopamine (+ dopamine) caused en-
hancement, but further addition of 10
wM S(+)-apomorphine (+ S(+)-apo-
morphine) reduced the effect. Holding
potential was —40 mV. C, Likewise,
addition of the more specific D, (and
D,) antagonist SCH23390 (10 pM) re-
duced enhancement. Holding potential
was —40 mV. The calibrations in B and
C are the same.
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ing addition of dopamine, cAMP levels increased in a dose-
dependent fashion. At 1 wM dopamine, cAMP increased by
18%:; at 100 p.m dopamine, cAMP rose by 33%, from 4.5 (£0.3)
to 6.0 (=0.6) pmol/mg protein (n = 10, p < 0.05). The results
of 1 uMm dopamine were not significant statistically, probably
because only a fraction of the adenylate cyclase pool was acti-
vated. For comparison, 10 puM forskolin, which activates aden-
ylate cyclase directly, caused cAMP levels to increase to 13.44
(£1.36; n = 10) pmol/mg protein under the same conditions.
By inference, saturating concentrations of dopamine (100 pm)
thus activated via a G-protein an adenylate cyclase pool that is
45% as large as the forskolin-sensitive pool. In a related context,
1 uM dopamine produces maximal enhancement but submaxi-
mal cAMP elevation. Some step ‘“‘downstream” from cAMP
production may therefore limit dopaminergic modulation of the
glutamate receptors.
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CAMP causes glutamate- and kainate-activated currents to
increase

The effects of elevated intracellular cAMP on glutamate-acti-
vated currents were also tested and compared with those follow-
ing exposure to dopamine. Intracellular cAMP levels were in-
creased by adding 100 pM cAMP to the recording pipette so-
lution. Peak and steady-state currents activated by application of
1 mm glutamate were measured in 31 neurons with cAMP in
the pipette and were compared with similar values obtained from
28 other neurons without cAMP in the pipette. Likewise, the
current decay phase, from peak to steady-state level, was fit by
a double exponential curve, and the time constants 7, and T,
were estimated.

cAMP in the recording pipette enhanced peak and steady-state
current amplitudes by 166 (x25) and 230 (% 40)%, respective-
ly, but had no effect on either component (7, and T1,) of the

GTP in pipette

glutamate +dopamine glutamate

e

_|30 pA

10 200 ms

Figure 4. A GTP-coupled second-messenger pathway is probably activated by dopamine. A, Outside-out patch recordings of glutamate-activated
(1 mm) currents before and after addition of 100 pwM dopamine to the bath. Dopamine had no effect. Holding potential was —60 mV. B, In whole-
cell configuration with 100 uM GTP in the recording pipette, a glutamate (100 puMm)-activated current was recorded. Dopamine (100 pm) was then
added to the bath (+ dopamine), and recordings were obtained after 1, 5, and 10 min. Enhancement persisted for at least 10 min. Dopamine was
then washed out, and after a 5 min pause, glutamate was applied (right-hand column). There was no enhancement, indicating that the dopaminergic
effect was reversible. Holding potential was —35 mV. C, GTP was omitted from the pipette solution in whole-cell recordings of glutamate (100
wM)-activated currents before and 1, 5, and 10 min after exposure to 100 wM dopamine. Enhancement became progressively less and was not

evident after 15 min. Holding potential was —40 mV.
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Figure 5. cAMP mediates enhance-
ment by dopamine. A, Motoneuron
cAMP levels were assayed before (con-

7 400

[ + dopamine

trol ) and after addition of dopamine to
the bath for 30 min at room tempera-
ture. The averages (* standard error)

[ + cAMP

300+

—t

2004

—

cAMP (pmol/mg protein)
—

100+

value relative to control (percentage)

of 10 different assays are shown. B, In-
creased cAMP results in larger peak
and steady-state current amplitudes. In-
tracellular cAMP levels were increased
by including 100 pm cAMP in the re-
cording pipette. Whole-cell glutamate-
activated (1 mm) currents recorded
with cAMP in the pipette (n = 31)
were then compared to control record-
ings obtained without cAMP in the pi-
pette (n = 28). The average (+ stan-
dard error) ratios of these values are
shown (hatched bars). 7, and T, refer
to the decay time constants estimated
by fitting a double exponential curve to
the decay phase from peak to steady-
state values. For comparison, the rela-

tive enhancement of glutamate-activat-

control  dopamine dopamine
1M 100 uM

peak

current decay (Fig. 5B). These changes are comparable quanti-
tatively to those produced by exposure to dopamine (Fig. 5B).
Furthermore, enhancement due to inclusion of cAMP in the pi-
pette were specific to the kainate component. Kainate-activated
currents increased by 160 (£ 16)% (control, n = 9; with cAMP,
n = 6). In contrast, responses to AMPA and to NMDA were
unaffected (n > 6 for each group). In recordings from eight
additional neurons, protein kinase A (100 pl of 1 mg/ml) was
added to the pipette instead of cAMP. Similar results were ob-
tained; peak and steady-state glutamate-activated current ampli-
tudes were 172 (£30)% and 204 ( =22)%, respectively, larger
than those recorded without protein kinase A in the pipette. By
inference, cAMP enhances the kainate component of glutamate-
activated currents via protein kinase A.

Dopamine increases the kainate component of glutamate-
activated currents

Enhanced kainate-activated current amplitudes could be due to
increased channel conductance. Current-variance analysis (Ste-
vens, 1972) was used to test this possibility (cf. Knapp et al.,
1990). For a population of N channels, 0° = wi — (W%/N), where
a? is the current variance, p. is the average current, and i is the
single-channel current. If p is small, this simplifies to 02 = pi,
and the ratio 0%/ (determined by calculating the slope of a plot
of the data) divided by the membrane holding potential provides
an estimate of the apparent channel conductance, . Glutamate,
kainate, AMPA, and NMDA were applied, and average steady-
state current and variance were measured in neurons before and
after exposure to dopamine (100 pm). To attain stationary re-
cords with small values of ., steady-state glutamate (1 mm),
AMPA (1 mm), and NMDA (1 mm plus 1 pMm glycine)-activated
currents were measured after desensitization had occurred; non-
desensitizing kainate-gated (10 pM) currents were measured dur-
ing steady-state activation. At this stage of development (just
before peripheral synapses form), the motoneurons respond uni-
formly to glutamate and its agonists; there is negligible vari-
ability from one cell to another (Smith et al., 1991, personal

glutamate-activated currents

ed currents following exposure to 100
M dopamine are also shown (n = 19;
Silled bars).

§-8 4 Ty

observations). Therefore, data from numerous neurons were
pooled for the analysis.

Dopamine caused a significant reduction in the slope (o%/p)
estimated from glutamate-activated currents (Fig. 64), but it had
no effect on the slopes of currents activated by AMPA, kainate,
or NMDA (Fig. 6B-D). Likewise, dopamine reduced the cal-
culated apparent channel conductance of the glutamate but not
the AMPA, kainate, or NMDA receptors (Table 1). The gluta-
mate-activated currents include contributions from kainate-,
AMPA-, and NMDA-type channels. Consequently, o*/p,, =
Opinaie * T/ Psinae T @ampa = O/ Banien T Oxupa + 0 Puinar Where
w represents the fractional contribution of that particular channel
type. In the same way, You = Oinue * Yiaiae T Oanea * Yamen T
Onapa * Yampa- Since neither Yie: Yamear NOT Yuupa Were al-
tered by exposure to dopamine, the decrease in vy, may be
attributed to changes in the fractional contributions w. Y, . iS
the only apparent channel conductance that is significantly less
than vy, so increasing its weight will lower <y,,,. Therefore, the
decrease in 7y, following exposure to dopamine may be as-
signed to an increase in the kainate-gated component, w,,,,,..-

Dopamine receptor message is transcribed in spinal cord

To aid in the determination of which dopamine receptor subtypes
might underlie the enhancement, mRNA encoding D, was
probed using gene-amplification techniques. With primers based
on rat D, cDNA sequences (Zhou et al., 1990), chick spinal cord
mRNA was amplified using reverse transcriptase-polymerase
chain reactions (RT-PCR). An amplification product was ob-
tained, indicating the presence of mRNA encoding D, subtypes
in chick spinal cord (Fig. 7).

Discussion

These results indicate that dopamine causes cAMP levels to in-
crease, and this enhances kainate-activated currents. These
changes do not occur when an inhibitor of protein kinase A is
added to the pipette, and they run down within about 15 min
when GTP is omitted from the recording pipette. A tenable con-
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Figure 6. Channel conductances are
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curred; nondesensitizing kainate-gated
(10 pm) currents were measured during
steady-state activation. Each point rep-
resents data from a different neuron.
Currents were recorded at holding po-
tentials, E, . ranging from —25 to
—60 mV; since the current-voltage re-
lationships are linear over this range
(Smith et al., 1991), the amplitudes, A,
were normalized to values expected at
—60 mV, A_,, by the formula A_, = -
AlE, e/ —060 pA. Straight lines were 0
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fit by the method of least squares. The 0 50 100
number of points and the slopes for
each case are summarized in Table 1.

clusion is that dopamine activates a G, protein-coupled pathway,
causing increased cAMP levels and protein kinase A activity.
Quite probably, kainate receptors are then phosphorylated by
protein kinase A, thus increasing channel opening probability
and larger kainate-activated currents.

Further evidence substantiates kainate receptor phosphoryla-
tion by cAMP-mediated pathways. In hippocampal neurons, el-
evated cAMP levels (obtained by application of forskolin) po-
tentiate glutamate-activated currents by increasing the opening
frequency and mean open time of non-NMDA-type channels
(Greengard et al., 1991). These are probably the kainate-sensi-
tive channels, because bath application of the protein phospha-
tase inhibitor okadaic acid increases kainate-activated currents
and conductance in perforated patch recordings from cultured
hippocampal neurons (Wang et al., 1991). Moreover, transiently
expressed GIuR6, a kainate-activated receptor subtype that is
present in embryonic chick motoneurons (Temkin et al., 1993),
generates increased currents when phosphorylated via protein
kinase A (Raymond et al., 1993; Wang et al., 1993).

Although protein kinase A seems to be involved, alternative
consequences of dopamine application could occur. For exam-

Table 1. Single-channel conductances estimated from current—
variance analyses

Control + Dopamine
Glutamate (14) 36 £ 3 18 =1
AMPA (12) 31 £ 5 28 + 6
Kainate (22) 10 = 1 103
NMDA (19) 42 = 1 40 + 3
Agonist concentrations were 0.01-1 mm. Current and variance measurements

were obtained after receptor desensitization (except for the kainate receptors),
when current levels were stationary. Straight lines were fit by the method of
least squares, and the average values * standard error of the slopes are pre-
sented. The numbers of different neurons from which data were obtained are
in parentheses. Units are pS.

150 200 250 0 20 40 60 80 100 120

average current (pA)

ple, dopamine acting on the D, receptor may also increase phos-
pholipase C activity (Felder et al., 1989) and inositol trisphos-
phate production (Mahan et al., 1990). This pathway could
change excitability by altering ion conductances. Any alternative
events brought about by dopamine, however, must enhance the
glutamate-activated currents by acting on the glutamate receptor
itself since the enhanced currents were blocked totally by the
combination of CNQX and APV.

As in motoneurons, protein kinase A enhances the kainate-
gated component in retinal horizontal cells, presumably by
cAMP-dependent protein phosphorylation (Liman et al., 1989).
This is associated with an increased probability of non-NMDA
receptor channel opening and glutamate-activated currents
(Knapp et al., 1990; cf. Schmidt et al., 1994). Dopamine also
enhances electrotonic coupling and glutamatergic transmission
onto the goldfish Mauthner cell, and this, too, is blocked by
either the D, inhibitor SCH23390 or the protein kinase A inhib-
itor PKI;_,, (Pereda et al., 1994). Thus, the same modulatory
pathway occurs in three distinctly different neuronal types in
fish and mammals. These effects of dopamine on glutamate-
gated transmission are not unique, however. In the striatum, for
example, dopamine increases NMDA-evoked currents but de-
creases AMPA-activated currents through D, and D, receptors,
respectively (Cepeda et al., 1993).

Dopamine is most probably acting on a D,-type receptor. The
relatively nonspecific dopamine receptor antagonist S(+)-apo-
morphine and the specific mammalian D, (and D) antagonist
SCH23390 reduced enhancement. Conversely, the D, partial ag-
onist SKF38393 mimicked the effect of dopamine. Furthermore,
mRNA encoding D, is also present in the spinal cord. In other
preparations, the D, and D, families activate adenylate cyclase
in vitro (O’Dowd, 1993), and dopamine increases cAMP levels
in these motoneurons, consistent with D, receptor activation.
Therefore, pharmacological, molecular, and physiological evi-
dence indicates that dopamine is acting through an avian ho-
mologue of the D, (or the related D) receptor subtype.
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Figure 7. Spinal cord neurons transcribe genes encoding dopamine receptors. mRNA was extracted and amplified by RT-PCR using primers based
on the nucleotide sequence of the rat D, receptor. The left-hand lane is a ladder from a Hinc 11 digest of $X174 (United States Biochemical). The
PCR-amplified products from plasmids (p) containing the full-length D, receptor cDNA clone and from spinal cord (sc) are shown. Control reactions
run with no reverse transcriptase ( —rf) and no template (nt) are also shown; no amplified products were detected in these control reactions.

From a functional perspective, dopaminergic modulation po-
tentiates motoneuron excitability through the enhanced response
to glutamate. This is contrary to evidence suggesting that do-
pamine depresses monosynaptic transmission from dorsal to
ventral root pathways (Carp and Anderson, 1982) or that do-
pamine has negligible effects directly on the motoneuron (Andén
et al., 1966). These divergent effects of dopamine could depend
on developmental stage: our results were obtained from early
embryonic chicks, but those of Carp and Anderson (1982) and
Andén et al. (1966) were from adult cats. Furthermore, mRNA
encoding the D, receptor, is also present in the embryonic mo-
toneurons (Smith and Hatt, 1993; cf. Surmeier et al., 1992). It
may not be translated until later in development, which could
result in markedly different responses to dopamine.
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