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ABSTRACT
Accumulating evidence indicates that dopamine and D1 recep-
tor ligands modulate N-methyl D-aspartate (NMDA) receptors
through a variety of D1 receptor-dependent mechanisms. In
this study, we reveal a distinct D1 receptor-independent mech-
anism by which NMDA receptors are modulated. Using the
human embryonic kidney (HEK) cell recombinant system and
dissociated neurons, we have discovered that dopamine and
several D1 ligands act as voltage-dependent, open-channel
blockers for NMDA receptors, regardless of whether they are
agonists or antagonists for D1 receptors. Analysis of structural

and functional relationships of D1 ligands revealed the ele-
ments that are critical for their binding to NMDA receptors.
Furthermore, using D1 receptor knockout mice, we verified that
this channel-blocking effect was independent of D1 receptors.
Finally, we demonstrated that D1 ligands functionally interact
with Mg2� block through multiple sites, implying a possible role
of the direct channel block under physiological conditions. Our
results suggest that the direct inhibition of NMDA receptors by
dopamine D1 receptor ligands is due to the channel pore block
rather than receptor-receptor interactions.

Functional integration of glutamate and dopamine neuro-
transmitter systems has been implicated in playing crucial
roles in cognition, motor control, and a variety of neurological
disorders (Greengard, 2001; Cepeda and Levine, 2006). Ac-
cumulating evidence demonstrates that dopamine or dopa-
mine receptors modulate excitatory glutamatergic synaptic
transmission in various brain regions through either presyn-
aptic or postsynaptic mechanisms (Nicola et al., 2000). De-
spite the fact that these discoveries have greatly advanced
our understanding of functional modulations of glutamate
receptors by dopamine receptors, many studies on this topic
provide conflicting results, particularly on D1 receptor mod-
ulation of NMDA receptors.

Some studies report the potentiation of NMDA receptor-
mediated currents by D1 agonists (Cepeda et al., 1998; Sea-
mans et al., 2001; Flores-Hernandez et al., 2002; Chen et al.,
2004); others suggest inhibition or no effects (Nicola et al.,

1996; Harvey and Lacey, 1997; Otmakhova and Lisman,
1999; Lee et al., 2002). These conflicting results raise an
intriguing question as to what accounts for these discrepan-
cies. It is possible that they are due to differences in methods
and/or brain region-specific effects. However, it is also possi-
ble that there are as-yet-undiscovered mechanisms underly-
ing these contradictions. Noteworthy evidence has demon-
strated that some D1 agonists and antagonists had the same
effect (Downes and Waddington, 1993; Wachtel and White,
1995), and dopamine could have both excitatory and inhibi-
tory effects on neuronal activities, depending on the concen-
tration (Downes and Waddington, 1993). All these converg-
ing lines of evidence suggest that there is a missing piece of
the puzzle in understanding the functional modulations of
NMDA receptors by dopamine D1 receptors, which may arise
from unrevealed properties of D1 ligands.

As a major subfamily of glutamate receptors, NMDA re-
ceptors perform essential roles in excitatory synaptic trans-
mission and plasticity via both postsynaptic and presynaptic
terminals (Dingledine et al., 1999). Functions of NMDA re-
ceptors are influenced by a variety of intracellular and ex-
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tracellular modulators (Dingledine et al., 1999). One distinct
property of NMDA receptors is the voltage-dependent block
by physiological concentrations of Mg2� ions and a variety of
open channel blocks, such as MK801, memantine, amanta-
dine, ketamine, 1-(1-phenylcyclohexyl)piperidine, and des-
methylimipramine (Mayer et al., 1984; Huettner and Bean,
1988; Sernagor et al., 1989; MacDonald et al., 1991; Chen et
al., 1992; Bresink et al., 1996; Blanpied et al., 1997). A
common feature of these organic channel blockers is that
they all possess positive charges that are provided by either
one or several amine groups. The fact that dopamine and D1
ligands are monoamines raises the possibility that they may
act as open channel blockers for NMDA receptors. Neverthe-
less, two recent studies suggested that NMDA receptors can
be directly blocked by dopamine and by one of the D1 ago-
nists (Castro et al., 1999; Masuko et al., 2004).

To accurately understand how NMDA receptors are mod-
ulated by dopamine receptors and to clarify properties of D1
ligands, we carried out electrophysiology studies to deter-
mine whether there were direct channel-blocking effects of
D1 ligands on NMDA receptors. Using the HEK cell recom-
binant system, hippocampal neurons, and D1 receptor knock-
out mice, we demonstrated that dopamine and several D1
ligands could directly block NMDA receptors independent of
D1 receptors. They acted as voltage-dependent open channel
blockers, regardless of whether they are agonists or antago-
nists for D1 receptors. Our result provides solid evidence for
the mechanism underlying the direct channel blocking effect
of D1 ligands. It suggests that D1 ligands can modulate
NMDA receptors through not only the G protein-coupled
pathway but also a channel pore-blocking mechanism.

Materials and Methods
Material. Glutamate, NMDA, glycine, and D1 ligands were from

Tocris (Ellisville, MO) and Sigma (St. Louis, MO). 4-Ethylcatechol
was from Alfa Aesar (Ward Hill, MA). All other chemicals were from
Sigma or as specified.

Expression of NMDA Receptors in HEK Cells. Human em-
bryonic kidney (HEK) 293 cells (CRL 1573, American Type Culture
Collection, Manassas, VA) are maintained and transfected using
conditions described previously (Cui and Mayer, 1999). To express
NMDA receptors in HEK cells, cDNAs of NR1A and NR2A are
transfected at a 1:3 ratio. cDNA of enhanced green fluorescent pro-
tein is cotransfected with NR1 and NR2A cDNAs to aid the identi-
fication of transfected cells. HEK cells are washed with PBS 12 to
18 h after the transfection and maintained in the medium containing
1 mM AP-5 and 2 mM Mg2� to protect the cells from glutamate
induced toxicity until used for electrophysiological recordings.

Acutely Dissociated Neurons. Acutely dissociated neurons are
prepared from the dorsal striatum of 4- to 5-week-old wild-type and
D1 receptor knockout mice (Xu et al., 1994) using the enzyme aid
dissociation method. In brief, 400 �m of brain slices are prepared in
ice-cold dissection solution containing 138 mM NaCl, 5.3 mM KCl, 2
mM MgCl2, 0.4 mM KH2PO4, 0.34 mM Na2HPO4, 10 mM HEPES, 16
mM glucose, and 20 mM sucrose, pH 7.4, and maintained in oxygen-
ated Earle’s balanced salt solution (Invitrogen, Carlsbad, CA) before
the dissociation. The brain tissue containing the nuclei of interest is
dissected out and placed in the dissect solution (without Mg2�)
containing 100 units/ml papain and 0.1 mg/ml cysteine (Sigma). The
enzyme treatment is stopped after the incubation for 10 to 15 min at
room temperature. The tissue is triturated gently in the dissociation
solution containing 1 mM MgCl2, and the cell suspension is placed in
30-mm dishes. Recordings are usually made within 0.5 to 2 h after
the dissociation.

Primary Culture of Hippocampal Neurons. Hippocampal
neurons were prepared as described previously (Mayer and West-
brook, 1987). In brief, hippocampi of embryonic day 18 rat embryos
were dissected, dissociated, and plated on glial cell layers at low
density (2.5 � 104 cells per 35-mm dish). The neuronal culture was
maintained in minimal essential medium with 5% horse serum, 1%
fetal bovine serum, and a nutrient supplement (Mayer and West-
brook, 1987). One day after plating, 2-deoxy-5-fluoro-uridine and
uridine were added to suppress the glial cell division. Electrophysi-
ological recordings were done using 8- to 13-day-old cultures.

Recording Conditions. Electrophysiological recordings were
performed using whole-cell, patch-clamp recording of HEK cells and
dissociated neurons. Recordings were made using fire-polished, thin-
walled borosilicate glass pipettes (2–5 M�) with an Axopatch-200B
amplifier (Molecular Devices, Sunnyvale, CA). The intracellular re-
cording solution for HEK cells contained 120 mM Cs-methanesulfo-
nate or CsCl, 10 mM CsF, 5 mM Cs-BAPTA, 0.5 mM CaCl2, 3 mM
Na2ATP, and 10 mM HEPES, pH 7.3. For neurons, Cs-methanesul-
fonate was replaced with CsF. The extracellular recording solution
contained 145 mM NaCl, 5.4 mM KCl, 1 mM CaCl2, 5 mM HEPES,
and 10 mM glucose, pH 7.3. Series resistance (3–10 M�) was rou-
tinely compensated by 70 to 80%. Records were acquired under the
control of the data acquisition program pClamp9 (Axon Instruments)
and stored on a Pentium 4 PC with a 16-bit analog-to-digital con-
verter (DIGIDATA 1322A; Axon Instruments). Glycine (20 �M) was
included in glutamate- or NMDA-containing solutions. One-minute
recording intervals were allowed for the recovery from the desensi-
tization between applications of glutamate or NMDA. A modified
RSC-160 fast perfusion system (Biologic Scientific Instruments,
Claix, France) was used for the solution exchange. Because of the
light sensitivity of D1 ligands, solutions containing D1 ligands were
prepared in the dark. The stock solution of dopamine was prepared
in sodium ascorbate. Experiments were performed with dim ambient
light, and solution reservoirs were covered with aluminum foil dur-
ing experiments.

Data Analysis. The procedure for the analysis of voltage-depen-
dent block was similar to that described previously (Cui and Mayer,
1999). In brief, current-voltage (I-V) relationships with and without
a D1 ligand were generated by applying voltage ramps from �120 to
�50 mV (0.1 mV/ms) at the steady state of currents. Procedures in
the Igor program (Wavemetrics, Lake Oswego, OR) and Kaleida-
Graph (Abelbeck/Synergy, Reading, PA) were used to generate and
analyze voltage-dependent block using the Woodhull model
(Woodhull, 1973). The reversal potential for an I-V plot is estimated
using fifth-order polynomial fits to leak subtracted responses. The
conductance in the presence of D1 ligands (Gb) are normalized to the
conductance of control responses (G0) and fitted with the following
equation:

Gb

Go
�

1

1 �
�B�

Kd	0
 � exp�z� � V � F
RT �

(1)

where B is the concentration of D1 ligand, Kd(0) is the dissociation
constant at 0 mV, z is the valence of D1 ligand, � is the fraction of the
electric field that D1 ligand experiences at the blocking site, V is the
membrane potential, F is Faraday’s constant, R is the gas constant,
and T is absolute temperature.

The dissociation constant at a particular voltage (e.g., �60 mV) is
determined using Kd(0) and z� value by:

Kd � Kd	0
 � exp�z� � V � F
RT � (2)

To evaluate the interaction of the D1 ligand block and Mg2� block,
Gb/G0 versus V plots were fitted with Boltzmann functions. For the
individual application of the D1 ligand and Mg2�, Gb/G0 versus V
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plot was fitted with a Boltzmann function over the range of �120 to
� 50 mV:

Gb

G0
�

1

�1 � exp
	Vb � V


kb
� (3)

where G0 and Gb have the same meaning as defined in eq. 1, Vb is the
membrane potential for the half-block, and kb is the voltage depen-
dence of the block.

To determine the interaction of D1 ligand block and the Mg2�

block, we generated a G(b1�b2)/G0 versus V relationship used the
following equation and compared it to the experimental data when
the D1 ligand was coapplied with Mg2�:

G	b1 � b2


G0
�

1

�1 � exp
	Vb1 � V


kb1
��

1

�1 � exp
	Vb2 � V


kb2
� (4)

where Vb1 and kb1 are determined from the Boltzmann fit of Mg2�

block and Vb2 and kb2 are from the Boltzmann fit of the SKF81297
block.

Results
Direct Block of NMDA Receptors by the D1 Agonist

SKF81297. To reliably determine whether D1 agonists have
direct blocking effects on NMDA receptor-mediated currents,
we took advantage of the nondopaminergic HEK cell recom-
binant system (Tiberi and Caron, 1994) and transfected the
cells with NMDA receptor (NR1A and NR2A) cDNAs, but not
a dopamine D1 receptor cDNA. As illustrated in Fig. 1, A and
B, 30 �M SKF81297, a D1 agonist, significantly inhibited
NMDA receptor-mediated currents at �60 mV (32 � 4% of
peak amplitudes and 63 � 5% of steady state amplitude; n �
10, Fig. 1E). However, this inhibitory effect was not observed
if SKF81297 was applied immediately before the glutamate
application (Fig. 1, C and E). Moreover, the preapplication of
SKF81297 (1 s) did not change the 10-to-90% rise time of
glutamate-evoked currents (P � 0.3). In contrast, if
SKF81297 was applied after receptor activation, when chan-
nels were open (Fig. 1D), a significant amount of block (62 �
5%, n � 12) was detected (Fig. 1E). This suggests that the
blocking effect of SKF81297 depends on the channel activa-
tion. Furthermore, we detected similar blocking effects when
protein kinase A or protein kinase C inhibitors (100 �M
adenosine-3�,5�-cyclic monophosphorothioate or 2 �M stauro-
sporine) were included in the intracellular recording solution
(data not shown). This indicates that the blocking effect is
independent of the protein kinase A or protein kinase C
second messenger cascade. The kinetics of onset or offset of
the channel block was determined by fitting changes of cur-
rent amplitudes upon the application or the removal of
SKF81297 with single exponential functions. The mean time
constants (�) are 62 � 9 ms for the onset of the block and
173 � 41 ms for the offset of the block with 30 �M SKF81297.
We further examined the concentration dependence of the
onset and offset of the block. The results shown in Fig. 1F
indicate that the inverse of the onset time constant (1/�on)
significantly correlated with the concentration of SKF81297
(P 
 0.01), whereas the inverse of the offset time constant
(1/�off) did not. This suggests that the rate of the block of
NMDA receptors depends on the concentration of the D1
ligand applied, whereas the recovery from the block does not

depend on the ligand concentration. Taken together, these
results demonstrate that the D1 agonist SKF81297 can di-
rectly block NMDA receptor-mediated currents even in the
absence of dopamine D1 receptors. It blocks NMDA receptor-
mediated currents when receptors are activated. In addition,
the channel blocking action of SKF81297 is several magni-
tudes faster than the second messenger mediated effects
(Krasel et al., 2004).

Voltage-Dependent Property of D1 Ligand Action.
The D1 ligand SKF81297 could block NMDA receptors by
interacting with several possible structural domains of the
receptor, such as the N-terminal domain, the ligand binding
domain, and the channel pore region. The blocking property
of SKF81297 suggests that it may act as an open channel
blocker and binds in the channel pore. One of the character-
istic electrophysiological properties of channel pore block is
the rectification of I-V relationship at negative membrane
potentials. This is due to changing the binding affinity of
channel blockers with the membrane potential. To investi-
gate the mechanism underlying the blocking effect of D1
ligands, we first examined the action of SKF81297 at differ-
ent holding membrane voltages.

As shown in Fig. 2, A and B, 30 �M SKF81297 caused more
significant reductions of NMDA receptor-mediated currents

Fig. 1. Effects of the D1 agonist SKF81297 on NMDA receptor (NR1A/
NR2A) mediated currents. A, control response to 100 �M glutamate. B, 30
�M SKF81297 (black bar) significantly inhibited the NMDA receptor-
mediated current. C, no inhibition was detected when SKF81297 was
only applied before the glutamate application. D, significant inhibition
was observed when SKF81297 was applied 2 s after the receptor activa-
tion. E, summary of percentages of the current amplitude changes in B,
C, and D. Changes in peak and steady state (sst) current amplitudes were
measured. F, the inverse of time constants of SKF81297 block, derived
from single exponential fits of onset and recovery process, were plotted
against the SKF81297 concentration. 20 �M glycine was included in all
glutamate-containing solutions. Error bars represent S.E.
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at hyperpolarizing membrane potentials than at depolarizing
membrane potentials. Consistent with this finding, I-V rela-
tionships obtained using voltage ramps in the presence of
various concentrations of SKF81297 showed significant rec-
tification at negative voltages (Fig. 2C). This voltage-depen-
dent blocking effect could be detected at low micromolar
concentrations. In particular, at 10 �M (Œ), SKF81297
blocked 35 � 7% (n � 7) of NMDA receptor-mediated cur-
rents at �60 mV.

To determine the voltage-dependence and binding affinity
of the SKF81297 block, we analyzed the normalized conduc-
tance (Gb/G0) versus V plots using the Woodhull model
(Woodhull, 1973) (see Data Analysis for detail). The result
shown in Fig. 2D indicated that SKF81297 experienced 80%
of the membrane electric field at the blocking site (� � 0.80 �
0.06). This suggests that SKF81297 may bind inside the
channel pore. The voltage-dependent block of SKF81297 is
manifested by changes in the binding affinity (Kd) with mem-
brane potentials. At 30 �M concentration, the Kd value of
SKF81297 block is 124 � 22 �M at 0 mV and 19 �M at �60
mV. Likewise, the IC50 value varies with membrane poten-

tials and is 19 � 2 �M (nH � 1.05) at �60 mV (Fig. 2E). These
results provide direct biophysical evidence that SKF81297
binds in the membrane electric field, most likely the channel
pore region, and blocks NMDA receptors in a voltage-depen-
dent manner.

Not Only D1 Agonists but Also Antagonists Directly
Block NMDA Receptor-Mediated Currents. Regardless
of whether they are agonists or antagonists, D1 ligands are
monoamines, and many of them have structural similarities.
It is highly possible that other D1 ligands may also directly
block NMDA receptors. To test this possibility, we examined
dopamine and several ligands that have high affinities for D1
receptors. These include SKF81297, SKF38393, fenoldopam,
and apomorphine, which are agonists for D1 receptors, and
SCH23390 and SKF83566, which are antagonists for D1
receptors. As shown in Fig. 3A, at 10 �M concentration,
SKF81297, SKF38393, fenoldopam, SCH23390, and
SKF83566 all blocked NMDA receptor-mediated currents in
a voltage-dependent manner, regardless of whether they are
agonists or antagonists for D1 receptors. The fact that both
agonists and antagonists exhibited the channel blocking ef-
fect provides additional supporting evidence that the block-
age is independent of D1 receptors.

To determine structural elements of the D1 ligands that
are critical for the voltage-dependent block of NMDA recep-
tors, we characterized actions of dopamine and several D1
ligands that have the core structure of phenyltetrahydroben-
zazepine, including SKF38393, SKF81297, NM-SCH23390,
and SCH23390. As illustrated in Fig. 3, B and C, and Table

Fig. 2. NMDA receptors are voltage-dependently blocked by SKF81297.
A, effects of 30 �M SKF81297 tested at different voltages. B, percentage
of steady state current amplitude changes by 30 �M SKF81297 at differ-
ent membrane potentials. C, I-V relationships of NMDA receptor-medi-
ated currents in the presence of various concentrations of SKF81297. E,
control; f, 3 �M; Œ,10 �M; F, 30 �M; �, 100 �M; �, 300 �M. D, analysis
of voltage-dependent block of NMDA receptors by fitting normalized
Gb/Go versus V plots with the Woodhull model. See Data Analysis for
detail. Gb and G0 are conductance with and without SKF81297. E, volt-
age-dependent variation of the dose response. IC50 values at �100 mV,
�60 mV, and �40 mV were determined using equation: Ib/I0 � 1/(1 �
([C]/IC50)nH). Data points represent mean � S.E., n � 3–6.

Fig. 3. Voltage-dependent block of NMDA receptor-mediated currents by
various D1 Ligands. A, both D1 agonists and antagonists block NMDA
receptors in a voltage-dependent manner. Mean values � S.E. were
presented (n � 4–7). The concentration tested was 10 �M for each ligand.
B, structural and functional analysis of D1 ligand effects. Dopamine,
SKF38393, and SKF81297 are agonists, whereas SCH23390 and NM-
SCH23380 are antagonists for D1 receptors. A 100 �M concentration of
each ligand was used to determine z� and Kd values, and error bars
represent mean � S.E. (n � 4–6).
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1, dopamine is the weakest blocker compared with other D1
ligands studied. Although SKF38393 has the closest struc-
tural similarity to dopamine, it has a significantly lower Kd

value (Table 1). This is most likely due to the additional
phenyl ring of SKF38393 that may contribute to the binding
of the ligand to the channel pore. Comparing structures and
effects of SKF38393 and NM–SCH23390 (Fig. 3B and Table
1), replacing the hydroxyl group by a chlorine atom at the
position 8 significantly reduced the binding affinity. This
suggests either the importance of the hydroxyl group at this
position for the binding or that the chlorine atom causes
structural hindrance at this position. However, if a chlorine
atom is added at position 9 on the benzyl ring, comparing

SKF81297 and SKF38393 (Fig. 3B and Table 1), it makes
SKF81297 have the highest affinity among the ligands
tested. These results suggest that hydrophobic interactions
play important roles in binding of D1 ligands to NMDA
receptor channels. In addition, the chlorine atom at the po-
sition 9 of phenyltetrahydrobenzazepine greatly increased
the binding affinity.

Because the positively charged amine group is essential for
the voltage-dependent block, we next investigated how mod-
ifying the chemistry of this moiety would affect the voltage-
dependent channel block by D1 ligands. The amine group in
NM-SCH23390 has a pKa value of 9.69 � 0.40 (calculated by
ACD/LogD Suite software; ACD/Labs, Toronto, ON, Canada).
Changing this secondary amine to a tertiary amine by at-
taching a methyl group, as in SCH23390, decreases the pKa
value to 8.24 � 0.40. Although both ligands blocked NMDA
receptors, they exhibited different voltage-dependent proper-
ties (Fig. 4A). The z� value changed from 1.15 � 0.08 of
NM-SCH23390 to 0.75 � 0.04 of SCH23390. This suggests
that changing the pKa value of the amine group influences
the voltage-dependence of the channel block. However, even
with the reduced voltage-dependence, SCH23390 had a
higher binding affinity with a Kd(0) value of 462 � 73 �M,
compared with 5860 � 1840 �M NM-SCH23390. It is possi-
ble that the methyl group may interact with other hydropho-

Fig. 4. Importance of the positively charged amine group in
D1 ligand-block of NMDA receptor-mediated currents. A,
changing the pKa of the amine moiety in D1 ligands influ-
enced the voltage-dependent channel block. SCH233890
and NM-SCH23390 (100 �M each) were used. B and C,
changing the external pH from 7.3 to 8.3, or to 9.0 signifi-
cantly decreased the voltage-dependent block by 30 �M
SKF81297. To avoid the interference of the intrinsic chan-
nel property change upon increasing pH, Gb was normal-
ized to G0 obtained at the same pH. For the plot obtained at
pH 9.0, the fitting was up to �100 mV instead of �120 mV.
Mean value � S.E. were presented (n � 4–6). D, comparing
channel blocking properties of 100 �M dopamine and 4-eth-
ylcatechol. These experiments were performed at pH 7.3.
Mean value � S.E. were presented (n � 3–6).

TABLE 1
Voltage-dependence and binding affinity of D1 ligand block of NMDA
receptor mediated currents
Kd(0) and z� values were determined using the Woodhull model by fitting normalized
Gb/G0 vs V plots. Kd at �60 mV was determined by eq. 2. See Data Analysis for
details.

D1 ligands z � Kd(0) Kd �60 mV

�M

SKF38393 (n � 6) 1.02 � 0.04 612 � 72 56.1
SKF81297 (n � 6) 0.84 � 0.05 120 � 17 18.0
NM-SCH23390 (n � 7) 1.15 � 0.08 5860 � 1840 382
SCH23390 (n � 6) 0.75 � 0.04 462 � 73 93.6
Dopamine (n � 4) 0.78 � 0.02 2420 � 209 380
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bic amino acid side chains in the channel pore and stabilize
the binding of SCH23390.

We next examined the effect of changing the percentage of
positively charged SKF81297 on the block. The amine group
of SKF81297 has a pKa value of 9.36 � 0.40. At pH 7.3, 99.1%
of SKF81297 are protonated, whereas at pH 8.3 and pH 9.0,
the percentage of protonated SKF81297 is decreased to
91.9% and 69.6%, respectively. Thus, changing the external
pH from 7.3 to 9.0 will effectively alter the percentage of
SKF81297 that have the positively charged amine group. As
shown in Fig. 4B, switching the external pH from 7.3 to 8.3 or
9.0 significantly altered the voltage-dependent channel block
by 30 �M SKF81297. Because the external pH change influ-
ences the intrinsic channel activity of NMDA receptors
(Traynelis and Cull-Candy, 1990), we normalized the conduc-
tance in the presence of SKF81297 (Gb) to that of the control
response (G0) obtained at the same pH. The Woodhull anal-
ysis revealed Kd(0) and z� values of 152 � 29 �M and 0.77 �
0.05 at pH 7.3; 561 � 54 �M and 0.75 � 0.06 at pH 8.3; and
1640 � 323 �M and 0.64 � 0.06 at pH 9.0. Thus, Kd(0) values
changed dramatically with the percentage of protonated
SKF81297 (Fig. 4C). It suggests that the positively charged
amine group plays a critical role for the channel block. The z�
value was not significantly changed when pH was switched
from 7.3 to 8.3 (P � 0.1). This is expected if pH changes only
the percentage of positively charged SKF81297 and the pos-
itively charged SKF81297 is the only chemical form interact-
ing with the channel. However, at pH 9.0, the z� value was
significantly reduced compared with that at pH 7.3 (P 

0.01). This suggests that increasing the pH to 9.0 might not
only alter the percentage of the positively charged SKF81297
but also influence other components involved in the channel
block.

To further examine the importance of the amine group in
the channel block and to complement the pKa and pH ap-
proaches, we compared channel blocking properties of dopa-
mine and its analog, 4-ethylcatechol. The only difference
between these two chemicals is that 4-ethylcatechol lacks the
amine moiety (Fig. 4D). At 100 �M concentration, dopamine
exhibited the voltage-dependent block of NMDA receptor-
mediated currents (Fig. 4D), with Kd(0) and z� value of
2430 � 209 �M and 0.72 � 0.02, respectively. However, at
the same concentration, 4-ethylcatechol did not exhibit a
significant voltage-dependent block (Fig. 4D). Thus, remov-
ing the amine group completely abolished the channel-block-
ing property, which provides additional evidence that the
amine moiety is essential for the voltage-dependent block of
NMDA receptors.

Voltage-Dependent Block of NMDA Receptor-Medi-
ated Currents by D1 Ligands in Neurons. Because of the
different cellular environments of HEK cells and neurons,
results obtained in HEK cells may not necessarily be valid in
neurons. To determine whether D1 ligands directly block
NMDA receptor-mediated currents in neurons, we examined
effects of D1 ligands using acutely dissociated medium spiny
neurons from the striatum of D1 receptor knockout mice and
primary cultured hippocampal neurons.

Given the fact that D1 agonists bind to both D1 and D5
receptors, D1 agonists can still activate dopamine D5 recep-
tors and the coupled adenylate cyclase cascade in D1 receptor
knockout mice. However, the distinct expression patterns of
these two receptors in the brain allow us to use D1 receptor

knockout mice to study the direct voltage-dependent effect in
a background without the interference of D1 and D5 recep-
tors. D1 receptors are highly expressed in the striatum (Mis-
sale et al., 1998). In contrast, D5 receptors have a signifi-
cantly lower expression level in this brain region and only in
the large cholinergic interneurons (Yan and Surmeier, 1997).
In the striata of D1 receptor knockout mice we used, there
was no detectable binding of the high affinity D1/D5 receptor
antagonist, [3H]SCH23390 (Xu et al., 1994). This suggests no
detectable functional expression of D1 and D5 receptors in
this brain region. Therefore, medium spiny neurons in the
striatum of D1 receptor knockout mice provide an ideal en-
vironment to examine the direct channel blocking effects of
D1 agonists. As illustrated in Fig. 5A, a 30 �M concentration
of the D1 agonist SKF81297 significantly blocked NMDA
receptor-mediated currents from a medium spiny neuron of
D1 receptor knockout mice. Furthermore, this blocking effect
was similar to that of neurons isolated from wild-type mice
(Fig. 5D). These results indicate that the D1 agonist
SKF81297 can directly block NMDA receptor-mediated cur-
rents independent of the significant expression of D1 recep-
tors in medium spiny neurons. The comparable blocking ef-
fects in neurons isolated from D1 receptor knockout mice and
wild-type mice suggests that the short time (2 s) application
of SKF81297 did not cause a significant activation of D1
receptor-dependent pathways.

Functional modulations of NMDA receptors by D1 recep-
tors performed using dopamine and D1 ligands have been
characterized in various brain regions, such as the striatum,
nucleus accumbens, prefrontal cortex, and hippocampus. To
determine whether dopamine and D1 agonists have direct

Fig. 5. Effects of SKF81297 on NMDA receptor-mediated currents in
neurons. A, 30 �M SKF81297 significantly blocked NMDA receptor-
mediated current from a medium spiny neuron acutely isolated from D1
receptor knockout mouse. B, using 0.5 �M SCH23390, a D1 receptor
antagonist, to detect the D1 receptor-independent effect of SKF81297.
The black trace is obtained in the presence of 0.5 �M SCH23390. C, I-V
relationship of effects of SKF81297 with and without the presence of 0.5
�M SCH23390. The F and � represent with and without 0.5 �M
SCH23390. D, comparing blocking effects of 30 �M SKF81297 using
medium spiny neurons isolated from wild type (�/�) and D1 receptor
knockout (�/�) mice; and hippocampal neurons with or without 0.5 �M
SCH23390.
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channel blocking effects on NMDA receptors in these brain
regions, we employed a pharmacological approach that al-
lowed us to isolate and characterize this property of D1
ligands. Because D1/D5 receptors and NMDA receptors co-
exist in neurons, it is essential to prevent the activation of
D1/D5 receptors by D1 agonists to accurately study the direct
channel blocking effect. To achieve this, we used a D1/D5
receptor antagonist SCH23390 at low concentration (0.5 �M)
to block D1/D5 receptors. SCH39390 has high affinities for
D1 and D5 receptors with Ki values of 0.2 and 0.3 nM,
respectively (Seeman and Van Tol, 1994). At 0.5 �M,
SCH23390 blocks 99.9% of D1 and D5 receptors but has no
significant blocking effect on NMDA receptor channels (data
not shown). Therefore, by recording in the presence of 0.5 �M
SCH23390, NMDA receptor-mediated currents can be stud-
ied independent of modulations by D1 or D5 receptors. Em-
ploying this strategy, we analyzed the direct blocking action
of SKF81297 on NMDA receptors using hippocampal neu-
rons. As shown in Fig. 5B, 30 �M SKF81297 significantly
blocked NMDA receptor-mediated currents with (black) or
without (gray) the presence of 0.5 �M SCH23390. At �60 mV
membrane potential, the percentages of current amplitude
changes were 47.9 � 2.7% and 48.5 � 3.5% (n � 9), respec-
tively (Fig. 5D). I-V relationships of SKF81297 block exhib-
ited voltage-dependence with a Kd(0) value of 212 � 43 �M
and a z� value of 0.76 � 0.03 (Fig. 5C). The difference be-
tween these values and those obtained using HEK cells ex-
pressing NR1A/NR2A receptors is most likely due to the
distinct subunit composition of NMDA receptors in hip-
pocampal neurons. We observed no significant differences in
the percentage of block, Kd(0), and z� values with or without
the presence of SCH23390. This is consistent with the obser-
vation obtained using medium spiny neurons from D1 recep-
tor knockout mice that a short application (2 s) of SKF81297
(Fig. 5B, black bar) did not cause a significant activation of
D1 receptor-dependent pathways. These data indicate that
the D1 agonist SKF81297 can directly block NMDA receptor-
mediated currents in a voltage-dependent manner in hip-
pocampal neurons, and this blocking effect is independent of
dopamine D1 or D5 receptors.

Interaction with Mg2� Block in Neurons. Mg2� ions
are the endogenous voltage-dependent channel blockers for
NMDA receptors. Studies shown in Figs. 2D and 3, B and C,
revealed that � values of D1 ligands are very similar to that
of Mg2�. It is highly possible that the D1 ligand block will
interact with Mg2� block. To explore this possibility, we
characterized the SKF81297 block with or without the pres-
ence of Mg2� using hippocampal neurons. The I-V relation-
ships illustrated in Fig. 6A indicate that 30 �M SKF81297
(f) had more blocking effect at low negative voltages com-
pared with that of 1 mM Mg2� (Œ), and the two blocking
actions cross at 32 � 3 mV (Fig. 6A, inset). As voltages
proceeded to more hyperpolarization than this value, Mg2�

had a significantly more blocking effect. In addition, the
coapplication of SKF81297 and Mg2� (F) caused more chan-
nel block than that for Mg2� applied alone, especially at
depolarizing membrane potentials (Fig. 6, A, inset, and B).
To determine the relationship of Mg2� block and SKF81297
block, we analyzed Gb/G0 versus V plots using Boltzman
Functions (Fig. 6B) (see Data Analysis for detail). For the
individual application of SKF81297 (f) and Mg2� (Œ), the
membrane potential for half-block (Vb) and the voltage de-

pendence (kb) are �76.4 � 2.1 and 36.3 � 1.9 for SKF81297
block, and �44.4 � 0.8 and 14.9 � 0.7 for Mg2� block. If the
binding of one blocker prevents the binding of the second one,
we would expect the Gb/G0 versus V plot of the coapplication
to be fitted by a relationship defined in the eq. 4 (see Data
Analysis). Indeed, this relationship generated using the Vb

and kb values of the individual application of SKF81297 and
Mg2� (Fig. 6B, dashed line) fits well with the experimental
data of the coapplication of SKF81297 and Mg2� (F). This
suggests that these two blocking actions preclude each other.
These results also provide additional evidence that
SKF81297 binds in the channel pore region.

Results shown in Fig. 6B indicate that SKF81297 not only
interacted with Mg2� block at negative membrane potentials
but also reduced the Mg2� mediated potentiation at positive
membrane potentials (comparing Œ and F). Because the po-
tentiation by Mg2� is mediated by a binding site outside of
the membrane electric field (Paoletti et al., 1995) SKF81297
may functionally interact with Mg2� through multiple sites.
To get a complete picture of functional interactions of
SKF81297 and Mg2� block, we determined how SKF81297
influenced Mg2� block by comparing channel conductance in
the presence of both Mg2� and SKF81297 (GMg2��SKF) to that
in the presence of Mg2� alone (GMg2�). As shown in Fig. 6C, at
negative membrane potentials, the conductance ratio of
GMg2��SKF/GMg2� decreased in a voltage-dependent manner.
In contrast, at positive membrane potentials, the conduc-
tance ratio of GMg2��SKF/GMg2� was constant and indepen-

Fig. 6. Functional interaction of D1 ligand block and Mg2� block. A, I-V
relationships of NMDA receptor-mediated currents of hippocampal neu-
rons in the presence of 1 mM Mg2�, 30 �M SKF81297, or 30 �M
SKF81297 � 1 mM Mg2�. The section of the plots from 0 to �60 mV was
amplified and shown at the right of Fig. 6A. B, Gb/G0 versus V plots of 1
mM Mg2� (Œ) and 30 �M SKF81297 (f) were fitted with the Boltzmann
functions. F represent experimental data obtained with the coapplication
of 1 mM Mg2� and 30 �M SKF81297. The dashed line is generated using
the relationship (4) defined under Data Analysis, assuming these two
blocking actions preclude each other. The error bars represent S.E. C,
changes of the conductance ratio with membrane potentials. GMg2� is the
conductance in the presence of 1 mM Mg2�, and GMg2��SKF is the con-
ductance in the presence of 1 mM Mg2� and 30 �M SKF81297.
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dent of membrane potentials. GMg2��SKF is 87 � 2.8% of
GMg2� at �20 mV, which is similar to those at �40 and �50
mV (Fig. 6C). These data suggest that the SKF81297 block
interacts with the Mg2� block in both voltage-dependent and
-independent manners. Thus, they functionally interact both
inside and outside of the membrane electric field.

Discussion
Using a HEK cell recombinant system and dissociated

neurons, we characterized the mechanism underlying the
direct channel block by dopamine and D1 ligands and re-
vealed structural moieties of D1 ligands which are important
for the channel block. Our studies provide strong evidence
that D1 ligands can directly block the NMDA receptor chan-
nel activity through a D1 receptor-independent pathway.

Dopamine D1 Ligands as NMDA Receptor Channel
Blockers. It has been well established that NMDA receptors
are voltage-dependently blocked by polyamines and a variety
of structurally distinct organic molecules that have positive
charge through amine group(s) (Huettner and Bean, 1988;
Sernagor et al., 1989; MacDonald et al., 1991; Chen et al.,
1992; Blanpied et al., 1997). From this perspective, it is not
surprising that dopamine and D1 ligands can directly block
NMDA receptors in a voltage-dependent manner, in that
they are monoamines with a primary, secondary, or tertiary
amine group. Analysis of the structural and functional rela-
tionships of D1 ligands (Figs. 3 and 4) revealed that both
hydrophobic and charge interactions are important for the
binding of D1 ligands to the channel pore. This is consistent
with the role of hydrophobic interactions in stabilizing the
binding of polyamine, diamine, and MK-801 to the channels
(Subramaniam et al., 1994; Cui et al., 1998; Kashiwagi et al.,
2002). It is noteworthy that the additional chlorine atom at
the 9 position made SKF81297 the most potent D1 ligand in
blocking of NMDA receptors (Fig. 3 and Table 1). It is possi-
ble that the electronegative chlorine atom interacts with pore
lining residues and forms an attraction for binding of the
molecule in the channel vestibule, which leads to a higher
binding affinity.

It is clear that D1 ligands can bind to dopamine D1 recep-
tors and NMDA receptors through different structural ele-
ments. There are certain common and distinct features be-
tween these two types of ligand–receptor interactions. D1
ligands bind to the crevice of helical bundles formed by the
transmembrane domains 3, 4, 5, and 6 of D1 receptors and is
located two helical turns from the extracellular side (Floresca
and Schetz, 2004). In comparison, D1 ligands bind in the
channel pore region of NMDA receptors and sense 80% of the
membrane electric field. Similar to binding to dopamine re-
ceptors, increasing the hydrophobicity or protonation of the
amine moiety leads to higher binding affinities for NMDA
receptors. For dopamine receptors, the amine group forms a
reinforced ionic bond with an aspartic residue of dopamine
receptors (Floresca and Schetz, 2004). For NMDA receptors,
it is most likely that the amine group interacts with the
asparagine residues located in the narrow constriction region
of the NMDA receptor channel pore (Wollmuth et al., 1998;
Masuko et al., 2004), which is also the main interaction site
for Mg2� and many organic channel blockers (Kashiwagi et
al., 2002). The hydroxyl groups of D1 ligands play important
roles in the orientation of a D1 ligand in the binding pocket

of dopamine receptors by forming hydrogen bonds with
serine residues (Floresca and Schetz, 2004). Changing the
hydroxyl group at position 8 to a chlorine atom will com-
pletely change the ligand property from an agonist to an
antagonist for D1 receptors. However, this moiety change
does not reverse the channel blocking property of a D1 ligand
toward NMDA receptors.

D1 ligands have � values ranging from 0.76 to 1.15 (Table
1). These are similar to those of Mg2� and other channel
blockers (Blanpied et al., 1997; Sobolevsky and Yelshansky,
2000). The high � values of SKF38393 and NM-SCH23390
(1.03 and 1.15, respectively) may suggest that these mole-
cules interact with multiple sites in the membrane electric
field. Because of the possible interaction of permeable ions
with channel pore blockers (Antonov and Johnson, 1999), the
exact binding sites of D1 ligands to NMDA receptors need to
be determined by taking the ion permeation into account.
Analysis of the voltage-dependent block of SKF81297 and
Mg2� indicates that the functional interaction of these two
molecules may occur both inside and outside of the mem-
brane electric field (Fig. 6C). Binding of either blocker to the
channel precludes the binding of the other. These results
suggest that under physiological conditions D1 ligands could
influence Mg2� block and potentiation of NMDA receptors.
Functional interaction of Mg2� block and D1 ligand block
implies that these two types of blockers may interact with
similar amino acids residues of NMDA receptors. It is highly
possible that, similar to Mg2� block (Wollmuth et al., 1998),
D1 ligand block of NMDA receptors is also NR2 subunit-
dependent.

Modulations of NMDA Receptors by Dopamine D1
Ligands and Receptors. Aside from the direct voltage-
dependent block of NMDA receptors by D1 ligands presented
in this and other studies (Castro et al., 1999; Masuko et al.,
2004), several laboratories have demonstrated modulations
of NMDA receptors through D1 receptor-dependent path-
ways. Although multiple mechanisms have been proposed for
the D1 receptor-dependent modulations, they fall into two
types of pathways, through either second messenger cas-
cades (Cepeda et al., 1998; Chen et al., 2004) or direct recep-
tor-receptor interactions (Lee et al., 2002). To accurately
understand modulations of NMDA receptors by dopamine D1
receptor/ligands, it would be necessary to dissect properties
and relationships of these different types of modulations.

The direct channel block of NMDA receptors by D1 ligands
has a time constant of 61.8 � 8.9 ms for the onset of the block
at 30 �M concentration. In contrast, the modulation through
the G-protein-coupled second messenger cascade has much
slower time scale. Although the precise onset time for G-
protein coupled D1 receptor modulation of NMDA receptors
is not known, it most likely has a similar time scale to other
G-protein-coupled cascades, such as �2A-adrenergic recep-
tors, and has t1/2 of 19.6 s for the time-limiting step (Krasel et
al., 2004). The different time scales of D1 ligand actions
through these two different mechanisms create a time win-
dow within which the direct voltage-dependent block plays a
significant role before the second messenger cascades become
effective. Indeed, if the D1 agonist was applied for 1 to 2 s, no
significant D1 receptor-dependent modulation was detected
(Fig. 5). However, the different affinities of D1 ligands to D1
receptors (in the nanomolar range) and NMDA receptors (in
the micromolar range) generate a concentration window
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within which only the modulation through the second mes-
senger cascade would play a significant role. Furthermore,
the direct voltage-dependent block is affected by the mem-
brane potential, whereas the modulation through the second
messenger cascade can be independent of the membrane
potential. In addition, the reduced Ca2� influx through
NMDA receptors due to the direct channel block by D1 li-
gands will influence the subsequent second-messenger cas-
cade. Thus, several factors will influence whether one or both
mechanisms are involved in the modulations of NMDA re-
ceptors. Experiments performed using different time scales,
concentrations of D1 ligands, or holding membrane poten-
tials would probably lead to different or even contradicting
results, depending on the direction of these two types of
modulations.

The other mechanism that has been proposed for the mod-
ulation of NMDA receptors by dopamine D1 receptors is via
the physical interaction between NMDA receptors and D1
receptors (Lee et al., 2002). However, the direct channel
blocking property of SKF81297 revealed by our study sug-
gests that it needs to be cautious in the interpretation of the
functional consequence of the receptor-receptor interaction.
We observed that the block by 10 �M SKF81297 using HEK
cells expressing NR1A/NR2A alone (Figs. 2C and 3A) was
similar to that obtained using HEK cells expressing NR1A/
NR2A and D1 receptors (Lee et al., 2002). This suggests that
the blocking effect originates from the direct channel block of
NMDA receptors by SKF81297 and is independent of D1
receptors. Furthermore, in our experiments using hippocam-
pal neurons (Fig. 5), there was no significant difference in the
amount of block by 30 �M SKF81297 with and without the
presence of 0.5 �M SCH23390 (a D1 receptor antagonist).
Thus, the effect of SKF81297 is from a D1 receptor-indepen-
dent mechanism. However, we do not exclude the possibility
that receptor-receptor interactions may lead to functional
modulation. It is possible that, in the presence of 10 �M
SKF81297, the direct channel blocking effect may be domi-
nant over the receptor-receptor interaction allosterically.
Thus, it is necessary to use proper conditions to determine
the functional consequence of the physical interaction be-
tween NMDA receptors and dopamine D1 receptors, such as
at a low concentration of a D1 agonist (e.g., 0.1 �M
SKF81297).

In summary, our study reveals the mechanism underlying
the direct channel block of NMDA receptors by dopamine and
several D1 ligands. It suggests that D1 ligands can modulate
NMDA receptors through both G-protein-coupled mecha-
nism(s) and direct channel pore block. Results presented in
this study also provide important information for potential
targets of D1 ligands in the treatment of neurological disor-
ders. Finally, our study reveals the structural possibility for
designing a unique pharmacological approach to concur-
rently modulate NMDA receptors and dopamine D1 recep-
tors.
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